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Abstract. This work proposes a reliability-based framework to estimate the Remaining Useful Life (RUL) of well
tubulars throughout the lifecycle of oil and gas wells. The RUL estimation is supported by a probabilistic analysis
that accounts for uncertainties in geometrical and material properties, based on failure modes defined in the
API/TR 5C3 standard. The framework is applicable to both design and monitoring phases, incorporating
degradation mechanisms such as corrosion. The methodology integrates a mechanical model to calculate safety
factors and failure probabilities associated with internal and external pressures and axial forces, as defined by
API/TR 5C3. Structural reliability methods combined with Monte Carlo simulation are used to propagate
uncertainties and to update failure probabilities over time. The framework enables the estimation of key integrity
indicators, such as the failure rate and Mean Time to Failure (MTTF), essential for RUL assessment. A case study
is presented, utilizing statistical data on mechanical properties, and degradation effects. The proposed methodology
allows for integrity assessment under both serviceability and survival load conditions, incorporating advanced
features such as the effect of corrosion in several loading scenarios. By capturing the variability of mechanical and
geometrical parameters over time, the approach provides a robust basis for evaluating the mechanical condition
and failure probability of casing and tubing strings. These results support more informed decision-making in RUL
analysis and contribute to the improvement of well design and monitoring strategies

Keywords: Remaining Useful Life, Structural reliability methods, Failure rate, Mean Time to Failure, Casing
design

1 Introduction

The design of oil and gas wells is a complex process requiring technical solutions to ensure safe and efficient
operation throughout their lifecycle [1]. It involves selecting and installing steel casing and cementing materials
along the wellbore to preserve structural integrity, control pressure, and prevent leaks or contamination. A well-
designed casing system protects against mechanical damage and environmental risks while ensuring operational
performance. At this stage, it is critical to verify that all components are designed to withstand the maximum
expected loads over the well’s service life [2]. Well integrity is maintained through well barriers, protective layers
that prevent, control, or mitigate unwanted events [3,4]. Barriers may be physical, technical, human, or
organizational; here, focus is given to the physical barrier provided by the casing system.

Reliability-based integrity analysis is essential to prevent or mitigate risks during installation and
maintenance. It accounts for uncertainties in material properties, environmental loads, and operational conditions.
Existing studies address the probabilistic response of well structures [5-7] and statistical models for failure
prediction and Remaining Useful Life (RUL) estimation [8-12] Factors influencing RUL include material
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degradation, changing reservoir conditions, and effects such as corrosion, which can lead to metal loss and
increased risk of extreme events. Studies have examined collapse strength of corroded tubulars [13], corrosion-
related failure probabilities in pipelines [14], and late-life integrity management [15].

Despite advances in well integrity assessment, there is a lack of studies on the RUL of tubulars considering
both degradation and extreme scenarios such as Worst Case Discharge (WCD). This work addresses this gap by
combining statistical characterization of geometry, material, and load parameters with API/TR 5C3-defined failure
modes to estimate tubular failure rates over the well’s lifecycle.

1.1 Reliability analysis

The reliability analysis can be defined as the ability of a component to perform a required function, under
certain environmental and operational conditions, during a specified time interval [16]. Reliability aims to evaluate
the failure rate of the desired component. In this regard, while in survival analysis the survival function, S(t), is
generally used, in reliability engineering the reliability function R(t) is defined, which indicates the probability
that the component be working at a time t:

R(t)=P(T 2) = f f(t)dt. Q)
t

Therefore, the failure time T must be greater than the analysis time t. Its kernel contains f(t), the probability
density function (pdf), as follows:
P(t<T <t+At)

I )

o= i,

The cumulative distribution function F(t) defines the probability that a given item will fail by time ¢, which
is the complement of R(t),

Ft)=1—-R(t)= P(T<t)= ftf(t)dt. 3)
0

The failure rate is defined as

PE<T<t+AtIT2t) f(t) A
At " R(® “)

O = A

1.2 Weibull distribution for RUL estimation

The Weibull distribution is a widely used criterion in reliability engineering as it can represent decreasing,
constant and increasing failure rates by using two parameters, n and 8. The first, n > 0, is a scale parameter, while
the second, B > 0, is the shape parameter. These two parameters and the pdf f(t) are following described:

