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A B S T R A C T

Casing damage represents a persistent and multifaceted challenge in oil and gas development, often manifesting 
as structural deformation, rupture, or seal failure. These issues not only compromise well integrity and pro
duction continuity but also pose environmental risks through potential hydrocarbon leakage. Despite extensive 
operational experience, the mechanisms underlying casing damage at various development stages remain poorly 
understood. This study presents a systematic investigation into the types and causes of casing damage arising 
during drilling, cementing, perforation, and water injection operations. It identifies the complex interplay among 
stress variations, thermal fluctuations, corrosive fluids, and mechanical disturbances as key contributors to 
casing failure. What distinguishes this work is its integrative analysis of stage-specific damage mechanisms, 
including cement slurry discontinuity, rock slippage due to injection-induced stress changes, and corrosion from 
high-salinity fluids. The study proposes targeted preventive and remedial strategies tailored to distinct damage 
types and operational contexts—such as enhanced casing materials, optimized perforation techniques, and dy
namic injection control. For wells already affected, adaptive repair methods like plastic deformation shaping and 
precision sealing are examined for their effectiveness. By bridging engineering practice with a mechanistic un
derstanding of casing failure, this research provides actionable insights for mitigating casing damage. Further
more, it presents a forward-looking vision in which artificial intelligence and data-driven diagnostics facilitate 
predictive maintenance and intelligent field management, thereby improving oilfield safety, longevity, and 
productivity.

1. Introduction

During oil and gas field development, casing damage is a common 
and serious engineering issue. It not only significantly increases opera
tional costs but also disrupts the injection-production balance, reduces 
production capacity, and can trigger safety and environmental incidents 
such as oil and gas leaks, posing a severe threat to the long-term stability 
of field operations. Statistics show that approximately 7 % of oil wells in 
countries such as Canada, China, the Netherlands, Norway, the United 
Kingdom, and the United States exhibit at least one type of casing 
damage [1]. In China, for instance, casing deformation was predominant 
in the early stages of the Daqing Oilfield development. With increasing 
production intensity, localized deformation gradually evolved into more 
severe failures such as casing rupture and sealing failure. Since 2000, the 
problem has worsened, with large-scale casing damage occurring in 

some areas, reaching a maximum failure rate of 28.5 % [2]. To date, 
approximately 30,000 wells in major oilfields such as Daqing, Jilin, and 
Shengli have been affected by casing damage, and the casing failure rate 
in the Tarim Oilfield has also shown a continuous upward trend, 
reaching 15.8 % [3]. In one Iranian oilfield, over 18 % of wells have 
experienced casing collapse due to reservoir compaction, salt rock creep, 
and poor cement bonding since 1974 [4].

Casing failures manifest in various forms, including casing defor
mation (e.g., bending, diameter reduction, unilateral flattening) [5,6]; 
casing rupture (e.g., offset joints, longitudinal cracks, circumferential 
cracks) [7–9]; corrosion damage (such as CO₂ corrosion, sulfide corro
sion, and bacterial corrosion)[10–12]; and sealing failures (e.g., thread 
leakage, cement sheath debonding, and formation of micro-annular 
channels)[13–15]. These damages typically result from a combination 
of formation stress, thermal stress, corrosion, and improper operational 
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practices, characterized by sudden onset and complex evolution 
mechanisms.

As illustrated in Fig. 1, the causes of casing damage are multifaceted, 
often resulting from the interaction of various geological and opera
tional factors. From a mechanical perspective, geological changes such 
as stress concentration in surrounding rocks, mudstone softening due to 
water absorption (Fig. 1b), salt rock creep, fault slip (Fig. 1c), and 
overburden subsidence can induce casing bending and shear failure. 
Additionally, cyclic loading caused by alternating injection and pro
duction operations often leads to fatigue damage in the casing string 
[16–18]. During drilling, axial loads and lateral disturbances may lead 
to mechanical failures. During cementing, poor slurry properties, inad
equate sealing, and annular channeling can compromise sealing integ
rity, resulting in crossflow, leakage, and other wellbore problems 
(Fig. 1d) [19]. In the perforation stage, high-density perforation gen
erates high pressures that can damage the wellbore structure and cause 
compression and shear deformation in the cement sheath around 
perforation tunnels, weakening casing protection and potentially dis
placing the casing string (Fig. 1e). Corrosion (Fig. 1a) caused by 
chemicals and microorganisms such as sulfate-reducing bacteria (SRB), 
thiogenic bacteria (TGB), and iron bacteria (FB) is also significant, 
especially in CO₂ and H₂S-rich reservoirs where rapid corrosion can lead 
to casing perforation and rupture [20–23]. During production, casing 
damage may also occur due to reservoir compaction, sand production 
(Fig. 1f), and thermal stresses induced by high- or low-temperature 
fluids [23]. In offshore heavy oil thermal recovery wells, the injection 
of high-temperature fluids and recovery of low-temperature fluids 
reduce casing material yield and tensile strength, causing localized 
casing deformation and eventual failure by deformation, rupture, 
corrosion, or wear [24,25]. In CO₂-enhanced oil recovery (EOR) pro
cesses, the injection of low-temperature liquid CO₂ can cause annular 
fluid freezing, resulting in volume expansion and casing-tubing failures 
[26]. If not detected and mitigated in time, such damages pose not only 
operational risks but also environmental hazards such as groundwater 

contamination, soil infiltration, and toxic fluid leakage, leading to 
long-term ecological impacts [27].

Considering the complexity and dynamic nature of casing damage, a 
comprehensive, full-cycle prevention and control strategy should be 
implemented. Prevention efforts should focus on optimizing casing 
material and structural design, improving cementing quality, and 
enhancing operational control [28–30]. For remediation, corresponding 
techniques should be applied based on the type of damage: deformation 
can be addressed by explosive or mechanical reshaping; severe rupture 
or corrosion may require inner casing placement or plugging operations; 
and sealing failures can be repaired using high-strength plugging ma
terials [31–33]. Furthermore, real-time monitoring technologies such as 
fiber optic sensing and acoustic emission detection can improve the 
early-stage detection and diagnosis of casing damage [34,35].

Although several previous reviews have discussed specific types of 
casing damage or individual preventive methods, a systematic and 
comprehensive review covering casing damage types, mechanisms, 
evolution processes, and mitigation strategies remains lacking, espe
cially concerning the integration of geological, engineering, and envi
ronmental factors. Therefore, this paper systematically summarizes 
recent advances and practical experiences in casing damage diagnosis, 
prevention, and remediation, in terms of damage types, underlying 
mechanisms, and technical approaches, and outlines potential directions 
for future research. This study aims to provide theoretical support and 
technical reference for improving the safety, cost-effectiveness, and 
sustainability of oilfield development.

