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1. Introduction 
 

As a major energy source for China, coal is of 

considerable significance for economic development and 

social stability (Wang and Song, 2021a, Jie et al. 2021, Gao 

et al. 2021). However, the accumulation of coal gangue, fly 

ash, and other coal-based solid waste generated by coal 

mining, processing, and combustion not only occupies land 

resources (Fig. 1(a)) but also exacerbates ecological 

problems such as soil erosion, geologic desertification, air 

pollution, and groundwater contamination (Gao et al. 2021, 

Liu and Cheng 2019, Wang et al. 2016, Qureshi et al. 2020, 

Hakimi et al. 2020). Furthermore, surface subsidence 

caused by coal mining detrimentally affects the safety of 

surface structures and the surrounding ecological 

environment (Fig. 1(b)) (Chen et al. 2019, Sun et al. 2022, 

Ma et al. 2021). In paste backfill mining, solid waste such 

as gangue and fly ash is processed into slurry filling 

materials, which are then pressurized through specialized 

filling pumps and transported to the gob using filling pipes 

(Behera et al. 2021, Wang et al. 2021b). After consolidation 

and hardening, these dcemented coal gangue–fly ash 
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(a) Gangue mountain (b) Surface cracking 

Fig. 1 Environmental damage caused by coal mining 

 

 
backfill (CGFB) materials can effectively slow down 
surface subsidence (Fig. 2(a)) (Li et al. 2022a). This 
process, which consumes coal-based solid waste, thereby 
relieving pressure on the ecological environment, is widely 
used in the "green mining" of coal (Li et al. 2022a, Helinski 
et al. 2011). In practice, after injection into the gob, CGFB 
may be soaked in mine water, which is typically rich in 
chloride ions (Chen et al. 2019, Gavrishin, 2018). Chloride 
ions are thus transported into the CGFB material by 
osmosis, affecting its performance (Fig. 2(b)). Additionally, 
the CGFB material becomes hydrated with water containing 
ions, affecting its stability. Therefore, understanding the 
CGFB transport characteristics of chloride ions after 
soaking and the effect of ions on CGFB material properties 
is critical to maintaining their stable mechanical properties 
and ensuring green mining safety. 
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Abstract.  In paste backfill mining, cemented coal gangue–fly ash backfill (CGFB) can effectively utilize coal-based solid 

waste, such as gangue, to control surface subsidence. However, given the pressurized water accumulation environment in goafs, 

CGFB is subject to coupling effects from water pressure and chloride ions. Therefore, studying the influence of pressurized 

water on the chlorine salt erosion of CGFB to ensure green mining safety is important. In this study, CGFB samples were soaked 

in a chloride salt solution at different pressures (0, 0.5, 1.5, and 3.0 MPa) to investigate the chloride ion transport characteristics, 

hydration products, micromorphology, pore characteristics, and mechanical properties of CGFB. Water pressure was found to 

promote chloride ion transfer to the CGFB interior and the material hydration reaction; enhance the internal CGFB pore 

structure, penetration depth, and chloride ion content; and fill the pores between the material to reduce its porosity. Furthermore, 

the CGFB peak uniaxial compression strain gradually decreased with increasing soaking pressure, whereas the uniaxial 

compressive strength first increased and then decreased. The resulting effects on the stability of the CGFB solid-phase hydration 

products can change the overall CGFB mechanical properties. These findings are significant for further improving the 

adaptability of CGFB for coal mine engineering. 
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In terms of ionic attacks, Jiang et al. (2022) examined 

the influence of a chloride salt on the chloride ion diffusion 

performance of alkali-activated slag mortar and analyzed 

the chloride ion transmission characteristics of alkali-

activated slag mortar. Ngo et al. (2023) examined the 

effects of different cations on the deterioration of paste 

filling materials. The weakening effect of cations on the 

filling materials decreased in the following order: Na+ > 

Ca2+ > Mg2+. Kasap et al. (2022) explored the effects of pH 

on the physicochemical properties and microstructures of 

paste filling materials. Chen et al. (2020) investigated the 

effects of chloride ions on the mechanical properties of 

paste filling materials and found that chloride ions initially 

increased the strength of the samples; however, an 

accelerated deterioration of the material occurred during the 

later stages of the test. Xu et al. (2022) obtained similar 

results for paste-filled materials after soaking in chloride 

and sulfate environments. Further, scanning electron 

microscopy (SEM) and X-ray diffraction (XRD) 

observations of the samples were used to elucidate the 

corrosion mechanism of paste filling materials in chloride 

and sulfate environments. Orejarena and Fall (2010) 

predicted the effect of sulfate erosion on the mechanical 

properties of paste fillings using a neural network, and the 

obtained predictions correlated well with the experimental 

results of Xu et al. (2022). 

