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To break through the lithological constraints on the surrounding rock for the 
construction of underground water-sealed oil storage caverns, and considering 
limestone as a potential host rock for such caverns, the dynamic evolution law 
of fracture aperture in the surrounding rock under hydrodynamic dissolution 
remains unclear. This study takes the limestone from Yangmu Town, Guangyuan 
as the research object, replicates the in-situ environment of the storage layer, 
and systematically investigates the effects of water flow rate and concentration 
on the dissolution characteristics of limestone fractures through simulated 
hydrodynamic dissolution tests under in-situ conditions. A dynamic dissolution 
model was developed based on mass conservation and laminar seepage theory. 
The results indicate a significant coupling relationship between flow rate and 
dissolution rate. When the flow rate increases, the difference in concentration 
between the inlet and outlet decays exponentially, and the mass dissolved per 
unit time increases sharply. The initial concentration in the solution inhibits 
dissolution, and when the concentration reaches 34.2 ppm, dissolution is 
effectively suppressed. The error between the fracture aperture calculated by 
the theoretical model and the results from 3D scanning is less than 16%, 
demonstrating that the model can quantitatively characterize the coupling 
effect. The findings of this study can provide support for predicting water inflow 
into caverns and conducting safety assessments.
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 1 Introduction

Underground water-sealed oil storage is a critical component in ensuring energy 
security. It operates on the principle that the fissure water pressure in the surrounding 
rock mass of the cavern is greater than the pressure of the crude oil inside the storage 
caverns, which thereby effectively seals and stores the oil (Åberg, 1978). However, due 
to the extended operational lifespan and structural complexity of this energy storage 
method, its siting requirements are more stringent compared to conventional underground 
projects. It is typically situated in crystalline rock masses such as granite, characterized 
by low permeability and high strength (Novakova et al., 2016). However, with the 
continuous development of the national economy and the increasing demands for 
security, conventional rock masses can no longer adequately meet the requirements for
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energy storage. Nevertheless, the recent construction of several 
underground engineering projects in limestone formations has 
demonstrated the potential of limestone to serve as a viable 
surrounding rock medium for storage caverns (Khoo and Ooi, 
2023). These alterations in seepage characteristics are inherently 
linked to the vertical heterogeneity of the reservoir. As observed in 
vertically heterogeneous shale reservoirs, “high-porosity and high-
permeability zones serve as preferential flow pathways” (Zhang et al., 
2025). Similarly, in limestone formations, due to vertical variations 
in calcite distribution and natural fracture development, water 
curtain flow tends to preferentially dissolve the more permeable 
layers. This process can rapidly enlarge local seepage channels, 
further disrupting the original hydraulic equilibrium in the 
surrounding rock and increasing the risk of containment failure. 
However, as limestone is a type of carbonate rock, the flow of water 
from the water curtain system through the surrounding rock mass 
can lead to increased groundwater velocity and hydraulic head, 
thereby altering the seepage characteristics. These changes may 
further affect the long-term stability and seal integrity of the water-
sealed underground storage system (Xue et al., 2022). Therefore, 
investigating the dynamic dissolution characteristics of fractured 
limestone under water flow is crucial for the safety assessment of 
water-sealed caverns and the prevention and control of dissolution-
related issues.

Currently, researchers worldwide have developed various 
methods to study the dissolution characteristics of carbonate 
rocks. Based on experimental control conditions, these methods 
can generally be categorized into static dissolution and dynamic 
dissolution experiments. Static dissolution methods primarily 
include the static pH method (Morse, 1978), the standard 
dissolution coupon test (Zhang, 2011; GAMS, 1985), the free-drift 
method (Svensson and Dreybrodt, 1992; Berner and Morse, 1974), 
and in-situ testing (DAY, 1984). Dynamic dissolution methods 
primarily include the rotating disk method (HITOSI et al., 1939), 
fractured flow simulation experiments, and flowing liquid-phase 
reactor tests. Dong et al. (2024) found that the dissolution rate of 
carbonate rocks is higher in dynamic tests than in static tests. As 
early as the 1980s, researchers had already discovered that certain 
ions in aqueous solutions could exacerbate the dissolution and 
degradation of rocks (Feucht and Logan, 1990; Dunning et al., 1994). 
Zhang et al. (2024). Investigated the acid etching characteristics 
of carbonate rocks under hydrodynamic conditions. Their study 
revealed that the dissolution behavior of carbonate rocks is 
significantly influenced by dissolution time, rock composition, flow 
rate, and acid concentration. Furthermore, a positive correlation was 
observed between the dissolution rate and the flow rate of the acidic 
solution. Additionally, the increase in dissolved CO2 concentration 
and the hydraulic gradient significantly enhance permeability, 
thereby accelerating fracture channelization (Deng et al., 2015). 
Wright (2022) suggested that the dissolution and precipitation 
rates of carbonates are jointly determined by the carbonate ion 
dissociation equilibrium and the pH of the solvent. A lower pH 
value of the solvent leads to more significant dissolution. Gabrovšek 
and Dreybrodt (2001) proposed that the dissolution of CO2 in 
groundwater forms carbonic acid, which enhances the water’s 
aggressiveness and promotes the dissolution of carbonate rocks. 
The limestone dissolution experiments conducted by Přikryl et al. 
(2017) demonstrated that the dissolution process is enhanced 

