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The electrical characteristics of cement-based grouting materials are the
foundation for implementing geophysical electrical exploration in coal mine
grouting engineering. However, the preparation methods for high-resistivity
groutingmaterials, which act as “contrast agents” in geophysical surveys, remain
unclear due to the multiple influencing factors of resistivity. To address this,
resistivity experiments were conducted using a self-developed apparatus to
investigate the effects of curing age, admixture type, and dosage on the
resistivity characteristics of groutingmaterials. This led to identifying optimal mix
proportions for conventional cement-based high-resistivity grouting materials.
Concurrently, mechanical strength tests were performed to analyze the impact
of admixture dosage and curing age on compressive strength. The results
indicate that the resistivity enhancement effects of four common cement
additives can be ranked as follows: pyrophyllite powder >polyvinyl alcohol > air-
entraining agent > fly ash. Considering both resistivity increase and mechanical
strength, talc powder and polyvinyl alcohol emerge as viable candidates for
use as additives in cement-based high-resistivity grouting materials. Specifically,
with a talc powder dosage of 15%, the electrical resistivity of the grouted
body after 28 days reached 4,966.7 Ω m, which is 119.1 times that of the
control group (41.7 Ω m). Similarly, with a polyvinyl alcohol dosage of 1%, the
resistivity reached 7,070.6 Ω m, which is 169.6 times that of the control group.
These findings provide critical insights for developing high resistivity grouting
materials with dual functionality as geophysical contrast agents and structural
reinforcements.
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coal mine grouting, cement-based materials, admixtures, high-resistivity ratio
formulation, compressive strength

Frontiers in Earth Science 01 frontiersin.org

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2025.1604681
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2025.1604681&domain=pdf&date_stamp=2025-06-10
mailto:jinzigaofeng@126.com
mailto:jinzigaofeng@126.com
mailto:dongshuning@cctegxian.com
mailto:dongshuning@cctegxian.com
https://doi.org/10.3389/feart.2025.1604681
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feart.2025.1604681/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1604681/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1604681/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1604681/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1604681/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Xu et al. 10.3389/feart.2025.1604681

1 Introduction

Cement is widely used in engineering projects. To ensure
the quality of engineering works, many national governments
have explicitly proposed encouraging enterprises, universities,
and research institutes to develop new cement-based materials
that can meet the specific needs of industrial and mining
enterprises. Cement-based grouting materials, as specialized
geotechnical composites, have become prevalent in mine water
hazard mitigation projects owing to their safety advantages, cost-
effectiveness, and environmental sustainability. It is mainly used
for grouting reinforcement and grouting water blocking (Xu et al.,
2019; Zhang et al., 2022). The diffusion range of grout and the
mechanical strength of grouted rock mass constitute two pivotal
parameters for evaluating grouting effectiveness (Xu and Huang,
2006). The former parameter determines void filling completeness
in target zones, while the latter governs structural integrity
compliance with design specifications. These dual criteria must
simultaneously satisfy design specifications, forming necessary
and sufficient conditions for engineering quality assurance. The
inherent concealment of underground grouting operations impedes
precise monitoring of grout diffusion patterns and distribution
states within rock-soil matrices, often leading to suboptimal
grouting volumes (Zhou et al., 2015).

The primary electrical exploration technique for assessing
grouting effectiveness relies on resistivity contrast analysis between
pre-grouting andpost-grouting stages to delineate grout distribution
geometry. According to established petrophysical principles, water-
saturated porous media demonstrate characteristic low-resistivity
anomalies ranging from 45–130 Ω m (Yang et al., 2014; Song et al.,
2013; Yu and Li, 1998; Zhang et al., 2025). The subsequent
attenuation or elimination of these characteristic anomalies serves
as a key indicator for evaluating grouting effectiveness. However,
experimental evidence demonstrates that conventional pure cement
slurry fails to manifest significant resistivity enhancement upon
injection into aqueous media, maintaining resistivity values within
93–130 Ω m (Peng et al., 2011; Peng et al., 2013; Zhao et al., 2017;
Zhang et al., 2019). Notably, in certain scenarios, post-grouting
resistivity measurements may even register below groundwater
background levels, thereby compromising the reliability of
grouting effectiveness assessments. To enhance electrical contrast
between grouted formations and water-bearing media, current
research focuses on developing cement-based grouting materials
with contrast-enhancing properties (characterized by resistivity
values exceeding twice those of conventional cement slurry and
significantly surpassing low-resistivity background values). The
resistivity contrast between grouting materials and surrounding
rock formations serves as a pivotal factor in determining grouting
effectiveness in electrical prospecting. Enhancing this contrast pre-
and post-grouting significantly improves the detection resolution
of grout dispersion patterns through geophysical instrumentation
(Gong et al., 2018; Liu and Zhang, 2024). The high-resistivity
grouting material developed in this study demonstrates substantial
scientific merit and extensive application potential, thereby
providing theoretical foundations for optimizing grout propagation
monitoring in electrical prospecting and enabling non-destructive
quality evaluation of grouting operations.

