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To prevent casing-cement sheath bonding interface failure in Gas storage
wellbore, it is essential to understand the integrity failure mechanism of the
bonding interface under alternating temperature. In this study, a
self-developed experimental apparatus was used to simulate the wellbore
load environment. Tests and evaluations were conducted on the sealing and
mechanical properties of two full-scale" production casing- interface-ductile
cement (conventional cement)-intermediate casing” assemblies under
alternating loads on the production casing. The sealing failure number and
bonding strength were utilized as characterization parameters for sealing
and mechanical properties. The integrity test results for conventional and
ductile cement under alternating peak tempertature of 40 °C, 70 °C, and
100 °C were obtained. The experimental results demonstrate that the sealing
failure number of interface exhibits an exponential relationship with the
alternating peak temperature. Specifically, the bonding strength of interface
between casing and conventional cement decreases linearly with the
increase in alternating cycles, whereas the bonding strength of interface
between casing and ductile cement decreases exponentially with the increase
in alternating cycles. Furthermore, the study analyzes the influence of
alternating peak temperature and cycle number on integrity and interfacial
mechanical properties. It clarifies the correlation between sealing
performance and mechanical properties and elucidates the sealing failure
mechanism of interface between casing and cement sheath under alternating
loads.
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Introduction
The cement sheath between casing and rock prevents leakage but suffers cyclic thermal
stresses during injection/production in gas storage wellbore, leading to interfacial debonding or cracking
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[1]. Understanding the micro-macro mechanical relationship and progressive failure mechanism at the
interface under cyclic loading is essential to ensure long-term wellbore performance [2, 3].

Researchers globally have undertaken comprehensive investigations on integrity failure
induced by fluctuating temperature and pressure conditions, through theoretical analysis, finite element
modeling, and laboratory experimentation. Li et al. [4] and Gao et al. [5] developed a mechanical model
of the "production casing-cement sheath- Intermediate casing" composite system based on the principles
of viscoelasticity, elastoplasticity, and thermodynamics. Zhao et al. [6] incorporated formation pore
pressure, thermal loading induced by the temperature differential between injected fluid in the casing
and the surrounding formation, and the thermo-osmotic (T-O) effect of pore fluids. Guo et al. [7]
employed the Mohr-Coulomb (MC) and Drucker-Prager (D-P) failure criteria to account for the plastic
behavior of both the cement sheath and formation. However, actual casing-cement sheath interfaces
exhibit numerous microscopic voids and fractures at the microstructural level. Under cyclic loading,
these defects can propagate, leading to progressive damage accumulation that manifests
macroscopically as strength and stiffness degradation over time [8].

Due to experimental limitations, few studies have investigated the integrity of full-scale
"production casing-interface—cement sheath—technical casing" assemblies under cyclic loading. Skorpa
et al. [9] employed CT scanning to examine the integrity of a scaled-down cement sheath model under
load spectra. Zeng et al. [10] conducted experimental tests on the sealing performance of a cement
sheath under cyclic casing pressure using a physical setup, though the effect of cyclic loading on the
mechanical behavior of the interface was not thoroughly analyzed. These studies collectively indicate
that the mechanical properties of the casing—cement interface significantly influence whether sealing
failure occurs and the form it takes. In addition, Li et al. [11] experimentally studied the mechanical
integrity of cement under cyclic casing loading. Their results identified load spectrum and cyclic stress
as key factors affecting cement integrity, and further analyzed the mechanical deformation and
microstructural evolution of the cement sheath—though the failure mechanism was not explicitly
elucidated.

Based on the temperature variations during the operation of gas storage wells, this paper
proposes an evaluation method for assessing the integrity of the bonding interface in a "production
casing-bonding interface—cement sheath—technical casing" assembly under cyclic casing loading. The
influence of temperature levels and cycle numbers on interface integrity was analyzed, and the failure
mechanism was clarified. The results provide valuable reference for ensuring the long-term safety of gas
storage operations.

Laboratory test of cement
Cement materials and test apparatus

To simulate the evaluation of full-scale interface integrity under wellbore temperature
conditions [12], a testing methodology for assessing the sealing performance and mechanical properties
of the full-scale "production casing-cement sheath- intermediate casing" composite system was
proposed. An independently developed integrity testing apparatus and experimental procedure were
designed for this purpose.

Two types of cement were selected in this study. One is conventional well cement—G
Grade cement, and the other is a newly developed ductile cement. Conventional cement is prepared with
a cement-to-water ratio of 800/350, while ductile cement is formulated with a ratio of 908/329. Both



mixtures are cured under conditions that replicate the actual on-site environment. The uniaxial

mechanical properties are shown in Table 1.
Table 1 Test results of triaxial mechanical properties of cement stone

Compressive strength

Cement type Elastic modulus /GPa  Poisson's ratio IMP Fracture strain
a
Conventional cement ~ 1.90 0.29 48.94 0.019
ductile cement 2.59 0.31 53.39 0.045

Test content

The tests conducted in this experiment include:1) Mechanical performance testing of the
casing-cement sheath interface without alternating temperature, serving as the control group;2) Sealing
performance and mechanical properties testing of the casing-cement sheath interface under alternating
temperature.

As described in reference [13], the experimental plan in this paper is as follows: based on
the operational conditions at the engineering site, the trough value of the alternating temperature is set at
20 °C, while the peak values are divided into three scenarios: 40 °C, 70 °C, and 100 °C. Thus, the
alternating temperature conditions are: 20,40\ 20 20,70 20,20 ,7100 20 . Under each
alternating load condition, the tests are conducted for 10, 20, and 30 cycles, respectively.