£ = f?(%)ﬁ_l th (5)

The reliability function takes the form:
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t\B
R(E) = 1—F(t) = el0) Q)
and the failure rate can be defined as follows:
f©) _ Bty
o) =2 2=2() ™
R(®) n\n
Finally, the mean time to failure (MTTF) can be written, in terms of the Gamma function T
*© 1
MTTF = f F(O) tdt =T (E + 1). ®)
0

2 Proposed Methodology

The methodology proposed in this work is based on Monte Carlo simulations to create realizations of the
model and predict the remaining useful life (RUL) of tubulars. The data from these realizations is used to estimate
reliability data. Fig. 1 presents the proposed methodology flowchart, which all steps, including mechanical model,
reliability assessment and RUL data, to estimate failure rate.

 Burst and collapse failure modes;
* Worst Case Discharge (WCD) scenarios;

* Random parameters (geometric, material, corrosion and load);

« Each realization estimates one month of the well's lifecycle;

* For each Monte Carlo simulation, a life cycle of the well is completed;
* Decrease in wall thickness along the well's life due to corrosion;

* Failure can occur at any time during the well's lifecycle.

« Failure and survival functions;
* Failure rate;
* Mean time to failure for casings (MTTF).

Figure 1. Proposed methodology flowchart

The structure of the Monte Carlo simulations is presented in Fig. 2. In total, 50,000 simulations are performed
month by month over the well's lifetime. The simulation procedure is stopped at the first failure and is then
evaluated the next month. Thus, the failure rate can be quantified throughout the service life.
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Figure 2. Flowchart of the Monte Carlo simulation for each month

2.1 Case Study

The proposed methodology is verified in an oil production well under a water depth of 804 m (Fig. 3), whose
schematics is presented in Fig. 3. For service loading scenarios, the API/TR 5C3 [17] equations for Service Limit
State (SLS) are used, based on the tubular elastic limit. For survival loads, the normative equations for Ultimate
Limit State (ULS) are adopted, which aim to estimate the ultimate resistance of the tubulars. For the proposed
methodology, the uncertainties inherent to resistance are presented according to the statistical characterization

presented in the Annex F of API/TR 5C3 [17].

Mud Line (804 m)

Air Gap (33 m)

|

|

Conductor 36” (919 m)

Surface 22" (2037 m)

Production 14” (3480 m)

Production Liner 9 7/8” (4775 m)

Production Liner 7” (5290 m)

Figure 3. Wellbore schematic diagram
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The casing properties are presented in Table 1, regarding tubular parameters, mud weight, as well as borehole
parameters. It is important to mention that the case study assesses the production liner (Phase 4). Table 1 details
each casing of the well regarding tubular parameters, as fluid density and True Vertical Depth (TVD).

Table 1. Casing parameters

oD Fluid density
Phase Name Type - Grade TVD (m

YPe | (in) ™ | opg)
1 Conductor | Casing 36 X-80 919 8.55
2 Surface | Casing | 22 X-60 2037 8.55
3 Production | Casing | 14 X-80 3480 12.30
4 Production Liner 9y, C-110HC 4775 12.30
5 Production | Liner s TN 110Cr 135 5290 13.50

Table 2 presents mechanical and geometric properties used in the analysis. The random casing properties can
be found at API/TR 5C3 [17]

Table 2. Deterministic parameters used in the case study considering the production liner.

Parameter Casing

Wall thickness (in.) 0.453
Young’s Modulus, E (GPa) 300
Poisson Ratio, v 0.30

Finally, the limit state equation is presented in Eq. 9, based on Klever and Tamano [18] and Klever and Stewart
[19] equations. The failure function for the external resistance pressure is defined considering the parameters in
Table 3.

G(D, t, fy, ov", ec*, rs*, mujr) = Rprop — AP 9)

where AP is the differential pressure regarding the loads presented in Table 4 and the WCD influx scenario, Table
2. Ryrop s tubular resistant, based on Klever-Tamano [18] (collapse) and Klever-Stewart [19] (burst) models, and
the random variables in API/TR 5C3 [17].