These studies have provided important findings on the 

impact of chloride ionic attacks on the properties of paste 

filling materials, which can help enhance the effectiveness 

of filling and mining. However, water in goafs usually 

exists in a pressurized form (Niu et al. 2022), and the effect 

of mine water pressure on the mechanical characteristics of 

paste filling materials has not been investigated. In addition, 

studies on ion erosion have mostly focused on the effects of 

different ions on the overall strength of paste filling 

materials rather than on the transport mechanism of ions  

 

within these materials. Therefore, in this study, the chloride 

ion infiltration and diffusion behavior of CGFB under 

different water pressures (0, 0.5, 1.5, and 3.0 MPa) and the 

mechanical properties of these samples were investigated. 

This study aims to provide a theoretical support for 

accurately evaluating the mechanical properties of paste 

fillers in backfill mining, thereby increasing mining safety. 

 

 

2. Materials and methods 
 

2.1 Materials and sample preparation 
 

CGFB samples were prepared from gangue, fly ash, 

P.042.5 silicate cement and water. Gangue, obtained from 

the solid waste generated by the Liangjia Coal Mine 

(Longkou Coal and Electricity Co., Ltd.), was crushed and 

screened to obtain particles with sizes ≤10 mm. Fly ash was 

obtained from the Huangdao Power Plant (Qingdao City, 

Shandong Province) (Li et al. 2022). Cement was obtained 

from the Shandong Rizhao Third Cement Factory (Li et al. 

2022). The chemical compositions of the raw materials used 

in the preparation of CGFB are shown in Fig. 3. Water was 

obtained from a laboratory at the Shandong University of 

Science and Technology. The soaking solution was prepared 

using sodium chloride (analytical purity, ≥99% sodium 

chloride) from Tianjin Hengxing Chemical Reagent Co., 

Ltd. 

CGFB samples with a mass fraction of 78% were 

prepared using a cement, fly ash, and gangue mass ratio of 

1:2:4. The materials were placed in a cement paste mixer 

and stirred for 8 min. Then, the stirred paste was poured 

into a 70.7 × 70.7 × 70.7 mm3 cubic mold, one-third at a 

time through a vibrating screen to prevent air bubble 

retention in the sample. After 24 h, the CGFB sample was 

removed from the mold and placed in a curing box at 20°C  

 

(a) Dry gob 

 

(b) Water-soaked gob 

Fig. 2 Process by which CGFB is exposed to mine water. CGFB, cemented coal gangue–fly ash backfill (Li et al. 2022). 
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and 95% relative humidity for 28 d. Twenty CGFB samples 

of the paste-filled body were prepared and divided into four 

groups (A, B, C, and D) of five samples (labeled A1–A5, 

B1–B5, C1–C5, and D1–D5). For samples A1, B1, C1, and 

D1, which were subjected to chloride ion penetration using 

the salt ponding test and NTBuild 443-94 methods, one side 

of the surface was selected as the chloride ion erosion 

surface. The remaining five surfaces were coated with an 

epoxy resin to ensure that the chloride ions penetrated as far 

as possible in one dimension. After the epoxy resin was 

cured, these samples were soaked together with other 

samples, as described in Subsection 2.2.1. A2, B2, C2, and 

 

 

 

D2 were used for the chloride ion transport depth test, and 

A3–5, B3–5, C3–5, and D3–5 were used for the uniaxial 

compression test.  

An overview of the sample preparation procedure and 

analysis methods used in this study is shown in Fig. 4. 
 
2.2 Monitoring methods 
 
2.2.1 Pressurized soaking 
A self-developed pressure soaking device was used in 

this study (Fig. 5). The device comprised a high-pressure 

soaking chamber, servo-booster cylinder, pressure sensor,  

   
(a) Cement (b) Fly ash (c) Coal gangue 

Fig. 3 Chemical compositions of the raw materials used in this study 

 
Fig. 4 Overview of the sample preparation and testing procedures. SEM, scanning electron microscopy; XRD, X-

ray diffraction 
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Fig. 5 Overview of the pressure soaking device Yin et al. 

2022a) 

 

 
(a) Color changes induced by reaction with silver nitrate 

 
(b) Chloride transport boundary 

Fig. 6 Detection of chloride ion penetration depth 

 

 

digital servo controller, and acquisition system. The 

stainless-steel high-pressure soaking chamber was 

cylindrical with inner and outer diameters of 250 and 300 

mm, respectively. The top of the chamber was sealed with a 

rubber ring reinforced with an upper pressure plate to 

prevent the leakage of pressurized water. The digital servo 

controller comprised a servomotor connected to a drive 

booster and digital controller. When filling and pressurizing 

the soaking chamber, the commands were edited using the 

operating software on the host computer, sent to the digital 

servo controller, and transmitted to the servomotor. Through 

gearing, the servomotor pushed a piston into the booster 

cylinder to fill and pressurize the soaking chamber. The 

pressure sensor was connected to the acquisition system for 

real-time monitoring. Upon achieving the target water 

pressure, a feedback termination command was sent to the 

digital controller, and the servomotor stabilized and 

maintained the pressure, thereby achieving closed-loop 

control. The soaking solution was 10% NaCl in water, and 

the immersion duration was 30 d. For groups A–D, the 

water pressures were 0, 0.5, 1.5, and 3.0 MPa, respectively. 

