AMP323	SPENT FUEL DRY STORAGE CONCRETE STRUCTURES (VERSION 2023)

Programme Description
This ageing management programme provides guidance for in-service inspection of structures related to spent fuel dry storage concrete structures of nuclear power plants (NPPs) to ensure there is no loss of intended function during operation. 
The original design life of these structures is normally between 30 and 50 years. However, economic and environmental benefits were recognised from continuing use of the structures beyond their design life. Thus, to obtain and trend data to assure continuous integrity of the structures and to be able to make prognosis for future performance, an Ageing Management Programme (AMP) was prepared and implemented for these structures.
Reinforced concrete is considered a durable material under favourable environmental conditions. However, it is recognised that in addition to well-known Ageing Related Degradation Mechanisms (ARDMs) resulting from the exposure environment, concrete of the waste storage structures may be subjected to degradation mechanisms induced by the stored waste (e.g., elevated temperature and temperature gradient, irradiation, etc.). It is also recognised that since concrete provides radiation shielding and act as one of the barriers for radioactive waste, its durability requirements are greater than those for conventional structures. Ageing of nuclear waste storage concrete structures, if unmitigated, may reduce the integrity and functional capability margins provided in the design.
Ageing management is performed by means of periodic visual examinations, which provide an effective ageing management tool in accordance with AMP318. Visual examinations are supplemented using non-destructive tests (NDT) on in-situ structures as well as laboratory tests and analyses on samples. Radiation surveys may also be performed to monitor radiation shielding effectiveness, as applicable. Test involving analyzing the chemical composition of groundwater are also conducted using similar procedures as covered in AMP318 and AMP307. Ground movement and settlement is also monitored in accordance with AMP317. All activities are performed by suitably qualified and experienced personnel. Upon detecting deterioration, maintenance activities can be implemented to prevent it from becoming a defect that would require major repair.
Above ground concrete structures offer advantages of accessibility for periodic examination. However, they present challenges for selecting non-destructive techniques for examinations due to such factors as large thickness of concrete walls and congested reinforcement layout.
To overcome these limitations, a variety of techniques including visual and non-destructive techniques as well as laboratory analyses of recovered samples were used to complement each other to provide reliable data. The main principles of non-destructive techniques include impact echo testing, ground penetrating radar (GPR) and impact hammer, as well as semi-destructive half-cell potential test.

Evaluation and Technical Basis
1. 	Scope of the ageing management programme based on understanding ageing:
This Ageing Management Programme applies to interim spent fuel dry storage concrete structures above ground. This AMP does not consider steel baskets, cast-in items, canisters or any movable parts, which are considered in AMP166. 
The goal of this AMP is to understand and monitor the ageing process of nuclear waste storage concrete structures and to satisfy requirements of nuclear codes to enables controlling and mitigating effects of ageing related deterioration before a degraded condition can cause a loss of intended function.
Various parameters monitored for concrete structures [1], [2] are summarized as below: 
· Cracking (extent and magnitude);
· Loss of material (spalling and delamination size, geometry and depth);
· Ingress of harmful substances (e.g., chloride content of concrete, sulphate attack);
· Reduction in concrete pH due to leaching of calcium hydroxide;
· Concrete carbonation;
· Corrosion of rebar;
· Fatigue due to cyclical loading, vibration and thermal cycling; 
· Irradiation of concrete;
· Loss of pre-stressing force;
· Radiation dose rate; 
· Thermal and pressure transients;
· Boron depletion; 
· Creep;
· Erosion;
· Water pH, concentration of chlorides and sulphates in the water;
· For radiation surveys, monitoring of gamma dose rate and neutron fluence rate.

2. 	Preventive actions to minimize and control ageing degradation: 
This is a condition monitoring programme. The programme is augmented to include preventive actions. Several actions can be undertaken to prevent ageing effects such as:
· Reinforcement corrosion protection;
· Sealants to avoid water infiltration;
· Coatings to prevent corrosion or concrete ageing;
· Cathodic protection system to prevent corrosion of reinforcement or other steel components [3], [4].
The methods and practices for preventing ageing degradation include selection of proper materials and operating conditions.

