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 ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT 

The OECD is a unique forum where the governments of 34 democracies work together to address the economic, social 
and environmental challenges of globalisation. The OECD is also at the forefront of efforts to understand and to help 
governments respond to new developments and concerns, such as corporate governance, the information economy and the 
challenges of an ageing population. The Organisation provides a setting where governments can compare policy 
experiences, seek answers to common problems, identify good practice and work to co-ordinate domestic and international 
policies. 

The OECD member countries are: Australia, Austria, Belgium, Canada, Chile, the Czech Republic, Denmark, Estonia, 
Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Luxembourg, Mexico, the Netherlands, 
New Zealand, Norway, Poland, Portugal, the Republic of Korea, the Slovak Republic, Slovenia, Spain, Sweden, 
Switzerland, Turkey, the United Kingdom and the United States. The European Commission takes part in the work of the 
OECD. 

OECD Publishing disseminates widely the results of the Organisation’s statistics gathering and research on economic, 
social and environmental issues, as well as the conventions, guidelines and standards agreed by its members. 

This work is published on the responsibility of the OECD Secretary-General. 

The opinions expressed and arguments employed herein do not necessarily reflect the official 
views of the Organisation or of the governments of its member countries. 

NUCLEAR ENERGY AGENCY 

The OECD Nuclear Energy Agency (NEA) was established on 1 February 1958. Current NEA membership consists of 
31 countries: Australia, Austria, Belgium, Canada, the Czech Republic, Denmark, Finland, France, Germany, Greece, 
Hungary, Iceland, Ireland, Italy, Japan, Luxembourg, Mexico, the Netherlands, Norway, Poland, Portugal, the Republic of 
Korea, the Russian Federation, the Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, the United Kingdom 
and the United States. The European Commission also takes part in the work of the Agency. 

The mission of the NEA is: 
– to assist its member countries in maintaining and further developing, through international co-operation, the 

scientific, technological and legal bases required for a safe, environmentally friendly and economical use of 
nuclear energy for peaceful purposes, as well as 

– to provide authoritative assessments and to forge common understandings on key issues, as input to government 
decisions on nuclear energy policy and to broader OECD policy analyses in areas such as energy and sustainable 
development. 

Specific areas of competence of the NEA include the safety and regulation of nuclear activities, radioactive waste 
management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, nuclear law 
and liability, and public information. 

The NEA Data Bank provides nuclear data and computer program services for participating countries. In these and 
related tasks, the NEA works in close collaboration with the International Atomic Energy Agency in Vienna, with which it 
has a Co-operation Agreement, as well as with other international organisations in the nuclear field. 
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THE COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS 

 “The Committee on the Safety of Nuclear Installations (CSNI) shall be responsible for the 
activities of the Agency that support maintaining and advancing the scientific and technical knowledge 
base of the safety of nuclear installations, with the aim of implementing the NEA Strategic Plan for 2011-
2016 and the Joint CSNI/CNRA Strategic Plan and Mandates for 2011-2016 in its field of competence.  

 The Committee shall constitute a forum for the exchange of technical information and for 
collaboration between organisations, which can contribute, from their respective backgrounds in research, 
development and engineering, to its activities. It shall have regard to the exchange of information between 
member countries and safety R&D programmes of various sizes in order to keep all member countries 
involved in and abreast of developments in technical safety matters. 

 The Committee shall review the state of knowledge on important topics of nuclear safety science 
and techniques and of safety assessments, and ensure that operating experience is appropriately accounted 
for in its activities. It shall initiate and conduct programmes identified by these reviews and assessments in 
order to overcome discrepancies, develop improvements and reach consensus on technical issues of 
common interest. It shall promote the co-ordination of work in different member countries that serve to 
maintain and enhance competence in nuclear safety matters, including the establishment of joint 
undertakings, and shall assist in the feedback of the results to participating organisations. The Committee 
shall ensure that valuable end-products of the technical reviews and analyses are produced and available to 
members in a timely manner.  

 The Committee shall focus primarily on the safety aspects of existing power reactors, other 
nuclear installations and the construction of new power reactors; it shall also consider the safety 
implications of scientific and technical developments of future reactor designs.  

 The Committee shall organise its own activities. Furthermore, it shall examine any other matters 
referred to it by the Steering Committee. It may sponsor specialist meetings and technical working groups 
to further its objectives. In implementing its programme the Committee shall establish co-operative 
mechanisms with the Committee on Nuclear Regulatory Activities in order to work with that Committee 
on matters of common interest, avoiding unnecessary duplications.  