Contemporary methodologies for formulating high-resistivity
concrete materials typically incorporate mineral additives including
slag, fly ash, natural zeolite, silica fume, and talc powder, alongside
chemical additives such as sodium carboxymethyl cellulose (CMC),
epoxy resin (EP), polyvinyl alcohol (PVA), and polypropylene
fibers. Experimental investigations have substantiated that the
addition of 25% fly ash induces a marked improvement in
concrete resistivity across diverse water-cement ratios. This
enhancement becomes particularly pronounced in low water-
cement environments, exhibiting a fivefold resistivity amplification
relative to standard concrete formulations (Gastaldini et al., 2009;
Zhang et al., 2024). Comparative studies on mineral admixtures
have demonstrated that the application of silica fume significantly
enhances electrical resistivity compared to slag, with synergistic
effects observed in silica fume-fly ash composite systems (Liu,
2023; Yang and Wei, 2022). Through hierarchical analysis, the
efficacy hierarchy for resistivity enhancement was established as
follows: polymeric additives (e.g., polyvinyl alcohol) demonstrated
superior performance, followed by mineral admixtures (including
fly ash and ground slag), while lightweight aggregates (such as shale
ceramsite and clay ceramsite) exhibited the lowest enhancement
capacity (Ding, 2008; Simón et al., 2025). Innovative cement-
based functional composites were developed through optimization
of the talc/polyvinyl alcohol (PVA) ratio, resulting in significant
enhancement of electrical resistivity performance (Long, 2011;
Guo et al., 2024). The hierarchical effectiveness of supplementary
cementitiousmaterials in resistivity enhancement was quantitatively
established through characterization of high-resistivity concrete
systems, demonstrating the efficacy sequence: silica fume > fly
ash > zeolite powder > polypropylene fibers (You, 2018; Li et al.,
2024). The existing body of research, encompassing both domestic
and international investigations into high-resistivity grouting
materials, has predominantly focused on experimental conditions
with low water-cement (W/C) ratios ranging from 0.38 to 0.6.
According to cement hydration theory, the critical thresholds
defining high W/C ratios are established as follows: >0.45 for
Portland cement (PC), >0.78 for calcium sulfoaluminate cement
(CSA), and >0.6 for slag calcium sulfoaluminate (GSAC) cement
(Liu, 2023). In practical coal mine grouting operations, PC-based
formulations dominate technical applications, typically employing
W/C ratios between 0.6 and 3 (Che et al., 2025), significantly
exceeding the 0.45 threshold and thereby categorizing these slurries
as high-W/C systems. Current research paradigms demonstrate
two notable limitations: First, investigations into high-resistivity
materials remain predominantly concentrated on conventional
concrete applications. Second, systematic studies specifically
targeting mining-optimized high-resistivity grouting materials
remain notably scarce. This research gap becomes particularly
critical when considering grouting materials with W/C ratios ≥0.8,
where comprehensive experimental data regarding their resistivity
characteristics and associated physicochemical properties are
urgently required to establish reliable material design parameters.

To address these challenges, dynamic resistivity monitoring
was performed using a custom-built long-term electrical resistivity
monitoring system with automated data acquisition capabilities. A
systematic investigation was conducted to evaluate the influence
of additive types (fly ash, shale powder, polyvinyl alcohol, air
entraining agent), dosage levels, and curing ages (3–28 days)
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FIGURE 1
Schematic diagram of the “long-period” electrical resistivity online
automatic monitoring system.

on both electrical resistivity development and compressive
strength evolution in Portland cement matrices. Through statistical
correlation analysis of resistivity-strength relationships combined
with multi-criteria optimization, the formulation demonstrating
optimal balance between enhanced resistivity and maintained
mechanical integrity was identified.This systematic characterization
establishes fundamental correlations between compositional
variables and functional properties, offering critical insights
for developing advanced cementitious composites with tailored
electrical characteristics.

2 Materials and methods

2.1 Experimental objectives

This study systematically examines the influence of
supplementary additives on the volume resistivity and mechanical
characteristics of cement-based grouting materials for mining
applications under a fixed water-to-solid (W/S) ratio of 0.8. The
primary objectives include optimizing high-resistance cementitious
composites and establishing predictive regressionmodels describing
three fundamental relationships: (1) temporal evolution of electrical
resistivity, (2) age-dependent compressive strength development,
and (3) quantitative correlation between resistivity and mechanical
strength. TheW/S ratio is operationally defined as the mass ratio of
water to total solid constituents (cement + additives), while additive
dosage represents the mass percentage of supplementary materials
- including fly ash (FA), pyrophyllite (PY), polyvinyl alcohol (PVA),
and air-entraining agent (AEA) - relative to total solid content. All
resistivity measurements refer to volume resistivity of standardized
specimens determined through a custom-built long-term resistivity
monitoring system.