when the Ca2+ concentration in the solution is low. Conversely, 
higher Ca2+ concentrations may inhibit dissolution and even trigger 
precipitation. He et al. (2017) suggested that lithology influences the 
rate of dissolution, with calcite being more soluble than dolomite in 
open systems. Pokrovsky et al. (2005) conducted dissolution kinetics 
experiments on carbonate rocks under unsaturated high-pressure 
conditions. Their findings revealed that increased salinity (NaCl) 
slightly inhibits mineral dissolution rates, while hydrodynamic 
conditions significantly enhance dissolution rates. Overall, the 
dissolution rate of calcite was observed to be higher than that of 
dolomite and magnesite.

During the operational phase of an underground water-sealed 
cavern, it is essential to continuously maintain the surrounding 
rock water pressure higher than the stored medium pressure. 
Once the reservoir location is determined, hydrological conditions 
(e.g., hydraulic gradients) and lithological properties become 
fixed parameters. However, due to dissolution processes, seepage 
channels within the surrounding rock gradually expand, leading to 
increased fluid flow. Consequently, flow rate plays a critical role in 
evaluating the dissolution characteristics of the surrounding rock in 
water-sealed caverns. In carbonate rock displacement experiments, 
Qi et al. (2017) observed that face dissolution occurred when 
the acid injection rate was below 2 mL/min, while wormhole 
dissolution formed when the rate exceeded 2 mL/min. The optimal 
injection rate was found to be 3–4 mL/min, resulting in the lowest 
acid consumption. Menke et al. (2023) observed that as flow 
rate increases, the dissolution pattern transitions from compact 
dissolution to “wormhole” dissolution, and further evolves into 
uniform dissolution. Jiang et al. (2022) conducted experiments 
on gypsum rock under different flow rates and found that the 
deterioration phenomenon caused by dissolution became more 
pronounced as the flow rate increased. Xu et al. (2024) found 
that storm events increased river basin runoff by 7–14 times, 
resulting in an average increase of 270% in carbonate weathering 
and associated CO2 consumption. This highlights the accelerated 
dissolution of carbonate minerals under high runoff conditions 
due to rapid dissolution kinetics. Meng et al. (2022) conducted 
carbonate dissolution experiments under varying temperatures, flow 
rates, and hydrodynamic pressures. They found that the carbonate 
dissolution rate is positively correlated with both flow rate and 
hydrodynamic pressure, with flow rate exhibiting a more significant 
influence than hydrodynamic pressure. Baedecker and Reddy 
(1993) suggested that rainwater falling on carbonate rock surfaces 
remains stagnant for sufficient duration to approach chemical 
equilibrium, predicting that the incremental effect of hydrogen 
ions on dissolution rates would be negligible. Furthermore, it is 
essential to account for the frequent lithological variations and the 
complex pore-fracture network to prevent fluid channeling from 
high-permeability zones to low-permeability layers due to reservoir 
pressure differences (Li et al., 2024).

During the long-term operation of a water-sealed underground 
cavern, the interplay between surrounding rock flow, seepage 
channels, and dissolution rates mutually reinforces one another, 
posing new challenges for evaluating the long-term stability and 
sealing integrity of the surrounding rock pressure in the cavern. 
Although numerous studies have investigated the influence of flow 
rate on dissolution kinetics, a comprehensive model for limestone 
dissolution rates that incorporates the coupled effects of these 
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TABLE 1  Relative mineral content of limestone samples with different bedding orientations.

