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Abstract


The rehabilitation of critical water-conveyance infrastructure plays a fundamental role in the water–energy nexus and constitutes a key strategy for extending the operational lifetime of hydropower facilities. These interventions are aligned to the United Nations’ 2030 Agenda, which declare that ensuring access to affordable, reliable, sustainable, and modern energy systems is essential for long-term energy security. This paper presents a field-validated, non-thermal repair methodology developed for the Chivor II hydropower penstock, a critical water conduction tunnel used for energy production in Colombia, that has been affected by a circumferential fatigue crack. Due to the geometric confinement of the penstock within the rock mass, conventional thermal or stress-relief treatments were unfeasible. Therefore, the proposed methodology uses controlled material removal with a welding sequence designed to release stored elastic energy and induce compressive stresses through the Poisson effect. Its main contribution is demonstrated through pilot-scale validation and full-scale implementation under real operating conditions, achieving 50% reduction in tensile stresses and left 99% of the examined surface under compression, which represents effective residual-stress stabilization, structural recovery, and hydraulic reliability. The methodology ensures reliable water conveyance for hydropower generation and can be applied to other pressurized conduits and pipelines where accessibility and heat treatment are constrained, strengthening SDGs 7 and 9 on clean energy, water sustainability, and resilient infrastructure.
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1. Introduction


The global population is steadily increasing, according to the United Nations report [1], at a rate exceeding 1% annually. This growth drives a rising demand for resources, including energy. The International Energy Agency [2] reports that energy consumption has increased by more than 2.6% over the last decade in developing countries and emerging markets. Meeting this growing demand requires strategies that enable generation systems free of fossil fuels and a substantial share of renewable sources [3], in line with the 2030 Sustainable Development Agenda proposed by the United Nations [4], which defines Sustainable Development Goal (SDG) 7: “Affordable and Clean Energy.” Achieving this goal involves not only installing new generation facilities but also upgrading and adapting existing ones, depending on the available strategy and resources. In the case of hydropower generation, Su et al. [5] reported that many hydropower projects are reaching the end of their service life and proposed a methodology to evaluate and predict both resource and facility longevity. Stoll et al. [6] emphasized that hydropower projects are critical assets for the power sector, underscoring the need to determine their role in a historical moment marked by the growing integration of renewables into the energy mix.



According to the World Bank [7], hydropower generation is expected to expand, especially in developing countries. In this context, Ioannou et al. [8] presented a comprehensive literature review of methods for modeling risks and uncertainties in sustainable energy planning. More recently, Yaseen et al. [9] conducted an extensive study on the sustainable operation of hydropower projects and identified promising directions for research and development, including the use of operational data for infrastructure design and maintenance. Similarly, Shaktawat and Vadhera [10] provided an in-depth review of risk management in hydropower projects with a focus on sustainable development, while Celebioglu et al. [11] proposed a rehabilitation methodology based on condition assessment, performance testing, and evaluation of rehabilitation potential. In Colombia, del Río et al. [12] documented the life-extension project for the Chivor hydropower plant, extending its lifespan by 50 years through the design of a new intake system to mitigate sedimentation. Fry et al. [13] considered hydropower as the center of the energy transition in Europe, thanks to its capacities to support production flexibility, among other characteristics.



Most published studies have been conducted in China, Norway, Switzerland, the Himalayas, and Slovenia, among others, highlighting the global relevance of hydropower research. However, large-scale studies of this type have not been reported in the Latin American context for major hydropower facilities, such as AES Chivor. Regional contributions have focused more on ecosystem and policy issues than on technological development, as proposed in this project. For instance, Diaz-Arellano et al. [14] analyzed lacustrine ecosystem changes in Chile using diachronic satellite imagery, Angarita et al. [15] assessed wetland impacts from hydropower projects in Colombia’s Monpós region, and Anderson et al. [16] documented the rapid growth of new hydropower projects in the Amazon basin. Díaz et al. [17] concluded that the fragmentation of Andean rivers for new hydropower developments will impact connectivity and ecological functions. Atkins [18] reported mixed stakeholder views on the sustainability of three hydropower projects in Brazil.



At the Third World Water Forum held in Kyoto, Japan [19], several critical challenges were identified to ensure sustainable energy for the future. Numerous studies have addressed issues related to penstocks, including technological advances and research efforts that have led to infrastructure modifications and refurbishments [20]. For instance, Schleiss and Manso [21] developed procedures for the design and arrangement of relief valves to reduce buckling risk during penstock drainage for maintenance. Tun and Singal [22] explored constructive solutions to minimize buckling and collapse risks, while Panthi and Basnet [23] analyzed key factors influencing penstock design through major case failures and proposed design criteria for refurbishments and new projects in Scandinavia. Kawamura et al. [24] analyzed penstock materials in a plant operating for nearly 50 years, highlighting the importance of life extension projects for existing infrastructure. Additional examples include the refurbishment of high-pressure penstocks at the 390 MW Kaunertal plant in Austria [25,26], stability and lining studies for the Jinping II hydropower project [27], steel-lining assessments in the Hua’an hydropower plant [28], and proposals for innovative lining materials, such as Steel Fiber-Reinforced Shotcrete (SFRS) [29]. Recent works include failure mechanism studies and finite element modeling of steel-lining strain-hardening [30], as well as the design of a self-supporting lining system for penstock refurbishment at the Chivor hydropower plant in Colombia [31].