2. Types of casing damage

2.1. Deformation

Casing deformation, also known as radial plastic deformation, is 
typically caused by axial stress variations due to in-situ stress changes or 
by external extrusion pressure exceeding internal pressure [1]. This may 

Fig. 1. Mechanism of sheath loss in oil and water wells.
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result in bending, diameter reduction, or unilateral extrusion of the 
casing, as illustrated in Fig. 2. Specifically, ovalization arises from un
even stress distribution in the underground rock formations, which 
creates non-uniform radial stress around the casing, causing the 
cross-section to deform into an elliptical shape. This phenomenon is 
commonly observed in mudstone formations. Bending deformation re
fers to the axial deviation of the casing under unidirectional force, often 
accompanied by ovalization, which reduces its load-bearing capacity. It 
is primarily attributed to factors such as sand production, formation 
deformation, and metal fatigue. Diameter reduction occurs when the 
casing is exposed to significant tensile or localized compressive loads, 
resulting in a reduced internal diameter compared to its original size. 
This typically occurs in water-saturated mudstone formations, where the 
swelling of mudstone exerts external compressive or axial tensile forces 
on the casing. Unilateral extrusion is induced by lateral forces or 
concentrated loads exerted from a specific direction within the forma
tion, leading to localized compression on one side of the casing's 
cross-section[36].

2.2. Rupture

Casing rupture, as illustrated in Fig. 3, refers to the development of 
perforations or fractures in the casing wall, resulting from poor material 
quality, internal stress effects, severe sand production, or long-term 
corrosion. Misalignment and fracture occur when casing rupture cau
ses displacement and overlapping deformation between the upper and 
lower wellbores. This can be categorized as non-collapse misalignment, 
typically caused by rock layer sliding due to mudstone swelling, and 
collapse misalignment, which is primarily induced by geological phe
nomena such as fault slippage and crustal movement [38]. The latter 
generates significant in-situ stress, leading to cement sheath failure and 
borehole collapse. Once the cement sheath fractures, debris such as 
cement fragments, mud, and fine sand may be pushed into the wellbore 
under formation pressure, complicating repairs. Under uneven loading 
conditions, casing misalignment may involve angular displacement in 
the circumferential direction or radial displacement in the transverse 

direction, resulting in a form of multi-directional deformation known as 
casing torsional misalignment [39].

Another common form of casing rupture is corrosion-induced 
perforation, which occurs when the casing is exposed to corrosive 
agents found in formation water, oil-phase liquids, and acidic solutions 
during drilling and production. The severity of corrosion is influenced 
by temperature and pressure, with corrosion most frequently occurring 
during the water injection and production stages. Additionally, casing 
splitting can manifest as either longitudinal or circumferential fractures 
[40]. Longitudinal splitting is typically caused by perforation operations 
or internal pressure acting on substandard casing materials, resulting in 
fractures parallel to the casing axis. In cases where the casing undergoes 
end expansion failure, it deforms outward at its ends. If expansion fail
ure does not occur, circumferential cracks may develop along the casing 
wall.

Early research on casing shear failure primarily focused on the 
buckling behavior of casings under geometrical imperfections. Huang 
et al. (2000) predicted the ultimate compressive strength of geometri
cally imperfect casings using the finite element method (FEM) and 
validated the accuracy and reliability of the model through full-scale 
experimental tests [42]. Subsequent studies by domestic and interna
tional scholars systematically investigated the deformation and buckling 
behavior of casing structures with various geometrical cross-
sections—such as square, rectangular, elliptical, and conical hollow 
sections [43–45]. Their findings demonstrated that structural geometry 
significantly influences the load-bearing capacity of the casing. These 
studies laid a theoretical foundation and provided technical support for 
understanding casing damage mechanisms and shear failure behavior 
under complex stress conditions. In recent years, researchers have 
continued to advance the theoretical and experimental investigation of 
casing failure. Based on the modified elastic modulus approaches and 
the unified twin-shear strength theory, new mechanical models have 
been developed to analyze coiled tubing failures, further enhancing the 
evaluation framework for casing integrity [46,47].

Fig. 2. Types of casing deformation and related case examples[37].
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2.3. Sealing damages

Seal failures in casing systems, frequently encountered during oil and 
gas extraction, are primarily attributed to mismatched threads, thread 
disengagement, inadequate sealing, cement sheath debonding, and the 
formation of micro-annular channels. As exploration extends into deeper 
and more complex reservoirs, premium threaded connections (PTCs) in 
tubing and casing must withstand extremely high combined loads. 
Under such demanding conditions, sealing failures frequently occur [13, 
14]. Field evidence from numerous oilfields indicates that seal failure 
often originates from damage to the primary sealing surface, which 
evolves into a leakage path [48]. Currently, stress evaluation methods 
for casing threads include analytical approaches, experimental tech
niques, and finite element analysis (FEA). Researchers have derived 
formulas for circumferential stress, radial stress, and contact pressure in 
threaded connections [49–51]. Within the elastic range, the perfor
mance of casing threads can be assessed under both static and dynamic 
loads. In recent years, Lian et al. have conducted fatigue fracture ana
lyses of casing threads using FEA to investigate variations in thread 
stress [52]. Mou et al. developed an axisymmetric FEA model for BEAR 
threads based on elastoplastic mechanics, enabling quantitative and 
comprehensive evaluation of thread stresses in high-pressure gas wells 
[53].

3. Causes of casing damage

Casing damage is a common and complex engineering issue in oil and 
gas extraction, occurring at various stages of oilfield development and 
influenced by multiple factors. During the drilling and cementing stages, 
rock pressure, formation temperature, formation fluid activity, and 
cementing quality can all contribute to casing damage. During the 
perforation stage, the application of high pressure and the resulting 
stress concentration, especially around perforation holes, significantly 
compromises the structural integrity of the casing. This degradation in 
mechanical performance reduces its protective capacity and accelerates 
the progression of casing damage. During the water injection phase, 
excessive injection pressure, casing corrosion, shale swelling due to 
water absorption, and fluid-solid coupling effects can exacerbate casing 
deformation and failure. Additionally, fault reactivation and rock layer 
slippage often lead to casing misalignment and rupture. In the oil and 
gas extraction phase, sand production and reservoir compaction also 
present significant threats to casing integrity. In weakly cemented 

sandstone formations, sand production exposes the casing to a combi
nation of formation stress and hydrodynamic forces, causing stress 
concentration and leading to casing bending and deformation. Overall, 
the causes of casing damage involve complex geological, engineering, 
and chemical factors that interact with one another, necessitating 
comprehensive preventive and remedial measures (Table 1).

3.1. Drilling stage and cementing stage

During the drilling and cementing stages, casing damage can be 
caused by rock pressure, formation temperature, formation fluid activ
ity, cement sheath loss, improper plugging treatments, and poor 
cementing quality. Drilling disrupts the stable geo-stress field, releasing 
rock stress that exceeds the pre-drilling state, which can lead to casing 
deformation under rock mass stress [63]. In addition to rock pressure, 
formation temperature, and fluid activity also contribute to casing 
damage. A significant temperature difference between the inner and 
outer casing walls can induce thermal expansion and contraction effects, 
increasing interfacial stress, particularly at casing joints, and leading to 
fatigue failure. Statistics indicate that in cyclic steam wells, 85 % of 
failures occur at the connections, while the remaining cases are attrib
uted to casing damage caused by poor joint alignment[64]. As the in
ternal casing temperature rises with fluid inflow, thermal expansion 
occurs, while fluid outflow results in rapid cooling and contraction, 
inducing additional deformation. Simulation results indicate that the 
cement adjacent to the casing is also prone to tensile cracking during 
heating and cooling processes, which is detrimental to the integrity of oil 
and water wells[65]. In formations characterized by plastic flow and 
creep, such as shale and salt rock layers, or in deep, high-temperature, 
and high-pressure environments [54], the casing may undergo ovaliza
tion and shrinkage [55]. Furthermore, central casing wear affects casing 
integrity and mechanical strength, potentially leading to severe defor
mation, failure, or well abandonment [56,57].