2.2 Experimental materials

The materials studied in this experiment are cement,
pyrophyllite powder, polyvinyl alcohol, fly ash, and air entraining
agent. The performance indicators are as follows.

2.2.1 Cement
This experiment utilizes drilling plate slag silicate cement P O

32.5. The quality of the cement conforms to the Chinese national
standards specified in General Portland Cement (GB 175–2007), as
well as the amendments outlined in Chinese national standards for
General Portland Concrete Amendment No. 2 (GB 175–2007/XG2-
2014).

2.2.2 Pyrophyllite powder (PP)
Pyrophyllite exhibits excellent electrical insulation properties.

This experiment uses 38 μ m pyrophyllite powder with uniform
particle distribution, mainly composed of silicon dioxide (SiO2),
magnesium oxide (MgO), iron oxide (Fe2O3), etc.

2.2.3 Polyvinyl alcohol (PVA)
Polyvinyl alcohol has good insulation properties. The polyvinyl

alcohol particle size selected for this experiment is 100 mesh, model
1788, mainly composed of polyvinyl alcohol groups (-CH2-CHOH-).

2.2.4 Fly ash (FA)
In a dry state, the electrical resistivity of fly ash is relatively high.

In this experiment, fly ash from the Xingtai mining area power plant
in Hebei Province was selected.

2.2.5 Air-entraining agents (AEA)
After dissolving the air entraining agent in water and adding it

to the grouting material, a large number of uniform small bubbles
can be generated during the mixing process, which can improve the
electrical resistivity of the grouting material. In this experiment, the
Dashengshi D-YQJ type was selected.

2.3 Experimental methods

2.3.1 Electrical resistivity test
Currently, there are three commonly used methods for testing

concrete resistance (You, 2018; Wu et al., 2025): the two-electrode
method, the four-electrode method, and the electrodeless method
(Liu, 2023). The two-electrode method features a simple circuit
and straightforward data processing; however, it is prone to testing
errors due to electrode polarization. In contrast, the four-electrode
method separates the power supply electrode from the test electrode,
thereby reducing resistance testing errors associated with electrode
polarization. Nonetheless, most current testing devices are manual
and designed for single measurements (Xu et al., 2019; Chen et al.,
2020), which limits their capability for automatic monitoring.
Furthermore, the testing slot typically accommodates only a single
sample, and the sample size often does not conform to the standard
dimensions required for mechanical testing.

The electrodeless method eliminates contact and polarization
errors caused by electrodes, but it is primarily suitable for assessing
the early resistivity of concrete.The induced current generated by the
5V voltage supplied by the electrodeless method is often too small
for accurate measurement. Additionally, the circular model of the
specimen complicates sample preparation and poses challenges in
controlling measurement conditions, such as saturation.
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FIGURE 2
Physical diagram of the “long-period” resistivity online automatic monitoring instrument.

TABLE 1 Test mix design for resistivity and mechanical properties of cement-based grout.

Serial number Material
composition

Number of
samples

Content of
pyrophyllite
powder/%

Polyvinyl
alcohol

dosage/%

Fly ash
content/%

Air entraining
agent

dosage/%

1 Cement 45 0 0 0 0

2 Cement + Fly Ash 90 0 0 10,15,20,25.30,35 0

3 Cement +
Air-entraining

Agent

60 0 0 0 0.05.0.1.0.15.0.2

4 Cement +
Pyrophyllite Powder

105 5,10,15,20,25,30,35 0 0 0

5 Cement + Polyvinyl
Alcohol

120 0 0.5,1,1.5.2,2.5,3,3.5.4 0 0

To overcome these technical limitations, a dedicated resistivity
measurement system was designed and implemented in this
study. The core component is a novel long-term online resistivity
monitoring apparatus, which integrates a multi-channel thermistor-
based resistance measurement module as its primary sensing unit.
This integrated system facilitates continuous resistivity trackingwith
automated feedback regulation capabilities, as depicted in Figure 1.
Physical diagram of the 'long-period' resistivity online automatic
monitoring instrument, as depicted in Figures 1, 2.

The custom-developed resistivity monitoring system
demonstrates four distinctive features for grouting material
characterization.

2.3.1.1 Intelligent temporal control
The system implements programmable temporal parameters

including single-cycle duration (13.3 Hz sampling frequency),

interval period, and total monitoring duration through automated
control algorithms. This design effectively mitigates electrode
polarization effects during prolonged measurements.