Since the mid-1990s, penstock design and construction practices have evolved significantly, incorporating steel lining monitoring requirements [32], buckling studies [33], and, more recently, intelligent algorithms for structural optimization [34]. In the 2000s, Jian-Guo et al. [35] compared international design standards for hydropower penstocks, while Bobet and Nam [36] provided analytical solutions for soil–lining–pore interaction problems. Studies have also examined the stability of thin-walled steel cylinders [37], flow–structure interactions [38], and three-dimensional finite-element models of steel-lining stability [39]. Other contributions include nonlinear analysis of reinforced-concrete tunnels [40], new qualification methods for tunnel-lining materials [41], FEM-based stress evaluations [42,43], and analytical solutions for deep steel-lined tunnels considering rock anisotropy [44]. Major contributions also include risk-control technologies for deep tunnels in Jinping II [27,45], experiences with unlined tunnels in Norway [46], optimization of high-pressure nozzles with reinforcement rings [47], and proposals for prestressed concrete linings [48]. Hu et al. [49] demonstrated the importance of flow regulation in extremely long penstocks to ensure safe hydropower plant operation.



Beyond refurbishment and design strategies, several studies have focused on operation evaluation and structural health monitoring. Bulloch and Callagy [50] reported that most penstock failures occur either in new plants or those operating for 40–50 years. Fatigue analyses of welded elements using dynamic time-domain simulations have been performed [51], along with methodologies for predicting tunnel deformations [52]. Real-time monitoring systems, such as Hydro-Clone [26,53,54,55], have been applied to replicate hydraulic transients and assess fatigue conditions. Further research has addressed rock deformation control [56], load transfer analysis [26], and practical safety evaluation methods for aging infrastructure [57]. Innovations include microseismic techniques for rockburst detection [58] and nonlinear transient response models for operational risk mitigation [59]. Case studies such as Kulekhani III in Nepal [60] illustrate the consequences of penstock failures and the need for preventive strategies.



Repair strategies vary with the type of penstock lining. For unlined tunnels, stochastic models have been proposed to characterize mechanical degradation under severe hydrothermal conditions, where corrosion and structural damage progress rapidly [61]. For concrete-lined tunnels, quantum-particle-based crack-detection techniques enable highly accurate localization and characterization of internal cracks, supporting localized, non-destructive repair approaches [62]. For metallic linings, researchers emphasize integrating fatigue analysis with advanced monitoring, as failure mechanisms are closely linked to dynamic loads and hydraulic transients [63].



Traditional residual stress–relaxation/reduction techniques such as thermal stress relief, vibratory stress reduction, and ultrasonic impact treatment, have been widely studied and applied in controlled environments to mitigate welding-induced residual stresses [64,65,66,67,68]. These methods consist of applying heat input or dynamic energy to accelerate dislocation movement and microstructural recovery, which effectively reduces residual stress magnitudes in metallic structures. However, their implementation is not practical or feasible in large water conduction systems, such as embedded hydropower penstocks, where accessibility is limited, and where thermal treatments could compromise both structural integrity and surrounding rock stability. This work presents a field-validated, non-thermal repair methodology developed for the Chivor II hydropower penstock, a critical water conduction tunnel that supports renewable energy production in Colombia. The proposed methodology comprises controlled material removal with a mechanically compensated welding sequence designed to release stored elastic energy and induce compressive stresses through the Poisson effect. Its main contribution is demonstrated with a pilot-scale validation and full-scale implementation under real operating conditions of the AES Chivor hydropower project, demonstrating effective residual-stress stabilization, structural recovery, and hydraulic reliability. This mechanical stress-relief process guarantees structural reliability and safe water transport under high-pressure operation. The approach represents a replicable solution for extending the service life of critical infrastructure, such as pressurized conduits and pipelines where conventional rehabilitation is unfeasible, reinforcing water–energy sustainability in line with Sustainable Development Goals 7 and 9.



The organization of the paper is as follows: In Section 2, the hydropower plant and the failure situation are described; additionally, the characterization and repair design/implementation processes for the penstock are reported. Section 3 shows the results obtained with the innovative repair process for three phases and locations within the analyzed joint. Section 4 contains the discussion, which highlights the purely mechanical process that produced a residual stress reconfiguration, and finally, conclusions are presented in Section 5.




2. Materials and Methods


The AES Chivor Hydropower Plant (Santa María, Boyacá), situated approximately 160 km northeast of Bogotá, has operated since 1977 as one of Colombia’s most significant hydroelectric facilities (Figure 1). The plant has a total installed capacity of 1000 MW, served by eight Pelton turbines rated at 125 MW each. Such a plant was initially designed to operate for 50 years and is now undergoing a long-term modernization program to ensure continued operation beyond 2025, as described in [12]. The facility’s hydraulic system includes two headrace tunnels, Chivor I (7.985 km) and Chivor II (8.009 km), which, together, bring roughly 160 m3/s of water from the reservoir to the powerhouse [31]. The lower tunnel, corresponding to Chivor II, incorporates a 2.07 km steel-lined section with an internal diameter of 3.9 m, externally reinforced by prestressed steel bands to withstand internal pressure and hydraulic transients (Figure 2). Historical records describe critical deformation events, which occurred during construction and subsequent operation.



2.1. Situation


During the last decade, AES has conducted the assessment of the Chivor II penstock’s wall thickness due to evidence of internal pitting corrosion. Studies have revealed severe reductions in wall thickness across several regions, prompting a large-scale rehabilitation project. One proposed solution is to install a secondary tube within the existing penstock and fill the annular gap between the two. However, a structural anomaly was discovered at a section known as Branch 3A (Figure 3), where an outlet was initially built for potential future units that were never installed. The Y-shaped branch has a plugged section that caused localized hydraulic stress concentration. A circumferential crack extending approximately 180° of the pipe’s perimeter was detected at the joint between shells 604 and 605 (joint 604/605) of the Y-shaped connection. This finding initiated the detailed structural and mechanical diagnostics described in this work.




2.2. Diagnostics


After the detection of the circumferential crack in the Chivor II penstock, a comprehensive diagnostic process was conducted to determine the crack’s origin, the propagation mechanism, and the overall impact on the structural integrity of the conduction tunnel. This diagnostic process combined morphological and mechanical characterization techniques to determine the microstructural condition and the residual stress state. Then, the morphological evaluation consisted of a metallographic analysis to examine the microstructure, magnetic particle inspection to detect surface fissures along the entire perimeter of the affected section, and ultrasonic testing to identify subsurface discontinuities. Then, the mechanical characterization focused on hardness, resilience, elongation, ductility, and residual stresses, providing a quantitative basis for understanding the material’s degradation and guiding the subsequent design of the repair strategy.