Sample ID Original ID Mineral content (%)

Quartz K-feldspar Plagioclase Calcite Pyrite Ankerite Clay minerals

1 YM5 11.6 0.2 0.9 69.7 0.7 2.6 14.3

three factors has not yet been established. This study focuses on 
limestone from the Guangyuan area of Sichuan Province, utilizing 
an experimental system for hydrodynamic dissolution tests and an 
ICP-MS (Inductively Coupled Plasma Mass Spectrometry) system 
for ion concentration measurements. Specifically targeting the 
dissolution of single fractures in cavern surrounding rock, this study 
investigates the dynamic dissolution characteristics of limestone 
under varying flow rates and Ca2+ concentrations, and develops 
a dissolution rate model that incorporates the coupling effects of 
dissolution, fracture width, and flow rate. The findings provide 
support for characterizing the dynamic evolution of water inflow in 
water-sealed underground caverns. 

2 Research methodology

2.1 Test samples

The limestone samples used in the experiment were collected 
from the YM5 borehole core (depths of 270–280 m) during the 
preliminary investigation of a proposed water-sealed underground 
cavern in Yangmu Town, Guangyuan City, as summarized in Table 1. 
XRD analysis revealed that the mineral composition of the YM5 
core sample is as follows: quartz (11.6%), calcite (69.7%), plagioclase 
(0.9%), K-feldspar (0.2%), ankerite (2.6%), pyrite (0.7%), and clay 
minerals, including illite, chlorite, and illite-smectite mixed layers 
(14.3%). The clay minerals are predominantly composed of illite, 
chlorite, and illite-smectite mixed layers.

Nitrogen adsorption-desorption analysis (Figure 1) reveals that 
the limestone pores are primarily distributed between 25–50 nm, 
with a monomodal distribution peaked in the micropore region. 
The H4-type hysteresis loop, along with a significant gap between 
the adsorption and desorption isotherms at P/P0 of 0.4–1.0, 
suggests a pore geometry dominated by slit-shaped/cylindrical 
channels and a high proportion (>60%) of open and semi-
open pores (Sing, 1985). Given that open pores exhibit a mean 
dissolution rate 1.43 and 2.7 times higher than semi-open and 
closed pores, respectively (Liu et al., 2018), the pore structure 
of the Guangyuan limestone is highly susceptible to pronounced
dissolution.

2.2 Experimental methods

Prior to the dissolution experiments, core samples were 
machined into cylindrical specimens measuring 50 mm in diameter 
and 100 mm in height. To establish a single-fracture system with 
a precisely controlled initial aperture, each cylinder was bisected 
along its diameter into two semi-cylindrical halves. Natural rock 

fractures are irregular and their apertures are difficult to quantify. 
Therefore, a parallel-plate fracture geometry was created by inserting 
rigid spacers of specific thicknesses between the split halves. This 
configuration ensured that the fracture aperture was the sole 
variable, effectively eliminating confounding factors from natural 
fracture roughness and branching, and satisfying the geometric 
assumptions of laminar flow theory for model development, as 
illustrated in Figure 2a.

All prepared specimens were rinsed with deionized water to 
remove surface debris and subsequently oven-dried at 80 °C for 12 h. 
The initial dimensions and mass of each specimen were recorded. 
For the dynamic dissolution experiments, different initial fracture 
apertures were systematically reconfigured by employing spacers of 
different thicknesses within the specimen assemblies, as shown in 
Figure 2b. A schematic diagram of the experimental apparatus for 
the dissolution tests is presented in Figure 3.

According to geological data indicating minimal temperature 
variation in the relevant cavern reservoir, the experiment was 
conducted at in situ temperature (20 °C) corresponding to a depth 
of 280 m. A temperature controller was set to maintain a constant 
temperature of 20 °C, while a confining pressure device applied 
2 MPa of confining pressure to the specimen. A constant-flow pump 
was activated to circulate the dissolution fluid through the core 
holder. To prevent interference from extraneous ions and ensure 
the accuracy of experimental results, deionized water and solutions 
with varying Ca2+ concentrations were employed as the reactive 
dissolution fluid. Different flow rates were applied to the specimen 
using a constant-flow pump. After the flow stabilized, approximately 
5 mL of water was collected at the downstream outlet. To minimize 
experimental error, water samples were collected at least three 
times for each test condition, with an interval of approximately 
5 min between collections. The collected water samples were filtered 
through a 0.45 μm membrane filter to remove suspended particles 
and impurities, thereby preventing potential clogging of instrument 
tubing and minimizing interference with test results. The collected 
dissolution fluids were acidified to prevent potential retention 
of fine particles and improve the accuracy of ion concentration 
measurements. Finally, ICP-MS was employed to determine the 
concentrations of Ca2+ and Mg2+ in the solutions under different 
flow rate conditions.