Test results and analysis of sealing performance of casing-cement sheath interface

Table 2 shows the results of bubble monitoring under alternating temperature. At a
cyclic temperature of 40C, both conventional and ductile cement show good sealing integrity,
sustaining 26 and 30 cycles, respectively. As peak temperature rises to 70 °C and 100 °C, conventional
cement fails after 15 and 8 cycles, indicating rapid degradation under higher thermal loads. In contrast,
ductile cement withstands 26 and 20 cycles under the same conditions, demonstrating a more gradual
decline and superior sealing and anti-gas channeling performance.

Table 2 Monitoring results of annular bubbles at the interface between casing and cement sheath under
alternating temperature

Intermittent bubble Continuous bubble
Conventional Conventional
Ductile cement Ductile cement
Alternating temperature /°C cement cement
Cycle Cycle Cycle Cycle
Y bubble y bubble y bubble Y bubble
number number number number
20 /140 \y 20 23 Yes 29 Yes 24 Yes 30 Yes
20070y 20 14 Yes 25 Yes 15 Yes 26 Yes
20100 \y 20 7 Yes 19 Yes 8 Yes 20 Yes

Mechanical performance testing of the casing-cement sheath interface

The interface mechanical properties of both cement materials species are presented in
Fig. 1 and Fig. 2. By comparing Fig. 1 and Fig. 2 (a), (b), (c), and (d), it is evident that under the three
alternating temperature levels, the shear force, axial bonding strength, and chemical bonding force
exhibit significant decreases, while the radial bonding strength and frictional force show only slight
declines. This indicates that the peak alternating temperature primarily damages the chemical bonding at
the interface, thereby reducing the interfacial chemical bonding force, axial shear force, and axial
bonding strength. Fig. 2 has a smoother curve compared to Fig. 1, reflecting the characteristics of
toughness.
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Fig. 1 Test results of interface mechanical properties of conventional cement sheath
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Fig. 2 Test results of interface mechanical properties of ductile cement sheath
Furthermore, by comparing the three curves in (b), (c), and (d), it is observed that as the
number of cycles increases, the axial bonding strength and chemical bonding force decrease
significantly, while the radial bonding strength and frictional force experience minor reductions. In
summary, under cyclic alternating temperature, the failure of the sealing performance of the bonded
interface is not sudden but rather a gradual process involving internal deformation, damage, and



progressive evolution. This ultimately leads to the loss of integrity of the bonded interface and sealing
failure.
Correlation analysis between sealing performance and mechanical properties of the casing-
cement sheath interface
Correlation between interface bonding strength and cyclic load

Fig. 3 and Fig. 4 respectively illustrate the relationship curves between the bonding
strength of casing-conventional cement sheath interface and casing-ductile cement sheath interface and
the number of cycles. For conventional cement, both the axial and radial bonding strengths decrease
linearly with the accumulation of cycles. In contrast, the axial and radial bonding strengths of ductile
cement demonstrate an exponential decline as the number of cycles rises. The data presented in Fig. 3
and Fig. 4 not only demonstrate the adverse effects of cyclic loading on the bonding strength of both
conventional and ductile cement but also highlight the superior resilience of ductile cement in
maintaining bonding integrity under such conditions. The addition of ductile materials effectively
hinders the damage induced by cyclic temperature loads, thereby preserving the interface's performance
and extending its service life.
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Fig. 3 Relationship between alternating temperature frequency and mechanical properties of the
interface between casing and conventional cement
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Fig. 4 Relationship between alternating temperature frequency and mechanical properties of the
interface between casing and ductile cement

Correlation between sealing performance and mechanical performance

Fig. 5 and Fig. 6 respectively illustrate the relationship curves between the interface
sealing performance of conventional cement and ductile cement and the peak cyclic temperature. From
Fig. 5 and Fig. 6, the following observations can be made:1) The stronger the sealing capability of the
bonding surface against alternating temperature, the higher the peak alternating temperature it can
withstand, and the less likely its interface mechanical properties are to be compromised. 2) Under the



influence of alternating temperature, if no significant sealing failure occurs at the interface, its interface
mechanical properties remain largely unchanged.3) When a significant sealing failure occurs under
alternating temperature, there is a rapid decline in the interface mechanical properties, particularly in the
chemical bonding strength at the interface.
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Fig. 5 The relationship between the alternating peak temperature and mechanical properties of the
interface between casing and conventional cement sheath
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Fig. 6 The relationship between the alternating peak temperature and mechanical properties of the
interface between casing and ductile cement sheath

The interfacial mechanical properties of the interface are closely related to its sealing
performance. The failure of sealing performance inevitably compromises the interface mechanical
properties and reduces the interface forces. Therefore, under alternating temperature, even if the sealing
performance of the adhesive interface does not fail, the deformation, degradation, damage of the cement
sheath, and their propagation and evolution with the number of alternating cycles can lead to the decline
and deterioration of the interfacial mechanical properties. This may also affect the long-term integrity of
the adhesive interface, the cement sheath, and the wellbore.
Conclusions

An exponential relationship exists between the number of cycles to sealing failure and
the peak cyclic temperature. The bonding strength of the interface between casing and conventional
cement decreases linearly with increasing cycle counts, while that of the interface between casing and
ductile cement decreases exponentially. The failure of bonding interface sealing performance is caused
by cumulative deformation and damage on the interface under cyclic loading, which evolves into
micro-annuli and eventually forms channeling pathways. The degradation of mechanical performance is
due to the destruction of chemical bonding forces at the interface. The failure process of interface
integrity is gradual. Therefore, under cyclic loading, even if the sealing performance remains intact, the



mechanical performance of the interface begins to deteriorate. The ductile cement outperforms

conventional cement in terms of sealing performance, anti-channeling capability, and mechanical

properties of the interface between casing and cement sheath. A positive correlation exists between the

sealing performance and mechanical properties of the bonding interface.
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