The case study estimates the RUL parameters of a 20-year lifetime offshore production well. Statistical
information about tubular geometry, material and degradation effects are taken into account. The simulation
covers two operational phases: drilling for the first 2 months and production for the following 238 months. In the
drilling stage, the WCD is considered, whereas in the production stage, the critical loads for burst, pressure test,
and for collapse, full evacuation, were considered. The limit state equation presented in Eq. 9 is considered. In
Fig. 4a, the failure rate in logarithmic scale is presented. After the first months, an increase in failure probability
is expected, as corrosion reduces the wall thickness of the tubulars, thereby weakening their strength, Fig. 4b.
Consequently, the survival function declines, and the failure function increases over time (Fig. 5). This degradation
in strength leads to a higher failure rate throughout the well’s lifecycle, potentially compromising its Remaining
Useful Life (RUL). Notably, an exponential increase in the failure rate, during the production stage, is observed
starting at 165 months. The MTTF of this casing is estimated in 301 months.
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Figure 4. Failure rate of the well analyzed considering the entire 20-year lifetime (a) and final years (b).
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Figure 5. Failure function (a) and survival function (b) considering the well analyzed.

3 Conclusions

The methodology assesses the integrity of well tubulars in both burst and collapse load scenarios, enabling
advanced features such as the consideration of wear degradation and corrosion. Klever and Tamano [18] and
Klever-Stewart [19] equations were utilized in the resistance criterion, Eq.9. WCD scenarios are applied during
the drilling phase, whereas hydrostatic loads are considered in both the drilling and production phases. The critical
loads were chosen to estimate RUL parameters of the well. Accounting for the variability inherent to mechanical
and geometrical variables throughout the service life of casing and tubing strings allows evaluating their
mechanical condition and failure probability over time. These findings contribute to the decision-making process
in RUL analysis, enhancing well design and monitoring practices.

Acknowledgements. The authors would like to acknowledge LCCV/UFAL for the technical support provided and
to CENPES/PETROBRAS for their technical and financial support.

CILAMCE-2025

Proceedings of the joint XLVI Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Vitéria, Brazil, November 24-27, 2025



Luis Philipe R.A., Lucas P.G., Eduardo Toledo L.J, Jodo P. L. S., Danilo C. Andre. A.

Authorship statement. The authors hereby confirm that they are the sole liable persons responsible for the
authorship of this work, and that all material that has been herein included as part of the present paper is either the
property (and authorship) of the authors, or has the permission of the owners to be included here.

References

[1] B. Haaland B. Life Cycle Well Integrity and Reliability. M.Sc. Thesis, Universitetet i Stavanger, Stavanger, Norway, 2017.
[2] NORSOK. Norwegian Technology Standards Institution. NORSOK D-010: Well Integrity in drilling and well operations.
Rev. 4. Lysaker (Noruega), 2013.

[3] ISO, International Organization for Standardization. 1SO 13628- 1: Petroleum and Natural Gas Industries — Design and
Operation of Subsea Production System — Part 1. General Requirements and Recommendations. Second Edition, 2015.

[4] D. Colombo, G.B.A. Lima, J.P. Papa et al. A machine learning approach to predict the reliability of well safety barriers
under different conditions. In 32nd European Safety and Reliability Conference, Dublin, Ireland. https://doi.org/10.3850/978-
981-18-5183-4_S01-04-420-cd, 2022.

[5] L.P. Gouveia, E.T. Lima Junior, W.W.M. Lira, et al. Reliability-Based Assessment of the Residual Collapse Strength for
Damaged Tubes Scanned with Ultrasonic Log. In Offshore Technology Conference, Houston, Texas, USA. OTC-35281-
MS. https://doi.org/10.4043/35281-MS, 2024.

[6] S. Yang, R. Zhang, J. Wang et al. Reliability Assessment of Ultra-Deep Oil and Gas Wellbore Casing Using Data Statistics
and  Numerical  Simulations.  Journal  of  Loss  Prevention in the Process Industries  69:
104369. https://doi.org/10.1016/j.jlp.2020.104369, 2021.

[7] C.A.F. Vérady Filho, J.K.F. Tendrio, E.T. Lima Junior et al. On the Probabilistic Assessment of Tophole Casing Design,
SPE J 29(09): 4764-4770. doi: https://doi.org/10.2118/221493-PA, 2024.

