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ABSTRACT

To address the plugged sections of old wells in salt-cavern hydrogen

storage facilities, this study establishes a three-dimensional �nite element

model considering �uid-solid-thermal multi-�eld coupling e�ect is estab-

lished. based on the Cohesive Zone Model (CZM). �e model simulates

the debonding failure process at the cement plug-formation interface and

investigates the e�ects of various gas injection scenarios, operational pres-

sures, formation temperatures,mechanical parameters of the cement plug,

and interface bonding quality on the debonding failure length. Simulation

results indicate that hydrogen, compared to natural gas, is more prone

to interface debonding failure and leakage. Increasing the cement plug’s

elastic modulus from 5 to 15 GPa reduces the debonding failure length

by 10.37 m and increases the fracture propagation pressure by 2.2 MPa,

demonstrating that higher elastic modulus e�ectively mitigates the risk

of interface bonding failure. Increasing the Poisson’s ratio from 0.05 to

0.20 only reduces the debonding failure length by 2.2 m and increases the

fracture propagation pressure by 1.2 MPa, indicating that Poisson’s ratio

has minimal impact on bonding failure. Micro-annular gaps are highly

sensitive to bonding quality, highlighting the need for rigorous quality

control at the bonding interface. Under constant low operating pressure,

minor debonding persists at the interface, but as operating pressure

increases, the debonding failure length grows rapidly. Additionally, with

increasing temperature, the debonding failure length gradually decreases.

�e research �ndings provide guidance for the optimization of cement

slurry formulations and the underground hydrogen storage process.
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1 Introduction

With the acceleration of global energy transformation, salt cavern hydrogen storage has become a

key technologywith large capacity and high-pressure storage and seasonal peak shaving capacity [1–3].

As shown in Fig. 1, its underground facilities are composed of shafts and salt caverns. However, due

to the high diffusion characteristics of small molecular weight and low viscosity of hydrogen, it is easy
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to leak through the weak sealing of the wellbore. Yan et al. [4] systematically analyzed the integrity

detection and evaluation technology of salt cavern hydrogen storage wellbore. Ji et al. [5] analyzed

the leakage path of wellbore integrity of hydrogen underground storage, and found that there were

many types of wellbore integrity failure. Therefore, ensuring the integrity of the wellbore is the core of

hydrogen storage safety.

Figure 1: Schematic diagram of salt cavern hydrogen storage

In recent years, the mechanism of interfacial microannulus as the main channel of wellbore

leakage has made important research progress [6–8]. Scholars have revealed the multi-physical field

coupling mechanism of microannulus formation through theoretical modeling, numerical simulation

and experimental research [9,10]. For example, Wang et al. [11] constructed a formation-cement

sheath-casing-cement plug model to simulate the debonding failure process at the cement plug-casing

interface. Feng et al. [12] employed cohesive elements to simulate the effect of pore pressure on

debonding behavior during fluid flow. In summary, great progress has been made in the study of

microannular diffusion in recent years. However, there are few studies on the simulation of cement

plug-formation interface damage in the blockage section of abandoned wells in salt cavern hydrogen

storage by existing models.

Over half of global gas storage leakage incidents are caused by wellbore damage [13]. Legacy brine

wells (old wells) are not suitable for direct conversion into injection-production gas wells; currently, the

common approach for constructing salt cavern storage is to plug the old wells with section milling and

drill new wells. During high-pressure, high-frequency injection-production processes, there is still a

potential risk of gas breakthrough through the cement plug itself, leading to leakage along the cement

plug-formation interface (As shown in Fig. 2). Given that hydrogen has a small molecular weight and

2https://www.scipedia.com/public/Wang_et_al_2025d

https://www.scipedia.com/public/Wang_et_al_2025


strong escape and corrosive properties, the integrity of the sealing section in the old well of the salt

cavern hydrogen storage facility must be given significant attention.

Figure 2: Gas leakage pathways in the sealing section of old wells

Therefore, in this paper, a three-dimensional finite element model of cement plug-formation

system is established based on the Cohesive element method. The model is employed to investigate

the debonding failure mechanisms of the cement plug-formation interface under various influencing

factors, accompanied by a quantitative analysis of these factors. The findings provide a comprehensive

understanding of the debonding behavior at the cement plug-formation interface and offer critical

insights for the design and safety assessment of hydrogen storage facilities.

