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ABSTRACT 

 
     Nuclear Power Plants (NPPs) have a variety of structures that contain water. Such structures are   
typically made of reinforced concrete and are lined with metallic or non-metallic liners. The functional 
requirement of a liner is to contain the water and protect the concrete from deterioration. However,     
Operating Experience (OPEX) shows that even steel lined structures experience leakages.  
     SNC-Lavalin Nuclear has recently performed leakage evaluation including analysis of the water 
retaining structure considering actual operating conditions to ensure understanding of the leakage, thus 
enabling development of mitigation strategies. 
     The paper discusses effects of water on concrete structures, leakage evaluation and possible mitigation 
and aging management activities to ensure continuous integrity of the NPP water retaining structures. 
 
INTRODUCTION 

 
     There is an assortment of structures in NPPs that contain water. The water is typically provided for 
shielding and/or cooling purposes. In some cases, the make-up water capacity is high, which addresses the 
immediate safety concerns. However sustained leaks are of inconvenience to operation as they result in 
unnecessary operator work-around and in the long term may be of concern to the integrity of the structure.  
     Water facilitates a variety of degradation mechanisms in concrete and, if deterioration is left 
unmanaged for an extended period of time, the integrity of the structure could be jeopardized possibly 
compromising the ability of the structure to meet its functional requirements. Deterioration of the 
structure's performance may cause interference with the operation. It could also compromise the 
performance of the structure under design basis conditions. Costly repairs and unplanned shutdowns 
might be required.  
     New guides and regulations on aging management of nuclear Structures, Systems and Components 
(SSCs) have been issued in recent years (IAEA 2016, CSA 2015, and CNSC 2014). SNC-Lavalin's nuclear 
business unit personnel have contributed to the development of guidelines and standards and the 
identification of the requirements for effective aging management of nuclear concrete structures. Based 
on SNC-Lavalin's experience with life assessments and evaluations for aging management, effective 
aging management of NPP water retaining structures requires:  

- systematic identification of aging related degradation mechanisms (ARDMs) and evaluation of their 
impact on the functional requirements of the structure, 

- assessment of the current condition of the structure and health diagnostics,  
- prioritization of likely factors that facilitate leakage and premature aging, and ultimately 
- development and implementation of effective monitoring and mitigating strategies.  

     The assessment of the current condition of the structure is based on the systematic review of history of 
construction, operation and maintenance assessed against the design basis and the functional, safety, and 
operating requirements. The health prognosis is then based on both this current condition and a systematic 
identification and assessment of ARDMs and their impact on the functional requirements of the 
structures.  
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EFFECTS OF WATER ON CONCRETE STRUCTURES 
 
     Water facilitates a variety of degradation mechanisms adversely affecting the integrity of the concrete 
structure. The presence of water facilitates chemical attack, which typically affects the concrete cover. 
However, with the presence of cracks, which facilitate ingress of water and oxygen necessary for 
chemical reactions, all concrete cross section, including reinforcing and embedded steel, might become 
affected over time.  Chemical attack in concrete may occur in several different forms including alkali 
aggregate reaction, sulphate attack, acid attack, etc. Moreover, concrete saturated with water may be 
susceptible to damage caused by repeated freezing and thawing cycles.  
     Water flowing through the concrete may dissolve cementing agent, thus causing an increase in 
porosity and permeability of concrete, lowering its strength and making the concrete more vulnerable to 
an aggressive environment.  It may also cause a local reduction in the alkalinity of concrete that 
depassivates the steel, and hence promotes corrosion. Typically, general corrosion results in a reduction 
of cross-section area of the reinforcing and embedded steel and corrosion products induce splitting forces 
that cause cracking and spalling of concrete. 
     The flowing of water containing solid particles from the products of corrosion might cause erosion of 
concrete, resulting in loss of material. Moreover, cavitation of concrete that is associated with the water 
flow may occur. 
     Additional information on degradation mechanisms facilitated by the presence of water and their 
effects on the performance of concrete structures of NPPs can be found in (Tcherner 2015). 
 
AGING MANAGEMENT 

 
     As illustrated in Figure 1, aging management is a systematic process that requires complete 
understanding of the aging, which is based on the understanding of design,  material properties, 
construction methods, exposure conditions, degradation stressors, aging mechanisms and their effects; as 
well as applicable inspection and mitigation strategies. 
     Periodic evaluations of nuclear safety-related structures performed at regular intervals in accordance 
with the applicable documents (e.g. IAEA 2016 and CSA 2008) provide an effective aging management 
tool.  When a discontinuity is detected, a maintenance activity can be implemented to prevent the 
discontinuity from becoming a defect that could require a major repair. 
     An Aging Management Plan (AMP) provides appropriate procedures for examining performance of 
structures by means of periodic inspections, enabling monitoring and mitigation of negative effects of 
ARDMs, supporting licensing renewals and making prognoses for future performance.  It defines the 
scope and frequency of periodic evaluations, qualifications of the evaluation team, evaluation methods, 
evaluation criteria, repair and monitoring options and materials, and documentation requirements. As 
illustrated in Figure 2, evaluation for aging management and condition assessments as well as review of 
applicable OPEX and R&D initiatives should be performed prior to establishing and before optimizing 
the AMP.  
     The AMP helps ensure the detection and mitigation of aging related deterioration before a degraded 
condition can cause a loss of integrity, interference with operations, or failure of the structure.   
     It is important to identify and monitor condition indicators - characteristics of a structure and its 
components that can be observed, measured, or trended to infer or directly indicate whether a structure 
and its components have the current and future ability to function within acceptance criteria. Detailed 
evaluation and trending of condition indicators are required in order to ensure continuous integrity of the 
structure. This is especially important if conditions that were not accounted for in the design (e.g. 
leakage) are present. 
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Figure 1 Systematic Approach to Aging Management (IAEA 2016) 
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Figure 2 Development and Optimization of Aging Management Plan (Tcherner& Seto, 2015) 

