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 ABSTRACT 
 

 

The dissolution-induced degradation of mechanical properties in limestone poses a significant 
threat to the stability of surrounding rock masses in karst environments. Combined the Geological 

Strength Index (GSI) with the Hoek-Brown (H-B) criterion, an integrated model is proposed to 

characterize the mechanical behavior of dissolving limestone. A novel parameter, the DGSI 
(Dissolution-affected Geological Strength Index), is established to quantify the dynamic evolution 

of geological strength throughout the processes of crack initiation and propagation under 

dissolution. Incorporated into a new C-DLMM (Crack-stage Dependent Limestone Mechanical 
Model), it can effectively characterize the mechanical response of limestone fracture under 

dissolution. Through inverse analysis of triaxial compression tests on dissolved limestone samples 

using a FLAC-based genetic algorithm, the time correlation between DGSI, equivalent plastic 
strain, and dissolution duration is revealed, verifying the scientific basis of C-DLMM. This method 

can evaluate the stability of limestone caverns subjected to dissolution. Numerical simulations 

demonstrate that under the same initial stability, the equivalent plastic strain in the surrounding 

rock exhibits a progressive increase over time. The zone of maximum plastic strain and 0.6 % 

equivalent strain profile progressively expand with continued dissolution. Compared with the non-

dissolved state, the dissolution process amplifies the maximum equivalent plastic strain by 2-
10 times and expands the 0.6 % strain affected zone by 4-7 times. These findings can provide 

a theoretical basis for understanding the stability evolution mechanism of karst cave systems and 

deliver practical guidance for underground engineering projects in soluble rock formations. 
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1. INTRODUCTION 

Evaluating the impact of dissolution on the 

stability of limestone rock in underground caverns is 

critically important. A thorough understanding of the 

mechanical properties of dissolved limestone is 

essential to predict its behavior under various 

operational conditions. The mechanical properties of 

limestone subjected to dissolution have been 

extensively investigated globally, leading to the 

development of various mechanical models to 

characterize its behavior. In mechanical test during 

dissolution Laouafa et al. (2021) demonstrated that 

many solvable rocks will dissolve when in contact 

with liquids such as water, resulting in cavity 

formation. This process can subsequently lead to 

either gradual ground subsidence or collapse. Tang et 

al. (2021) and Wang (2019) conducted experiments on 

limestone samples under different initial loading and 

unloading conditions to examine their mechanical 

behavior. Their results indicated that although the 

mechanical failure mechanism of limestone remained 

unchanged during dissolution, a marked degradation 

in macroscopic mechanical properties was observed. 

The impact of dissolution on limestone rock mass 

changes at different stages of crack propagation. After 

dissolution, the limestone specimens developed 

additional branch cracks, which contributed to 

a reduction in mechanical strength by lowering the 

crack initiation stress and damage stress (Ding et al., 

2024). The constituent minerals of carbonate rocks 

exhibit heterogeneous dissolution behavior. In 

addition, mechanical and physical weathering 

processes may occur around the grains. These factors 

indicate that the petrographic characteristics of 

carbonate rock play a more critical role in 

understanding karstification than traditional ones 

(Larson and Emmons, 2021). Luo et al. (2024) 

conducted acid- etching experiments and revealed that 

an increase in chemical damage would induce 

a transition in the fracture failure mode of limestone 

from single fracture to a complex multi-fracture 

coalescence pattern. Corvo et al. (2010) examined the 

degradation of large-scale chert materials used in 

historical buildings that affected by air pollution and 

water vapor in tropical humid climates. Dochez et al. 

(2014) explored the degradation of rainwater flint 

materials under similar climates through in-situ and 

indoor experiments. Their work addressed the 

chemical interaction between rainwater and chalk, as 

well as the mechanical responses of water-erosion-
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modified discontinuous surfaces. Gao et al. (2024) 