2.3. Morphological Analysis


The morphological analysis was carried out to detect possible morphological changes in the penstock or the presence of brittle phases (sigma, delta, alpha ferrite, etc.) that could cause embrittlement (Figure 4). This diagnostics part was performed with four different methods: macroscale (visual), mesoscale (magnetic particle), subsurface mesoscale (ultrasound), and microscale (metallography).



2.3.1. Macroscale Morphological Characterization: Visual Inspection


Visual inspection (VI) is a fundamental non-destructive testing technique used to evaluate repaired joints, as it enables rapid, effective detection of surface anomalies that could compromise the structural integrity or long-term performance of the weld. In field repair operations (particularly in geographically complex environments such as mountainous regions), this inspection serves as the first level of quality control. It verifies the geometric conformity of the weld bead, the absence of visible defects (including cracks, lack of fusion, or surface porosity), and the proper transition between the base material and the deposited metal. The systematic application of visual inspection to repaired joints not only complies with international standards (API 1104 [70], ASME B31.8 [71]) but also provides a key indicator of the quality of the welding process and the adequacy of surface preparation. Furthermore, it establishes a baseline for interpreting the results of complementary inspection techniques and subsequent mechanical analyses.



Equipment and Calibration




	
Vernier gauge.



	
Measuring tape.



	
Flashlight.








Standards




	
ASME Section VIII—Rules for Construction of Pressure Vessels Division 1 [72].









2.3.2. Mesoscale Morphological Characterization: Magnetic Particle Inspection


Magnetic particle inspection (MPI) [73] was carried out across 100% of the repaired phases. This non-destructive test is used to detect both surface and near-surface discontinuities (e.g., cracks, lack of fusion, or tearing) and to estimate their dimensions. Longitudinal and transverse magnetizations were applied to each inspected area, using both alternating and direct current to enhance detection sensitivity. Because the penstock’s external surface was painted, a slight reduction in inspection sensitivity was anticipated.



Equipment and Calibration




	
Magnetization method: Indirect.



	
Current type: Alternating current (AC).



	
Magnetic particles: Wet type/Magnaflux 7HF.



	
Contrast medium: Magnaflux WCP-2.



	
Field-verification device: Pie Gauge (for magnetic field orientation and intensity).









2.3.3. Subsurface Morphological Characterization: Conventional Ultrasonic Testing


The conventional pulse-echo ultrasonic test (UT) is a non-destructive technique recognized by Section VIII of the ASME Code for evaluating the internal integrity of pressure-bearing metallic components, including welded joints in piping systems [72]. The method relies on the emission of high-frequency ultrasonic pulses that propagate through the material [74]; when these waves encounter an internal discontinuity (such as a crack, inclusion, lack of fusion, or porosity), a portion of the acoustic energy is reflected back to the transducer [75]. The resulting echoes, characterized by their return time and amplitude, enable the determination of the location, depth, and relative severity of any detected defect. Conducted in accordance with ASME Section VIII, Division 1 [72], the test provides reliability and repeatability consistent with safety requirements for critical equipment. In field repair scenarios, the pulse-echo ultrasonic method is essential for confirming the absence of volumetric imperfections that cannot be detected by surface techniques, thereby ensuring that the weld meets the acceptance criteria for safe operation under service conditions.



Equipment and Calibration




	
Ultrasonic unit: DOPPLER ANYSCAN–30.



	
Transducer: AFN2.25-2020-70L.



	
Calibration block: IIW V1.








Calibration Parameters




	
Wave velocity in solid: Shear waves—3214 m/s; Longitudinal waves—5220 m/s.



	
Frequency: 2.25 MHz.



	
Step: 769.



	
Aperture: 20 × 20 mm.



	
Number of elements: 1.



	
Shoe: 02505572R.



	
Scan type: Parallel to weld axis.



	
Angular range: 70°.



	
Reference gain level: 74.2 dB.



	
Exploration gain: +6 dB.



	
Reference level: 50%.



	
Couplant: Methyl cellulose.









2.3.4. Microscale Morphological Characterization: Metallography


Metallography (MET) is one of the most practical tools for identifying the phases and constituents of a material at the microscopic level [76]. It provides insight into metallurgical phenomena, such as hardening, hardness reduction, aging, embrittlement, and microcracking—processes that can only be revealed at the microstructural scale.



The microstructures observed in the analyzed steels were consistent with those of hypoeutectoid carbon steels, characterized by a biphasic structure composed of ferrite (a soft and ductile phase) and pearlite (a harder and stronger phase). The coexistence of lamellar alpha ferrite and cementite governs the distribution and grain size of pearlite. The transformation of austenite into pearlite below 723 °C produced the expected proportions when observed at 500× magnification. Fine and uniformly distributed pearlite contributes to higher strength, while ferrite forms a continuous matrix surrounding pearlite colonies, providing ductility and toughness.



Procedure




	
Coarse polishing: Surface polished using a 3-inch portable grinder-polisher at 1400 rpm, with sequential abrasive papers (320–2000 grit), each for about five minutes.



	
Fine polishing: Surface refined to a mirror finish using a soft pad and alumina paste (0.5 μm then 0.3 μm).



	
Surface verification: Examined with a portable microscope at 100× magnification to confirm quality and absence of inclusions or defects.



	
Chemical etching: Etched using a Nital reagent (0.5 mL HNO3 in 10 mL ethanol) prepared according ASTM E407-99 [77] and applied for 4–5 min, then cleaned with ethyl alcohol.



	
Observation and documentation: Examined at 100× and 400× magnifications using a portable metallographic microscope and photo-documented.