2.3.1.2 Dynamic hydration process tracking
Through integrated data acquisition hardware and dedicated

monitoring software, the system enables continuous resistivity
tracking during cementitious material hydration, capturing real-
time phase transformation characteristics.

2.3.1.3 Multi-specimen parallel monitoring
Featuring modular expansion capability, the apparatus

supports simultaneous monitoring of ≥2 specimens (16 channels
implemented in current experiments). This addresses the limitation
of conventional concrete resistivity devices restricted to single-
specimen measurements.
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TABLE 2 Test results of resistivity and compressive strength of grouting materials.

Types of additives Number Dosage/% Resistivity/Ω·m Compressive strength/Mpa

day3 day 7 day 14 day 28 day 3 day 7 day 14 day 28

Pure cement control group B0 0 2.2 2.3 28.2 41.7 2.9 6.4 8.9 10.7

Fly ash dosage group

F1 10 0.5 1.2 50.1 84.8 4.2 13.2 17.0 22.9

F2 15 0.5 1.7 45.8 77.0 4.8 13.0 16.0 21.6

F3 20 0.7 1.6 38.4 72.3 3.0 11.5 12.9 18.1

F4 25 1.1 1.8 35.8 63.0 3.5 9.9 11.8 17.2

F5 30 0.4 2.8 31.4 60.2 3.4 11.0 13.0 15.7

F6 35 0.4 1.6 33.8 69.8 2.5 9.8 12.5 15.2

Air entraining agent group

A1 0.05 13.2 22.8 32.7 42.6 2.6 4.7 6.2 8.2

A2 0.1 32.3 43.1 53.1 54.2 2.4 4.7 6.9 8.8

A3 0.15 47.4 56.4 68.3 90.1 3.1 5.9 9.8 11.8

A4 0.2 53.4 60.0 110.5 126.8 2.8 5.4 9.3 10.5

Pyrophyllite powder group

P1 5 11.6 13.5 14.1 1,268.5 0.9 4.4 3.4 13.7

P2 10 10.2 12.5 31.9 1,277.2 0.8 3.7 4.7 11.2

P3 15 12.1 12.1 21.4 4,966.7 0.8 3.6 6.3 11.0

P4 20 5.8 4.8 23.4 2,226.2 0.7 2.2 7.3 8.7

P5 25 12.5 13.4 14.3 2,234.3 0.7 1.5 5.7 7.2

P6 30 8.6 8.6 13.4 4,448.4 0.6 2.2 4.1 4.1

P7 35 17.8 17.8 12.0 13,894.9 0.4 1.7 4.2 2.6

Polyvinyl alcohol group

P1 0.5 0.4 12.4 1944.2 2,199.7 0.4 2.6 19.2 9.2

P2 1.0 0.1 11.8 6,962.1 7,070.6 0.7 3.9 11.2 10.7

P3 1.5 0.1 10.0 10,645.6 9,276.5 0.5 3.8 14.1 7.7

P4 2.0 0.1 10.2 11,983.2 8,650.0 0.7 4.0 10.0 8.0

P5 2.5 0.1 7.2 9,207.2 7,582.1 0.9 3.5 17.6 9.1

P6 3.0 0.1 6.9 7,599.8 7,048.6 0.4 3.7 10.6 8.1

P7 3.5 34.0 7.5 7,206.1 7,561.3 0.4 4.0 11.7 3.9

P8 4.0 45.4 6.5 7,519.1 8,639.5 0.6 4.9 16.3 8.9

2.3.1.4 Dual-purpose specimen configuration
The tripartite specimen chamber incorporates standardized

cubic molds (70.7 × 70.7 × 70.7 mm3, compliant with GB/T
50,082 concrete testing specifications). Post-curing specimens
remain intact for subsequent 28-day mechanical property
evaluation, optimizing material utilization efficiency in sequential
testing protocols.

Calculate the resistivity value of the ith sample in the experiment
using the following Formula 1:

ρi =
RiSi
Li

(1)

where ρi denotes the resistivity of the ith sample (Ω·m), Ri is
the measured resistance of the ith sample (Ω), Li is the electrode
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FIGURE 3
Preparation of Grouting Materials and Electrical Resistivity Measurement Process.

FIGURE 4
Effect of Fly Ash Content on the Electrical Resistivity of Grouting Materials (a) Relationship between resistivity and time variation (b) Relationship
between resistivity and dosage variation.

FIGURE 5
Effect of Air-Entraining Agent Content on the Electrical Resistivity of Grouting Materials (a) Relationship between resistivity and time variation (b)
Relationship between resistivity and dosage variation.
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FIGURE 6
Influence of Talc Powder Content on the Electrical Resistivity of Grouting Materials (a) Relationship between resistivity and time variation (b)
Relationship between resistivity and dosage variation.