3. Detection of ageing effects:
Ageing effects for spent-fuel concrete structures include loss of strength, loss of material, loss of bond, cracking, changes in material properties, expansion, and delamination.
This AMP specifies that inspection of spent-fuel concrete structures is conducted under the direction of qualified personnel in the investigation, design, construction, and operation of these types of facilities. Visual inspections are primarily used to detect degradation of spent-fuel concrete structures. The ACI Standard 201.1R-08 [5] is an example for guiding the conduct of visual inspection. 
Radiation surveys may also be performed to monitor radiation shielding effectiveness, as applicable, if visual inspections are not demonstrated to adequately verify this functional capability. In some cases, instruments (for example strain gauges) have been installed to measure the behaviour of spent fuel concrete structures. The available records and readings of installed instruments are to be reviewed to detect any unusual performance or distress that may be indicative of degradation.
In the US, groundwater chemistry monitoring programmes are relied on to identify conditions conducive to below-grade (underground) ageing mechanisms, such as corrosion of embedded steel and chemical attack (chloride and sulphate induced degradation).
Above ground concrete structures offer advantages of accessibility for periodic examination. However, they present challenges for selecting non-destructive techniques for examinations due to such factors as large thickness of concrete walls and congested reinforcement layout.
To overcome these limitations, a variety of techniques including visual and non-destructive techniques as well as laboratory analyses of recovered samples were used to compliments each other to provide reliable data. Some common non-destructive techniques are highlighted below: ultra-sonic pulse method, GPR, and impact hammer, as well as semi-destructive half-cell potential test [6].
Ultra-sonic pulse method
The method uses stress (sound) waves generated by mechanical impact produced by tapping a small steel ball on the surface of concrete. This generates low frequency stress waves that are reflected by internal flaws or the external surfaces of the embedded component (i.e. reinforcement). The pattern of waves depends on the geometry of the component. Where flaws or embedded materials are present, they disrupt the distinctive pattern providing both qualitative and quantitative information about the existence and location of potential flaws.
Assessment of the speed of travel of the stress wave enables the thickness of the component to be determined. This is dependent on the nature of the material, e.g., the speed is faster through high strength concrete than through the low strength concrete. Micro cracking, if present, can significantly reduce the speed.
Ground penetrating radar
The GPR technique was originally developed for mapping geological features. It is now increasingly used in concrete and offers a unique non-invasive and non-destructive means for the characterisation of features buried in concrete as well as some types of concrete defects. The GPR system generates electromagnetic signals and detects the electromagnetic field interaction with the surrounding material. It utilises an antenna (comprising a transmitter and receiver located at a small, fixed distance apart) to send electromagnetic waves into the concrete. The antenna is moved over the surface of the concrete to be inspected. The transmitter sends a diverging beam of energy pulses into the concrete and the receiver collects the energy reflected from interfaces between materials of differing electrical properties. The reflected energy is recorded as a “pattern” on radargrams, which are displayed in real time.
Impact hammer
The principle of the impact hammer test is that the rebound of an elastic mass depends on the hardness of the surface against which the mass impinges. The greater the resistance of the concrete, the greater is the rebounded impact. This is a simple field test that enables comparison of the relative quality of the concrete cover.
Half-cell potential
Half-cell potential is a very widely used technique that enables estimation of the probability of reinforcement corrosion in concrete. As corrosion proceeds, some areas depassivate and become anodic, while others remain passive, thus cathodic. The objective of half-cell potential test is to measure the areas of different potential on the surface of the concrete with respect to a stable reference cell to identify and map anodic and cathodic areas. Generally, Cu/CuSO4 cells are used as a standard reference cell. The relationship exists between calculated potential and probability of corrosion. The test requires connection to the reinforcement inside the structure.

4. 	Monitoring and analysis of trends for ageing effects:
Spent-fuel concrete structures are monitored by parameters measured and periodic inspection. Changes in areas with significant degradations from prior inspections, such as growth of an active crack, extent of corrosion, increase in radiation dose rates, or changes in groundwater chemistry levels (pH, chlorides, sulphates), are trended until it is evident that the change is no longer occurring or until corrective actions are implemented in accordance with national regulations.
This attribute includes evaluation of monitoring methods, considering operating experience (OPEX) and research and development (R&D) results to identify and document: 
· Functional parameters and condition indicators for detecting, monitoring, and trending ageing degradation;
· An assessment of the capability and practicability of existing monitoring techniques to measure these parameters and indicators with sufficient sensitivity, reliability, and accuracy;
· Data evaluation techniques for recognizing significant degradation and for predicting future performance;
· Radiation surveys to ensure the shielding function of the concrete structure are maintained.