Standards




	
ASTM E3—Standard Practice for Preparation of Metallographic Specimens [78].



	
ASTM E112–2010—Standard Test Methods for Determining Average Grain Size [79].



	
ASTM E407–99—Standard Practice for Microetching Metals and Alloys [77].










2.4. Geometric Analysis


At the joint between two cylindrical shells, it was observed that the pipes were not perfectly concentric, likely because of the original assembly of the Y-branch. A cross-sectional thickness reduction was identified—from 140 mm upstream to 120 mm downstream—creating a structural discontinuity that, combined with weld misalignment, generated stress concentration zones.




2.5. Mechanical Characterization: X-Ray Diffraction (XRD)


The X-ray diffraction technique enables detailed analysis of the material’s crystalline structure [80], providing information about residual stress, grain size, phase composition, and qualitative chemical composition. Residual stresses are determined from the angular displacement of crystalline planes using Bragg’s law and the    sin 2  ψ   method, which quantifies stress through the variation of interplanar spacing as a function of the tilt angle.



The residual stress of the base material [81], due to its biphasic microstructure, is expected to be close to a neutral value. In rolling–forming processes, the residual stress can reach magnitudes up to −350 MPa in plastically deformed segments. Consequently, the effective range for applied stresses can increase by almost 40% compared to its natural range if an ideal, fully stress-relieved material starting from zero is considered (i.e., the residual stress plus the entire elastic range of the material, corresponding to the net stress). However, as the component remains in service, the magnitude of compressive residual stresses gradually decreases, approaching the neutral (zero) value. This phenomenon reduces the initially available range provided by the original manufacturing process. After prolonged service, the material tends to align its residual stress with the operationally induced stress.



The 60/45 steel, subjected to a stress-relief heat treatment, typically exhibits an ultimate tensile strength between 570 and 700 MPa. According to the morphological findings, this value may decrease in field welds by approximately 15%, since the ferritic phase offers high ductility but lower mechanical strength, and the partial absence of cementite in the lamellar pearlite phase reduces overall strength.



Given the strong correlation between residual stress and mechanical behavior, residual stress measurements were performed on each inspected joint. The 60/45 steel, after heat treatment as indicated in the design drawings, presents an ultimate tensile strength between 570 and 700 MPa and a yield strength (Re) of approximately 400 MPa.



Equipment and Calibration




	
Measurement technique: X-Ray Diffraction (XRD).



	
Equipment: GNR SpiderX X-ray diffractometer.



	
Detector: Chromium, suitable for ferrous and aluminum alloys.



	
Operational range: −1000 to +1000 MPa.



	
Goniometer positions: −45°, 0°, +45°.



	
Resolution: 1 MPa.



	
Self-assessment system providing reliability percentage of each measurement.








Standards




	
ASTM E915—Standard Test Method for Verifying the Alignment of X-Ray Diffraction Instrumentation for Residual Stress. Measurement [82].



	
UNI EN 15305—Non-destructive Testing: Test Method for Residual Stress by X-ray Diffraction [83].









2.6. Mechanical Characterization: Hardness


Hardness measurements were performed using the Ultrasonic Contact Impedance (UCI) method, in accordance with the ASTM A1038 standard [84], which uses ultrasonic resonance as the measurement principle. This approach provides high repeatability and minimal result variation, provided the material is reasonably homogeneous. The UCI is designed to measure hardness in thin sections [85], components with complex surface geometries, and hardened surface layers, conditions that match the characteristics of the present analysis.



Equipment and Calibration




	
Model: TK459 Hardness Tester.



	
Calibration verification: Performed on-site using a certified reference steel block (60 HRC) to ensure proper equipment condition and calibration accuracy.








Hardness testing was conducted using a UCI-type device with the following technical characteristics:




	
Measurement range (by scale):




	-

	
Brinell: 90–450 HB.




	-

	
Rockwell C: 20–70 HRC.




	-

	
Vickers: 240–940 HV.









	
Absolute measurement precision (by scale):




	-

	
Rockwell C: ±2 HRC.














Standards




	
ASTM E10—Standard Test Method for Brinell Hardness of Metallic Materials [86].



	
ASTM E18–15—Standard Test Methods for Rockwell Hardness of Metallic Materials [87].



	
ASTM E140—Standard Hardness Conversion Tables for Metals [88].









2.7. Repair Design


The use of thermal processes, mechanical expansion, or vibration-based methods for the intervention of the penstock is not feasible due to the impossibility of effectively isolating the structure from its surroundings. The dimensions of the pipe and its location within the rock mass mean that direct contact with the surrounding rock would rapidly dissipate any thermal input, preventing the attainment of the desired treatment temperature. Similarly, the interaction with the rock mass would affect the propagation and effectiveness of the vibration waves required for mechanical intervention methods.



The rehabilitation design addressed three key objectives:




	
Release of stored elastic energy by removing fatigued material.



	
Redistribution of stresses through a mechanically compensated welding strategy.



	
Avoidance of thermal treatment is impossible due to the location of the pipe within the rock mass.








Because of the given conditions, a purely mechanical method was required to achieve residual stress reduction [81,89]. The design was based on the principles of the mechanics of materials: using the Poisson effect to induce compression perpendicular to tension and redistributing stresses by alternating longitudinal and transverse weld beads. This configuration was conceived as a woven stress network, similar to a textile’s warp and weft, allowing for multidirectional stress compensation. The approach considers introducing controlled compressive stresses in the critical region through the weld geometry, using the shielded metal arc welding (SMAW) technique.



For the location and referencing of the analyzed areas, the distribution of the different repair stages through a segmented, phased sequence along the affected perimeter, shown in Figure 5. This segmentation enabled residual stress measurements to be spatially correlated with the repaired zones, ensuring representative coverage of the pilot regions and the three major intervention phases. This approach aimed primarily to prevent the concentration of residual stresses and control thermal distortion by isolating and locally managing the heat input and the contractions associated with each weld segment.