Cementing quality directly influences both oil and gas production 
and longevity. Borehole diameter variations, casing eccentricity, and 
discontinuous cementing operations can lead to localized cement sheath 
loss. Under thermal stress, the casing is more likely to deform in areas 
lacking cement support. Studies using finite element models have 
examined the impact of cement sheath loss on casing deformation [69]. 
As shown in Fig. 4a, research indicates that when the cement sheath loss 
angle is between 30◦ and 40◦, the casing experiences peak equivalent 
stress. As the loss angle increases, casing stress decreases, and when the 

Fig. 3. Types of casing failure: (a) schematic diagram; (b) three-dimensional view of casing shear failure; (c) SEM image of corrosion-induced fracture; (d) field case 
image of casing failure[20,26,41].
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cement sheath is fully lost, the casing is no longer affected by thermal 
stress [70,71]. As shown in Fig. 4b, the maximum casing stress occurs 
when the missing height of the cement sheath is approximately 80 mm. 
Additionally, the stresses on the missing sections are nearly equal, 
regardless of the variation in missing heights [68]. At the same time, 
factors such as a missing cement ring, increased casing eccentricity and 
reduced residual drilling fluid pressure can cause debonding at the 
interface between the cement sheath and the casing [19,72]. This 
debonding forms an interfacial annulus, compromising wellbore integ
rity, promoting corrosion, and reducing casing strength.

3.2. Perforation stage

Perforation is a critical step in oil and water well production. After 
cementing, perforation techniques such as overbalanced and under
balanced perforation are used to create channels between the formation 
and wellbore. High-density perforation can generate excessive pressure, 
damaging the wellbore structure and inducing compression and shear 
deformation in the cement sheath. Stress concentration effects cause 
localized failure of the cement sheath at perforation holes, weakening 
casing protection and potentially altering the casing string position [6, 
58]. Scholars have used finite element models to study the effects of hole 
diameter, hole density, and hole distribution on casing strength. These 
studies indicate that an increase in hole diameter intensifies stress 

concentration at the perforation site. However, increasing hole density 
can alleviate stress concentration at the perforation itself, but it may also 
exacerbate stress between adjacent perforations. Therefore, selecting an 
appropriate hole density is crucial. The influence of phasing on the 
casing shows limited regularity [73,74], but closer circumferential 
spacing between perforation holes results in more severe local damage 
to the casing [75]. For the same parameters, smaller casing diameters 
and greater casing thicknesses lead to higher residual casing strength 
after perforation [76]. For thermal recovery wells, Geng et al. conducted 
transient thermal simulations to analyze the impact of thermally 
induced stresses on casing integrity. Their results confirmed that during 
the perforation stage, casings are subjected to alternating 
high-temperature and high-pressure loads, with thermal stress being a 
key factor contributing to casing damage [77].

3.3. Casing damage during water injection development

During water injection, injected water may enter formations through 
leakage pathways, causing casing corrosion, shale, and salt rock 
swelling, fluid-solid coupling effects, and fault reactivation, leading to 
casing damage. High-pressure water injection increases stress on the 
casing and cement sheath, potentially inducing casing deformation and 
dislocation [78].

Table 1 
Summary of casing failure types and causes in different stages of oilfield development.

Stage Possible types of casing damage Causes Countermeasures References

Drilling and 
cementing

Bending deformation, elliptical 
deformation, diameter reduction, casing 
failure, loss of wellbore integrity

Release of rock stress; 
formation temperature, pressure, and fluid 
effects; 
poor cementing quality, interface debonding 
between the cement sheath and casing.

Optimization of casing performance; 
improvement of cement slurry properties.

[54–57]

Perforation Bending deformation High pressure generated by high-density 
perforation sometimes damages the wellbore 
and cement sheath.

Select appropriate perforation techniques 
based on specific geological factors and 
construction conditions.

[6,58]

Water injection 
development

Casing deformation, casing buckling, 
corrosion-induced rupture

Casing corrosion; water absorption and 
expansion of mudstone and salt layers; 
fluid-solid coupling in permeable rocks; fault 
reactivation

Apply anti-corrosion coatings to the casing; 
use corrosion inhibitors; 
add corrosion-resistant additives to cement 
slurry; 
control injection pressure

[59,60]

Oil and gas 
production

Casing deformation, casing buckling, 
corrosion-induced rupture

Sand production from the reservoir; 
reservoir compaction

Chemical, mechanical, and composite 
materials for sand control

[61,62]

Fig. 4. Effect of missing angle of cement ring and missing cement ring height on casing stress: (a) missing angle of cement ring [66,67]; (b) missing cement ring 
height on casing stress [68].
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3.3.1. Corrosion of casing
In different corrosive environments, the causes and mechanisms of 

casing corrosion are different, in addition to the quality of the casing 
itself; the high concentration of ions in the extraction fluid in Table 2
and the interaction of microorganisms, CO2, H2S, etc. all cause the 
casing to be corroded, which is common in oil and gas extraction. As 
shown in Fig. 5, casing corrosion is widespread in oil and gas extraction 
and can be classified into internal and external corrosion. Internal 
corrosion occurs predominantly in high-water-cut oilfields, under the 
catalytic promotion of sulfate-reducing bacteria (SRB), saprophytic 
bacteria (TGB), and ferro-bacteria (FB), a series of chemical reactions 
occur in the ions such as Cl-, SO4

2-, K+, and HCO3
- in the highly corrosive 

extraction fluid [59,60], which makes the inner wall of the casing be 
corroded. External corrosion, on the other hand, is prevalent in oilfields 
and is mainly formed by the combined effects of CO2 [81], highly cor
rosive formation water [82], H2S [83], and elemental sulfur [20], with 
the corrosion products dominated by FeCO3, Fe3O4, and FeS. Among the 
corrosion mechanisms, sulfide-induced corrosion can generate hydrogen 
atoms that diffuse into the steel matrix and subsequently recombine into 
hydrogen molecules, thereby inducing hydrogen embrittlement. This 
phenomenon reduces the mechanical strength of the casing, potentially 
leading to structural failure and compromising oil and gas production 
operations. Notably, steels with higher strength levels exhibit greater 
hydrogen diffusion coefficients and elevated concentrations of diffusible 
hydrogen, resulting in increased susceptibility to hydrogen embrittle
ment [84].