 
FINITE ELEMENT ANALYSIS 

 
     SNC Lavalin Nuclear has recently performed analysis of the Calandria Vault Structure (CVS) to 
evaluate its performance under operating conditions.  The CVS houses the reactor assembly and is filled 
with demineralised water that provides additional radiation shielding as well as cooling of the Calandria 
shell. The inner surface of the CSV is lined with the carbon steel liner plates that are welded together.   
     An analysis of the CVS was performed to identify the distribution of stresses induced in the steel liner 
and concrete of the CVS due to the combined effect of thermal, normal hydrostatic and self-weight 
gravity loads. A 3D finite element model of the CVS was developed including the concrete structure and 
steel liner anchored to concrete. The CVS was modelled in ANSYS. The model illustrated in Figure 3 and 
Figure 4 represents the structural component of the CVS, and was used to examine the behavior of the 
CVS including the interaction between the steel liner and concrete elements where the maximum 
hydrostatic pressure resides.  
     Finite element analysis was performed for the steady state operation, the start-up condition and the 
shutdown condition to analyse behaviour of the structure under various temperature scenarios.  
     Based on the results of the analysis, it was concluded that the CVS responds elastically to all load 
combinations considered in the analysis. As expected, the highest stresses (well below the allowable 
stresses) under operational loads typically develop at discontinuities such as corners, edges, connections 
and restraints in the steel liner on the floor slab. 
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Figure 3 Calandria Vault Structure – Concrete Elements 

 

 
Figure 4 Calandria Vault Structure - Internal Steel Liner Elements 
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LEAK SOURCE AND MITIGATION 
 
     Leakage of demineralised water from the water retaining structure maybe originated during 
construction and is associated with welding defects.  Some welding defects might not be open to the 
surface. The examples of such defects include: 

- Lack of fusion at fillet weld root as shown in Figure 5 a). 
- Poor fit-up of the carbon steel plates could cause short throat length and stress concentration at 

the weld as shown in Figure 5 b). 
- Gas can get trapped within the weld body when fillet welds are present on both sides as shown in 

Figure 5 c); especially if the carbon steel plate surface is not clean. The trapped gas can cause 
internal porosities in the welds, and generate pressure during warm-up of the reactor. 

- Internal porosities and lack of fusion can also possibly exist in full penetration welds. 
 
 

a) 

 
 
 

b) 

 
 

c) 

 
 
 

Figure 5 Possible Subsurface Welding Defects 

 

http://www.google.ca/imgres?imgurl=https://isadikin.files.wordpress.com/2006/08/incomplete-penetration-05b.GIF?w=455&imgrefurl=https://isadikin.wordpress.com/2006/08/27/weld-defects/&h=187&w=388&tbnid=YrxLLhqr7PHeyM:&docid=zrKoD4WjCTvrJM&ei=qqUWVqCoKYLWesjultgG&tbm=isch&ved=0CGYQMyg8MDxqFQoTCKCl_oqxs8gCFQKrHgodSLcFaw
http://www.google.ca/imgres?imgurl=https://isadikin.files.wordpress.com/2006/08/incomplete-penetration-05b.GIF?w=455&imgrefurl=https://isadikin.wordpress.com/2006/08/27/weld-defects/&h=187&w=388&tbnid=YrxLLhqr7PHeyM:&docid=zrKoD4WjCTvrJM&ei=qqUWVqCoKYLWesjultgG&tbm=isch&ved=0CGYQMyg8MDxqFQoTCKCl_oqxs8gCFQKrHgodSLcFaw�


 
24th Conference on Structural Mechanics in Reactor Technology 

BEXCO, Busan, Korea - August 20-25, 2017 
Division VIII 

     If the defects are not open to the surface, they would be difficult to detect using non-destructive 
methods such as Magnetic Particle Inspection (MPI) and Liquid Penetrant Inspection (LPI). Volumetric 
examination methods such as Radiographic Testing (RT) or Ultrasonic Testing (UT) are challenging for 
welding quality control application specifically of fillet welds. Thus the local defects especially those 
occurring in the areas of higher stresses as described above may remain unnoticed and could result in a 
discontinuity either right after construction or later during the life of the structure. The discontinuity can 
be triggered by the loading associated with the concrete pouring, temperature fluctuation cycles (reactor 
start up and shut down), waterhammer, etc.   
     As a mitigation strategy, the discontinuity in the steel liner on the inside face of the CVS should be 
located and patched or welded. Technologies are available and have been successfully applied in the past 
to locate and repair such leaks. The repair scheme including delivery would have to be designed, 
manufactured, and tested using a mock-up prior to attempting the application. With available off-the-shelf 
inspection and in-situ welding repair robotics, combined with an underwater chamber technique; an 
underwater dry welding robot customized for CVS repair can be made. The technique can be applied not 
only for the CVS repair, but also for other reactor vessels and components, to resolve issues of operating 
under high dose condition and the expensive cost of outage services for inspection and mitigation.  

 
CONCLUDING REMARKS 
 
     The likely factors that facilitate leakage and premature aging of water-retaining structures include 
construction defects and the variance between actual operating conditions and those considered in the 
design.  
     Mitigation strategies to repair the leaks are available and can be customized for a particular situation; it 
is prudent to perform a mock up testing prior to application. 
     Periodic inspection and monitoring of condition indicators provide effective aging management tools 
helping to ensure continuous integrity of the structure, particularly in cases where the structure is exposed 
to conditions that were not accounted for in design (e.g. leakage). 
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