FIGURE 7
Effect of polyvinyl alcohol on the electrical resistivity of grouting materials. (a) Relationship between resistivity and time variation (b) Relationship
between resistivity and dosage variation.

spacing (m), Si corresponds to the effective cross-sectional contact
area between electrode and concrete (m2).

2.3.2 Compressive strength test
The STD-1006W microcomputer controlled electro-hydraulic

servo hydraulic universal testing machine was selected for
mechanical strength testing of grouting material samples. The
mechanical strength of grouting material specimens was evaluated
using an STD-1006W microcomputer-controlled electro-hydraulic
servo universal testing machine. To investigate the effects of
common mineral additives—including fly ash (FA), pyrophyllite

powder (PP), polyvinyl alcohol (PVA), and an air-entraining agent
(AEA)—on the electrical resistivity and mechanical properties
of cement-based composites, five experimental groups were
established using a controlled single-variable methodology. These
groups include: the control group (pure cement), the cement +
pyrophyllite powder group, the cement + high polyvinyl alcohol
group, the cement + fly ash group, and the cement + air-entraining
agent group.

Cubic specimens (70.7 mm × 70.7 mm × 70.7 mm) were
fabricated in strict compliance with Chinese National Standard
GB/T 50,080–2016 (Ministry of Housing and Urban-Rural
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FIGURE 8
The influence of different additives on electrical resistivity.

FIGURE 9
Testing of compressive strength of cement-based materials.

Development of the People's Republic of China & State
Administration forMarket Regulation, 2016). Each group contained
15 specimens, with 12 allocated for mechanical parameter
determination and three reserved for resistivity measurements.
Considering four curing ages (3, 7, 14, and 28 days), this design
resulted in a total of 390 test points. Uniaxial compressive strength
was determined through displacement-controlled compression at
0.5 mm/min loading rate, while electrical resistivity measurements
followed the four-probe method using a GW Instek LCR-8105G
impedance analyzer. Detailed experimental parameters including
additive dosage ranges, mixing proportions, and curing conditions
are systematically presented in Table 1.

The experimental procedure consisted of the following steps
(Figure 3).
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FIGURE 10
Effect of Fly Ash Content on Compressive Strength (a) Relationship between compressive strength and time variation (b) Relationship between
compressive strength and dosage variation.

FIGURE 11
Effect of Air-entraining Agent on Compressive Strength (a) Relationship between compressive strength and time variation (b) Relationship between
compressive strength and dosage variation.

2.3.2.1 Additive selection and dosage determination
High-resistivity additives (fly ash, pyrophyllite powder,

polyvinyl alcohol, and air-entraining agent) were selected based on
literature review.The dosage ranges were established as: pyrophyllite
powder (0%–40%), polyvinyl alcohol (0%–4%), fly ash (0%–80%),
and air-entraining agent (0%–0.2%).

2.3.2.2 Cement mixing
Cement and mineral admixtures were homogenized using a

solid particle mixer with a water-to-solid ratio of 0.8:1 at 82

r/min for 90–100 s. The mixing parameters complied with the
Chinese National Standard GB 50666–2011 for concrete structure
construction.

2.3.2.3 Specimen molding
The liquid-solid mixture was poured into resistivity

measurement molds after thorough stirring. Specimens for both
resistivity andmechanical property testing were formed and initially
cured under controlled conditions: (25 ± 2)°C temperature and (90
± 5)% relative humidity.
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FIGURE 12
Effect of Talc Powder Content on Compressive Strength (a) Relationship between compressive strength and time variation (b) Relationship between
compressive strength and dosage variation.

FIGURE 13
Effect of polyvinyl alcohol content on compressive strength. (a) Relationship between compressive strength and time variation (b) Relationship
between compressive strength and dosage variation.

2.3.2.4 Curing protocol
Molds containing specimens were transferred to a standard

curing chamber for controlled hydration under predefined
environmental conditions.

2.3.2.5 Parameter measurement
Resistivity evolution was monitored using a custom-built long-

term resistivity monitoring system, with automated data acquisition
at 5-min intervals during 1-h test sessions. Mechanical properties

were assessed at 3, 7, 14, and 28 days using an electronic universal
testing machine per standard mechanical testing protocols.

2.3.2.6 Data analysis
Experimental data were statistically analyzed to elucidate the

impact mechanisms of additives on material resistivity. Optimal
formulations were identified based on comprehensive evaluation
of mechanical performance, resistivity characteristics, and cost-
effectiveness.
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3 Results and discussion

3.1 Analysis of resistance test data

The volume resistivity values were calculated as the average
of triplicate measurements. Table 2 summarizes the resistivity and
tensile strength data for different additives across curing ages.