Figure 6 summarizes the crack repair welding process. The procedure was based on a principle of mechanical compensation. First, controlled removal of the cracked material was performed, specifically eliminating the crack tips to stop its propagation. Then, a balanced welding strategy was implemented, depositing weld metal in alternating segments and orthogonal orientations. This sequence was designed to counteract contraction stresses in one direction with those generated in the perpendicular direction, taking advantage of the Poisson effect to favorably reconfigure the residual stress field without the need for thermal stress-relief treatments.



The proposed methodology (Figure 7) integrates diagnosis, design, and implementation to restore penstock integrity under confined conditions. It combines detailed morphological and mechanical inspections, mechanical stress analysis, and a novel cross-weld repair strategy that induces compression through geometric sequencing. This fully mechanical approach eliminates the need for heat treatment, achieving residual stress reduction and preventing crack reactivation after commissioning.





3. Results


3.1. Implementation


The implementation began with the controlled removal of the cracked and fatigued material on both sides of the pipe (140 mm and 120 mm thickness). Ultrasonic and magnetic-particle tests guided the excavation, ensuring that only affected areas were removed while preserving structural continuity. Subsequently, residual stress measurements were repeated to confirm partial stress release. A traditional circumferential weld was ruled out, as it would have added contraction in the same direction as the pre-existing tensile stresses. Instead, a cross-weld strategy was applied: The first weld layers were circumferential. Successive layers were applied orthogonally (transversely). This generated opposite contraction effects, creating compression where tensile stresses had been measured, effectively compensating the residual field. Post-weld stress measurements confirmed a 50% reduction in shear and normal stresses in the repaired section, validating the mechanical compensation approach.




3.2. Tests and Verification


Following the welding process, all zones were re-inspected using ultrasonic testing, magnetic particle inspection, and liquid penetrant testing, confirming the absence of discontinuities. To validate performance under service conditions, three pilot repairs were implemented at different sections of the penstock (small, medium, and large). The plant was subsequently pressurized, and after 2–3 months of continuous operation, the system was re-evaluated. Residual stress mapping by X–Y ray diffraction revealed a significant reduction of tensile stresses and the establishment of compressive regions. The pilot patches, representing only 15–20% of the circumference, successfully sustained the full operational pressure of the penstock. Based on these results, the complete repair was executed in three phases covering the entire crack length. Post-repair measurements indicated that approximately 99% of the surface remained under compression, with isolated low-tensile transitions (200 MPa) surrounded by compressive fields.




3.3. Morphological Characterization—Visual Inspection


The inspection covered the entire area between the end of the Phase 01 and Repair 03 section (Figure 5), performing inspection strips of approximately 941.6 mm until the full repaired length was completed.



Visual Inspection Results Analysis


The visual inspection of the repaired joint confirmed a satisfactory surface condition and immediate structural integrity. The repair, which extends over approximately 5650 mm (equivalent to 66% of the circumference of the shell section), covers a significant thickness transition from 120 mm upstream to 140 mm downstream. The weld spans a wide circumferential arc, from the 10 o’clock to the 5 o’clock positions (roughly 300° to 150°). The flush-polished weld bead has a variable width of 150–220 mm, consistent with the geometric requirements imposed by the thickness transition and the repair’s overall length. Moreover, no surface discontinuities, such as cracks, depressions, or a visible lack of fusion, were detected, indicating effective control of both the welding process and the finishing operations. These observations, later corroborated by complementary non-destructive testing methods, support the conclusion that the weld surface is free of open defects that could act as failure initiators under normal service conditions.





3.4. Morphological Characterization—Magnetic Particle Inspection


The inspection was performed on the repaired region of joint 604/605, characterized by an approximate depth of 140 mm and fabricated from carbon steel 60/45, with the repair executed using the SMAW welding process (Figure 8). The examined section extended from the end of Phase 01–Repair 03 (West) to the beginning of Phase 03–Repair 01 (East) (Figure 5), thus encompassing the entire repaired length.



3.4.1. Magnetic Particle Inspection Results Analysis


The wet magnetic particle inspection performed on the weld surface of the shell at Branch 3A—Chivor II revealed no relevant indications. This result confirms that within the method’s sensitivity range and under the specific technical conditions of magnetization, illumination, and suspension application used during the inspection, no critical discontinuities (such as cracks, undercuts, lack of fusion, or aligned porosity) were detected in the evaluated area.




3.4.2. Morphological Characterization—Ultrasonic Testing


The inspection covered the repaired area between the end of Phase 01–Repair 03 (West) and the start of Phase 03–Repair 01 (East) (Figure 5), encompassing the entire length of the repaired section.




3.4.3. Ultrasonic Testing Results Analysis


The ultrasonic inspection identified three linear indications with planar or elongated morphologies along the repaired weld joint (Figure 9). The first indication (I) was located approximately 460 mm from the reference point, the second (G) at 1370 mm, and the third (F) at 3370 mm, taking as reference the end of Phase 01–Repair 03 (Figure 5).



The repair itself extends over approximately 5650 mm (around 66% of the shell circumference) and exhibits a variable weld-bead width of 150–220 mm, suggesting possible fluctuations in welding parameters or technique. These variations are likely influenced by field conditions and the inherent complexity of executing a repair across such a pronounced thickness transition.



In accordance with ASME Section VIII, all indications were recorded and characterized. However, their final acceptance or rejection must follow the quality criteria established by the company responsible for the welding execution, which serve as the contractual technical framework for this project. In the absence of a definitive acceptance evaluation, and consistent with best practices in integrity management, it is recommended to implement a continuous monitoring program for these three indications. This program should include periodic ultrasonic inspections, with precise traceability of location, amplitude, length, and depth, along with the systematic recording of inspection data. Such an approach ensures verification of dimensional stability over time, prevents unnoticed propagation, and confirms that the repaired joint retains its capacity to withstand operational loads without compromising safety or reliability.