To quantitatively characterize the influence of Ca2+

concentration on the dissolution rate of carbonate rocks, initial 
dissolution solutions with varying Ca2+ concentrations were 
prepared, and the relationship between Ca2+ concentration and 
flow rate under dissolution conditions was determined using ICP-
MS. Additionally, a blank control group was conducted using 
deionized water as the dissolution fluid. Following dissolution, the 
Ca2+ concentration in the solution reservoir exhibited a steady 
increase. The permeant fluid was collected from the reservoir 
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FIGURE 1
BET adsorption-desorption isotherms of the samples.

FIGURE 2
Morphology of dissolution specimens: (a) sample geometry; (b) configuration of initial fracture apertures.

for analysis to determine the Ca2+ concentration under these 
specific conditions. This experimental approach was designed to 
investigate the relationship between carbonate rock dissolution and 
the resulting Ca2+ concentration dynamics in the dissolution fluid. 
Detailed experimental protocols are summarized in Table 2.

3 Results and discussion

3.1 Effects of flow rate on limestone 
dissolution characteristics

Figure 4a illustrates the variation in Ca2+ and Mg2+

concentrations with flow rate, as determined by ICP-MS analysis. 
As shown, the concentrations of Ca2+ and Mg2+ in the solution 
exhibit an exponential decay as the flow rate increases. Notably, 
Ca2+ dominates the ionic composition, and its concentration is 
approximately two orders of magnitude higher than that of Mg2+ at 
the same flow rate. Based on the mineral composition of limestone, 
which is inferred from the distribution patterns of elements within 
the rock, Ca is primarily hosted in plagioclase, calcite, and dolomite, 
while Mg is mainly present in dolomite and clay minerals. By 

combining the data from Figure 4 and XRD results, we find that the 
rock sample contains negligible Mg. Therefore, the influence of Mg 
on the dissolution rate is disregarded in subsequent experiments. 
Under hydrodynamic dissolution conditions, the dissolution of 
calcite in aqueous solution is identified as the primary mechanism 
responsible for limestone dissolution.

By multiplying the ion concentration corresponding to each 
flow rate in Figure 4a by the daily total fracture flow, the daily total 
dissolution mass was obtained, as shown in Figure 4b. It can be 
observed that as the total flow rate within the fracture increases, the 
daily dissolution mass at corresponding flow rates increases sharply. 
Analysis of the relationship between flow rate, ion concentration, 
and dissolution mass reveals that although the ion concentration 
decreases with increasing flow rate, the overall increase in total flow 
leads to a net rise in dissolution mass. Therefore, the impact of 
flow rate variations on dissolution processes must be emphasized. 
Consistent with the findings of Pokrovsky et al. (2005) regarding 
flow rate effects, an increase in flow rate rapidly removes dissolved 
products from mineral surfaces, diminishing the inhibitory effect of 
the “concentration boundary layer” and resulting in an accelerated 
rate of dissolution-induced mass loss. In the design and operation 
of water-sealed underground caverns, it is critical to account for 
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FIGURE 3
Schematic diagram of the dissolution experimental apparatus.

TABLE 2  Summary of experimental protocols.

Sample ID Initial solution Ca2+

concentration (ppm)
Confining pressure (MPa) Solution pH Flow rate (mL/min)

YM5-1 0 (Deionized Water)

2.0 7.0
5, 10, 20, 40, 60, 70, 80, 100, 120

YM5-2 1.26

YM5-3 3.35

YM5-4 7.20

YM5-5 14.06

YM5-6 0 20 mL/min (Circulation Dissolution)

how dissolution impacts fracture aperture. Post-dissolution, the 
increased fracture width leads to progressively higher flow rates 
under constant hydraulic head conditions, which in turn intensifies 
wall dissolution. This positive feedback mechanism between flow 
rate and dissolution causes non-linear growth in both the mass 
of dissolved surrounding rock and fracture aperture over time, 
ultimately posing significant risks to the long-term stability and 
sealing performance of the rock mass. 