3.1.1 Effect of Fly Ash Content on electrical
resistivity

Figure 4 illustrates the variation trends of electrical resistivity
with fly ash content and curing age.The pure cement grout exhibited
an age-dependent increase in resistivity, reaching 41.7 Ω m at
28 days. This value shows a minimal difference (5.2 Ω m) from
the resistivity of the experimental water (46.9 Ω m), consistent
with typical groundwater resistivity ranges (20–100 Ω m) reported
by (Cheng et al., 2004). Such limited contrast suggests reduced
efficacy of electrical contrast-based geophysicalmethods (Peng et al.,
2011) for grouting quality assessment in similar hydrogeological
environments. In fly ash-modified groups, resistivity remained low
(<3 Ω m) during early curing (0–7 days), indicating negligible
pozzolanic activity at this stage. A pronounced acceleration in
resistivity development occurred between 14–28 days, with values
significantly exceeding those of the initial curing phase.

Figure 4b demonstrates that specimens incorporating fly ash
exhibited elevated electrical resistivity compared to the pure cement
control group. The resistivity evolution displayed a non-linear
response to incremental fly ash additions, with distinct behavioral
phases observed. Specifically, electrical resistivity increased
proportionally with fly ash content up to 15%, reaching maximum
enhancement at this critical threshold. Beyond 15% content, an
inverse correlation emerged where additional fly ash increments
resulted in resistivity reduction.This transition point corresponds to
the peak resistivity increase of 84.8 Ω mmeasured at 28 days, though
the magnitude of this increase remained constrained compared to
the control group.

3.1.2 Effect of air-entraining agent dosage on
electrical resistivity

Figures 5a, b illustrate that the electrical resistivity of the
grouting material increases as the dosage of the air-entraining
agent rises. The increase in electrical resistivity from days 0–seven
is relatively small, whereas from days 7–14, the increase is more
pronounced. From days 14–28, the growth rate of electrical
resistivity slows, which correlates with the sample’s porosity. An
increase in the dosage of the air-entraining agent results in
greater internal porosity of the cement-based grouting material;
higher porosity corresponds to increased electrical resistivity
(Yang et al., 2014; Weng et al., 2019) The rate of porosity increase
is highest during the 7–14 day period, which explains the more
rapid increase in electrical resistivity during this interval. While the
addition of an air-entraining agent can enhance the resistivity of the
grouting material, the increase remains limited. The dosage of the
air-entraining agent that yields the greatest increase in resistivity
is 0.2%, resulting in a maximum resistivity of 85.1 Ω m for the
grouting material. In comparison to the control group, this increase
is relatively modest.

3.1.3 Effect of pyrophyllite powder content on
electrical resistivity

Figure 6 illustrates the temporal evolution of electrical resistivity
in cement-based grouting materials containing varying proportions
of pyrophyllite powder additive.

As shown in Figure 6a, the resistivity exhibited a gradual
increase during the initial 14-day curing period. A significant
acceleration in resistivity growth was observed between 14 and
28 days, with all pyrophyllite-modified specimens demonstrating
higher resistivity values compared to the pure cement control
group. This trend aligns with findings reported by Chen in
high-resistivity concrete preparation experiments (Long, 2011).
Quantitative analysis revealed that specimens containing up to
45% pyrophyllite powder displayed a dosage-dependent resistivity
enhancement, maintaining a positive correlation between additive
content and electrical resistance.

Figure 6b demonstrates non-linear behavior in the dosage-
resistivity relationship. Notably, a 15% pyrophyllite content resulted
in minor resistivity fluctuations (ΔR < 5%), indicating complex
interaction mechanisms between the additive and cement matrix.
The most pronounced enhancement occurred at 35% dosage,
achieving a resistivity of 13,895 Ω m at 28 days.These results suggest
that optimized pyrophyllite powder incorporation (35%–45% range)
significantly improves dielectric properties, making it a viable
additive for high-resistance material engineering applications.

3.1.4 Effect of polyvinyl alcohol content on
electrical resistivity

The electrical resistivity evolution of cementitious composites
with polyvinyl alcohol (PVA) dosage variation is systematically
presented in Figure 7. The experimental data reveal three distinct
curing stages: an initial slow growth phase (0–7 days) with
limited resistivity enhancement, followed by an accelerated growth
phase (7–14 days) characterized by rapid resistivity elevation,
and ultimately reaching a stabilized growth pattern (14–28 days).
Notably, at a dosage of 2%, the resistivity achieves its maximum
value. As shown in Figure 7b, when the polyvinyl alcohol content
is below 2%, electrical resistivity increases with higher dosage.
However, when the content exceeds 2%, electrical resistivity starts
to decrease. This suggests that a polyvinyl alcohol content of
2% represents a turning point in electrical resistivity and can
be considered the optimal ratio for formulating high-resistance
cement-based materials. Compared to the pure cement control
group, the electrical resistivity of this formulation increased by
10,617.4 Ω m, significantly enhancing the material’s resistivity. This
indicates that polyvinyl alcohol additives are effective for preparing
high-resistance materials.