Casing corrosion mechanisms vary depending on environmental 
conditions. Besides casing material defects, interactions between high- 
concentration ions in produced fluids and microorganisms, CO2, and 
H2S contribute to corrosion. As shown in Fig. 5, casing corrosion is 
widespread in oil and gas extraction and can be classified into internal 

and external corrosion. Internal corrosion occurs predominantly in high- 
water-cut oilfields, where sulfate-reducing bacteria (SRB), saprophytic 
bacteria (TGB), and ferric bacteria (FB) catalyze chemical reactions 
involving Cl-, SO4

2-, K+, and HCO3
- [59,60]. External corrosion is common 

in oilfields and results from CO2 [81], highly corrosive formation water 
[82], H2S [83], and sulfur compounds [20], producing corrosion prod
ucts such as FeCO3, Fe3O4, and FeS. Sulfide corrosion introduces 
hydrogen atoms into steel, leading to hydrogen embrittlement, reducing 
casing strength, and increasing failure risks. The higher the steel 
strength, the greater the hydrogen diffusion coefficient, making 
high-strength materials more susceptible to hydrogen embrittlement 
[84].

3.3.2. Softening of mudstone by water absorption
In normally consolidated sandstone formations, the injection of 

water does not significantly alter the integrity of the rock matrix, and the 
in-situ stress conditions remain largely stable[85]. However, when 
water is injected into mudstone formations, the mudstone undergoes 
hydration-induced softening and swelling, resulting in significant 
changes in its mechanical properties. With increasing moisture content, 
the elastic modulus and strength of mudstone decrease sharply, while 
the Poisson’s ratio and internal friction angle increase [86]. The 
stress-strain curve becomes more flattened, the failure mode transitions 
from tensile splitting to shear failure, and the extent of plastic defor
mation increases [87]. Simultaneously, the creep strain rate, 
steady-state creep rate, and heterogeneity in creep loading also rise, 
imposing substantial loads on both the casing and surrounding strata, 
which may lead to casing collapse[88,89].

Scholars have extensively studied the mechanisms of mudstone 
swelling and softening upon water absorption, as well as the corre
sponding mechanical behavior. Wang et al. employed the Finite-Discrete 

Table 2 
Ion concentration content and microbial content of the extracted fluid in different blocks[79,80].

Block Casing damage Total ion concentration (mg/L) Microbial content (cells/mL)

K+ Na+ Ca2+ Mg2+ Cl- SO4
2- HCO3

- S2- SRB TGB FB

A Yes 12700 140 1645 346 21843.23 7424.73 1562.11 60 2.0 2.5 × 103 2.5 × 103
A No 15250 90 759 368 25742.02 7676.34 1751.27 — 0.6 0.6 0.6
B Yes 3825 125 1039 178 9746.98 6930.52 1409.56 — 2.5 2.5 2.5
B No 18325 92.5 52.75 168.5 23592.68 — — — 0 0 0
C Yes 91 9038.1 79.2 24.6 7722.9 4350 217.6 414.2 104 102 103

Fig. 5. Schematic diagram of casing corrosion.
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Element Method (FDEM), combined with uniaxial, triaxial compression, 
and swelling tests, to investigate the expansion behavior, mechanical 
response, and failure modes of water-affected mudstone [90]. Lu et al. 
found through a series of hydration and uniaxial compression experi
ments that the mineral composition, cementation type, and water tem
perature significantly affect the mechanical behavior of mudstone [91]. 
When evaluating the impact of formation stress on casing loads, a 
simplified assumption is often made that the local load on the casing is 
linearly distributed to facilitate analysis [92]. However, after mudstone 
swells upon water uptake, local expansion generates high pressures, and 
the axial load on the casing first increases and then decreases. Chen et al. 
proposed a new method to predict casing stress in locally expanding 
mudstone formations. By integrating theoretical derivation with finite 
element analysis (Fig. 6) under parabolic loading, they derived an 
analytical solution for casing stress in such formations [89]. Additional 
finite element studies on casing and cement sheath behavior in visco
elastic mudstone indicate that the compressibility of both mudstone and 
cement materials must be accounted for when calculating casing loads 
[93].

3.3.3. Fluid-solid coupling effect and reactivation of fault
According to studies on fluid-solid coupling effects, plastic defor

mation or creep induced by injection-induced pore pressure buildup is 
one of the primary causes of casing damage in oil-bearing formations. 
The severity of casing damage increases with lower casing yield 
strength, higher rock strength, and greater formation permeability, all of 
which contribute to elevated compressive stress. As injection pressure 
increases, the casing exhibits a more rapid rate of elastic deformation, 
and plastic deformation occurs earlier, thereby significantly increasing 
the likelihood of damage occurrence [2,94,95]. Based on fluid-solid 
coupling theory, Liu et al. simulated the variation in Mises stress of 
N80 casing during the injection phase and proposed injection pressure 
control strategies to mitigate casing damage [96].

Comprehensive effects of crustal movement, natural disasters, and 
the water injection phase may lead to fault reactivation and stratum 
slippage [97,98]. These phenomena can cause casing fractures (Fig. 7). 
Water injection acts as a lubricant on fault surfaces, reducing the rock’s 
shear strength and concentrating stress near the fault plane, which may 
induce casing yield [99]. During high-pressure water injection devel
opment, when the injection pressure is far higher than the formation 
fracture pressure or even the overlying rock pressure, the phenomenon 
of stratum slippage becomes more severe. There is a clear linear positive 

correlation between stratum slippage and casing deformation. When the 
slip interface forms a 90◦ angle with the wellbore, the deformation of the 
casing reaches its maximum[85,100].

Regarding the mechanisms of fault slip, Hao et al. investigated fault 
reactivation and slip behavior using the cohesive contact method based 
on the traction-separation law (TSL). Lele et al. combined the Mohr- 
Coulomb theory with finite element methods to analyze the impact of 
injection and production activities on fault activity. Zhao et al. examined 
formation slippage induced by cold water injection into thermally active 
faults, concluding that fault stability is highly dependent on the bonding 
conditions of the fault plane. Even under initially stable conditions, 
thermal contraction effects may trigger fault slip [101–103]. To further 
explore the influence of temperature on injection-induced fault slip, 
Shen et al. conducted a series of shear slip experiments, showing that 
elevated temperatures reduce fault stability and promote slip. Shao et al. 
developed a simplified 3DEC numerical model to simulate the hydraulic 
responses during fault reactivation [104]. Frederic et al. experimentally 
measured the relationship between fault displacement and fluid 

Fig. 6. Schematic diagram of casing load under mudstone hydration and softening[89].

Fig. 7. Schematic diagram of casing damage caused by fault reactivation and 
formation slippage.
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pressure, revealing how fluid-solid coupling mechanisms can induce 
stable fault creep during injection processes [105]. Wang et al. con
ducted injection experiments on high-permeability sandstone samples 
under critical stress conditions and found that total torque release is 
primarily determined by the total injected fluid volume, rather than the 
slip behavior itself [106]. Additionally, Zhu et al., using the deep 
geothermal reservoir in Rongcheng as a case study, analyzed the influ
ence of porosity and permeability on fault instability risk induced by 
fluid injection. Their findings suggest that long-term water injection 
may elevate the ambient thermoelastic stress levels, thereby pushing 
critically or subcritically stressed faults toward instability [107]. In 
summary, injection-induced fault slip is one of the key mechanisms 
behind casing damage. Effective control and accurate prediction of this 
phenomenon are essential for maintaining casing integrity and ensuring 
the safe and efficient development of oilfields.