2 Governing Equations

2.1 Cohesive Element Method

Fig. 3 shows a typical traction-separation response with a failure mechanism. Before reaching the

stress peak value t0
n
, t0

s
and t0

t
, the element exhibits elastic deformation. After exceeding the stress peak

value, the element undergoes damage softening, with the corresponding effective displacement being

δ0
n
, δ0

s
and δ0

t
. The effective displacement at complete failure is GC, δf

s
and δf

t
. The energy dissipated

during this process is the fracture energy GC, represented by the triangular area in Fig. 3.

The element damage is assessed based on the maximum nominal stress ratio. When the maximum

nominal stress ratio in any direction reaches 1, the element undergoes initial damage, as described

in [14]:

Max =

{

〈tn〉

t0
n

,
ts

t0
s

,
tt

t0
t

}

= 1 (1)

In the equation, t0
n
, t0

s
and t0

t
represent the peak values of the nominal stress when the deformation is

either purely normal to the interface or purely in the first or the second shear direction, respectively, Pa;

tn, ts and tt denote the stresses in the normal direction, first shear direction, and second shear direction
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at the interface, Pa; The symbol 〈〉 represents the Macaulay bracket with the usual interpretation. The

Macaulay brackets are used to signify that a pure compressive deformation or stress state does not

initiate damage.

Figure 3: Typical traction-separation response

Fluid flow within a crack is divided into tangential flow and normal flow, as shown in Fig. 4.

Figure 4: Flow in cohesive elements

The normal flow in the fracture, that is, the fluid seepage equation between the fracture surface

and the formation is [15]:

−
∂w

∂t
+ ∇q+

(

qt + qb
)

= 0 (2)

In this equation, q represents the tangential fluid flux, m2/s; w is the crack width, m; qt and qb are

the normal filtrate velocity at the top and bottom surfaces of the crack, respectively, m/s.

Tangential flow within the crack is represented as [16]:

q =
w3

12µ1

▽ pf (3)

In this equation, µ1 denotes the fluid viscosity, mPa·s; pf represents the fluid pressure, Pa.

2.2 Thermo-Hydro-Mechanical Coupled Governing Equations

The Thermo-hydro-mechanical coupling model describes the dynamic evolution process of the

underground system by integrating the interaction mechanism of fluid motion, solid deformation and

heat transfer. The specific performance is as follows: fluid migration will reconstruct the stress field

of rock mass by changing the pore pressure distribution, which will lead to the dynamic adjustment
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of pore structure and the reconstruction of fracture network; at the same time, the thermal convection

and heat conduction between the fluid phase and the solid phase medium will drive the redistribution

of the temperature field, forming a cyclic feedback mechanism of temperature-stress-seepage.

For the deformable porous media such as cement and formation, the skeleton stress equation

is [17]:

∫V(σ̄ − pwI)δεdV = ∫s tδvdS + ∫V f δvdV (4)

In the formula: σ is the effective stress, Pa; pw is pore pressure, Pa; I is the unit matrix; δε is the

virtual strain velocity matrix, s−1; δv virtual velocity matrix, m/s; t is the surface force per unit area,

N/m2; f is the physical strength per unit volume, N/m3; dS is the area micro-element: m2; dV is the

volume element, m3.

The internal seepage control equation of rock is [17]:

1

J

∂

∂t
(Jρwnw) +

∂

∂x
(ρwnwνw) = 0 (5)

In the formula: J is the volume change rate of porous media; ρw is fluid density, kg/m3; nw is the

void ratio; νw is the fluid seepage velocity, m/s; x is the space vector, m; t is the time, s.

The constitutive equation of rock considering hot pore elasticity is [18]:

σ ij = 2Gεij + δij

(

λεkk −
Eγ∆T

1 − 2µ
+ αpw

)

(6)

of which:














G =
E

2 (1 + µ)

λ =
µE

(1 + µ) (1 − 2µ)

(7)

In the formula: σ ij is the total stress tensor, Pa; εij is the total strain tensor; εkk is the static pressure

strain tensor; G and λ are Lame constants, Pa; γ is the coefficient of thermal expansion, °C−1; ∆T is

the temperature variation, °C; E is elastic modulus, Pa; µ is the Poisson’s ratio; α is biot coefficient; εij
is 1 (i = j) or 0 (i 6= j), dimensionless.