observed an increase in the equivalent pore size and 

the connectivity of rock pores post-dissolution. Gu et 

al. (2024) pointed out that although variations in 

dissolution, the stress-strain curves of greywacke still 

showed a consistent trend of change, and long 

dissolution led to a pronounced multi-peak 

morphology in these curves. The dissolution process 

involves the reaction of CaCO₃ with hydrogen ions in 

formation brine to generate soluble bicarbonate ions 

(HCO₃⁻). This chemical process facilitates the 

continuous removal of carbonate material through the 

generation of water-soluble species, thereby driving 

the progressive dissolution of limestone (Al-Yaseri et 

al., 2023). Moras et al. (2022) showed that quicklime 

and slaked lime have relatively high solubilities in 

seawater. The dissolution of limestone is primarily 

driven by its reaction with hydrogen ions (H⁺). Rock 

failure occurred when the average stress within 2L 

matches the tensile strength of the material (Justo et 

al., 2021). Seyyedi et al. (2020) verified that limestone 

can increase the concentration of Ca 2⁺ in pore 

solutions, which accelerates the dissolution of C₃S and 

promotes the precipitation of C-A-S-H. In addition, 

Briendl et al. (2020) reported that vigorous dissolution 

of calcite led to the formation of wormholes, thereby 

increasing the porosity and permeability of the area 

and enhancing the fluid injection capacity. 

In studies on the mechanical models of limestone 

under dissolution, Tang et al. (2021, 2008, 2023) 

established a deterioration model for the mechanical 

properties of dissolved limestone based on uniaxial 

compression tests. Nasr-El-Din et al. (2008) studied 

the impact of different acids on peak stress of rock 

samples. Zhang et al. (2021) divided the rock bearing 

capacity into elasticity and damage components, and 

derived a macro-micro composite damage model 

using the Hoek-Brown criterion. Elsworth and 

Yasuhara (2010) developed a simple zero-dimensional 

model capable of capturing complex experimental 

behaviors, which can serve as a constitutive model of 

calcite dissolution and capture key aspects of the 

continuous response in fracture media. Xu et al. (2021, 

2020) highlighted the superiority of the H-B criterion 

over the Mohr-Coulomb criterion in capturing 

nonlinear failure behavior of rock masses, particularly 

in the effects of rock strength, structural planes, and 

stress conditions on rock mass strength. Malvoisin and 

Baumgartner (2021) established a quantitative model 

of dissolution and precipitation creep that explicitly 

accounts for dissolution and precipitation at the grain 

interface. Shi et al. (2011) established a three-

dimensional damage model to explain the mechanisms 

of rock failure. Jin et al. (2020) introduced a rock 

strain softening model capable of describing the post-

peak strain softening and dilatancy under different 

confining pressures. 

Although the above studies have laid 

a foundation for investigating the dissolution 

mechanics and mechanical modeling of limestone, it 

ignores the dependency of dissolution effects and 

related stability effects of crack evolution in 

underground structures. To bridge these gaps, this 

study introduces a Dissolution-affected Geological 

Strength Index (DGSI) derived from an adaptation of 

Hoek-Brown criterion adaptation, which quantifies the 

dissolution impacts in the development of cracks. The 

C-DLMM combines crack propagation effects to 

comprehensively analyze the stability of underground 

limestone caves affected by dissolution. 

 
2. CONSTRUCTION OF C-DLMM 

In the absence of dissolution, the mechanical 

behavior of limestone can be effectively characterized 

by the Hoek–Brown strength criterion. This empirical 

relation integrates field geological observations with 

quantitative rock-mass strength through the 

Geological Strength Index (GSI). The GSI quantifies 

rock mass ranging from 0 to a soil-like condition to 

100 for an intact and homogeneous material.  After 

dissolution, the progressive degradation of limestone 

can be explicitly captured by introducing 

a dissolution-induced GSI reduction, DGSI, into the 

Hoek-Brown framework. Then the mechanical model 

C-DLMM (Crack-stage Dependent Limestone 

Mechanical Model) can be established to describe the 

mechanical behavior of limestone under dissolution.  

Accordingly, this chapter will present the key 

components of C-DLMM from three aspects: the 

mechanical failure mechanism of limestone rock mass 

under dissolution, the theoretical foundation of 

C- DLMM, and its core theoretical elements (including 

strength criterion and flow law). 