5. 	Mitigation of ageing effects:
This AMP is a condition monitoring programme. Mitigation strategies should be aimed at minimizing ageing effects, as well as monitoring and controlling, within acceptable limits, parameters that the structure or components are exposed to. As water is necessary for many chemical and physical ageing mechanisms, waterproofing or diverting water away from the structure/component is considered one of the most effective mitigation strategies.
Upon detecting deterioration, maintenance activities (e.g., epoxy injection, routing and sealing, stitching the crack) can be implemented to prevent the deterioration from becoming a defect that would require major repair.

6. Acceptance criteria:
Several countries and organizations, including ACI, CEN, CSA etc. have developed criteria for evaluation of concrete structures. The plant programme specifies the specific acceptance criteria.
The structures monitoring programme calls for inspection results to be evaluated by qualified engineering personnel based on acceptance criteria selected for each structure/ageing effect to ensure that corrective actions are identified and implemented before loss of intended functions.
The criteria are derived in accordance with industry codes, standards and practice of each country, and design bases codes and standards, as applicable by considering industry and plant operating experience. Generally, examination of design data, if any, and intervention by structural engineer are necessary to assess acceptance criteria. For example, the “Evaluation Criteria” provided in Chapter 5 of ACI 349.3R-18 [7] provide acceptance criteria (including quantitative criteria) for determining the adequacy of observed ageing effects and specifies criteria for further evaluation. The European standard EN 1504-9 [8] is an example for condition assessment which is a necessity if the acceptance criteria cannot be contained.
The criteria for radiation surveys are established to ensure compliance with regulatory requirements for direct radiation for a spent fuel storage facility.
In the US, the acceptance criteria for the groundwater chemistry programme is commensurate with ASME Code Section XI, Subsection IWL, which states that an aggressive below-grade environment is defined as pH < 5.5, chlorides > 500 ppm, or sulphates > 1500 ppm [9].

7. Corrective actions:
This AMP recommends that when inspection findings indicate that significant changes from the normal design condition have occurred, the conditions are to be evaluated. This includes a technical assessment of the causes of distress or abnormal conditions, an evaluation of the behaviour or movement of the structure, and recommendations for remedial or mitigating measures. 
Typical corrective actions can be the followings:
· Strengthening of concrete and steel structures by various sustainable techniques;
· 	Soil injection when settlement trends lead to a value beyond acceptance criteria.
Corrective actions shall be consistent with applicable consensus rehabilitation guides or standards that are applicable to each country (e.g., ACI, CEN, CSA).

8. Operating experience feedback and feedback of research and development results:
This AMP addresses the industry-wide generic experience. Relevant plant-specific operating experience is considered in the development of the plant AMP to ensure the AMP is adequate for the plant. The plant implements a feedback process to periodically evaluate plant and industry-wide OPEX and R&D results, and, as necessary, either modifies the plant AMP or takes additional actions (e.g., develop a new plant-specific AMP) to ensure the continued effectiveness of ageing management.
There is a need to improve understanding, detection and mitigation of processes affecting ageing and deterioration of concrete in spent fuel storage structures which might be subjected to stressors and lifetime expectations that are not typical for structures from which most information on ageing and deterioration of concrete is available.
An appropriate source of external operating experience is Ageing Management of Concrete Structures in Nuclear Power Plants, IAEA Nuclear Energy Series No. NP-T-3.5, 2016 [10].

9. Quality management:
In line with SSG-48 [11], Section 4.9 of IGALL Safety Report [12] gives general information about the expected contents of this attribute in terms of (a) administrative controls, (b) safety analysis report supplements, (c) performance indicators, (d) confirmation (verification) process and (e) data collection and record keeping. Further guidance is available in Paras 3.13.16 – 3.13.17 of SSG-61 [13] on the safety analysis report supplements, in GS-G-3.1 [14] on the confirmation process (paras 6.76 – 6.77 for preventive actions and paras 6.66 – 6.75 for corrective actions), while Section 2 of SRS No. 106 [15] contains good practices on data collection and record keeping for ageing management.
No additional specific information is available for this AMP.
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