3.4. Oil and gas exploitation stage

In the oil and gas extraction stage, common causes of casing damage 
include sand production from the reservoir and reservoir compaction. 
Sand production typically occurs in weakly cemented, unconsolidated 
sandstone reservoirs. This typically occurs when the perforation struc
ture is compromised, and the combined effects of fluid drag and for
mation stress [61] transport fragmented rock particles along with the oil 
and formation fluids through the perforated interval. When there is a 
small amount of sand production, the skeleton structure of the sandstone 
is damaged, and small cavities form near the perforation holes. These 
cavities induce local stress concentrations. If the applied stress remains 
below the casing’s critical deformation threshold, no significant defor
mation will occur [62]. As shown in Fig. 8, as the cavities expand, the 
stress propagates to the casing, causing bending and deformation. When 
significant sand production occurs, the overlying formation loses sup
port from the underlying rock layers. Under vertical stress, deformation 
is triggered, which can lead to further collapse. Ultimately, this results in 
the formation of an arch-shaped surface in the overlying rock [108]. 
This may cause elliptical deformation or unidirectional flattening of the 
casing. In severe cases, the casing may rupture or collapse completely 
[109]. In later stages, when sand production is minimal or absent, 
corrosion can reduce the casing wall thickness. As the critical force for 
casing deformation decreases, the casing will deform once the applied 
stress exceeds this threshold.

Oil formation compaction refers to the phenomenon of consolidation 
and compression of subsurface loose structures as well as sediments 
under overlying loads, with water expelled and volume reduced. Oil 
formation compaction changes the original nature and stress state of the 
rock, the external load of the casing increases, and the casing bends or 
even breaks under the induced tensile and shear forces [100,110]. In 

addition to the above two common causes of sleeve damage, the casing 
stress changes and wellbore temperature changes during oil and gas 
production affect the integrity of the cement ring and increase the risk of 
casing damage. Lower casing stress during the production phase de
creases the tension hoop stress, and hoop stress during the injection 
phase increases with casing stress, increasing the risk of radial casing 
fracture [111]. Increased wellbore temperature reduces the sealing 
ability of the cement sheath, affecting the integrity of the entire well and 
causing corrosion breakage of the casing, and decreased wellbore tem
perature may lead to failure of the casing-cement sheath interface, 
which will directly lead to annular gas flux [112].

4. Response measures

4.1. Protective measure

4.1.1. Optimisation of casing performance
By optimizing the design of HST premium threaded casing connec

tions, the adaptability of casing strings to complex wellbore environ
ments can be significantly enhanced, reducing the risk of plastic 
deformation and connection failure caused by stress concentration 
[113–115]. In areas where mudstone formations are adjacent to pro
ductive reservoirs, traditional methods that estimate maximum external 
loads based on overburden pressure are often insufficient under complex 
geological conditions. Instead, the concept of non-uniform “equivalent 
external extrusion stress” induced by mudstone and shale creep should 
be adopted to evaluate casing resistance [116,117]. Increasing casing 
wall thickness remains a practical and effective measure for enhancing 
collapse resistance and improving safety margins. To optimize structural 
performance under complex mechanical loads, Wan et al. developed a 
3D finite element model and derived a set of equations to calculate the 
ultimate load under slippage conditions. They also optimized the slip
page structure to improve external wall stress distribution and reduce 
peak stress values [118]. Shokry et al. proposed eliminating interme
diate casing strings and implementing a two-stage wellbore design, 
which has been successfully applied in 25 wells [119]. Rassoul et al. 
introduced a new mathematical model that incorporates geological 
uncertainty into a set of predefined scenarios, enabling optimal place
ment of casing strings. This method has demonstrated good performance 
in offshore projects in Iran [120]. For deep and ultra-deepwater well 
applications, Nguyen et al. explored the coupling between casing design 
and CAML (Casing While Drilling) technology, as well as drilling fluid 
performance. This approach has been successfully deployed in a Black 
Sea offshore drilling operation[121]. To address annular pressure 
problems caused by thermal expansion, Zhang et al. developed a 
pressure-relief casing structure based on a closed annulus pressure 
mechanism. This design increases annular volume to mitigate the con
flict between limited annular space and thermal expansion of the 
annular fluid[122]. In summary, casing design optimization has evolved 
from strengthening materials and connectors to addressing structural 
layout, thermo-mechanical coupling, and geological uncertainty. These 
advancements offer a more systematic and refined technical framework 
to ensure well integrity in deep and complex oil and gas wells.

4.1.2. Performance improvement of cementing slurry
To improve cementing quality, high-strength, low-density cement 

slurries should be used, and the return of cement slurry should be 
controlled. The low-density, high-strength cement slurry system offers 
excellent settling stability (Table 3). Ultrafine particles, acting as rein
forcing agents, are added to the cement slurry to fill the spaces between 
larger, heavier particles (e.g., cement, hematite, and silica fume parti
cles). These particles undergo a hydration reaction, forming a stable 
suspension system with a reticulated structure [123,124]. The proper
ties of the cement sheath are further optimized by reducing the cement’s 
modulus of elasticity and Poisson’s ratio, which helps mitigate the risk of 
casing damage [38,71,125]. For casings in areas with submerged Fig. 8. Schematic diagram of oil formation out of sand.
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mudstone, ductile and elastic materials can be added to the cement 
slurry, while increasing the height of the cement returns [116] to pre
vent formation creep and corrosion that could lead to casing failure. In 
high-risk areas prone to extrusion or slippage, the addition of hollow 
particles [37,126] or hollow glass microspheres (HGM) [127] to the 
slurry can effectively absorb formation displacement. Rubber [128] can 
also be used as a buffer layer, replacing the cement sheath to protect the 
production casing. The development of the new sealing-type graded 
cement injector [129] provides a novel cementing technology for 
ultra-deep wells. It prevents cement slurry leakage during secondary 
cementing, enables a single upward return of the slurry to the wellhead, 
and ensures cement filling of the annular space above the graded 
injector, as well as the quality of cementing in the casing segments.