3 Development and Validation of the Finite Element Model

3.1 Model Development

This study focuses on the cement plug sealing section of a vertical wellbore casing (see Fig. 5a).

A three-dimensional geometric model of the cement plug-formation assembly was established

using the Abaqus finite element software (see Fig. 5b). The overall dimensions of the model are

5 m × 5 m × 40 m, with the radius of the cement plug being 110 mm. In the model, if there are defects

in the bonding interface between the bottom of the cement plug and the formation, microcracks can

develop at the interface. The cement plug and the formation regions are discretized using C3D8P

elements, with zero-thickness cohesive elements inserted at the interface between the cement plug

and the formation. The initial damaged elements are located at the bottom of the interface. To

improve computational accuracy, structured meshes and transitional mesh discretization techniques
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were employed (see Fig. 5c). Additionally, both the cement plug and the formation are treated as

elastic porous media, with the Mohr-Coulomb criterion adopted to evaluate yield and failure.

Figure 5: Research subject and cement plug-formation numerical model

A concentrated pore-flow load is applied at the bottom of the cement plug to simulate hydrogen

injection and production scenarios, with an injection/production rate of 2.5 mL/s. The material

properties of the model are listed in Table 1, and the interface properties of the cohesive elements

are provided in Table 2. The data in Tables 1 and 2 are partially sourced from publicly available

literature [19]. In addition to the specified boundary conditions, the remaining boundary constraints

are as follows: (1) The boundary conditions with zero displacement are applied in the three directions

of X , Y and Z; (2) Applying a constant pore pressure condition corresponding to atmospheric

pressure on the upper boundary; (3) Temperature load is applied to the substrate boundary. The pore

pressure is 18 MPa, the maximum horizontal stress is 16.7 MPa, and the minimum horizontal stress

is 10.6 MPa [20].

Table 1: Setting of model parameters

Material Elastic modulus/GPa Poisson’s ratio Penetration/mD Porosity

Cement plug 10 0.10 0.04 0.28

Formation 30 0.20 4.00 0.18

Table 2: Cement plug-formation cementation properties

Normal

strength/MPa

Interface normal

strength/MPa

Tangential strength

of interface/MPa

Fracture

energy/MPa·m1/2

Filter Loss

coefficient/m·(Pa·s)−1

0.45 3.15 8.5 × 103 1.8 5.3 × 10−14
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3.2 Model Validation

Lecampion et al. [20] simulated the development process of microannulus at the cement

sheath/formation interface by experimental means (Fig. 6a). Based on the experimental data, this

study uses Abaqus software to establish a three-dimensional finite element model of casing-cement

sheath-formation, and verifies the reliability of the modeling method through comparative analysis.

The specific implementation process includes four stages: first, construct a geometric model including

casing, cement sheath and formation structure; then, the constitutive relationship of each component

is assigned according to the material parameters measured by the experiment. On this basis, the load

conditions (including in-situ stress, temperature field and fluid pressure) and displacement boundary

conditions consistent with the experimental conditions are applied. The simulation results are in good

agreement with the experimental results, which fully verifies the effectiveness of the modeling method

in characterizing the dynamic evolution process of the interface micro-annulus.

(a) Experimental result

(b) Numerical mode (c) Numerical simulation results

Figure 6: Experimental results and finite element simulation results of micro-cavities

4 Finite Element Model Results Analysis

4.1 Different Gas Media

The storage of different types of gases has varying impacts on the degree of debonding damage

at the cement-plug formation interface. Therefore, by altering parameters such as gas density and

viscosity (as detailed in Table 3), in ABAQUS software, the characteristics of different types of gases

can be simulated by adjusting the viscosity and density parameters of different gases. The influence
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of the gaseous medium on the interfacial debonding failure length was investigated. The results are

presented in Fig. 7a,b, where the red regions indicate areas of complete interface debonding.