3.4.4. Morphological Characterization—Metallography


For the joint corresponding to branch 3A, metallographic tests were carried out on the prepared mirror-finished surface. After achieving the desired surface condition, a direct chemical etch was applied to expose the microstructure for detailed microscopic evaluation.




3.4.5. Metallography Results Analysis


Three metallographic examinations were conducted on distinct regions adjacent to the repaired weld. The first analysis, performed near the right-hand side of the weld bead (viewed from upstream), revealed a favorable microstructure characterized by uniform grain size and a high proportion of pearlite (Figure 10). Grain boundaries appeared well defined, without evidence of thickening, segregation, or heat-affected degradation.



The second region showed a pearlitic microstructure with well-formed colonies and fine grain size, including localized cementite segregation along colony edges. The ferrite matrix surrounding these colonies contributes to ductility and crack-resistance. The third area exhibited similar features, confirming structural homogeneity across the repaired section. The microstructure consisted mainly of fine pearlite with minimal cementite inclusions and no delta ferrite ( δ -ferrite).



Overall, the observed microstructures correspond to those expected for hypoeutectoid carbon steel (Grade 60/45) (Figure 4). Isolated micropores were detected but remained within acceptable limits. The uniform distribution of ferrite within pearlitic colonies and the absence of delta ferrite confirm a stable, mechanically reliable microstructure suitable for service conditions.





3.5. Mechanical Characterization—X-Ray Diffraction


The distribution of measurement points across the repair phases was determined by the longitudinal extent of each section, ensuring complete coverage of the repaired area. The point density was adjusted proportionally to the length of each phase to achieve statistically representative residual stress values for field conditions (Table 1). Figure 11 shows the XRD equipment in one of the measurement points.



The following sections present the results for the three repair phases and their corresponding sub-repairs, including analyses of normal and shear residual stresses.



3.5.1. X-Ray Diffraction Repair Phase 1


Repair Phase 1 exhibits a heterogeneous distribution of normal residual stresses (  σ n  ) (Figure 12), with marked spatial variability that depends on the sub-repair and its position relative to the weld area.



In Repair 1, the upstream points (P01–P03 in Rep. 1) show predominantly compressive behavior (average ≈−292 MPa), whereas the zone over the weld (P07–P08) shows a sharp contrast: strong compression at P08 (−385 MPa) and moderate tension at P07 (+87 MPa), suggesting an abrupt stress transition across the weld bead. Downstream (P04–P06), stresses are low and near neutral (average ≈−44 MPa), indicating partial stress relaxation.



In Repair 2, the upstream region (P01–P03) remains compressive (average ≈−183 MPa), and the weld area (P07) shows strong compression (≈−375 MPa), with no tension counterpart. Downstream stresses are moderate (average ≈−144 MPa).



Repair 3 is the most complex, exhibiting the highest residual tensile stresses (≈+220 MPa) over the weld (P13–P15) (possibly due to its greater extension). The high tensile stresses over the weld may be due to the greater extent of this sub-repair, which could hinder adequate cooling and stress redistribution. Nevertheless, the compressive base material upstream and downstream suggests an overall favorable condition.



The residual shear stresses ( τ ), shown in Figure 13, are generally moderate, with Repair 1 being low and compressive, and Repair 2 being a uniformly positive (≈13 to 28 MPa), though non-ideal, residual field. Nevertheless, Repair 3 shows a shear inversion across the weld (≈+37 to ≈  − 15   MPa), creating a very low gradient that does not increase susceptibility to fatigue failure or microstructural slippage.




3.5.2. X-Ray Diffraction Repair Phase 2


The Repair Phase 2 exhibits a heterogeneous residual state (Figure 14), with variability in the normal residual stresses (  σ n  ). Specifically, Repair 2 locally presents a residual tensile stress of +235 MPa directly over the weld and a net downstream stress of +72 MPa, generating a controlled stress state that, in the long term, should be validated due to the potential evolutionary trend of residual stress that could increase its magnitude. In contrast, Repair 1 shows fully compressive stresses in all zones (between −92 and −270 MPa), while Repair 3 exhibits compression over the weld (−226 MPa) but with localized tensile peaks.



Regarding the residual shear stresses ( τ ), Phase 2 presents predominantly positive values of moderate and consistent magnitude across the three sub-repairs (Figure 15). Repair 1 shows constant and moderate shear (between +8 and +26 MPa), with a local concentration of +74 MPa upstream; Repair 2 maintains a stable positive field; and Repair 3 is mostly positive, with isolated negative readings.




3.5.3. X-Ray Diffraction Repair Phase 3


Phase 3 exhibits a differentiated behavior in the normal residual stresses (  σ n  ) (Figure 16), with Repair 1 being predominantly compressive, suggesting a favorable repair practice (with an exception of +114 MPa). Repair 2, however, is the least favorable, especially over and downstream of the weld, indicating a residual risk in that subregion. In contrast, Repair 3 remains largely near neutrality (between −47 and +95 MPa), with only two high-tension outliers.



Regarding the residual shear stresses ( τ ) (Figure 17), these are generally within acceptable limits. Repair 1 shows moderate shear (between +14 and +39 MPa), Repair 2 is positive and stable, and Repair 3 remains close to neutrality, with no sub-repair showing critical shear values. The integrated analysis suggests an overall acceptable stress state for operation, with most of the base material under compression or mild tension (<+100 MPa), consistent with good repair practice for confined systems. However, localized areas (Ph1–Rep3, Ph2–Rep2, and Ph3–Rep2) were identified where stresses exceed +150 MPa and approach the caution threshold, which should be included in routine monitoring programs to ensure long-term integrity.