 
2.1. MECHANICAL FAILURE MECHANISM OF 

LIMESTONE ROCK MASS UNDER 

DISSOLUTION 

As shown in Figure 1, the variation in the 

stability of surrounding rock in limestone underground 

caverns lies in the failure mechanism of the limestone 

rock mass during dissolution. The following 

observations can be made: 

1. From a micromechanical perspective, as 

dissolution progresses, the stress intensity at the 

crack tip of the limestone rock mass exceeds the 

critical threshold, leading to crack destabilization 

and propagation, as shown in Figure 1(c); 

2. From a macro-mechanical perspective, the 

mechanical strength of limestone rock mass 

degrades with continued dissolution. Triaxial 

compression tests on limestone indicate a marked 

reduction in the peak stress of the rock mass with 

dissolution as shown in Figure 1(d); 

3.  The analysis of the dissolution-induced failure 

mechanism of limestone rock mass in the 

different stages of crack development and 

propagation reveals that the progression of crack 

evolution and expansion, as well as the duration 

of dissolution, will significantly affect the 

stability of surrounding limestone. 
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Fig. 1 Failure diagram of mechanical mechanism of limestone rock mass under dissolution. 

 

4. Combined with the Geological Strength Index 

(GSI), the Hoek-Brown (H-B) criterion is used to 

evaluate the impact of crack propagation and 

expansion on the mechanical characteristics of the 

rock mass. In the initial stable state of limestone 

rock masses, the variations in crack propagation 

and expansion from the cavern walls to the inner 

rock mass may lead to different effects of 

dissolution on overall stability. 

Therefore, within the framework of the H-B 

criterion, the Dissolution-affected Geological Strength 

Index (DGSI) can be used to evaluate the effect of 

dissolution in the different stages of crack propagation 

and expansion in limestone rock mass. This method 

facilitates the development of a tailored mechanical 

model for dissolved limestone, enabling systematic 

analysis of the evolving stability conditions of 

surrounding rock in underground limestone caverns 

under dissolution. 

 
2.2. THEORETICAL BASIS AND METHODS OF C-

DLMM CONSTRUCTION 

The C-DLMM is established using the following 

methods. 

 
2.2.1. CONSTRUCTION BASIS 

1. The mechanical failure mechanism of limestone 

under dissolution is basically like that of 

limestone in an insoluble dissolution; 

2. In the elastic stage of limestone sample, namely 

the surface meso-crack stage, dissolution has the 

least effect on the mechanical properties of the 

sample. The negligible mass difference before 

and after dissolution indicates that the effect of 

dissolution on the elastic mechanical parameters 

of the limestone sample can be ignored; 

3. It is speculated that the tensile strength of 

limestone rock mass remains unchanged under 

dissolution. 

 
2.2.2. CONSTRUCTION METHODS 

1. Based on the H-B criterion, DGSI is introduced to 

quantify the effect of dissolution on the different 

stages of crack development and expansion in 

limestone rock masses; 

2. The impact of dissolution on the mechanical 

properties of intact limestone blocks can be 

ignored (Moras et al., 2022). In this way, it is 

reasonable to assume that the uniaxial 

compressive strength (𝜎𝑐𝑖) of intact rocks remains 

constantunder dissolution. 

 
2.3. THEORETICAL RELATION OF C-DLMM 

2.3.1. STRENGTH CRITERION 

The strength criterion of C-DLMM is expressed 

as follows (He and Tang, 2024): 

𝜎1 = 𝜎3 + 𝜎ci (𝑚𝑏
∗ 𝜎3

𝜎𝑐𝑖
+ 𝑠∗)

𝑎∗

                                            

(1) 
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Fig. 2 Diagram of C-DLMM strength criterion.  

 

where 𝜎𝑐𝑖  represents the uniaxial compressive strength 

of the rock sample; the empirical parameters 𝑚𝑏
∗ , 

𝑠∗and 𝑎∗present the characteristics of rock mass and 

are all correlated with the DGSI. 

𝑚𝑏
∗ ,𝑠∗and 𝑎∗are expressed as follows (He and 

Tang, 2024): 
 

 

{
 
 

 
 𝑚𝑏

∗ = 𝑚𝑖 𝑒𝑥𝑝 (
𝐷𝐺𝑆𝐼−100

28−14𝐷
)

𝑠∗ = 𝑒𝑥𝑝 (
𝐷𝐺𝑆𝐼−100

9−3𝐷
)

𝑎∗ =
1

2
+

1

6
(𝑒𝑥𝑝 (

−𝐷𝐺𝑆𝐼

15
) − 𝑒𝑥𝑝 (

−20

3
))

                 

(2) 

 

where, 𝑚𝑖 represents the limestone in the range of 

12± 3; D represents the disturbance factor of rock 

mass. In the absence of dissolution, 𝑚𝑏
∗ , 𝑠∗ and 𝑎∗are 

equal to 𝑚𝑏, s and a in the H-B criterion (Hoek and 

Diederichs, 2006). 

