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Abstract 

Well integrity, the assurance that a wellbore effectively contains fluids and pressures, is 
paramount for safe and environmentally responsible operations. This paper examines the critical 
aspects of well integrity management, beginning with a definition and exploration of common 
causes of integrity failures. These include corrosion, cement degradation, mechanical failures, 
and the impact of hydraulic fracturing. Effective well integrity management strategies are then 
discussed, encompassing proper well design and construction, diligent operation and 
maintenance, appropriate intervention, workover procedures, and secure well abandonment. The 
importance of adhering to regulatory requirements and industry standards is emphasized. A 
framework for risk assessment and mitigation is presented, highlighting proactive measures to 
prevent integrity breaches. The paper also explores emerging technologies poised to enhance 
well integrity, such as advanced cementing techniques, real-time corrosion monitoring, and 
sophisticated well integrity software. A compelling case study details a frac hit well where pre-
existing poor field well integrity significantly exacerbated the consequences of an underground 
blowout. Finally, the broader environmental and safety implications of well integrity failures are 
addressed, underscoring the need for continuous improvement and vigilance in well integrity 
management. 

Introduction 

Well integrity is the assurance of a well's capacity to contain hydrocarbon fluids and pressures, 
thereby preventing unintentional fluid migration to other subsurface formations or the 
atmosphere. This integrity is a direct function of the physical, chemical, and mechanical efficacy 
of all wellbore barriers—both engineered and natural—throughout a well's entire lifecycle. A 
2017 study from the Harvard T.H. Chan School of Public Health highlighted a significant 
systemic risk, finding that over 20% of active underground natural gas storage (UGS) wells in 
the U.S. may be susceptible to failure due to their obsolete design. A breach in integrity can 
result in severe consequences, including uncontrolled blowouts, significant financial overruns, 
and compromised operational efficiency. 



Salt Cavern Storage: A Modern Approach with Unique Challenges 

As a more modern and robust form of storage, solution-mined salt caverns have seen widespread 
development since the 1960s. The wells drilled for these facilities are specifically engineered to 
endure the rigorous, cyclic stresses of high-pressure injection and low-pressure withdrawal 
operations, a key distinction from older wells that were repurposed from conventional oil and 
gas fields. The industry's trend reflects this, as most new U.S. gas storage facilities constructed 
since 2007 have been salt caverns, a testament to their robust design and operational flexibility. 

Despite their advanced design, these modern wells are not immune to integrity challenges. The 
dynamic operational environment, characterized by repeated pressure and thermal fluctuations, 
imparts significant stress on the steel casing and the cement sheath. This can induce fatigue 
cracking in the steel and the formation of micro-annuli, which are minute channels that 
compromise zonal isolation. Such a failure can create a pathway for fluid migration, posing a 
risk to both safety and environmental containment. 

Proactive Integrity Management 

Improvements in oilfield technology, processes, and equipment have led to increased U.S. daily 
production, even as rig counts decline. Operators are maximizing output from existing assets 
through advances in hydraulic fracturing, efficiency, and lift technologies. As wells age and the 
number of frac-hit incidents rises, it is crucial for operators to invest in new techniques and 
technology to maintain their current well infrastructure. 

This is especially true for natural gas storage companies, given the significant expansion in this 
sector. For example, U.S. working gas storage capacity in salt caverns more than doubled in a 
decade, growing from approximately 250 billion cubic feet (Bcf) in 2008 to over 550 Bcf by 
2024. This rapid expansion underscores why a single well integrity issue may affect a whole gas 
storage field. 

Companies should prioritize proactive investments in new and emerging technologies to prevent 
well integrity issues in salt cavern storage rather than allocating funds to reactive solutions. The 
immense economic and environmental risks of a cavern well failure, which can jeopardize an 
entire field's capacity, far outweigh the costs of preventative measures. The industry must 
address these challenges by implementing specialized technologies before aging well 
infrastructure failures incur stifling new regulations from state and federal energy regulators. 

Common Causes of Well Integrity Issues 

A study on global underground gas storage (UGS) facilities revealed that 55% of well 
component failures occur in casings and 32.5% in wellheads, with corrosion, cement 
degradation, and human intervention being the primary causes. 



Corrosion is a leading cause of casing and tubing failure. Corrosive agents such as hydrogen 
sulfide (H2 S), carbon dioxide (CO2 ), and saline water can accelerate corrosion rates, 
particularly in high-pressure, high-temperature (HPHT) environments. The Yaggy storage field 
incident in Kansas in 2001 is a notable example where a leak from a storage well's production 
casing migrated through old brine wells, causing explosions and fatalities. 