 

2.2.2 Determination of chloride ion penetration depth 

The determination of chloride ion penetration depth was 

measured by the methods of GB/T15453-2018 After 

soaking for the required time, the CGFB samples were 

removed from the soaking solution and the sample surfaces 

were air dried. Samples A2, B2, C2, and D2 were split in 

half. The water-soaked leading edge were distinguished 

from the fracture surface based on color differences. The 

sample surfaces were sprayed with 1.5 ± 0.3 mL of 0.1 

mol/L silver nitrate solution, and photographs were taken 

after the color was developed. Spraying with silver nitrate 

solution revealed the demarcation between the white and 

tan areas. The white and tan areas indicated the chloride ion 

penetration and impermeable areas, respectively. The 

chemical reactions involved in the color development 

process are as follows 

Ag+ + Cl- → AgCl (white), (1) 

Ag+ + OH- → AgOH → Ag2O (tan). (2) 

Fig. 6(a) shows the color of a CGFB sample after 

spraying the silver nitrate solution, where the line represents 

the edge of chloride ion penetration. Using the edge of the 

penetration, the chloride ion penetration depth was 

measured for points at 5 mm spacings (Fig. 6(b)). For each 

sample, the average chloride ion penetration depth 𝑑𝑥 was 

calculated using the following formula 

𝑑𝑥=
1

𝑛
∑ 𝑑𝑖
𝑛
𝑖=1 , (3) 

where 𝑥 is the soaking group (A, B, C, or D) and 𝑛 is the 

number of measurement points for each CGFB sample. 

 

2.2.3 Determination of chloride ion content 
Samples A1, B1, C1, and D1 were ground into layers 

using a grinder. Based on the chloride ion penetration depth 

results, the maximum grinding depth was set to 30 mm and 

10 layers of powder were removed from each sample. Each 

powder sample was passed through a 60-mesh sieve and 

then dried in a 105 °C drying oven until constant weight. 

After cooling to 20 °C in a desiccator, 2 g of powder from 

each group was added to a beaker containing 100 mL of  
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Fig. 7 Filtration and Cl- concentration testing 

 

 

deionized water. The solution was stirred magnetically for 2 

h, and then allowed to stand for 24 h. Subsequently, the 

upper clear layer was filtered using two layers of filter 

paper. The chloride ion content of the obtained solution was 

measured using a chloride ion meter (PCL-1, Hengmag 

Technology Co.) (Fig. 7). 

The measurement was based the formation of an 

insoluble precipitate (silver chloride) by chloride and silver 

ions under certain conditions, which induced a change in 

the electrode potential. When the chloride ion content 

increased, precipitation increased and the electrode 

potential changed; thus, the chloride ion content in a water 

sample can be determined by measuring the potential 

change. Chloride ion contents of 35.5 g/L to 35.5 µg/L were 

measured with a resolution of 0.01 pCL and a basic 

instrument error of ±0.05 pCL. 

 

2.2.4 CGFB sample component detection 
A Rigaku Utima IV X-ray diffractometer was used to 

analyze the phase of the CGFB samples. The device was 

operated at a voltage of 40 kV and an emission current of 

40 mA. The CGFB samples were selected after immersion 

in a chloride salt solution at pressures of 0 and 3.0 MPa, and 

powder was taken from the surface of the CGFB samples at 

0–2 mm and 30–32 mm inward, respectively. The dried 

samples were ground through a mortar and sieved through a 

200-mesh sieve. After laying the prepared powder sample 

flat in the groove of the glass carrier sheet, it was placed in 

the instrument for testing. The test was performed by 

continuous scanning from 5 to 45° with 0.02° data point 

intervals and a scanning speed of 4°/min. 

 

2.2.5 Microtopography observations 

SEM measurements were performed using an Apreo 

high-resolution scanning electron microscope with a 

resolution of 0.8 (15 kV) to 0.9 nm (500 V) and standard 

magnification of 100–500,000×. The SEM samples had 

diameters of approximately 15 mm and thicknesses of 10–

15 mm. The samples were placed in anhydrous ethanol for 

48 h to terminate hydration and then dried in a 55 °C drying 

oven until constant weight. Because the paste filling 

material exhibits poor conductivity, the samples were 

sprayed with gold prior to analysis. 

 

2.2.6 Pore analysis 
To quantitatively analyze the fine-scale pore changes in the 

CGFB samples following soaking under pressure in a chloride  

 

(a) Penetration boundaries at different soaking pressures 

 

(b) Average penetration depth 

Fig. 8 Detection of chloride ion penetration depth 

 

 

salt solution, a particle (pore) and crack analysis system 

(PCAS) (Yin et al. 2021) was used to identify and analyze 

fracture pores and fissures in the CGFB samples. Using the 

SEM images of the CGFB samples, the system imported a 

variety of binarized pore images, automatically removed 

clutter, segmented and identified pores, output geometric and 

statistical parameters, displayed the resultant vector images and 

rose diagrams, and calculated various parameters. 