With the advancement of drilling technology and the development of 
ultra-deep hydrocarbon resources, the number of high-temperature and 
high-pressure (HTHP) wells (formation temperatures >180 ◦C) is 
increasing, placing higher demands on the thermal resistance of cement 
slurries. Studies have shown that incorporating 35 %–40 % fine sand or 
powder into the slurry can effectively maintain its mechanical strength 
under elevated temperatures [130,131]. Zou et al. developed an 
ultra-high-temperature conventional-density (UHTE) cement slurry 
using high-temperature additives DRF-1S and DRH-2L, significantly 
enhancing its thermal resistance and mechanical stability [132]. Khan 
et al. synthesized a terpolymer nanocomposite (TPN) that meets the 
rheological performance requirements of cement slurry under HPHT 
conditions and exhibits excellent compressive strength and fluid loss 
control in laboratory evaluations [133]. Qian et al. developed a 
high-temperature retarder (UHTR) characterized by outstanding ther
mal stability, strong retardation at elevated temperatures, and good 
low-temperature adaptability, making it suitable for cementing in 
high-temperature wells [134]. For low-temperature operations where 
lightweight cement slurry (LWC) often suffers from inadequate early 
compressive strength, Mozaffari et al. optimized the formulation to 
improve hydration rate and mechanical performance, addressing the 
needs of cementing in cold formations. In response to diverse geological 
conditions and wellbore complexities, cement materials are evolving 
toward multifunctional and high-performance systems, focusing not 
only on initial cementing quality but also on ensuring long-term well
bore integrity and sustained casing protection.

4.1.3. Optimization of perforation technology and parameters
Reasonable perforation hole density and phase angle can effectively 

reduce initial casing damage during perforation and increase the 
remaining strength of the casing, ensuring the safety of the wellbore 
during oil and gas production. Common perforation technologies 
include deep penetration poly-energy perforation, composite perfora
tion, directional perforation [135], negative pressure and dynamic 
negative pressure perforation [136–138], full-diameter perforation, and 
new tubing-conveyed perforation technologies [139]. Building on this 
foundation, international researchers have proposed the use of laser 
perforation technology. Experimental results demonstrate that 
employing a 500 W Nd: YAG laser can induce fracture formation around 
the target zone, thereby enhancing permeability and offering a novel 
approach for unconventional reservoir stimulation[140]. The selection 
of appropriate perforation methods depends on specific geological 

factors and construction conditions [141,142]. Optimizing perforation 
parameters requires combining previous experience with the geological 
and engineering conditions of the field, including sensitivity analysis of 
multiple parameters such as wellbore dimensions, perforation diameter, 
density, phasing, compaction degree, and depth. When crustal stress 
increases, it is essential to reduce perforation density and increase the 
phase angle to maintain the integrity of the casing structure [74]. In 
loose reservoirs, increasing perforation density within a reasonable daily 
fluid production limit can significantly reduce the likelihood of casing 
damage [143]. As oil field depth increases, conventional perforators and 
perforating technologies may no longer meet the requirements for deep 
and ultra-deep well development. Studies on the effects of tubing col
umn vibration in ultra-deep wells show that axial vibration increases 
with tubing length, while transverse and torsional vibrations decrease. 
Additionally, axial, transverse, and torsional vibrations of the tubing 
column increase with higher shot charge levels [144]. Future research 
should focus on developing temperature-resistant shot charges for deep 
wells, high-pressure perforators, sulfur-resistant and anti-explosive 
perforating tools, and techniques for deep-well perforation operations 
[145,146]. With the advancement of deep learning, machine 
learning-based perforation parameter prediction methods are emerging. 
These approaches enable fast and accurate estimation of perforation 
penetration depth, effectively overcoming the limitations of traditional 
empirical models under complex conditions[147].

4.1.4. Casing corrosion protection
During waterflooding operations, annular protection technologies, 

as illustrated in Fig. 9, can be applied to enhance long-term corrosion 
resistance. These include the application of anti-corrosion coatings on 
the casing surface and the staged injection of corrosion inhibitors during 
production. Currently, commonly used annular protection fluids in 
China consist of compound systems combining corrosion inhibitors, 
biocides, and scale inhibitors. Formulations based on imidazoline de
rivatives, phosphonates, nitrogen-containing heterocycles, and disper
sants have proven effective in suppressing the growth of sulfate- 
reducing bacteria (SRB), gas-producing bacteria (TGB), and iron bac
teria (FB), thereby reducing the corrosivity of annular fluids[148]. 
Owing to their low cost and ease of use, corrosion inhibitors are widely 
adopted in casing protection. To further enhance the anti-corrosion and 

Table 3 
Properties of different low-density, high-strength cement pastes [123].

Density (g/ 
cm3)

Mass Thickening time (min) (30 ℃, 
5 MPa)

Compressive strength (MPa) (90 ℃，24 h, 
normal pressure）

G-grade 
cement

Expanded glass 
beads

PZW- 
A

G60S GH221L G603

1.30 100 58 50.0 3.2 1.8 0.1 371 11.9
1.40 100 32 35.0 2.6 1.2 0.1 278 16.0
1.50 100 18 32.0 2.6 1.2 0.1 290 17.6
1.60 100 11 25.0 2.2 1.0 0.1 285 18.2

Fig. 9. Ring air protection technology.

J.-F. Liu et al.                                                                                                                                                                                                                                    Deep Resources Engineering 3 (2026) 100200 

9 



mechanical performance of the cement sheath, additives such as 
corrosion-resistant inorganic powders, alkali-activated mineral mate
rials, hydrophilic polymers, and water-based resins can be incorporated 
into the cement slurry[149]. Internationally, other widely used in
hibitors include film-forming agents, volatile corrosion inhibitors 
(VCIs), alkaline additives, and antimicrobial agents, which are selected 
based on specific wellbore conditions. Traditional coating materials 
such as phenolic resins, epoxy resins, phenolic varnishes, nylon, and 
other polymer-based coatings are commonly used in tubing and casing 
protection systems [150]. In recent years, the development of 
glass-reinforced epoxy (GRE) and internal plastic coatings (IPC) has 
further improved corrosion resistance and mechanical strength [151, 
152]. Additionally, to address localized corrosion caused by 
non-metallic inclusions, recent studies have shown that yttrium oxide 
(Y₂O₃) inclusions can effectively suppress corrosion, providing a theo
retical basis for the compositional design of high-resistance casing steels 
[153].

4.1.5. Control of water injection pressure
During the water injection stage, the injection volume and pressure 

should be carefully controlled based on formation conditions. Simulta
neously, monitoring of injection wells must be strengthened to avoid 
abnormal formation pressure [154]. Proper adjustment of injection 
pressure is critical for enhancing oilfield production and preventing 
adverse effects caused by pressure abnormalities. The injection pressure 
should be slightly higher than the formation pressure to ensure effective 
oil displacement [155]. However, excessively high injection pressure 
can cause water to flow along natural fractures, triggering formation 
slippage and resulting in casing damage. Conversely, low injection 
pressure may lead to inadequate oil displacement.

To maintain appropriate injection pressure and production balance 
[156], various methods can be employed. These include adjusting the 
operational status of pumps in injection wells, modifying the water 
outlet of injection wells, utilizing injection pipe networks, and 
combining these approaches with layered injection processes. The 
addition of compound surfactants can further improve oil recovery rates
[155,157]. Moreover, incorporating a single-flow valve structure in the 
injection cylinder of an eccentric water injection column has been 
shown to enhance sand prevention effectiveness [158].