The schematic diagram of C-DLMM strength 

criterion is shown in Figure 2: 

1. The solid line ADE reflects the envelope of the 

C- DLMM strength criterion, as calculated in 

Eq. (1). It can be seen from Eq. (2) that 𝑚𝑏
∗ ,𝑠∗ and 

𝑎∗ are controlled by DGSI. Therefore, the 

alteration of ADE is influenced by DGSI; 

2. The dotted line ABC represents the H-B strength 

criterion envelope without dissolution. 

The shapes of ADE and ABC are similar. The 

difference is that at the dissolution time t=0, DGSI 

equals GSI. As the dissolution time increases, GSI 

diminishes to DGSI, and the H-B strength 

criterion envelope begins to transition to the 

C- DLMM strength criterion envelope; 

3. Under the same 𝜎3, points C to E indicate that as 

the DGSI changes, the peak stress of limestone 

rock mass shifts from𝜎1−𝐶  to 𝜎1−𝐸. When 𝜎3 = 0, 

points B to D reflect the progression of peak stress 

of limestone rock mass changing with DGSI 

under uniaxial compression. 

 
2.3.2. FLOW RULE 

The flow law of C-DLMM is elucidated by 

Eq. (3), which describes the relationship between the 

normal direction of the yield surface and the plastic 

increment caused by dissolution (due to stress 

changes). 
 

𝛥𝑒1
𝑝
= 𝛾∗𝛥𝑒3

𝑝

                                                                          
(3) 

 

where, the flow coefficient* is related to the stress 

and degree of dissolution, * is affected by the change 

of DGSI. When the dissolution time is 0, the flow 

coefficient * is equal to the flow coefficient  without 

dissolution. The flow law under different confining 

pressures is shown in Eq. (4). 
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 =  
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   (4) 

 

The flow coefficient * is related to the 

magnitude of stressunder dissolution, and its variation 

with stress is shown  in Figure 3. 

1. When 𝜎3< 0, the flow coefficient is γ∗=𝛾𝑟𝑓
∗ =𝛾𝑟𝑓 

under dissolution. That is, under uniaxial 

compression (when 𝜎3< 0), the flow coefficients 

with and without dissolution are identical and 

equal to the ratio of 𝜎1 to 𝜎3; 
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Fig. 3 Schematic diagram of flow coefficient *changing with confining pressure under dissolution. 

 

2. When 𝜎3=0, the flow coefficient is γ∗=𝛾𝑎𝑓
∗  under 

dissolution. From Eq. (4), 𝛾𝑎𝑓
∗  is a function related 

to 𝑚𝑏
 ∗, 𝑠∗and 𝑎∗. Under dissolution, 𝛾𝑎𝑓

∗  is smaller 

than the flow coefficient 𝛾𝑎𝑓 without dissolution. 

3. When 𝜎3 > 𝜎𝑐𝑣, the flow coefficient is 

γ∗=𝛾𝑐𝑣
∗ =𝛾𝑐𝑣=1under dissolution, that is, when the 

confining pressure reaches the anti-expansion 

confining pressure, the flow coefficients without 

dissolution and under dissolution are equal to 1; 

4.  When 0 < 𝜎3 ≤ 𝜎𝑐𝑣 , the flow coefficient γ∗=𝛾𝑐𝑓
∗  

under dissolution. From Eq. (4), 𝛾𝑐𝑓
∗ is a function 

related to𝛾𝑎𝑓
∗ , 𝛾𝑐𝑣

∗ , 𝜎3and 𝜎𝑐𝑣. Points D and E are 

the flow coefficients of limestone before and after 

dissolution under the same confining pressure, 

which means dissolution will lead to a decrease in 

the flow coefficient of limestone. 

 
3. PARAMETER ACQUISITION AND 

RATIONALITY VERIFICATION OF C-DLMM 

Based on the Hoek Brown standard and triaxial 

compression mechanical test data of limestone under 

dissolution, the DGSI values corresponding to 

different stages of crack propagation and expansion at 

different dissolution times are determined using a 

FLAC-based genetic algorithm. The validity is 

subsequently verified through comparison between 

experiments and numerical simulation. 