 
2.2.7 Uniaxial compressive strength (UCS) testing 

Uniaxial compression tests were performed using a 

Shimadzu AG-X250 electronic universal testing machine. 

The displacement loading was increased at a loading rate of 

0.005 mm/s and sample interval of 10 ms until the sample 

was damaged (Yin et al. 2021, Yin et al. 2022b, Li et al. 

2022b, Jiang et al. 2023). 

 

 

3. Results and discussion 
 
3.1 CGFB chloride ion transport characteristics 
 
3.1.1 Chloride ion penetration depth 
Fig. 8(a) shows the chloride ion penetration boundary of 

each sample, and Fig. 8(b) shows the average penetration  
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Fig. 9 Sample stratification scheme 

 

 

Fig. 10 Dependence of chloride ion content on depth 

 

 

depth of the CGFB samples under different chloride salt 

solution pressures. As shown in Fig. 8(b), the soaking 

pressure significantly affects the penetration depth of the 

chloride ions. Following soaking in a chloride salt solution 

at 0 MPa, the penetration depth was 9.88 mm. When the 

soaking pressure increased from 0 to 0.5 MPa, the chloride 

ion penetration depth decreased by 1.31% to 9.75 mm. 

Under a soaking pressure of 1.5 MPa, the chloride ion 

penetration depth was 13.58 mm, which is 37.45 and 

39.28% higher than those at 0 and 0.5 MPa, respectively. 

When the soaking pressure was increased to 3.0 MPa, the 

chloride ion permeability of the CGFB sample continued to 

increase, with a penetration depth of 15.65 mm, which is 

58.40 and 15.24% higher than those at 0 and 1.5 MPa, 

respectively. 

These observations indicate that low water pressures 

(0.5 MPa) have little effect on the CGFB chloride ion 

penetration depth, whereas high water pressures (1.5 or 3.0 

MPa) increase the CGFB chloride ion transport depth. 

When soaked at low water pressures, no new macroscopic 

cracks were generated in the CGFB, and the chloride ion 

infiltration and diffusion was mainly affected by changes in 

the microstructure of the CGFB samples. Under low water 

pressures, the CGFB porosity decreased as the soaking 

pressure increased, thereby hindering chloride ion  

 

Fig. 11 Distribution of chloride ion in CGFB sample 

 

 

permeation and diffusion. However, when the soaking 

pressure exceeded a critical value, new cracks appeared in 

the CGFB samples and volume expansion occurred. 

Consequently, the CGFB chloride ion penetration and 

diffusion capacities increased with increasing water 

pressure.  

An interfacial layer exists between the aggregate and 

cementitious material in CGFB, which connects the gangue 

particles and cement fly ash matrix. The interfacial layer 

cannot effectively transfer stress because it is weaker than 

the aggregate and paste matrix. Under high-pressure water, 

the microcracks in the interfacial layer of CGFB expand 

rapidly, enhancing the chloride ion transportation capacity. 

 

3.1.2 Chloride ion content 
The chloride ion contents in different layers of the 

CGFB samples soaked in chloride salt solutions at 0, 0.5, 

1.5, and 3.0 MPa were examined. The layer sampling 

scheme is shown in Fig. 9, and the chloride ion contents at 

different pressures and depths are shown in Fig. 10. The 

distribution of chloride ions in the CGFB sample after 

soaking in pressurized chloride solution is shown in Fig. 11. 

If the chloride ion distribution curve was stable over the 

penetration depth, the determined depth value was 

consistent with the data in Subsection 3.1.1. As shown in 

Fig. 10, when the sampling depth increases, the free 

chloride ion content in the CGFB samples gradually 

decreases. At a sampling depth of 6 mm, the chloride ion 

contents of the CGFB samples immersed in chloride salt 

solution at 0, 0.5, 1.5, and 3.0 MPa were 76.05, 62.29, 

59.28, and 53.38% lower than that at the surface, 

respectively. For the sample soaked at 0 MPa, the chloride 

ion content decreased more rapidly as the penetration depth 

increased compared with the samples exposed to higher 

soaking pressures. At the same sampling depth, the CGFB 

samples soaked at higher pressures had higher chloride ion 

contents. When the sampling depth was less than 5 mm, the 

chloride ion contents of the samples soaked at pressures of 

0 and 0.5 MPa were similar but lower than those of the 

samples soaked at pressures of 1.5 and 3.0 MPa. At  
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sampling depths of 0–15 mm, the chloride ion contents of 

each group of samples differed significantly, with a higher 

soaking pressure resulting in a higher chloride ion content. 

When the sampling depth was greater than 10 mm, the 

differences between the chloride ion contents of the samples 

soaked at 0, 0.5, and 1.5 MPa decreased, but the chloride 

ion content of the sample soaked at 3.0 MPa remained 

notably higher. When the sampling depth was greater than 

20 mm, the chloride ion contents of all the CGFB samples 

were similar, regardless of the soaking pressure, to that of 

the material not subjected to chloride salt soaking. 