4.1.6. Sand control techniques
During oil and gas extraction, sand control techniques are essential 

to prevent the formation of sand from entering the wellbore and to 
ensure stable oil production. Based on their principles and imple
mentation methods, sand control technologies are generally categorized 
into three types: mechanical sand control, chemical sand control, and 
integrated mechanical-chemical sand control. Mechanical sand control 
is the most widely applied approach. It relies on physical screening and 
fills barriers to block sand particles, with commonly used methods 
including slotted liners, wire-wrapped screens, pre-packed screens, 
fracture packing, gravel packing, and high-pressure water packing [159, 
162,163]. Among these, gravel packing is suitable for sandstone reser
voirs and effectively supports wellbore walls, preventing collapse and 
sand intrusion [164]. Wire-wrapped screens and pre-packed screens are 
ideal for wells with moderate sand production, offering good filtration 
along with high fluid permeability. Fracture packing integrates stimu
lation and sand control to enhance the development of low-permeability 
reservoirs. Chemical sand control involves injecting specific chemical 
agents (e.g., organic resins, inorganic grouts) into the formation to bond 
or reinforce unconsolidated sands and thus control sand production 
[165]. Common techniques include artificial borehole walls and 
resin-consolidation, suitable for reservoirs with high porosity and poor 
natural cementation [159–161]. This method offers strong adaptability, 
simple operation, and minimal formation damage, making it ideal for 
complex well profiles and sections unsuitable for mechanical methods. 
Table 4 compares various sand control techniques in terms of 

application conditions and advantages/disadvantages, providing a 
reference for selecting appropriate solutions based on geological and 
operational needs.

In field practice, wellbores often face complex conditions such as 
casing deformation or severe sanding, where a single sand control 
method may be inadequate. In such cases, sand control can be integrated 
with other processes—such as sand washing, water plugging, and 
stimulation—into multifunctional systems. For example, in wells with 
severe casing deformation, a “sand-washing and control integration” 
technique is commonly used: hydraulic or mechanical methods are first 
employed to remove fine sand and blockages from the wellbore, fol
lowed by the implementation of an appropriate sand control strategy to 
restore productivity[166]. In wells with fine or muddy sand that impairs 
conventional sand control effectiveness, cyclical sand removal can help 
maintain production stability [167]. For high water-cut wells, a 
“water-plugging and sand control” integrated process can extend well 
life and enhance recovery by simultaneously managing water influx and 
sand production. Overall, rational selection and optimization of sand 
control technologies are key to maintaining long-term, efficient opera
tion of oil and gas wells. As reservoir development becomes increasingly 
complex, sand control technologies are evolving toward intelligent, 
environmentally friendly, and system-integrated solutions. Emerging 
technologies—such as smart screens, nano-material sand control, and 
dissolvable metal proppants—are being gradually deployed in the field, 
offering broader technical pathways for effective sand management 
under complex well conditions.

Table 4 
Common chemical anti-sanding processes[159–161].

Chemical sand 
control 
technology

Sand control 
material

Advantages Disadvantages

Artificial 
wellbore

Cement slurry, 
pre-coated gravel, 
emulsified cement, 
water-carrying dry 
powder sand, resin 
slurry, resin 
walnut shells, etc.

Widely available 
materials, simple 
process, and 
construction

Large material 
usage, low strength, 
short effective 
duration

Resin-bonded 
formation

Porous resins, 
phenolic resins, 
furan resins, urea- 
formaldehyde 
resins, brominated 
epoxy resins, etc.

High bonding 
strength, simple 
process

Expensive, long 
construction time, 
not environmentally 
friendly

Polymer gel In-situ crosslinked 
polymer gel, 
preformed 
polymer gel (PPG), 
and foamed 
polymer gel.

High injection 
rate, high heat 
resistance, high 
mechanical 
resistance, high- 
pressure 
resistance, high 
salt resistance, 
high penetration 
porosity, low 
formation damage

Expensive, complex 
construction, can 
reduce formation 
permeability after 
use.

Nanoparticles SiO2, TiO2, ZrO2, 
CeO2

Good sand 
consolidation 
effect

High cost

Electrolysis - Minimizes 
formation damage

Uncertainty about 
applying electrolysis 
in reservoir 
conditions

Welded glass - Constant porosity 
and permeability, 
good temperature 
resistance, strong 
resistance to high- 
speed fluid

Expensive, long 
construction time
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4.2. Governance measures

4.2.1. Casing deformation wells
For casing deformation, techniques such as blast shaping and me

chanical shaping can be employed to ensure the continued production of 
wells. Common mechanical shaping tools include solid expandable tubes 
(SET), Smith expansion cones, and rolling shapers. Solid expandable 
tubes can be expanded in both inner diameter (ID) and outer diameter 
(OD), with a maximum radial expansion rate of up to 25 %. They do not 
interfere with subsequent patching or production operations [168]. 
Additionally, expandable tubes can be used to prevent and control for
mation creep [54]. The effectiveness of prevention and control increases 
with the wall thickness of the SET, leading to longer casing lifespans. 
Smith expansion cones address the issue of stuck drilling caused by 
extrusion self-locking in the contact area between the cone and casing. 
However, accurate determination of the casing’s deformation value is 
necessary when using this tool. It is also essential to control the number 
of expansion cone replacements to avoid exacerbating damage to the 
casing and cement sheath [169]. Rolling shaping is a more convenient, 
efficient, and cost-effective technique compared to other methods. It 
causes minimal damage to the casing and surrounding cement sheath 
and requires less torque and repair force than alternative shaping 
methods [170,171]. For wells with slight deformation, small-diameter 
tools for grinding, milling, and snap sealing can be used for produc
tion. Severe deformations, however, require blast shaping, solid 
expandable tubing, or rolling shaping techniques for repair.

4.2.2. Wells with casing leakage
For oil and water wells experiencing leakage, effective plugging 

measures must be implemented to ensure continued production. Com
mon plugging methods include mechanical processes such as casing 
patching, sleeve removal, and replacement, and plugging with leakage 
containment materials (LCM). Traditional plugging materials, including 
graphite, marble, nut shells, and fibers, were widely used in earlier 
applications. In recent years, advanced plugging materials have been 
developed, including bridging types, high water-loss types, absorbent 
swelling types, flexible gel types, and curable materials [172]. Building 
on these innovations, intelligent plugging materials have been intro
duced, such as temperature-responsive adhesive-loss plugging materials 
(TALCM) [173,174], shape memory polymer plugging materials [175, 
176], and self-repairing gels [177] (Table 5). In addition to these mea
sures, advanced casing damage detection techniques, such as distributed 

acoustic sensing (DAS) [178], TV imaging [179], and magnetic detec
tion [180–182], should be employed to assess the extent of casing 
damage in oil and gas wells. Utilizing these technologies enables more 
accurate diagnostics, leading to effective treatment outcomes.