As shown in Fig. 7a, the numerical model results are based on the wellbore axis. When hydrogen

is stored, the debonding failure length reaches 22.45 m, which is significantly higher than 8.81 m

when natural gas is stored. According to the simulation results shown in Fig. 7b, the fracture

propagation pressure of hydrogen is 5.8 MPa lower than that of natural gas. This phenomenon is

closely related to themolecular characteristics of hydrogen: as the smallestmolecular gas, hydrogen can

penetrate into the tip of the micro-crack more easily through the molecular diffusion effect, weakening

the intermolecular force between the bonding surfaces of the material, thus preferentially causing

interfacial debonding failure and diffusion along the micro-annulus.

Table 3: Gas properties

Density/kg·m−3 Viscosity/Pa·s Flow

velocity/mL/s

Initial

temperature/°C

Pore

pressure/MPa

H2 0.089 8.76 × 10−6 2.5 60 18

CH4 0.72 0.31 × 10−4 2.5 60 18

(a) Micro-annulus width cloud diagram under different gases

(b) Fracture propagation pressure under different gases
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Figure 7: Effects of different gases on the development of microring gaps

Therefore, in the design and construction of underground hydrogen storage facilities, the specific

properties of hydrogenmust be carefully considered, and appropriatemeasures should be implemented

to ensure the stability of the cement plug-formation interface. Such measures include optimizing the
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cement slurry formulation to enhance its mechanical properties, and improving the monitoring and

management of interface bonding quality, thereby effectively mitigating the risk of leakage.

4.2 Effects of Mechanical Parameters of Cement Plug

4.2.1 Elastic Modulus of Cement Plug

Fig. 8a,b depicts the effects of the elastic modulus of the cement plug on the debonding failure

length at the cement plug-formation interface and the fracture propagation pressure curves under

different elastic moduli, respectively.

(a) Micro-annulus width cloud diagram under different elastic modulus of cement plug

(b) Fracture propagation pressure under different elastic modulus of cement plug
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Figure 8: Effect of elastic modulus of different cement plugs on microring development

As shown in Fig. 9, the debonding failure length at the cement plug-formation interface decreases

with an increase in the elastic modulus of the cement plug. When the elastic modulus increases

from 5 to 15 GPa, the debonding failure length reduces by 10.37 m, while the micro-annular gap

fracture propagation pressure increases by 2.2 MPa (Fig. 10). This indicates that the elastic modulus

significantly influences the debonding failure length at the cement plug-formation interface. Therefore,

selecting a high-elastic-modulus cement formulation during wellbore sealing can effectively mitigate

the risk of wellbore leakage.

4.2.2 Cement Poisson’s Ratio

Fig. 9a,b illustrates the effects of the Poisson’s ratio of the cement plug on the debonding failure

length at the cement plug-formation interface and the fracture propagation pressure curves under

different Poisson’s ratios, respectively.
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(a) Micro-annulus width cloud diagram under different cement Poisson’s ratio

(b) Fracture propagation pressure under different cement Poisson’s ratio

Figure 9: Effect of different cement plug porosity on microcirculation development

Figure 10: Interface cementation quality diagram

As shown in Fig. 9a, the debonding failure length at the cement plug-formation interface decreases

slightly with an increase in Poisson’s ratio.When the Poisson’s ratio increases from 0.10 to 0.20 [15], the

debonding failure length decreases by only 2.2 m, while the micro-annular gap fracture propagation

pressure increases by 1.2 MPa (Fig. 9b). This indicates that Poisson’s ratio has a negligible impact on

the bonding failure at the cement plug-formation interface. Nevertheless, selecting a high-Poisson’s-

ratio cement formulation during wellbore sealing may still help reduce the risk of leakage.

4.3 Effects of Bonding Quality

Residualmudcake on thewellborewall and improper cementing operations can significantly affect

bonding quality. To account for the heterogeneity and randomness of the interface bonding quality,

a random sampling approach was applied to the cohesive elements. A subset of elements, designated

as set A, represents poorly bonded regions (marked in red), while the remaining elements form set B,

representing well-bonded regions. By varying the proportion of elements in set A, three scenarios of
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bonding quality were simulated: 0%, 5%, and 10% poorly bonded regions. The sampling results are

shown in Fig. 10.