These results suggest that water pressure promotes the 

transfer of chloride ions inside CGBF, as the chloride ion 

gradient within the material becomes less steep and the 

chloride ion content at each depth increases with increasing 

water pressure. 

At 0 MPa, chloride ions were only transferred into the 

CGFB through a concentration gradient effect; however, 

under pressurized water, chloride ions were transported into 

the CGFB samples via both concentration and pressure 

gradients, resulting in greater immobilization inside the 

CGFB samples. As discussed in Subsection 3.1.1, 

pressurized water changes the internal pore structure of 

CGFB, which promotes the transportation of chloride ions 

within this material. 

 

 

3.1.3 X-ray diffraction analysis 
To fully understand the effect of chloride ion transmission 

on the physical phase composition of filling pastes under water 

pressure, the CGFB samples were selected under different 

immersion pressures. The powder was taken from the surface 

of the sample at a depth of about 0 to 5 mm, and was taken 

inward every 10 mm，until reached to the sample center(depth 

of 35mm). the physical phases of the CGFB samples were 

analyzed using the X-rays of rocks. The XRD pattern of the 

CGFB samples is shown in Fig. 12. 

From Fig. 12, it can be seen that when the sampling depth 

is 0–5 mm, the main physical phases inside the CGFB samples 

under chloride salt solution immersion are quartz (SiO2), 

gypsum (CaSO4·2H2O), ettringite (AFt), calcite (CaCO3), and 

C-S-H gel. As the sampling depth increased, the diffraction 

peak of the hydration product C-S-H in the XRD pattern of the 

sample significantly decreased, indicating that the penetration 

of chlorinated brine promotes the hydration reaction of CGFB, 

which is consistent with the conclusions of previous studies. As 

the water pressure increased, the diffraction peak of the 

hydration product first increased, then remained unchanged, 

and finally decreased. This indicates that under low water 

pressure, the ability of chlorinated brine to promote hydration 

reactions of CGFB increases with increased pressure. When 

the pressure reaches a certain critical range, the ability of the 

water pressure to promote hydration reactions maintains a  

  
(a) 0 MPa (b) 0.5 MPa 

  
(c) 1.5 Mpa (d) 3 Mpa 

Fig. 12 XRD pattern of CGFB sample 
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stable rate, and when the pressure exceeds this critical range, 

the ability of the water pressure to promote hydration reactions 

gradually decreases.  

The diffraction peak of AFt, another hydration product, 

decreased with increasing water pressure, indicating that 

chloride ions combine with tricalcium aluminate 

(3CaO·Al2O3), which is not involved in the hydration reaction, 

and replace the sulfate of calomel (AFt) to produce Friedel's 

salt. Friedel's salt diffraction peaks appear in the XRD spectra 

of the surface powder of the CGFB samples solidly immersed 

in each pressurized chloride salt solution. Friedel's salt fills in 

the internal pores of the CGFB sample, changing its pore 

structure and improving its densification. 

 

3.1.4 Chloride ion transport mechanisms in CGFB 
When CGFB is unsaturated, chloride ion transport is 

affected by capillary adsorption (Sanchez et al. (2020). When a 

CGFB sample is in contact with the chloride salt solution, the 

difference between the attraction of the internal liquid to the 

surface molecules and the attraction of the solid to the surface 

molecules results in an interfacial energy on the solid–liquid 

surface. Owing to this phenomenon, liquid can be sucked into 

the pores to a certain depth, forming a curved surface. 

Capillary adsorption generally occurs in shallow parts of the 

solid material, and is more rapid than other transport processes 

(Yedra et al. 2022; Pedro et al. (2015). Ionic transport within 

water-saturated CGFB is no longer affected by capillary 

adsorption, and chloride ions are transported through the 

CGFB via diffusion, which involves the migration of free 

molecules or ions from a region of high concentration to one of 

low concentration driven by a concentration difference (Park et 

al. 2014). When CGFB is saturated with water, a concentration 

gradient is created between the surface and internal pore 

solution, and chloride ions diffuse into the CGFB. The 

diffusion of chloride ions into the CGFB can be described 

using Fick’s second law, as follows 

𝐶𝑥 = (𝐶𝑠 − 𝐶0) [1 − 𝑒𝑟𝑓
𝑥

2√𝐷𝑡
] + 𝐶0, (4) 

where 𝐶𝑥 is the chloride ion content (%) at depth 𝑥 and time 𝑡 
(s), 𝐶𝑠 is the chloride ion content on the surface (%), 𝐶0 is the 

initial chloride ion content (%), and 𝐷  is the chloride ion 

migration coefficient of CGFB under water pressure (mm2/s). 