The integrated analysis of normal and shear residual stresses indicates an overall acceptable stress state for operation, with localized areas requiring monitoring. Most base material regions operate under compression or mild tension (<+100 MPa), consistent with good repair practice for constrained buried systems. Zones exceeding +150 MPa are limited and localized: Ph1–Rep3 (high tensile stress on the weld but favorable surrounding compression), Ph2–Rep2 (moderate base tension and high weld tension), and Ph3–Rep2 (tension near the caution threshold in the base material). These areas do not require corrective action but should be included in routine monitoring programs to ensure long-term integrity under service conditions.





3.6. Mechanical Characterization—Hardness


Hardness testing at the Ramal 3A joint was conducted using a 29-point matrix, distributed across three previously defined regions corresponding to the repair phases. The sampling covered the upper half of the pipe (right and left sectors), providing a representative assessment of the material’s mechanical condition after the repair. Figure 18 shows an example of a grid of hardness measurement points, corresponding to Phase 3 Rep. 2.



3.6.1. Hardness Repair Phase 1


The results from Region 1 reveal a generally desirable behavior consistent with 60/45 carbon steel specifications, with only five exceptions slightly exceeding the reference range (Figure 19). These deviations are attributed to external welding repairs and do not compromise material integrity.




3.6.2. Hardness Repair Phase 2


Region 2 exhibits a more favorable behavior, with only two isolated readings (274 HB and 275 HB) exceeding the standard range, yet remaining within acceptable limits. The mechanical behavior of the material is not affected (Figure 20).




3.6.3. Hardness Repair Phase 3


Region 3 demonstrates hardness behavior similar to that of Region 2. Two values (281 HB and 295 HB) slightly exceed the limit, but these minor deviations do not compromise the material’s mechanical integrity (Figure 21).




3.6.4. Hardness Results Analysis


The Brinell hardness analysis confirms that the mechanical behavior of the material is satisfactory and, in general terms, meets the technical specifications required for carbon steel 60/45. Although some measurements marginally exceeded the normative limits in the three inspection regions—five outliers in Region 1, two in Region 2 (≈274–275 HB), and two in Region 3 (≈281–295 HB)—these are considered isolated events that do not compromise the overall mechanical integrity. It is important to note that the outliers observed in Region 1 are associated with external welding repairs rather than intrinsic defects in the base metal. Meanwhile, Regions 2 and 3 exhibited a more uniform and compliant hardness behavior, supporting the conclusion that the executed repair process effectively preserved the mechanical integrity of the penstock material.





3.7. General Analysis


Finally, the considerable reduction in the magnitudes of the residual stresses (which, at several stages before and during the repair, approached the yield limit of the material, and in areas close to the crack showed clear indications of energy release) demonstrates that the weld design, including its orientation and special considerations regarding depth, thickness, and bead size, was highly effective in mitigating the adverse conditions present prior to the intervention. The impossibility of performing thermal stress-relief or vibration-based treatments required unconventional technical decisions and innovative design strategies to ensure that, even without such processes, the resulting stress magnitudes remained within safe ranges for a component of such critical importance. Consequently, the residual life of the penstock is expected to be extended based on the final residual stress results, including the predicted evolution and relaxation effects induced by future draining cycles and the natural fluctuation of operational loads.





4. Discussion


The repair process developed for Chivor II’s penstock represents a contribution to the field of hydropower rehabilitation, in particular, regarding metallic linings under access constraints. Some traditional stress-relief techniques (e.g., thermal treatment, vibratory methods, and ultrasonic impact processes) are effective in laboratory and industrial environments where temperature and geometry can be controlled. However, these methods are not practical in embedded hydropower penstocks due to the inability to disassemble, limited accessibility, and the risk of inducing rock-mass instability. The results from the experimental development conducted in Chivor II demonstrate that residual stress reconfiguration can be achieved through a purely mechanical mechanism that leverages the benefits of post-weld heat treatment without heat input. This expands the state of the art by introducing a field-adapted methodology for stress control in confined, high-pressure conduits found in aging infrastructure.



The proposed methodology applies the principles of elasticity, exploiting the Poisson effect, since the welding process induces compressive stresses perpendicular to pre-existing tensile fields. The sequence of alternating longitudinal and transverse weld beads behaves analogously to a woven structure, redistributing stresses in multiple directions to compensate for local imbalances. The repair process developed for the penstock demonstrates that a mechanics-based welding strategy can intentionally generate favorable compressive fields within a previously tensile-dominated region, offering a new framework for managing fatigue-prone components in inaccessible structures.



After three months of operation under full load conditions, no new cracks were detected, and residual stress magnitudes stabilized within non-critical ranges. Microstructural analysis revealed the absence of delta ferrite or coarse carbides, confirming that the process maintained metallurgical stability. Hardness and morphological results showed a uniformity consistent with the base metal, and the redistribution of residual stress achieved compressive dominance in the vicinity of the repaired zone. These outcomes validate that mechanical stress relief, which has been achieved through geometric and elastic manipulation, can effectively restore the integrity of a fatigued component.



The repair procedure effectively reoriented the residual stress state in the intervention zone toward a predominantly compressive regime. This redistribution not only enhances structural integrity by increasing the effective resistance of the material under service loads but also significantly extends the residual life of the component under cyclic loading. By maintaining an initial compressive stress state, the available margin for evolution toward tensile stresses during operation is expanded; therefore, a greater number of loading cycles is required before residual stresses reach critical values. Consequently, safe operational time is increased, and the susceptibility to fatigue crack initiation and propagation is markedly reduced.



The reproducibility and adaptability of the methodology are essential for its potential application to hydropower asset management. It also establishes a structured approach to life-extension interventions in embedded penstocks, involving analytical design, controlled material removal, and mechanically compensated welding. This procedure can also be standardized for other high-pressure conduits, especially in cases where heat- and/or vibration-based methods are impractical or unattainable. The Chivor II case serves as a demonstration for the hydropower sector on rehabilitation strategies.