 

3.1. USING FLAC-GENETIC ALGORITHM TO 

SOLVE THE PARAMETERS OF C-DLMM 

The influence of the same dissolution time on the 

mechanical properties of limestone changes 

significantly in the different stages of crack 

development and expansion. To validate the accuracy 

of this point, a triaxial compression test was conducted 

on limestone specimens under dissolution. The 

experimental procedure involved an initial loading 

phase, followed by unloading at different stages of 

crack development and expansion (referred to as 

unloading points). The unloaded limestone samples 

were then placed in a solution with a pH of 3.5 (a value 

higher than that of natural environment from which the 

samples were sourced to reduce the dissolution time 

required for the test) for different dissolution times. 

The limestone samples used in this experiment were 

obtained from the Huanghua limestone mining area in 

Yichang, Hubei Province. The limestone sample is 

bluish-gray. The main mineral components of the rock 

are calcite and dolomite. Under the action of local 

weakly acidic groundwater, CaCO₃ in the calcite may 

react with H⁺ in groundwater, leading to the 

dissolution of limestone. Although dolomite is also 

susceptible to dissolution, the process occurs at 

a significantly slower rate. The dissolution of the trace 

mineral pyrite will produce strong acid, further 

accelerating the overall dissolution process. The 

limestone sample is a cylinder with a diameter of 

50mm and a height of 100 mm. Mechanical loading 

was carried out on a self-balancing rock true three-axis 

compressor (SRT). Subsequently, the limestone 

samples under dissolution were reloaded until failure. 

The mechanical failure modes of limestone under 

different stages of crack development and expansion, 

as well as different dissolution times were determined, 

as shown in Table 1. Based on C-DLMM, FLAC 

genetic algorithm is used to invert DGSI. The specific 

process is as follows: 

1. FLAC3D computational software and the Hoek-

Brown (H-B) model are used to numerically 

simulate the testing process. Assuming 𝑚𝑏=𝑚𝑖, 

s=1, a=0.5, the parameters 𝜎𝑐𝑖 and 𝑚𝑖 are 

determined through least squares fitting; 

2. Based on the above experimental data, the stress 

peaks corresponding to different unloading points 

and dissolution times are determined, and 

a nonlinear evolution model equation for DGSI 

under dissolution is formulated. The DGSI fitting 

is calculated as follows: 
 

𝐷𝐺𝑆𝐼 = 𝑓(𝑡, 𝜀𝑝)𝐺𝑆𝐼                                                     (5) 
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Fig. 4 Flow chart of solving DGSI based on the FLAC-genetic algorithm. 

 

 

where t represents the dissolution time, and 𝜀𝑝 

represents the equivalent plastic strain; 

3.  The genetic algorithm is used to search the DGSI 

value after dissolution and generate a series of 

DGSI values;  

4. According to change the calculation parameter 

DGSI, the DGSI value obtained by the genetic 

algorithm is input into the FLAC calculation 

model and the stress peak σm* at that moment is 

calculated using C-DLMM; 

5. Comparing σm* with the experimental value σm, 

when σm*=σm, the DGSI values under different 𝜀𝑝 

and t can be obtained. If these two values are not 

equal, the genetic evolution of the stress peak σm* 

after dissolution continues, and the third, fourth 

and fifth steps are calculated again. 

Fig. 5 The relationship between 𝐾𝐺  and dissolution time and equivalent plastic strain. 
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Fig. 6 Comparison of fitting and experimental results. 

 

3.2. ANALYSIS OF THE VARIATION OF DGSI 

UNDER DISSOLUTION 

To more intuitively analyze the variation law of 

geological strength index under different crack 

development and expansion stages under dissolution, 

a quantitative equation is defined to describe the 

change of geological strength index DGSI. The 

equation is defined as follows: 
 

𝐾𝐺 =
𝐺𝑆𝐼−𝐷𝐺𝑆𝐼

𝐺𝑆𝐼
                                                                     

(6) 
 

where 𝐾𝐺  is the percentage of the reduction of 

geological strength index under dissolution. 

The DGSI value under dissolution is obtained 

using the FLAC-genetic algorithm. Then 𝐾𝐺, the 

percentage of geological strength index reduction 

under dissolution, is obtained by Eq. (6). The least 

squares method is then applied to fit the data. The 

relationship between 𝐾𝐺  and dissolution time with the 

equivalent plastic strain is calculated as follows: 
 

𝐾𝐺 = 15 (1 −
1

1+𝑒8(𝜀
𝑝−0.5)) (1 − 𝑒

−𝑡/6)

                

(7) 
 

The relationship between 𝐾𝐺  and dissolution 

time t and the equivalent plastic strain 𝜀𝑝 is shown in 

Figure 5. 