When the CGFB sample soaked at 0 MPa was saturated 

with water, chloride ions in the interior were transported via 

pure diffusion. When the outer surface of the CGFB 

encountered pressurized water, a hydraulic gradient was 

generated from the outer surface to the interior, resulting in a 

seepage field. Therefore, chloride ion transport within the 

CGFB samples soaked at 0.5, 1.5, and 3.0 MPa was also 

affected by osmosis. Osmosis is the process of chloride ion 

migration from the solution to the interior of a sample under 

hydrostatic pressure. Previous studies have found that the 

osmotic transport of ions within porous materials in high 

hydrostatic pressure environments follows Darcy's law (Jabeen 

et al. 2019; Aminpour et al. 2018; Leng et al. 2021) 

𝑣(𝑡) =
𝐾

𝜌𝑔

𝛥𝐻

𝛥𝑥
, (5) 

where 𝑡 is the infiltration time (s), 𝑣(𝑡) is the seepage velocity 

(m/s), 𝛥𝐻 is the total head loss (MPa), 𝛥𝑥 is the seepage path 

length, 𝐾  is the hydraulic conductivity, and 𝜌  is the fluid 

density (kg/m3). 

For the CGFB samples in the chloride salt solution, the 

chloride ions initially migrated into the interior via capillary 

adsorption. Once some of the solution entered the CGFB but 

the CGFB was not yet saturated, the chloride ions in the 

sample at 0 MPa migrated inside the CGFB via capillary 

adsorption and diffusion, whereas the chloride ions in the 

samples at 0.5, 1.5, and 3.0 MPa were transported to the 

interior via capillary adsorption, diffusion driven by the 

concentration gradient, and osmosis driven by the pressure 

gradient. After completion of the pressurization process, the 

stress within the CGFB samples reached equilibrium (i.e., there 

is no pressure difference between the inside and outside of the 

sample). At this time, ion transport within the samples was 

mainly affected by capillary adsorption and diffusion. After 

water saturation, no further capillary adsorption occurred 

within the samples, and the chloride ion transport only 

occurred via diffusion. 

Under high-pressure water, the microcracks inside the 

CGFB samples were compacted or slipped, producing a local 

stress release or stress concentration phenomenon. 

Simultaneously, chloride ions entered the CGFB, and 

unreacted raw materials or hydration products generated 

secondary hydration products or salt corrosion products that 

filled the internal pores. Secondary hydration products and salt 

corrosion products continued to form and gradually occupied 

the surrounding pores, thereby changing the internal pore 

structure of the CGFB samples. Under the mechanical action 

of water pressure and the physical and chemical action of 

chloride salt, local stress adjustment occurred within the CGFB 

samples, which caused the liquid in the pores to produce a 

local pressure difference. Therefore, after reaching saturation, 

the chloride ions inside the CGFB still exhibited osmotic 

behavior. 

The soaking pressure mainly influenced the osmosis and 

diffusion of chloride ions in CGFB through osmosis driven by 

the pressure gradient, which promoted the entry of chloride 

ions into the CGFB, allowing chloride ions to react more 

completely with the backfill material components. The salt 

corrosion products crystallized and expanded, and the internal 

CGFB pore structure changed, which can promote or inhibit 

the transport of chloride ions. However, under the influence of 

surface tension and volume compression by water, free water 

in the cracks can induce splitting and pulling, thereby 

promoting the development and expansion of primary cracks 

and the generation of new cracks inside the CGFB. The 

expansion and increase in microcracks increases the 

permeability coefficient, which in turn promotes the 

transportation of chloride ions into the CGFB. 

 

3.2 Micromorphology 
 

Fig. 13 shows cross-sectional SEM images of the CGFB 

samples soaked in a chloride salt solution at different sampling 

depths under different pressures (0, 0.5, 1.5, and 3.0 MPa). The 

CGFB samples soaked at different pressures exhibited similar 

morphologies. However, at increased water pressures, the 

CGFB structure gradually became denser and the amount of 

connecting pores increased. This paste filler, a typical porous  

132



 

Effects of chloride ion transport characteristics and water pressure on mechanical properties… 

 

 

 

material, and chloride ions, which infiltrate the CGFB, can 

react with tricalcium aluminate (3CaO·Al2O3; C3A), which is 

not involved in the CGFB hydration reaction, to produce 

Friedel’s salt (FS). Chloride ions can also displace sulfate from 

calcium alumina (AFt) to produce FS and Kuzel’s salt (KS).  

As shown in Fig. 13(a), the CGFB soaked at 0 MPa has a 

relatively loose structure, with numerous irregularly shaped 

pores. The hydration products appear as a small number of 

rods and lumps of calcite bonded to the C-S-H cementation 

structure. Some clusters of flocculated salt-etching 

crystallization products are also observed. Under pressurized 

water, the CGFB had a relatively loose matrix and the 

hydration products were compacted, partly filling the pores. 

Simultaneously, the mechanical effect of water promoted the 

expansion of the primary pores and the development and 

penetration of larger pores. When the water pressure increased 

from 0 to 0.5 MPa, the CGFB structure became denser, the 

number of small pores decreased, and the number of larger 

connecting pores increased (Fig. 13(b)). As the weakest region 

of the CGFB material, the interfacial transition zone between 

the aggregate and paste is susceptible to deterioration under 

water pressure. When the water pressure increased to 1.5 MPa, 

more microcracks appeared in the interfacial transition zone 

(Fig. 13(c)). As shown in Fig. 13(d), the pore area of CGFB 

continued to increase and the microcracks expanded at 3.0 

MPa. Simultaneously, some fly ash shedding can be observed. 