4.3. Diagnostic and monitoring techniques

Effective diagnostic and monitoring technologies are essential for 
early detection of casing damage and for maintaining the integrity of oil 
and water wells. Current monitoring approaches encompass both 
traditional logging methods and advanced intelligent techniques, 
enabling multidimensional evaluation of casing stress conditions. Owing 
to their maturity and high reliability, traditional methods remain widely 
used in field operations. Caliper logging tools, equipped with multiple 
high-resolution arms, are employed to detect changes in borehole 
diameter and identify casing ovalization, bending, and shear deforma
tion [184]. Electromagnetic inspection tools (e.g., Magnelog™, PAL, 
Vertilog™, ACX™) assess variations in casing wall thickness and 
diameter based on phase shifts in electromagnetic signals. While effec
tive for identifying corrosion and wear, these tools are generally limited 
to qualitative analysis and struggle to provide real-time monitoring or 
differentiate complex failure modes [185,186]. Pressure tests are 
commonly used to evaluate the sealing integrity of the casing and 
cementing system; abnormal pressure drops often indicate leaks, frac
tures, or loose connections. Cement bond logging tools (e.g., CBL/VDL) 
are typically employed to assess the quality of cement sheaths and are 
frequently used in combination with ultrasonic imaging (USIT), acoustic 
scanning (CAST), radioactive tracer techniques (RATS), and standard 
annular pressure testing (SAPT) to improve diagnostic accuracy [187].

Given the limitations of conventional detection techniques in terms 
of real-time monitoring, intelligent sensing technologies have gained 
traction in recent years, offering enhanced accuracy and timeliness in 
identifying casing damage. Since its introduction to the oil and gas in
dustry in the 1990s, fiber-optic sensing has emerged as a key technology 
for long-term, high-precision, and remote monitoring [188,189]. 
Distributed Temperature Sensing (DTS) enables continuous tracking of 
downhole temperature variations, which aids in detecting thermal 
anomalies and fluid leakage [190]. Distributed Acoustic Sensing (DAS) 
captures and analyzes acoustic signals within the wellbore to enable 
real-time detection and localization of leaks and mechanical impacts 
[191]. Distributed Strain Sensing (DSS), based on Brillouin scattering, 
allows for continuous static strain measurement along the fiber, making 

Table 5 
Types of blocking materials [183].

Plugging materials Advantage Disadvantage Conditions of application

Bridging 
type

Granular Walnut shells, rubber, diatomaceous 
earth, shells, etc

Low impact on drilling fluid 
rheology, low cost, easy to operate

Poor matching of stratum leakage 
channel dimensions, the low pressure- 
bearing capacity of the plugging layer, 
prone to repeated leakage

Formations that are not highly 
permeable or leaky have a very 
important place in drilling fluid 
plugging

Flaky Mica flakes, vermiculite, rice husk, 
resin flakes, etc

Fibrous Sawdust, flax fiber, carbon fiber, etc
High water loss 

category
Clay, fly ash, asbestos fiber, calcium 
carbonate, etc

Easy to use, quick results, high 
success rate

Plugging effect on malignant leakage 
needs to be further improved

Crack plugging with low 
leakage rate and small size

Absorbent swelling 
type

Water-absorbent resin, pre- 
crosslinked gel particles, etc

Expansion plug, good 
deformability, independent of the 
shape and size of the leakage 
channel

Poor suction delay effect and 
temperature resistance

Porous, fractured strata

Flexible gel type Polyacrylamide gels, polyacrylonitrile 
gels, polyvinyl alcohol gels, biogels, 
etc

Excellent deformability under 
pressure

Generally low resistance to 
temperature and salt, poor long-term 
blocking stability

Plugging of different types of 
strata

Curable type Cement, slag, polyurethane, phenolic 
resin, etc

High pressure blocking ability, 
easy-to-control curing time, low 
price, simple preparation and 
operation process.

Poor resistance to dilution by drilling 
fluids and formation water, difficult to 
control curing time, high construction 
safety risk

Malignant loss of stratigraphy

Intelligent material 
type

Temperature-responsive adhesive loss 
plugging materials, shape memory 
polymer plugging materials, self- 
healing gels, etc

Excellent mechanical properties 
and high efficiency

It is still in the basic research stage, 
and its mechanism of action still needs 
to be further studied.

Autonomous adaptation to 
various complex formations
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it suitable for detecting casing deformation caused by geostress varia
tions, thermal expansion, or borehole instability—though its precision is 
generally lower than that of DAS [192]. Zhou developed a real-time 
stress monitoring system for casings by integrating Brillouin Optical 
Time Domain Reflectometry (BOTDR) with Fiber Bragg Grating (FBG) 
technology[193]. In recent years, machine learning has emerged as a 
powerful data-driven modeling tool capable of capturing the relation
ship between system states and critical variables. Applications in the oil 
and gas sector include directional drilling optimization, lithology clas
sification, shale reservoir delineation, production forecasting, and cas
ing failure analysis. Noshi et al. applied artificial neural networks and 
Python programming to model and predict casing failure based on his
torical data [194–196]. In the Granite Wash area of the Anadarko Basin 
in the U.S., machine learning was used to identify key factors influencing 
casing damage and quantify their relative importance, thereby sup
porting casing integrity management [197,198].

In conclusion, the continuous advancement of diagnostic and 
monitoring technologies—particularly the integration of intelligent 
sensing and data-driven approaches—is progressively enhancing the 
timeliness and accuracy of casing damage detection. These de
velopments provide a solid technical foundation for early warning and 
intelligent management of casing integrity in oilfields.

5. Conclusion

Casing damage in oil and gas production occurs across all stages of 
the well lifecycle, including drilling, cementing, perforation, water in
jection, and production. It is driven by complex and multifactorial in
teractions involving mechanical, chemical, and geomechanical 
processes. This study systematically reviews existing literature and field 
data to elucidate the underlying failure mechanisms associated with 
common forms of casing damage, such as deformation, rupture, and 
sealing failure. During the cementing stage, discontinuities or poor 
bonding in the cement slurry can lead to stress concentration, which 
may result in casing deformation. During water injection, formation slip 
and high-pressure fluid interaction significantly increase the risk of 
casing shear failure. Additionally, prolonged exposure to corrosive 
media accelerates casing wall thinning and perforation. To address 
casing damage at different development stages, this study proposes 
phase-specific prevention and mitigation strategies. These include using 
high-performance casing and advanced cement slurries to enhance 
wellbore integrity during drilling and cementing; optimizing perforation 
parameters and techniques to reduce dynamic impact damage during 
perforation; applying annular corrosion protection technologies and 
precise control of injection pressure to suppress corrosion and formation 
instability during water injection; and implementing mechanical- 
chemical composite sand control technologies during production to 
mitigate formation sand-induced mechanical damage to the casing.

By integrating geomechanical analysis, material performance opti
mization, and intelligent monitoring technologies, this work establishes 
a comprehensive “prevention–diagnosis–repair” technical framework. 
In particular, real-time monitoring systems based on fiber-optic sensing 
and machine learning-driven risk prediction models significantly 
enhance early-stage damage detection capabilities. As ultra-deep and 
unconventional resource development progresses, future efforts should 
focus on improving multi-physics coupling simulation accuracy, devel
oping AI-driven dynamic control platforms, and innovating eco-friendly 
materials such as degradable sand control agents and self-healing 
cement to meet extreme operational challenges. This study provides 
both theoretical support and a technical paradigm for full lifecycle 
casing management, promoting safer, more efficient, and sustainable oil 
and gas development.
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