 
3.3. RATIONALITY VERIFICATION OF C-DLMM 

A comparison between the test and simulation 

results of triaxial compression mechanical for 

limestone under dissolution is shown in Table 1. 

Figure 6 shows the comparison of stress-strain curves 

of the tests and numerical simulation under different 

dissolution.  

1. The triaxial compression mechanical test results 

of limestone under dissolution are different from 

the calculated data in peak stress and residual 

stress values, although the trend in the failure 

stage is basically consistent. There is a close 

correspondence between the test results and 

simulation results before reaching the peak stress; 

2. The difference between experimental and 

calculated results is usually within 2%. The above 

analysis indicates that the C-DLMM model can 

accurately capture the mechanical properties of 

limestone under dissolution. 

 
4. NUMERICAL ANALYSIS OF DYNAMIC 

EVOLUTION LAW OF THE STABILITY OF 

SURROUNDING ROCK IN LIMESTONE 

UNDERGROUND CAVERN UNDER 

DISSOLUTION 

Based on the C-DLMM, a stability assessment 

methodology for surrounding rock in limestone 

underground caverns under dissolution conditions is 

established. Furthermore, the temporal evolution 

behavior of the surrounding rock under such 

conditions is systematically analyzed. 

 
4.1. CALCULATION METHOD FOR THE STABILITY 

OF SURROUNDING ROCK UNDER 

DISSOLUTION 

The stability assessment methodology for the 

surrounding rock mass in limestone underground 

caverns during dissolution is shown in Figure 7, 

detailed as follows: 

1. An underground cavern model is established, and 

the initial stability of the surrounding rock 

(graded by rock mass quality) is defined. 

Combined the FLAC3D computational software 

with the H-B failure criterion, the pre-dissolution 

stability of the surrounding rock in limestone 

underground caverns is calculated. At the initial 

time point t=0, the initial stress field 𝜎t=0 and the 

distribution of equivalent plastic strain 𝜀𝑡=0
𝑝

 

within the stable surrounding rock are 

determined; 
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Table 1 Comparison of experimental data and simulation data of limestone triaxial compression mechanics under dissolution. 
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135.4 

138.1 141.2 2.24 162.4 149.3 141.6 

160.3 140.8 137.4 

0.65 

158.4 

152.8 155.3 1.63 0.65 

140.1 

137.0 138.3 0.95 0.65 

128 .1 

124.1 123.2 0.73 150.6 137.6 132.7 

149.5 133.4 126.6 

0.7 

138.1 

140.1 138.9 0.86 0.70 

122.2 

122.5 123.2 0.57 0.70 

120.4 

120.2 117.9 1.91 140.7 125.4 121.9 

141.6 120.0 118.3 

0.8 

136.8 

135.2 133.7 1.11 0.80 

110.2 

114.3 116.2 1.66 0.80 

100.6 

102.6 103..0 0.38 130.7 113.7 108.4 

137.6 119.1 98.9 

 



A DISSOLUTION MECHANICS MODEL OF LIMESTONE BASED ON HOEK-BROWN CRITERION 

 

421 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 Calculation method for the stability of surrounding rock in limestone underground cavern under 

dissolution. 

 

 
2. After temporal discretization with a time 

increment Δ t, the Fish language scripting is used 

to assign the Discrete Element Grid Stabilization 

Index (DGSI) to each numerical grid, in 

conjunction with the constitutive relation given 

by with Eq. (7); 

3. At the beginning of dissolution (t=0), the stability 

of the surrounding rock at time t =Δt is simulated 

numerically, leveraging the initial stress field 

𝜎t=𝛥𝑡 and the equivalent plastic strain distribution 

𝜀𝑡=𝛥𝑡
𝑝

. Therefore, the stress field at time t =Δt is 

derived, denoted as 𝜎t=𝛥𝑡, and the corresponding 

equivalent plastic strain distribution 𝜀𝑡=𝛥𝑡
𝑝

  is 

derived; 

4. As the dissolution time increases, the stability of 

the surrounding rock will be updated based on 

previous simulation results. The DGSI for each 

grid is recalculated using Fish language, and the 

stress field 𝜎t=n𝛥𝑡  and equivalent plastic strain 

distribution 𝜀𝑡=𝑛𝛥𝑡
𝑝

 are determined at each time 

step. 