3.2 Effects of initial Ca2+ concentration on 
limestone dissolution characteristics

During the dissolution of long fractures, the ion concentration 
in the solution gradually increases and may even reach saturation, 

which can significantly inhibit the dissolution process downstream. 
Therefore, elucidating the inhibitory mechanism of Ca2+

concentration on dissolution is crucial.
Figure 5 shows the dissolution characteristics of limestone 

under different initial Ca2+ concentrations. The difference in Ca2+

concentration is defined as the measured concentration at the 
outlet minus the initial concentration at the inlet. Consistent with 
the findings above, the Ca2+ concentration difference gradually 
decreases as the flow rate increases. When deionized water was 
used as the corrosive fluid, and the fracture flow rate was raised 
from 5 mL/min to 120 mL/min, the Ca2+ concentration difference 
dropped from 1.948 ppm to 0.255 ppm, representing a reduction of 
approximately 80%.A dissolution experiment conducted at a flow 
rate of 5 mL/min revealed that as the initial Ca2+ concentration at the 
inlet increased from 0 ppm to 14.06 ppm, the corresponding Ca2+
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FIGURE 4
Variations in (a) Ca2+ and Mg2+ concentrations at the outlet, and (b) daily dissolution mass, as functions of flow rate.

FIGURE 5
Dissolution patterns under varying flow rates and initial ion 
concentrations.

concentration difference decreased from 1.948 ppm to 1.174 ppm. 
At flow rates of 10, 20, 40, 60, 70, 80, 100, and 120 mL/min, 
the Ca2+ concentration differences decreased by 0.525, 0.340, 
0.296, 0.146, 0.162, 0.206, 0.211, and 0.228 ppm, respectively. 
These results indicate that, under a constant flow rate, an 
increase in the initial Ca2+ concentration consistently leads to a 
reduction in the Ca2+ concentration difference. Further analysis 
based on the corresponding figures suggests that higher initial 
Ca2+ concentrations inhibit the dissolution process. However, this 
inhibitory effect is attenuated as the flow rate increases.

Figure 6 illustrates the experimental configuration where the 
upstream and downstream solution containers (5 L each) were 
combined into a single closed-loop system at a constant flow rate 

of 20 mL/min, using deionized water as the initial dissolution 
fluid. After rock dissolution commenced, Ca2+ concentration in the 
solution reservoir increased steadily. The Ca2+ concentration under 
these conditions was determined by collecting and analyzing the 
permeant fluid from the reservoir. Experimental results indicate 
that when the specimen undergoes dissolution in a deionized 
water environment, the concentration of Ca elements gradually 
increases with prolonged dissolution time and eventually stabilizes. 
During the initial phase of circulation dissolution, the Ca2+

concentration increased rapidly to approximately 10 ppm within 
250 h. Subsequently, the growth rate gradually slowed, taking 
approximately 1,200 h to rise from 10 ppm to 30 ppm. By 1700 h, 
the concentration reached 34.0 ppm. Between 1700 and 2000 h, 
approximately 40 measurements were taken, revealing that the 
Ca2+ concentration fluctuated around 34.2 ppm. When the Ca2+

concentration exceeded 34.2 ppm, the dissolution effect on the 
specimen became minimal. Thus, it can be concluded that when 
the Ca2+ concentration in the dissolution fluid exceeds 34.2 ppm, it 
effectively inhibits the dissolution of limestone.

4 Derivation and validation of the 
theoretical model

4.1 Modeling the dynamic evolution of 
fracture apertures under dissolution

As evidenced by the preceding analysis, although factors such 
as solution pH, flow rate, temperature, CO2 concentration, and 
Ca2+ concentration significantly influence carbonate dissolution, 
at a specific geographical location, parameters including pH, 
temperature, stress conditions, CO2 concentration, and lithological 
characteristics of the surrounding rock in a storage cavern exhibit 
minimal variation. It can be assumed that these parameters remain 
at specific values. Due to dissolution effects, the hydraulic aperture of 
fractures will evolve gradually over time. Under constant hydraulic 
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FIGURE 6
Variation of Ca2+ dissolution behavior in aqueous solutions.

head conditions, the flow rate within the fractures will change 
progressively, and the Ca2+ concentration in the surrounding rock 
of the storage cavern will exhibit a heterogeneous distribution. 
Therefore, to quantitatively evaluate the temporal evolution of 
dissolution rates in surrounding rock, a coupled flow-dissolution 
model is proposed. This principle is based on the parallel plate 
fracture flow model (Equation 1.1), where the fracture aperture 
is the key parameter determining flow rate. Chemical dissolution 
continuously widens this aperture, thereby inducing a nonlinear 
increase in flow. The enhanced flow, in turn, accelerates the 
boundary layer of Ca2+ concentration at the fracture wall, which 
promotes the kinetics of calcite dissolution and further facilitates 
fracture development. This process establishes a positive feedback 
loop between dissolution and flow.