As illustrated in Fig. 11a, the debonding failure length at the cement plug-formation interface

increases as the poorly bonded region expands. When the proportion of poorly bonded regions

increases from 0% to 10%, the debonding failure length significantly rises by 9 m, while the micro-

annular gap fracture propagation pressure increases by 2.4MPa (as shown in Fig. 11b). These findings

indicate that bonding quality has a substantial impact on the debonding failure length at the cement

plug-formation interface, significantly elevating the risk of wellbore leakage. It is evident that micro-

annular gaps are highly sensitive to bonding quality. Therefore, strict control of the bonding quality

at the interface is critical for ensuring well integrity.

(a) Micro-annulus width cloud diagram under different interface cementation quality

(b) Fracture propagation pressure under different interface cementation quality
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Figure 11: The influence of different interface bonding quality on the development of microannulus

4.4 Effect of Operating Pressure

Fig. 12a illustrates the effect of operating pressure on the debonding failure length at the cement

plug-formation interface, while Fig. 12b presents the fracture propagation pressure curves under

different operating pressures.

As shown in Fig. 12a, even under constant low operating pressure, a minor debonding phe-

nomenon persists at the cement plug-formation interface. However, as the operating pressure increases,

the debonding failure length grows rapidly. When the operating pressure increases from 7 to 22 MPa,

the debonding failure length extends by 15.35 m, while the micro-annular gap fracture propagation

pressure decreases by 1.9 MPa (as shown in Fig. 12b). This indicates that operating pressure signifi-

cantly influences the debonding failure length at the cement plug-formation interface.
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(a) The micro-annulus width cloud diagram under different operating pressures

(b) Fracture propagation pressure under different operating pressures
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Figure 12: Effects of different operating pressures on the development of microannulus

4.5 Effect of Temperature Field

This section focuses on the variation in debonding failure length at the cement plug-formation

interface under different temperature conditions. In the material property settings, all external

conditions remain constant except for the temperature field. Four scenarios were simulated by varying

the temperature field: 0°C, 60°C, 70°C, and 80°C. Fig. 13a depicts the effect of temperature on the

debonding failure length at the cement plug-formation interface, while Fig. 13b presents the fracture

propagation pressure curves under different temperature conditions.

As shown in Fig. 13a, the debonding failure length at the cement plug-formation interface

decreases with increasing temperature. When the temperature rises from 0°C to 80°C, the debonding

failure length decreases by 7.6 m, while the micro-annular gap fracture propagation pressure increases

by 1.7 MPa (Fig. 13b). This behavior is attributed to the differential expansion characteristics of the

system under higher temperature conditions, which increase the compressive contact stress between

the formation and the cement plug. This, in turn, enhances the bonding strength of the system and

reduces the debonding failure length. Therefore, the deeper the hydrogen storage facility is buried, the

deeper the cement plug sealing position, and consequently, the greater the sealing stability.
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(a) The micro-annulus width cloud diagram at different formation temperatures

(b) Fracture propagation pressure at different formation temperatures
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Figure 13: The influence of different formation temperatures on the development of microannulus

5 Conclusion

Using the ABAQUS software platform, a three-dimensional numerical model of the cement

plug-formation system was established to simulate the debonding failure process at the cement plug-

formation interface. The study investigated the effects of different gas injection scenarios, mechanical

parameters of the cement plug, interface bonding quality, operating pressures, and formation temper-

atures on the debonding failure length at the interface. The main conclusions are as follows:

1. Under identical environmental conditions, the crack propagation pressure for hydrogen leak-

age is lower than that for natural gas. This indicates that the cement plug-formation interface

is more prone to debonding failure during hydrogen storage.

2. When selecting cement plugs with high elastic modulus and high Poisson’s ratio, the length of

interface sealing failure decreases, and the crack propagation pressure increases. This reduces

the risk of hydrogen leakage along abandoned wellbores. The Poisson’s ratio of the cement

plug has minimal impact on interface debonding failure.

3. Bonding quality significantly influences the debonding failure length at the cement plug-

formation interface. Poor bonding conditions substantially increase the risk of wellbore

leakage. Emphasis should be placed on ensuring high-quality bonding and minimizing areas

of poor bonding.

4. Under high-pressure conditions, the debonding failure length at the cement plug-formation

interface increases significantly. Conversely, as the formation temperature increases, the

debonding failure length decreases.
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