5. The computation proceeds iteratively through 

step 4, with the dissolution time t* incrementally 

increased until it equals the total dissolution time 

T. After reaching this criterion, the final stress 

field and equivalent plastic strain distribution are 

obtained. If t* is smaller than T, the process 

returns to step 4 and repeats until the total 

dissolution time T is achieved, thereby generating 

the stress field and equivalent plastic strain 

distribution at time t. 

 

 

4.2. ANALYSIS OF DYNAMIC EVOLUTION LAW OF 

SURROUNDING ROCK STABILITY OF 

UNDERGROUND CAVERN LIMESTONE UNDER 

DISSOLUTION 

A circular cavern model with a diameter of 

10 meters is constructed using the established stability 

calculation method for the surrounding rock of 

limestone underground caverns under dissolution. The 

parameters are set as 𝐷=0, 𝑚𝑖=9 (Liu et al., 2013; Sun 

et al., 2004), with a Poisson ratio of 0.22 and a density 

of 2750 kg/m3. The dynamic evolution of the stability 

of surrounding rock in limestone caves is studied from 

two key aspects: the plastic behavior and displacement 

characteristics of the surrounding rock. This analysis 

is based on different initial states of rock stability. 

 
4.2.1. ANALYSIS ON THE EVOLUTION LAW OF 

PLASTIC CHARACTERISTICS OF LIMESTONE 

SURROUNDING ROCK IN UNDERGROUND 

CAVERN UNDER DISSOLUTION 

The evolution of plastic behavior in the 

limestone surrounding rock of an underground cavern 

during dissolution is shown in Figure 8. It shows the 

evolution of the maximum equivalent plastic strain of 

limestone surrounding rock, the volume of the plastic 

zone, the area of surrounding rock corresponding to an 

equivalent plastic strain of 0.6 %, and the equivalent 

plastic strain at each monitoring point at different 

dissolution times under three different initial stable 

states of surrounding rock. As shown in Figure 8, as 

the initial stability of the limestone surrounding rock 

deteriorates, the higher the overall level of the curve 

represented by the above parameters and the faster the 

growth rate. This indicates that the surrounding rock 

enters the plastic state earlier and continues to expand. 
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Fig. 8 Evolution law of plastic characteristics of surrounding rock in limestone underground cavern under 

dissolution. 

 

 The stability of the surrounding rock in limestone 

underground caverns under different initial states is 

subject to dissolution-induced alterations. The 

following observations are derived from the analysis: 
1. As shown in Figure 8(a), at the same initial stable 

state, the equivalent plastic strain in the 

surrounding limestone rock increases with 

continued dissolution. For the initial stability state 

of type I and II surrounding rocks, after complete 

dissolution (4 t0), the peak equivalent plastic 

strain is 2.2 %, with an increase of 2.1 % 

compared to the maximum strain in the 

undissolved state. In contrast, for the initial 

stability state of type III surrounding rock, the 

strain increases to 11.8 % at 4 t0, with an increase 

of 11.4 % compared to the undissolved state; 
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 2. Figure 8(b) shows that, under stable initial 

conditions, the volume of the plastic zone and the 

area exhibiting an equivalent plastic strain of 

0.6 % expands with progressive dissolution. In 

the initial stability state of type I and II 

surrounding rock, the area with an equivalent 

plastic strain of 0.6 % reaches about 46.7 m² at 

4 t0, which is 4.4 times higher than the 

undissolved state. At the same time, the volume 

of plastic zone expands to 65.1 m³, which is 

1.8 times the dissolution time. For the initial 

stability state of type Ⅲ surrounding rock, the 

area with an equivalent plastic strain of 0.6 % at 

4 t0 is 57.8 m², which is 3.8 times larger than that 

without dissolution. The volume of the plastic 

zone increases to 98.6 m³, which is 2.4 times that 

of the undissolved state; 

3. Figure 8(c) shows that under dissolution, the 

equivalent plastic strain in the surrounding rock 

of limestone caverns decreases with the distance 

from the cavern wall. Due to the direction of the 

maximum principal stress, the monitoring point 

on the right always has a higher strain than that on 

the left. As the dissolution proceeds, the strain at 

monitoring points A and C becomes increasingly 

different from that at points B and D, reflecting 

the influence of the direction of the maximum 

principal stress. When there is no dissolution, the 

strain values at all monitoring points are relatively 

uniform; as dissolution proceeds, differences 

appear and expands, especially between points 

A/C and B/D. 
 