If we neglect the influence of stress redistribution in the 
surrounding rock of the storage cavern induced by dissolution, we 
can assume that the evolution of the fracture hydraulic aperture is 
solely attributable to dissolution processes. Assuming the fracture 
fluid is incompressible and viscous under laminar flow conditions, 
and the rock fracture is represented by two smooth, straight, and 
infinitely long parallel plates, the theory of seepage flow in fractured 
rock can be derived from the Navier-Stokes equations for steady 
laminar flow between parallel plates.

q = D∆P
12μL

b3 (1.1)

The parameters are defined as follows: q denotes the real-time 
seepage velocity (m3/s) in the rough fracture, D is the diameter (m) 
of the rock specimen, b represents the equivalent hydraulic fracture 
width (m), Δp signifies the pressure difference (Pa) between the inlet 
and outlet, μ is the dynamic viscosity (Pa·s) of water, and L refers to 
the length (m) of the flow cross-section.

When water flows through the fracture surface, minerals on the 
specimen surface gradually migrate into the aqueous solution. The 
mass loss of the specimen due to dissolution per unit time dt  is 
denoted as dm1. Assuming uniform dissolution across the specimen 

surface, the resulting change in fracture width is represented as db. 
The relationship between these parameters is given by Equation 1.2:

dm1 = αρAdb (1.2)

The parameters are defined as follows: A is the contact area (m2) 
between the rock sample and the fluid during reaction, α is the 
dimensionless experimental coefficient determined by the mineral 
composition and microstructure of the core (representing the ratio 
of total mass to the mass of soluble components in the rock, obtained 
experimentally), ρ denotes the rock density (g/m3), and t is the time 
(s) elapsed since the onset of dissolution.

For the dissolution tests on fractured limestone, the effluent ion 
concentration Rt  at a flow rate q is described by an exponential 
function. The parameters a and c for this function were optimized 
from the data in Section 2.1 via a least squares regression, 
minimizing the sum of squared residuals. The corresponding 
dissolved mass change, defined as the product of Rt  and MP, 
is given by Formula 1.3:

dm2

dt
= RtMpq (1.3)

The parameters are defined as follows: dm2 denotes the mass 
(g) of the specimen dissolved in the solution, MP represents the 
molar mass (g/mol) of the soluble mineral, and Rt  signifies the ion 
concentration (mol/m3) which varies with flow rate.

Since the mass dissolved from the limestone surface entirely 
enters the solution, the mass loss of the specimen dm1 due to 
dissolution must equal the mass dissolved in the solution dm2
based on the principle of mass conservation. Thus, combining 
Equations 1.2, 1.3 yields:

αρAdb = RtMpqdt (1.4)

In Equation 1.4, the ion concentration Rt in the solution is 
closely related to the flow rate, and the relationship between 
them can be obtained by fitting the experimental data from 
Chapter 2. Generally, the ion concentration exhibits an exponential 
dependence on the flow rate.

Rt = aqc (1.5)

Where a and c are experimental parameters determined by 
fitting the experimental data.

Substituting Equation 1.5 into Equation 1.4 yields:

αρAdb = aqcMpqdt (1.6)

Integrating Equation 1.6 yields:

t =
αρA
aMp
∫

b

b0

1
qc+1 db (1.7)

 

4.2 Model validation

Based on hydrogeological surveys and measurements of 
surrounding rock samples, relevant parameters of limestone and 
the dissolution fluid were obtained. The pressure difference (Δp) was 
determined according to the typical water-oil pressure differential in 
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TABLE 3  Parameter values used in the model.