This phenomenon can be explained by the lubrication and 

softening effects of water, which can decrease the friction 

coefficient and cohesion between particles within the CGFB. 

Poorly cemented materials, such as fly ash, are eroded by high-

pressure water. 

 

 

As seen in Fig. 13, the hydration products observed in the 

SEM spectrum decrease significantly as the sampling depth 

increases, and this characteristic becomes more and more 

obvious as the water pressure decreases. Compared with those 

in the sample soaked at 0 MPa, the chloride ions in the samples 

soaked at higher pressures were transported deeper within the 

CGFB, increasing the chloride ion content at the same 

penetration depth. Under pressurized water, the loose structure 

within the CGFB was compacted, which reduced the porosity 

to a certain extent. With increasing water pressure, the primary 

pores within the material expanded, and numerous cracks were 

generated in the interfacial transition zone. The formation and 

expansion of cracks accelerate solution infiltration, which can 

promote hydration and salt corrosion of the surrounding CGFB 

materials. The obtained products partly filled the pores, which 

impacted the intrusion of chloride ions. Driven by the 

hydraulic pressure and concentration gradients as well as pore 

connection and expansion, the chloride ion transport into the 

CGFB was accelerated. The compaction effect of the high-

pressure solution on the loose material and the crystallization 

and expansion of the hydration and salt erosion products 

caused the internal pores of CGFB to decrease, preventing the 

chloride ion inside the CGFB. Owing to the interplay of these 

factors, the chloride ion penetration depth of the CGFB soaked 

at 0.5 MPa was similar to that soaked at 0 MPa. With increased 

water pressure, the influences of the pressure gradient and pore 

expansion on chloride ion transport became dominant, 

resulting in a significant increase in the chloride ion 

penetration depth of the CGFB samples soaked at 1.5 and 3.0 

MPa. This behavior is consistent with the chloride ion 

penetration depth results in Subsection 3.1.1. 

  
(a) 0 MPa (b) 0.5 MPa 

  
(c) 1.5 Mpa (d) 3.0 Mpa 

Fig. 13 SEM images of microstructures of CGFB soaked in chloride salt solution at different pressures and different 

sampling depth 
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Fig. 14 shows the pore distribution image of CGFB soaked 

at 0 MPa, as processed using the PCAS image software. In the 

binary image in Fig. 14(a), the pore regions appear black and 

the CGFB material aggregate and matrix appear white. Figure 

14(b) shows the rose diagram obtained by further processing of 

the binary image using the PCAS software; the pore regions 

are colored, with different colors corresponding to different 

pore areas, and the nonporous region is black. The pore size 

characteristics of the CGFB samples soaked at different 

pressures are shown in Fig. 15. Figure 15(a) shows the 

relationship between sample porosity, maximum pore area, and 

solution pressure, and Fig. 15(b) shows the CGFB pore area 

distributions. 

The soaking pressure had a significant effect on the 

porosity of CGFB (Fig. 15(a)). The porosity of the CGFB 

samples first decreased and then increased as the soaking 

pressure increased. When the soaking pressure increased from 

0 to 0.5 MPa, the porosity of the CGFB sample decreased by 

7.03%. When the soaking pressure increased to 1.5 and 3.0 

MPa, the porosities of the CGFB samples were 10.76 and 

54.77% higher, respectively, than that of the sample soaked at 

0 MPa. Moreover, the maximum microscopic pore areas 

increased with increasing soaking pressure (193.3, 307.4, 

676.7, and 1847.8 μm2 at 0, 0.5, 1.5, and 3.0 MPa, 

respectively). Upon entering the CGFB, the pressurized 

solution compacted the material matrix, hydration products, 

and salt erosion products, which reduced the porosity. At 

 

 

 

 higher water pressures, the increased load induced splitting 

and pulling of the internal cracks in the CGFB, resulting in 

crack expansion and pore penetration, which increased the 

porosity and maximum pore area. 

As shown in Fig. 15(b), at 0 MPa, most pores were smaller 

than 2 μm2 (67.21%), with some 2–10 μm2 pores (24.42%) but 

relatively few pores with areas of 30–50 μm2 (1.41%) or 

greater than 50 μm2 (1.82%) appeared. At 0.5 MPa, the 

proportion of pores with an area of less than 2 µm2 decreased 

(42.91%), and the proportion of pores with an area of 2–10 

µm2 increased (41.27%). As the soaking pressure increased, 

the proportion of pores with areas of less than 2 µm2 gradually 

decreased, whereas the proportion of larger pores (>50 µm2) 

increased. At 3.0 MPa, 35.78% of pores were less than 2 µm2 

(46.76% less than that at 0 MPa); however, 5.50% of pores 

were larger than 50 µm2 (177.48% more than at 0 MPa). These 

changes in the pore characteristics are due to the mechanical 

action of water, hydration and salt etching product 

crystallization, and CGFB structure expansion, which filled 

small pores and developed larger pores. 