4.2.2. ANALYSIS OF DISPLACEMENT EVOLUTION LAW 

OF LIMESTONE SURROUNDING ROCK IN 

UNDERGROUND CAVERNS UNDER 

DISSOLUTION 

Figure 9 shows the displacement progression of 

limestone surrounding rock in underground caverns 

throughout the entire dissolution. It shows the 

evolution of the maximum displacement of limestone 

surrounding rock, the displacement 0.006 m contour 

line of the surrounding rock area, and the displacement 

at each monitoring point with different dissolution 

times under three different initial stable states of 

surrounding rock.  

As shown in Figure 9, as the initial stability of 

the limestone surrounding rock decreases, the 

displacement and the growth rate increased markedly. 

This trend indicates that the instability of the 

surrounding rock occurs earlier and the deformation is 

more significant. 

Figure 9 shows the displacement of the 

surrounding rock in limestone underground caverns 

under different initial states during dissolution. 

Specific trends are drawn as follows: 

1. As shown in Figure 9(a), for caverns with the 

same initial stability, the displacement of 

limestone surrounding rock increases gradually 

with continued dissolution. When the limestone is 

in the initial stability state of type I and II 

surrounding rock, the maximum displacement 

reaches 0.018 meters at 4 t0, exceeding the 

undissolved state by 0.012 meters. For limestone 

in the initial stability state of type III surrounding 

rock, the maximum displacement at 4 t0 is 

0.054 meters, with an increase of 0.046 meters 

compared to the undissolved state; 

2. Figure 9(b) shows that at the same initial stability, 

the displacement in the limestone surrounding 

rock broadens 0.006 meters over the dissolution 

time. For the initial stability of type I and II 

surrounding rock, the area affected by 

a displacement of 0.006 meters is 70.1m² at 4 t0, 

which is 4.2 times the area without dissolution. 

For the initial stability of type III, this area is 

88.5 m², which is 4.0 times larger than the 

undissolved state; 

3. Figure 9(c) shows that the impact of dissolution 

on the displacement of the surrounding rock 

decreases as the distance from cavern walls 

increases. The displacement of each monitoring 

point increases as the dissolution time increases. 

Initially, without dissolution, the displacement of 

monitoring points is consistent. However, under 

dissolution, the displacement difference between 

points A /C and points B/D increases under the 

influence of the direction of the maximum 

principal stress. Starting from the dissolution of 

2 t0, significant displacement is observed at all 

four monitoring points, and the differences 

between them gradually decreased over time. 

 
5. CONCLUSIONS 

Based on the H-B criterion, a Dynamic 

Geological Strength Index (DGSI) is proposed, and 

a C-DLMM model is developed to characterize the 

mechanical behavior of limestone at different degrees 

of fracture development and propagation under 

dissolution. This model can effectively quantify the 

strength degradation induced by dissolution at 

different stages of fracture development and 

propagation. The proposed framework further enables 

an enhanced stability assessment of surrounding rock 

in limestone underground caverns under dissolution 

conditions.  

The main contributions of this study are 

summarized as follows: 

1. A model (C-DLMM) was established to 

characterize the mechanical properties of 

limestone affected by different stages of fracture 

development and propagation under dissolution. 

The evolution of DGSI with dissolution time and 

equivalent plastic strain was determined, and 

a stability calculation method for underground 

limestone surrounding rock under dissolution was 

constructed; 

2. The stability evaluation method for limestone 

surrounding rock in underground caverns under 

dissolution was implemented numerically using 

FLAC3D software. The dynamic evolution of the 

stability of limestone surrounding rock in 
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underground caverns is analyzed from two 

aspects: the plastic characteristics of the 

surrounding rock and the displacement. The 

results show that the worse the initial stability 

state of the surrounding rock is (such as Class III 

surrounding rock), the more significant the 

increases in plastic strain and displacement 

caused by dissolution, and the faster the stability 

degradation. The C-DLMM model provides 

a dynamic analysis for the long-term stability 

assessment of limestone surrounding rock in 

dissolution-fracture coupled environments. It can 

support on-site risk early warning, prevention, 

and control of underground engineering in karst 

areas to a certain extent. 

Fig. 9 Displacement evolution of surrounding rock in limestone underground cavern under dissolution. 
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