3.1.5 Comparative analysis of high-resistivity
grouting material formulations

Theoptimal ratio schemewas selected for each additive based on
their respective resistivity enhancement performance.The resistivity
values of selected ratios were comparatively analyzed, with the
formulation demonstrating themaximum resistivity increment (Δρ)
during equivalent curing periods being designated as the optimal
high-resistance grouting material. The resistivity enhancement (Δρ)

Frontiers in Earth Science 11 frontiersin.org

https://doi.org/10.3389/feart.2025.1604681
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Xu et al. 10.3389/feart.2025.1604681

was calculated using the following Formula 2:

Δρ = ρ− ρb (2)

Where ρ is the measured resistivity (Ω·m), ρb is the baseline
resistivity of the control group at equivalent timepoints.

According to Table 3 and Figure 8 analysis, the overall order
of the effect of the four additives on increasing the resistivity of
cement-basedmaterials in this experiment is as follows: pyrophyllite
powder > polyvinyl alcohol > air entraining agent > fly ash.
Optimal resistivity enhancement was achieved with 2.0% polyvinyl
alcohol and 35% pyrophyllite powder additions, producing a 28-
day resistivity increment of approximately 104 Ω m. Pre-grouting
water-filled defects (cracks, voids, and existing cavities) exhibited
marked electrical property contrasts post-grouting, establishing
a robust foundation for resistivity-based evaluation of grouting
effectiveness, including slurry diffusion range identification and
filling completeness assessment (Song et al., 2013; Liu et al., 2011).

3.2 Compressive strength evaluation of
cementitious grouts

To enable effective resistivity monitoring while ensuring
adequate mechanical performance, the compressive strength
characteristics of four admixture formulations were systematically
investigated.

In the experiment, standard cubes measuring 70.7 mm ×
70.7 mm × 70.7 mm were utilized. A pressure testing machine was
employed to cure the high-resistance groutingmaterial specimens in
a constant temperature andhumidity chamber until they reached the
predetermined design age. Upon reaching the specified curing age,
the specimens were transferred to the compressive strength testing
bench for evaluation.This process is illustrated in Figure 9. To ensure
uniform force distribution during testing, a pressure stripwas placed
on both the upper and lower surfaces of each specimen. During the
loading phase, a constant loading rate of 1 mm/min was maintained
while recording real-time stress changes on the specimen. Upon
failure of the specimen, themaximumpressure appliedwas recorded
for further analysis. The compressive strength was calculated using
the following Formula 3:

f = F
A

(3)

where f represents the compressive strength of the standard cement-
based grout specimen.,The unit isMPa,.F denotes the ultimate load
of the cube test block, The unit is N. And A indicates the cross-
sectional area of the test block. The unit is mm2.

3.2.1 Effect of fly ash content on compressive
strength development

Figure 10 illustrates the relationship between compressive
strength development and both fly ash content (%) and curing
period (days) under controlled material composition. As
demonstrated in Figure 10, specimens containing fly ash exhibit
higher mechanical strength than the pure cement control group.
This indicates that the hydration products of fly ash enhance the
compressive strength of cement-based materials. Compressive
strength increases with curing time, with a critical transition

observed at 10% fly ash content. Below 10% fly ash content,
compressive strength exhibits a positive correlation with additive
dosage. However, exceeding 10% fly ash content results in a
gradual decline in compressive strength. As discussed in Section 2.1
regarding fly ash’s resistivity characteristics, a 15% fly ash dosage is
recommended when utilizing this additive as a resistivity modifier
for cement-based materials. This formulation achieves maximum
resistivity enhancement while maintaining satisfactory mechanical
performance.

3.2.2 Effect of Air-entraining agent dosage on
compressive strength

As evidenced by Figures 11a, b, increasing air-entraining agent
dosage adversely affects compressive strength. Notably, a 0.15%
dosage demonstrates exceptional behavior, with 28-day compressive
strength exceeding that of the pure cement control group. This
specific dosage represents a critical threshold for mechanical
performance. Beyond this optimal value, compressive strength
exhibits an inverse relationship with additive content. The strength
reduction correlates with microstructural modifications, where
higher dosages induce increased porosity and pore size within the
grout matrix. This pore structure evolution ultimately degrades
load-bearing capacity. This observation aligns with previous
findings on pore structure-compressive strength relationships in
cementitious materials (Liu, 2021; Weng et al., 2019).