 

3.3 Mechanical characteristics of CGFB 
 
Figs. 16 and 17 shows the UCS and peak strain of samples 

under different soaking pressures It can be seen from figure 

that at lower soaking pressures (<3.0 MPa), the average UCS 

of the CGFB samples increased with increasing water pressure.  

  
(a) Binary image (b) Rose diagram 

Fig. 14 Pore distribution of CGFB soaked in chloride salt solution at 0.5 MPa 

  
(a) Relationship between porosity, maximum pore area, 

and solution pressure 

(b) Pore area distributions 

Fig. 15 Pore size characteristics of CGFB samples soaked at different pressures 

(a) Binary image (b) Rose diagram (a) Binary image (b) Rose diagram 
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Fig. 16 UCS of the CGFB samples. UCS, uniaxial 

compressive strength. 

 

 
Fig. 17 Peak strain of CGFB samples under uniaxial 

compression test 

 

 

The maximum average UCS value of the CGFB samples was 

13.88 MPa at 1.5 MPa, which was 11.88% higher than that at 0 

MPa. At 3.0 MPa, the average UCS decreased to 9.61 MPa, 

which was 25.27% lower than that at 1.5 MPa. The average 

peak strain of the CGFB samples gradually decreased with 

increasing soaking pressure. The values for the samples soaked 

at 0.5, 1.5, and 3.0 MPa were 7.04, 18.24, and 30.76% lower 

than that soaked at 0 MPa, respectively. This phenomenon can 

be explained by the changes in the CGFB pore structure under 

external water pressure. At a higher pressure, the loose internal 

structure was compacted, which increased the strength of the 

CGFB samples. However, the increased compactness also 

increased the brittleness of the CGFB samples. Thus, the peak 

strain decreased as the soaking pressure increased. 

Simultaneously, the movement of the pressurized solution 

within the microcracks resulted in a surface load, generating a 

splitting force and accelerating the expansion of microcracks 

and pores within the CGFB samples; this deterioration 

increased the chloride ion permeability. In addition, the pore 

solution composition changed under water pressure and 

chloride ion content gradients, which affected the stability of 

the solid-phase hydration products. As the water pressure 

increased, the chloride ion penetration depth and content 

increased and the chloride ions became immobilized within the 

CGFB through the physicochemical effect. Owing to the 

resulting leaching, decomposition, and crystallization 

expansion of the filling material components, the pores were 

partly filled, increasing the strength of the CGFB samples. 

When the water pressure was high (>3.0 MPa), the cleavage 

force of the pressurized solution on the internal cracks played a 

dominant role and the mechanical properties deteriorated, 

decreasing the UCS. 

 

 

4. Conclusions 
 

In this study, CGFB samples were soaked in a chloride 

salt solution at different pressures (0, 0.5, 1.5, and 3.0 MPa) 

to investigate chloride ion transport, fine pore 

characteristics, and strength performance under hydraulic 

pressure. The main conclusions are as follows. 

(1) A low water pressure (0.5 MPa) had little effect on 

chloride ion penetration into the CGFB, whereas higher 

water pressures significantly increased the penetration 

depth. The chloride ion penetration depths of the CGFB 

samples soaked at 1.5 and 3.0 MPa were 37.45 and 58.40% 

higher, respectively, than that soaked at 0 MPa. 

(2) Pressurized water promoted the transport of chloride 

ions inside the CGFB samples. The chloride ion gradient 

within the material became less steep as the water pressure 

increased. At the same sampling depth, a higher soaking 

pressure resulted in a higher chloride ion content within the 

CGFB samples. 

(3) Upon increasing the soaking pressure, the proportion 

of small pores (<2 μm2) decreased, whereas the proportion 

of larger pores (>50 μm2) increased. At the maximum 

soaking pressure (3.0 MPa), the sample had 46.76% less 

small pores and 177.48% more larger pores than the sample 

soaked at 0 MPa. 

(4) The peak strain of the CGFB samples gradually 

decreased as the soaking pressure increased, whereas the 

UCS increased to a maximum and then decreased. Owing to 

effects of water pressure on the internal pore structure of 

CGFB as well as the penetration depth and content of 

chloride ions, the stability of the solid-phase hydration 

products inside the CGFB changed, which influenced the 

overall mechanical properties of the CGFB samples. 

(5) At the present stage, only analysis of the hydration 

reaction with chloride ion on four different water 

pressurehas been conducted. In future research, will 

analysis of the hydration reaction with chloride ion and 

filling materials on different water pressurehas. 

These findings are significant for further improving the 

adaptability of CGFB for coal mine engineering. The 

transport of chloride ions under hydraulic pressure is a 

complicated process, and Fick's second law and Darcy's 

law, which have been commonly used in previous studies, 

cannot accurately describe this process. Thus, further 

studies should be conducted to model chloride ion 

transportation into CGFB under hydraulic pressure. 

Improving the performance of the filler material is critical 

for the long-term safety and stability of backfilled mines. 
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