Cement degradation poses a significant integrity risk as cement plays a crucial role in zonal 
isolation. Contributing factors to cement failure include the slow, plastic deformation of the salt 
formation, known as "salt creep," which can induce vertical tensile strains in the lower cemented 
section of the casing. Research shows this deformation is most significant at the cavern's floor 
and lower sidewall, potentially causing tensile fracturing of the cement sheath. Additionally, 
pressure and thermal cycling can lead to the formation of micro-annuli, compromising the 
cement's seal. Chemical attack, biological activity, and poor initial placement are also 
contributing factors. The Aliso Canyon incident in 2015 is a widely cited case of a catastrophic 
well failure where a single-point-of-failure cement design led to the largest accidental methane 
release in U.S. history. 

Hydraulic fracturing of offset wells can introduce unwanted pressure to nearby wells, exploiting 
pre-existing weaknesses. A study on underground fuel storage facilities found that of 1,023 
documented incidents worldwide, 38% were attributed to well integrity issues, with another 25% 
due to geological or subsurface integrity causes. 

Well Integrity Management for Salt Cavern Storage 

Well integrity management begins in the planning stages with a robust well design 
specifically tailored for salt cavern operations. This includes appropriate casing selection, 



centralization, and cementing procedures, with careful consideration given to pressure 
ratings and the unique cyclic stresses of injection and withdrawal operations. Selecting 
materials resistant to corrosive agents like H2S or CO2  is crucial for ensuring long-term 
integrity in these high-pressure, high-temperature (HPHT) environments. A critical failure in 
the planning phase can result from neglecting a comprehensive subsurface risk 
assessment. The assumption of simple, uniform geology can be a significant oversight; if 
the initial model fails to identify a pre-existing fault line, a karst feature, or an adjacent 
abandoned wellbore, the designed casing and cement program will be fundamentally 
flawed. This could result in an integrity failure during injection or withdrawal cycles, where 
pressure and temperature fluctuations induce stresses that the wellbore is not designed to 
withstand. Unexpected communication with an unknown feature can lead to an 
uncontrollable release of stored gas or fluids, resulting in an underground blowout and 
potential surface contamination. 

Proactive Monitoring and Maintenance 

Continual monitoring and maintenance are essential for sustaining well integrity in salt 
caverns. This includes regular annular pressure monitoring, which is a primary indicator of 
gas migration, and downhole integrity logging using specialized tools to assess casing 
corrosion and deformation. Given the corrosive nature of some cavern fluids, tools like 
electromagnetic thickness tools and finger calipers are crucial. Maintaining wellhead 
integrity on a storage well is equally critical, as it serves as the primary surface barrier. A 
robust preventative maintenance program focuses on regular visual inspections, functional 
testing, and lubrication to ensure all components can withstand the cyclic stresses of 
injection and withdrawal. Timely maintenance helps detect early signs of barrier 
degradation and supports proactive remediation. 

Data Management and Intervention 

Moving well integrity data to a cloud server offers significant benefits for operational 
efficiency and regulatory compliance in salt cavern management. The ease of access to 
both historical and real-time data from advanced systems, such as real-time fiber optic 
sensing, allows operators to respond to emergencies quickly and effectively. By analyzing 
historical and present data, analysts can identify wells with accelerating corrosion issues 
or those experiencing strain from salt creep, enabling proactive maintenance. Storing data 
in a PHMSA-approved interface provides a clear and verifiable demonstration of 



compliance, which can build trust with regulators and lead to smoother approval 
processes. 

Well interventions, such as equipment replacement or re-perforations, must be 
meticulously planned to maintain or restore integrity. Operators can utilize specialized 
retrievable plugs, sealants, and packers designed to handle the high pressures and unique 
downhole conditions of salt caverns. 

Plugging and Abandonment 

At the end of a well’s life cycle, proper plugging and abandonment procedures are critical 
for storage wells. The goal is to ensure permanent zonal isolation against the high-pressure 
gas and the constant stress from formations. This involves setting multiple mechanical 
barriers, placing specialized cement plugs at strategic intervals, and verifying pressure 
isolation. A poorly executed abandonment may lead to long-term pressure buildup and 
environmental issues, potentially requiring extensive and costly re-abandonment 
operations in the future. 