Lastly, this process contributes to Colombia’s strategy for sustainable energy transition on a national level (which is aligned with SDG7 7 “Affordable and Clean Energy”), which not only involves developing other energy sources but also includes the modernization of hydropower installations to continue using renewable energy and also providing energy by these alternative sources. As Arango-Aramburo et al. [90] reported, nearly 70% of the country’s energy matrix relies on hydropower, and the uninterrupted operation of plants, like AES Chivor, is crucial for national energy resilience.



Despite the promising results we obtained for Chivor II, the repair process has limitations. The work required extensive testing and on-site instrumentation, which demanded a temporary stop in hydropower generation and the coordination of multidisciplinary teams under confined working conditions. These logistical constraints limited test replicability and prolonged the intervention period. Furthermore, specific geological and hydraulic conditions on-site and in these sites (such as restricted access through the rock mass and continuous water infiltration) presented other operational limitations not representative of all penstock installations.



Although not patent processes or certifications (other than the hydropower plant functioning correctly) started by this implementation, the intervention constitutes one of the few large-scale repairs ever performed in an operating hydropower facility under such restrictive conditions, making it a non-standard yet highly relevant case for reporting in the scientific/technical literature. Its documentation contributes to understanding the water–energy connection in real infrastructure, where mechanical innovation and field adaptation become essential for maintaining renewable energy generation and water conveyance reliability.




5. Conclusions


This work addressed the rehabilitation of the Chivor II penstock, which exhibited a circumferential fatigue crack. This condition posed a threat to the integrity of the hydropower project, requiring an unconventional solution compatible with the structure’s confined geometry and operational constraints. The intervention demanded a comprehensive understanding of the mechanics of materials and precise large-scale field execution to restore the functionality and safety of components that would otherwise require complete replacement.



The proposed repair methodology employed a mechanically induced compression mechanism using the Poisson effect and alternating longitudinal and transverse welding sequences to achieve multidirectional stress redistribution analogous to a woven structure. This approach replaced the need for a traditional thermal process with a purely mechanical one, enabling stress relaxation through controlled elastic deformation.



Quantitative results confirmed the effectiveness of the proposed process, with residual stresses reduced by up to 50% and 99% of the examined area left under compression. Tests performed on the structure showed no new cracking or metallurgical degradation, confirming long-term stability and ensuring the life extension of the AES Chivor hydropower project.



The methodology provides a replicable framework for large, embedded steel structures where conventional (thermal or vibration-based) stress-relief methods are unfeasible. This case represents a successful shift in hydropower rehabilitation from thermal stress relief to mechanical stress control through strategic welding design, strengthening the reliability and sustainability of water–energy infrastructure.
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Figure 1. AES Chivor Hydropower project location. Adapted from Google Earth™ mapping service. 
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Figure 2. Hydropower Plant and Chivor II tunnel and location of Branch 3A. 
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Figure 3. Analysis zone in section of Branch 3A. Joint between shells 604 and 605 in Chivor II penstock. 






Figure 3. Analysis zone in section of Branch 3A. Joint between shells 604 and 605 in Chivor II penstock.



[image: Water 17 03495 g003]







[image: Water 17 03495 g004] 





Figure 4. Iron–carbon phase diagram with microstructures of hypoeutectoid kinetics [69]. 
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Figure 5. Schematic representation of the circumferential segmentation of the repaired section at Branch 3A—Chivor II penstock, showing pilot test zones and the three repair phases. The diagram indicates the angular distribution of each repair and its corresponding length in millimeters. 
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Figure 6. Crack repair welding process: (a) crack removal and surface preparation, (b) transverse weld beads, (c) longitudinal weld beads, and (d) finished filling before surface polishing. 






Figure 6. Crack repair welding process: (a) crack removal and surface preparation, (b) transverse weld beads, (c) longitudinal weld beads, and (d) finished filling before surface polishing.



[image: Water 17 03495 g006]







[image: Water 17 03495 g007] 





Figure 7. Penstock repair methodology workflow. 
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Figure 8. Magnetic particle test performed in the repaired section of joint 604/605. 
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Figure 9. Ultrasound test results: (a) Indication I, (b) Indication G, and (c) Indication F. 
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Figure 10. Metallography results: (a) Example of sampling zone; (b) image at 500×, exhibiting pearlitic microstructure; and (c) image at 500×, exhibiting ferritic microstructure. 
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Figure 11. X-ray diffraction equipment in place. 
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Figure 12. Normal stress: Phase 1. Highest values are indicated with the red ellipse. 
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Figure 13. Shear stress: Phase 1. 
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Figure 14. Normal stress: Phase 2. Highest values are indicated with the red ellipse. 
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Figure 15. Shear stress: Phase 2. 
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Figure 16. Normal stress: Phase 3. Highest values are indicated with the red ellipse. 
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Figure 17. Shear stress: Phase 3. 
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Figure 18. Hardness measurement points (green dots): Phase 3 Rep. 2. 
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Figure 19. Hardness values in Region 1 of Branch 3A. Repair Phase 1. 
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Figure 20. Hardness values in Region 1 of Branch 3A. Repair Phase 2. 
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Figure 21. Hardness values in Region 2 of Branch 3A. Repair Phase 3. 
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Table 1. Measurement matrix distribution.
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	Phase
	Repair
	Density
	Upstream
	On Repair
	Downstream





	Ph. 1
	Rep. 1
	8
	1–3
	7–8
	4–6



	Ph. 1
	Rep. 2
	7
	1–3
	7
	4–6



	Ph. 1
	Rep. 3
	15
	1–6
	13–15
	7–12



	Ph. 2
	Rep. 1
	15
	1–6
	13–15
	7–12



	Ph. 2
	Rep. 2
	7
	1–3
	7
	4–6



	Ph. 2
	Rep. 3
	7
	1–3
	7
	4–6



	Ph. 3
	Rep. 1
	11
	1–4
	9–11
	5–8



	Ph. 3
	Rep. 2
	11
	1–4
	9–11
	5–8



	Ph. 3
	Rep. 3
	9
	1–3
	7–9
	4–6
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