Parameter Symbol Unit Value

Molar Mass of Soluble Carbonate Rock Mp g/mol 100.09

Core Diameter D m 0.05

Wetted Perimeter L m 0.1

Fracture Aperture b m 0.00005

Pressure Difference Between Inlet and 
Outlet

Δp Pa 140,000

Real-Time Fracture Flow Rate q m3/s —

Dynamic Viscosity of Water μ Pa·s 0.001

Experimental Coefficient α — 1.428

Rock Density ρ g/ m3 2.62∗106

Dissolution Rate Law Rt mol/ m3 —

Cross-Sectional Area for Flow A m2 0.005

water-sealed underground caverns. The parameter values used in the 
model are listed in Table 3. In Model 1.7, the only unknown variable 
is Rt . As derived from the experimental results shown in Figure 7a, 
the dissolved mass in Equation 1.3 equals the product of the change 
in ion concentration (Rt), the molar mass of the rock (Mp), and 
the total flow rate (q). After obtaining the expression for Rt , it is 
substituted into Equation 1.7 to derive the fracture aperture-time 
relationship curve, as shown in Figure 7b. The graph demonstrates 
that the aperture of the parallel-plate fracture increases over time 
due to dissolution.

To validate the applicability of Model 1.7, dissolution experiments 
were conducted using a dynamic dissolution apparatus. A parallel-plate 
single fracture with an initial aperture of 0.05 mm was constructed 
for the test. Deionized water was circulated through the fracture at 
a constant flow rate of 20 mL/min. Effluent samples were regularly 
collected at the outlet to measure ion concentrations. After 3 weeks 
of dissolution, the sample was carefully retrieved, and the dissolved 
fracture surface was scanned using a 3D profilometer to obtain high-
resolution topographic height data. Figure 8 presents the X-coordinate 
(specimen length) and Z-coordinate (dissolution depth) distribution 
of the dissolved fracture surface after 21 days of dissolution. The 
reference plane was defined by the average height of insoluble minerals, 
while the average height of all points below this reference plane was 
calculated as the dissolution depth. The calculated average dissolution 
depth was −0.078 mm, which deviates from the numerically modeled 
result of −0.09 mm by 0.012 mm, representing an error of 15.4%. This 
comparison demonstrates the feasibility of the proposed model. 

5 Conclusion

When carbonate rocks are selected as the surrounding rock 
for water-sealed underground caverns, the dissolution of carbonate 
minerals under hydrodynamic conditions may lead to fracture 

propagation and increased water inflow, potentially compromising 
the integrity and safety of the storage facility. This study investigates 
the effects of flow rate and Ca2+ concentration on fracture 
dissolution using hydrodynamic dissolution experiments conducted 
on limestone from Yangmu Town, Guangyuan. A dynamic model 
for fracture aperture evolution was developed. The main conclusions 
are as follows: 

1. A significant coupling relationship exists between the flow rate 
within fractures and the limestone dissolution rate: as the flow 
rate increases, the Ca2+ concentration at the outlet exhibits 
exponential decay, while the mass dissolved per unit time 
increases sharply. An increase in flow rate triggers a positive 
feedback loop between flow and dissolution (fracture widening 
→ increased flow rate → enhanced dissolution), resulting in 
nonlinear growth over time in both dissolution mass and 
fracture aperture.

2. Initial Ca2+ concentration inhibits dissolution. As the 
concentration increases from 0 ppm to 14.06 ppm, the 
dissolution rate decreases under identical flow conditions. 
However, higher flow rates attenuate the inhibitory effect of 
Ca2+ concentration on dissolution. Circulation dissolution 
experiments indicate that when the Ca2+ concentration in the 
dissolution fluid reaches approximately 34.2 ppm, it stabilizes 
and effectively inhibits limestone dissolution.

3. Based on a model developed using mass conservation and 
laminar flow theory, the calculated results indicate that the 
hydraulic aperture of the fracture increases exponentially with 
dissolution time. After 21 days of dissolution, the fracture 
aperture expanded by 0.09 mm. This model can quantitatively 
characterize the coupling effect between flow rate and 
dissolution, providing a quantitative tool for predicting 
fracture propagation rates. A comparison between the model 
predictions and the surface roughness scanning results shows 
a difference of 0.012 mm compared to the actual scanned result 
of 0.078 mm, indicating that the model calculations are in good 
agreement with the experimental measurements, with an error 
of less than 16%.
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FIGURE 7
(a) Fitted curve for deionized water; (b) Schematic diagram of dissolution development with deionized water.

FIGURE 8
Coordinate plot of the dissolved surface.
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citations.
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For more examples of citing other documents and general 
questions regarding reference style, please refer to Citing Medicine.
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