3.2.3 Effect of pyrophyllite powder dosage on
compressive strength

As revealed in Figures 12a, b, compressive strength exhibited
progressive reduction with increasing pyrophyllite content during
early curing stages (3–14 days). Notably, at 28-day maturation,
specimens containing ≤15% pyrophyllite demonstrated 10.7 MPa
strength enhancement over the pure cement group. Beyond
this threshold, strength degradation occurred proportionally with
additive content, ultimately underperforming the control group.
Based on the analysis of the electrical resistivity characteristics
with the addition of pyrophyllite powder, if pyrophyllite powder is
used as a resistivity modifying additive for cement-based materials,
it is recommended to choose a dosage of 15%. At this dosage,
the electrical resistivity reaches 4,966.7 Ω m after 28 days, which
is 119.1 times higher than the control group’s 4,925 Ω m. These
findings establish technical basis for grouting diffusion monitoring
via resistivity tomography.

3.2.4 Effect of polyvinyl alcohol content on
compressive strength

As shown in Figure 13a, the compressive strength on the 14th
day significantly increases with PVA addition, likely due to PVA’s
earlier crystallization compared to other cement components. This
crystallization property explains the frequent use of PVA fibers
in enhancing cement-based composites (Layssi et al., 2015; Chen,
2004; Wang et al., 2005). Figure 13b illustrates that the influence
of PVA content on mechanical strength fluctuates across varying
concentrations. At a PVA content of 1%, the compressive strength
reaches 10.7 MPa, comparable to that of the control group. However,
when PVA content exceeds 1%, the compressive strength decreases
on the 28th day in correlation with the increased dosage. Based
on the analysis of electrical resistivity characteristics, a PVA dosage
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of 1% is recommended when used as a resistivity modifier in
cement-based materials. Although this dosage does not yield the
highest resistivity increase, on the 28th day, the resistivity of the
modified cement reaches 7,070.6 Ω m, which is 169.6 times greater
than the control group’s resistivity of 41.7 Ω m. Concurrently, its
compressive strength remains comparable to that of the pure cement
control group.

4 Conclusion

1) The experimental results indicate that among the four
common cement additives, their effectiveness in enhancing
the resistivity of cement-based materials is ranked as follows:
pyrophyllite powder > polyvinyl alcohol > air-entraining agent
> fly ash.The optimal dosages for enhancing resistivity for each
additive are as follows: fly ash at 15.0%, air-entraining agent
at 0.2%, polyvinyl alcohol at 2.0%, and pyrophyllite powder at
35.0%. The inclusion of fly ash and air-entraining agent has
a limited impact on resistivity enhancement and is therefore
not recommended for use in high-resistance cement-based
materials.

2) When the fly ash content is less than 10%, the compressive
strength at 28 days increases with the addition of fly
ash. However, when the fly ash content exceeds 10%, a
decreasing trend in compressive strength is observed. Notably,
when the fly ash content is less than 35%, its mechanical
strength surpasses that of the pure cement control group. The
compressive strength at 28 days is higher than that of the pure
cement control group when the air-entraining agent dosage
is 0.15%. Additionally, when the pyrophyllite powder content
is below 15%, the compressive strength at 28 days exceeds
that of the pure cement control group. Conversely, when
the polyvinyl alcohol content exceeds 1%, the compressive
strength at 28 days declines as the content increases. At a PVA
content of 1%, the compressive strength is comparable to that
of the control group, measuring approximately 10.7 MPa.

3) Considering the dual factors of enhanced electrical resistivity
and mechanical strength, pyrophyllite powder and polyvinyl
alcohol are identified as suitable additives for cement-
based high-resistance grouting materials. At a dosage of
15% pyrophyllite powder, the electrical resistivity of the
grouted stone body at 28 days is measured at 4,966.7 Ω m,
representing a 119.1-fold increase compared to the control
group (41.7 Ω m). Similarly, at a 1% dosage of polyvinyl
alcohol, the electrical resistivity of the grouted stone body at
28 days reaches 7,070.6 Ω m, which is 169.6 times greater than
that of the control group (41.7 Ω m). These ratios significantly
enhance the reliability of the resistivity method for evaluating
grouting effectiveness.

4) This experiment focuses solely on the variations in electrical
resistivity and mechanical strength of cement-based materials
with common additives at a water-to-solid ratio (W:C) of
0.8:1. However, the water-to-solid ratio in mine grouting often
exceeds 0.8, necessitating further investigation into its impact
on electrical resistivity and mechanical strength in subsequent
studies. Additionally, this study examines the mechanisms
underlying the effects of additives on the variations in electrical

resistivity andmechanical strength. In future research, it will be
essential to characterize themicrostructure of the samples (e.g.,
pores, mineral composition) and investigate the hydration
mechanisms of cement-based materials influenced by these
additives.
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