Case Histories 

In 1988, a significant ethylene gas release occurred at a salt cavern well in 
Teutschenthal/Bad Lauchstädt, Germany. The event was caused by a damaged connection 
in a single, shallow-set cemented casing, which allowed ethylene to leak and accumulate 
beneath a sealing formation. This created a measurable uplift in the overburden, inducing 
tensile stress on the casing and ultimately leading to catastrophic failure and the 
uncontrolled release of the cavern's inventory. While there was no ignition, the incident had 
major consequences, leading to fundamental changes in well design and operational 
procedures. As a direct result of this event, the industry adopted the practice of using at 
least two cemented casings and mandated rigorous inspection of all welded connections. 
The incident also highlighted the critical need for permanent monitoring of the annulus to 
detect early signs of a breach, ensuring that such a failure would not recur. 

In August 2004, a natural gas storage cavern at the Moss Bluff, Texas facility, experienced a 
major gas release and subsequent fire. The investigation determined that the initiating 
event was the separation of the well string inside the cavern. This failure, compounded by 
the mechanical forces of the high-pressure gas flow, led to a catastrophic breach in the 
wellhead piping, which had experienced significant wall loss due to internal corrosion. The 
blowout resulted in an uncontrolled release that ignited, leading to a fire that self-
extinguished after six days, but only after releasing the entire 6 billion cubic feet of natural 



gas stored in the cavern. The incident reinforced the industry's focus on the critical 
importance of routine inspection and maintenance of both surface piping and wellhead 

components, in addition to downhole integrity management. 

Both the Moss Bluff and Teutschenthal incidents are crucial case studies for well integrity 
because they highlight different, yet equally critical, failure modes that are not solely 
downhole. The Moss Bluff incident reinforced the importance of routine inspection and 
maintenance of surface wellhead components and piping, demonstrating that a failure can 
originate from corroded or damaged equipment above ground, with catastrophic 
consequences. The Teutschenthal incident underscored the risk of a failure in a single, 
shallow casing string and the dangers of underground product migration. Together, these 
events emphasize that a holistic approach to well integrity is required, one that 

encompasses not only robust downhole design and monitoring but also the continuous 
inspection and maintenance of surface infrastructure. 

Risk Management 

A proactive approach to risk management, which includes identifying hazards, assessing the 
likelihood and consequences of failure, and developing mitigation strategies, will assist 
operators to identify and respond to existing pain points.     

Use Gas Dispersion, Flammability, and Explosion Modeling 

Using two existing technologies in a new way can yield quite useful results for meeting PHMSA 
and API  requirements relating to developing preventative and mitigative measures for storage 
wells in regard to third party damage when well integrity fails.  Combining gas dispersion 
modeling with Google Earth or infrastructure geographical data can let operators know where a 
well’s red or yellow zone, which are the areas where a well might cause damage through ignition 
or explosion, are encroaching on dwellings, major pipelines, production stations, etc.    

Modeling does not have to be performed for every well under an operator’s control; wells can be 
categorized.   Wells can then be separated into categories of similar type, and modeling can be 
performed for the highest blowout-rated well in each category type.   Inputs for gas dispersion 
modeling include AOF (absolute open flow) or blowout rate, blowout fluid type, formation depth 
& pressure, and blowout fluid exit size.   

The chart below summarizes the flammability and explosion envelopes for several South 
American production wells.  The wells were put into four categories with a majority of the wells 
having 5-1/2” casing.   



Chart 1 – Categorizing South American Production Wells by Flammability and Explosion 
Potential 

Figure 2 – Overlay of a Satellite Image Showing Red and Yellow Flammability Zones for a 
Category B Well 

Yellow Zone Yellow Zone

MMSCFD feet feet feet t feet feet
A 5" 18.6 236 581 207
B 5-1/2" 21.6 253 627 223
C 5-1/2" 49.4 551 1368 341
D 5-1/2" 98.9 673 1686 482

Level of Explosion Not Achieved

Flammability Explosion

Red Zone Red Zone Orange Zone
Category

Blowout 
Rates 

Blowout Exit 
Casing to 

Atmosphere 30000 ppm / 60% 
LEL Flame Pockets

5000 ppm /     
10% LEL

8.0 psi / destruction 
of buildings

3.5 psi        
serious injury 

1.0 psi 
shatters glass



Well Name 

Flammability 

Red Zone Yellow Zone 

30000 ppm / 60% 
LEL / Flame 

Pockets 

5000 ppm / 10% 
LEL 

0 - 253 ft 253 - 627 ft 
SMRI #243 1 3 
SMRI #244 
SMRI #245 
SMRI #246 
SMRI #247 1 
SMRI #248 1 
SMRI #249 
SMRI #250 1 5 
SMRI #251 1 1 

Chart 2 – Number of Residences or Infrastructure within Flammability Zones for a Category 
B Type Well 

GIS technology provides a robust framework for managing well integrity by integrating diverse 
data streams into a centralized, geospatial platform. A key application involves using spatial 
analysis to overlay flammability zones—calculated based on potential release scenarios—onto 
high-resolution satellite imagery or GIS basemaps. This allows operators to visualize the direct 
impact of a potential loss of containment on nearby residential areas, critical infrastructure, or 
sensitive environmental features. 