[8] D. Colombo. Proposi¢cdo de um Modelo Markoviano de Apoio ao Gerenciamento de Riscos & Integridade de Pocos
Submarinos. M.Sc. Thesis (in  Portuguese), Fluminense Federal University, Rio de Janeiro, Brasil.
http://dx.doi.org/10.22409/PSG.2018.mp.39549247813, 2018.

[9] L. Zhao, D. Feng. "Deep neural networks for survival analysis using pseudo values”, IEEE Journal of Biomedical and
Health Informatics, v. 24, n. 11, p. 3308-3314, 2020a. https:/doi.org/10.1109/JBHI.2020.2980204.

[10] F. Louzada, J.A. Cuminato, O.M.H. Rodriguez et al. Incorporation of frailties into a non-proportional hazard regression
model and its diagnostics for reliability modeling of downhole safety valves, IEEE Access 8: 219757-219774.
http://doi.org/10.1109/ACCESS.2020.3040525, 2020.

[11] M.S. Kovalev, L.V. Utkin, E.M. Kasimov. SurvLIME: A method for explaining machine learning survival models.
Knowledge-Based Systems 203: 10616. http://doi.org/10.1016/j.knosys.2020.106164, 2020.

[12]C. Nagpal, R. Sangave, A. Chahar et al. Nonlinear Semi-Parametric Models for Survival Analysis.
http://arxiv.org/abs/1905.05865, 2019.

[13] L.P. Gouveia, E.T. Lima Junior, W.W.M. Lira et al. Reliability-Based Assessment of the Residual Collapse Strength for
Damaged Tubes Scanned with Ultrasonic Log. In Offshore Technology Conference, Houston, Texas, USA. OTC-35281-
MS. https://doi.org/10.4043/35281-MS, 2024.

[14] F.C.M. Thom, G. Sisquini, M. Jorddo. Failure probability calculation model applied to gas pipelines. REM - International
Engineering Journal 78(1): e240025. https://doi.org/10.1590/0370-44672024780025, 2025.

[15] E.G. Veruz, AJ. Silva, M.G.C. Michalski et al. A framework for planning underwater hull inspections based on computer
vision and degradation assessment, Ocean Engineering 317: 120053. https://doi.org/10.1016/j.0ceaneng.2024.120053, 2025.
[16] D. Semwogerere, S. Sangesland, J. Vatn,A. Pavlov, D. Colombo. Well integrity and late life extension - A current industry
state of practice and literature review, Geoenergy Science and Engineering, Volume 244, 2025, 213419, ISSN 2949-8910,
https://doi.org/10.1016/j.geoen.2024.213419.

[17] API TR 5C3. Technical Report on Equations and Calculations for Casing, Tubing, and Line Pipe Used as Casing or
Tubing; and Performance Properties Tables for Casing and Tubing. 1st. ed. Washington, D.C, 2018.

[18] F. Klever, G. G. Stewart. Analytical burst strength prediction of OCTG with and without defects. In SPE Applied
Technology Workshop on Risk Based Design of Well Casing and Tubing, The Woodlands, Texas, USA. SPE-48329-MS.
https://doi.org/10.2118/48329-MS, 1998.

[19]F.Klever, T. Tamano. A new OCTG strength equation for collapse under combined loads. SPE Drilling & Completion
21(3): 164-179. https://doi.org/10.2118/90904-PA, 2006

CILAMCE-2025
Proceedings of the joint XLVI Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Vitéria, Brazil, November 24-27, 2025


https://doi.org/10.3850/978-981-18-5183-4_S01-04-420-cd
https://doi.org/10.3850/978-981-18-5183-4_S01-04-420-cd
https://doi.org/10.4043/35281-MS
https://doi.org/10.1016/j.jlp.2020.104369
https://doi.org/10.2118/221493-PA
http://dx.doi.org/10.22409/PSG.2018.mp.39549247813
http://doi.org/10.1109/ACCESS.2020.3040525
http://doi.org/10.1016/j.knosys.2020.106164
http://arxiv.org/abs/1905.05865
https://doi.org/10.4043/35281-MS
https://doi.org/10.1590/0370-44672024780025
https://doi.org/10.1016/j.oceaneng.2024.120053
https://doi.org/10.1016/j.geoen.2024.213419
https://doi.org/10.2118/48329-MS
https://doi.org/10.2118/90904-PA