This spatial visualization capability, however, is merely a component of a larger analytical 
process. Data analysts can leverage GIS to perform complex queries on large datasets, cross-
referencing well integrity reports with other critical variables such as well age, pressure history, 
corrosion logs, and proximity to fault lines or offset hydraulic fracturing operations. By using 
spatial analytics and algorithms, analysts can move beyond simple visualization to quantitatively 
rank wells based on their risk profile. For example, a well with a known casing anomaly located 
within a high-consequence flammability zone would be automatically flagged as a high priority. 

This data-driven approach allows for the efficient sifting of a vast inventory to identify the wells 
most at risk of causing a significant off-site event. This objective, prioritized risk assessment 
then provides a clear basis for diverting well integrity resources and proactive maintenance to the 
wells that pose the greatest threat to safety and infrastructure. This methodology fundamentally 
shifts integrity management from a reactive, incident-based model to a proactive, risk-based one. 



Wellhead Auditing 

Wellhead audits for natural gas storage wells, as mandated by PHMSA and detailed in API 
Recommended Practice 1171, Section 7.4.2, are a critical component of a proactive well 
integrity management system. For salt cavern wells, which operate under extreme cyclic 
pressures, these audits are essential for ensuring the continued integrity of the primary surface 
barrier. 

A modern wellhead audit system leverages portable field tablets to capture and centralize 
technical data. This includes manually recorded pressure data from gauges, photographic 
evidence of casing condition and wellhead components, and detailed observations of valve 
functionality. This captured information is then uploaded to a secure, cloud-based customer 
portal. This system provides a PHMSA-compliant data record that is easily accessible for 
regulatory audits and internal analysis. 

Wellhead Audit Being Performed 
The audit provides a rigorous, documented investigation of key wellhead parameters. This 
encompasses the verification of pressures across the various annuli to detect potential downhole 



leaks and a comprehensive check of all valves (master, wing, and swab) for functionality and 
seal integrity. Furthermore, a thorough inspection for external corrosion, mechanical damage, or 
other faults is performed. This systematic process ensures the wellhead's operability and its 
capacity to safely contain pressures during both injection and withdrawal cycles. 

Figure 3 – Screenshot of a Wellhead Audit Database Customer Interface 

Threat and Hazard Identification & Analysis for Risk Management Program  
Combining multiple technologies, some new and some existing, together can provide crucial 
information to allow operators to make their PHMSA-required Risk Management Program even 
more effective, leading to better well integrity results.   



Technologies that assist operators in gathering critical wellsite information have advanced 
significantly, enabling more proactive and informed decision-making. Gas dispersion and radiant 
heat modeling software allows operators to simulate the effects of hydrocarbon or chemical 
releases on nearby residences and infrastructure, especially when integrated with geolocation 
data and well information to identify high-risk wells. Wellhead component corrosion can be 
assessed using wellhead auditing software and handheld ultrasonic devices that measure wall 
thickness, helping detect thinning areas prone to failure. Real-time pressure monitoring 
devices now offer immediate alerts for sudden pressure changes, which may indicate well 
integrity issues. Additionally, cementing technologies are being used to mitigate annular cement 
degradation, a common problem in aging wells. Finally, advanced gas measurement tools are 
improving the detection of leaks, helping operators reduce pollution and environmental impact. 

This wellsite information can then be used to assess as part of the PHMSA and API RP 1171 risk 
management program.  Each piece of information can be given a point value.  

Chart 3 – Sample of Risk Points Allocation 

After point values for each data point are accrued, those points can be given weight depending 
on the operator’s risk preferences.   

Specific Risk Flammability Valves Along the Run Wing Valves (Casings, 
Tubing Head)

Risk Value Points 
Range (Low - High) 0-10 points 0-4 points 0-2 points

10 points: any building or 
infrastructure within red zone

4 points: any functionality 
issues, severe corrosion

4 points: any functionality 
issues, severe corrosion

2 points: any building or 
infrastructure within yellow zone

2 point: moderate 
corrosion

2 points: moderate 
corrosion

0 points: no buildings or 
infrastructure within any yellow 

or red zone
0 points: no issues 0 points: no issues

Risk Consideration



Figure 4 – Risk Weights of Different Risk Categories 

Figure 5 – Wellhead Risk Level Histogram 



• To effectively manage the integrity of a well inventory, operators can implement a
quantitative risk assessment methodology. By assigning a risk value to each well based
on factors such as age, pressure history, and proximity to faults, a risk histogram can be
generated. This tool provides a powerful visual representation of the entire well
population, enabling operators to quickly identify wells with the highest risk
concentration, which are often termed "most heavy risk wells."

This data-driven approach is crucial as it shifts resource allocation from a broad, reactive
strategy to a targeted, proactive one. Instead of distributing maintenance resources thinly
across the entire field, operators can direct them where they will yield the greatest impact
on safety and operational continuity. This might involve applying mitigating resources
directly to the highest-risk wells through proactive maintenance, equipment upgrades, or
operational changes to reduce the likelihood of a loss of containment. Furthermore, these
high-risk wells can be prioritized for further downhole investigation using specialized
tools.

Emerging Technologies 
Recent innovations in well cementing for salt cavern storage include the use of self-healing 
cements, expanding cements, and fiber-reinforced blends. These advanced formulations are 
specifically engineered to better withstand the cyclic pressure and thermal stresses of injection/
withdrawal operations, and to resist the long-term effects of salt creep, thereby enhancing zonal 
isolation. Improvements in placement techniques, such as real-time cement evaluation and foam 
cementing, further contribute to the reliability of the annular barrier. 

Advanced monitoring and diagnostic advancements in this sector are shifting towards real-time, 
non-intrusive surveillance. While traditional wireline logging tools remain relevant, innovative 
technologies now provide continuous downhole data for early detection of integrity issues. 
Distributed Fiber Optic Sensing (DFOS) systems, for example, have demonstrated the ability to 
successfully detect gas leaks as small as 1.5 liters per minute through the cement sheath, a 
significant improvement over conventional methods. This technology can also detect minute 
strain changes in the casing, providing an early indicator of tubing deformation or failure. New 
tools utilizing acoustic and electromagnetic principles, such as ultrasonic inspection, are 
specifically designed to detect and quantify corrosion and damage that traditional logging 
systems may not identify. At the surface, ground-penetrating radar (GPR) provides a non-
intrusive method for detecting subtle ground subsidence or deformation above the cavern, which 
can be an early indicator of subsurface integrity loss. 

Furthermore, these systems are now integrated with AI monitoring platforms. These platforms 
ingest vast datasets from pressure gauges, diagnostic logs, and even surface GPR scans to 
establish a baseline of normal operation. The AI then continuously analyzes these data streams to 
identify subtle anomalies and correlate them to potential failure modes. By leveraging machine 
learning, these platforms can forecast potential failures based on historical performance trends, 
enabling a proactive, risk-based approach to integrity management that identifies issues before 
they escalate. 



Conclusion 

Ensuring well integrity is a multidisciplinary challenge that spans the entire lifecycle of a well. 
With aging infrastructure, complex reservoir conditions, and evolving drilling technologies, the 
risks to integrity are dynamic and require equally dynamic solutions. Through rigorous design, 
consistent monitoring, regulatory compliance, and adoption of existing or emerging 
technologies, the industry can significantly reduce the occurrence of well integrity failures and 
their associated consequences. 

Drawing upon a holistic view of well integrity management, it becomes clear that a transition 
from reactive to proactive strategies is paramount for the safety and longevity of natural gas 
storage. The case histories of Moss Bluff and Teutschenthal underscore that a catastrophic failure 
can originate from both downhole and surface-level components, emphasizing the need for 
comprehensive oversight. The inherent challenges of salt cavern storage, driven by cyclic 
pressure and thermal stress, necessitate the use of modern, purpose-built wells, even though these 
wells are not immune to integrity issues. 

To mitigate these risks, the industry must fully embrace emerging technologies. This includes 
using specialized cements to combat fatigue and degradation, deploying real-time downhole 
monitoring systems such as DFOS and ultrasonic tools, and incorporating surface-level 
surveillance with technologies like ground-penetrating radar. At a macro level, the integration of 
AI-driven platforms is the next step, as they can analyze vast, disparate datasets from multiple 
sources to predict failures before they occur. By assigning a quantifiable risk value to each well, 
operators can leverage these insights to strategically allocate resources, prioritizing interventions 
on the highest-risk assets. Ultimately, this data-driven, proactive approach is essential for 
ensuring long-term well integrity and avoiding the severe financial, environmental, and 
regulatory consequences of a well control failure. 
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