 The Committee shall also co-operate with the Committee on Radiation Protection and Public 
Health, the Radioactive Waste Management Committee, the Committee for Technical and Economic 
Studies on Nuclear Energy Development and the Fuel Cycle and the Nuclear Science Committee on 
matters of common interest.” 
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FOREWORD 

The Committee on the Safety of Nuclear Installations (CSNI) Working Group on Integrity and Ageing of 
Components and Structures (IAGE) has as a general mandate to advance the current understanding of those 
aspects relevant to ensuring the integrity of structures, systems and components, to provide for guidance in 
choosing the optimal ways of dealing with challenges to the integrity of operating as well as new nuclear 
power plants, and to make use of an integrated approach to design, safety and plant life management.  

The Working Group has three subgroups dealing with (a) integrity and ageing of metal structures and 
components, (b) integrity and ageing of concrete structures, and (c) seismic behaviour of components and 
structures. 

Over the last two decades, the IAGE Concrete Sub-group has convened a series of workshops and 
published reports on integrity and aging of thick-walled concrete structures, primarily aimed at 
containment structures.  The last workshop was “Ageing Management of Thick Walled Concrete 
Structures, including ISI, Maintenance and Repair – Instrumentation Methods and Safety Assessment in 
view of Long Term Operation” held in Prague, Czech Republic, on 1-3 October 2008.  One of the 
conclusions from that workshop was that further meetings or workshops should be held every few years to 
review progress on non-destructive examination (NDE) of concrete, and to provide a forum for information 
exchange. 

With developments in NDE methodologies over the intervening 5 years, the IAGE working group 
considered it was timely to host a follow-on to the 2008 workshop in 2013, with the objective to present 
and discuss the state-of-the-art techniques for the integrity assessment of concrete structures, and to 
recommend areas where further research is needed. This report documents the proceedings for the 2013 
workshop on “Non-Destructive Evaluation of Thick Walled Concrete Structures”. 

Overall, the workshop demonstrated there has been significant development in NDE methodologies for 
thick-walled concrete since 2008.  There is still substantial work to be done before fully qualified 
techniques can be deployed on a regular basis to determine the overall health of a concrete structure.  The 
workshop concluded with recommendations for areas that would benefit from further study, and from 
international cooperative programmes.  These include:  i) appropriately capturing the information on 
effects of irradiation in standards or guidance documents, ii) following up on the state-of-the-art report on 
concrete NDE methodologies, iii) undertaking development of standard specimens and using round-robins 
for intercomparisons, and iv) holding a subsequent meeting or workshop to review progress after a few 
more years. 
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SUMMARY AND CONCLUSIONS 

 

1.  Introduction 

This report documents the proceedings for the workshop on “Non-Destructive Evaluation of Thick Walled 
Concrete Structures”, held in Prague, Czech Republic on 17-19 September 2013.   A total of 34 specialists 
from 15 countries and international organisations attended.  The Meeting was sponsored by the OECD 
Nuclear Energy Agency Committee on the Safety of Nuclear Installations and hosted by the Nuclear 
Research Institute Rez. 

The objective of this workshop was to present and discuss the state of the art techniques for the integrity 
assessment of concrete structures, and to recommend areas where further research is needed.  The 
workshop was structured in 4 technical sessions, with papers covering degradation mechanisms, 
application of NDE methodologies, and test rigs for determining NDE effectiveness. 

2.  Background of the Workshop 

Concrete structures are essentially passive components under normal operating conditions, but play a key 
role in mitigating the impact of extreme or abnormal operating and environmental events. Structural 
components are somewhat plant specific, may be difficult to inspect and the limiting factor for plant life 
since they are mostly irreplaceable. Structures are subject to time-dependent changes that may impact their 
ability to perform safety functions. As NPPs age, assurance is needed that the capacity of concrete 
structures to mitigate extreme events has not deteriorated unacceptably.  

Of particular importance to most nuclear facilities are concrete containment structures whose main 
purposes are to provide the final physical barrier to the release of fission products to the environment and 
to protect the reactor and other safety related structures, systems and components.  

Although, it was thought that concrete was maintenance-free with a design life of hundreds of years, this 
has proved to be optimistic. Experience has demonstrated that concrete structures can exhibit the first signs 
of degradation after 20 years or even earlier. Concrete containments of the nuclear facilities are subjected 
to many types of environmental effects that can, over time, initiate a variety of degradation mechanisms. 

The safety significance of containment combined with the current trend towards life extension and the 
regulatory authorities’ demands for even higher levels of safety assurance, means that ageing degradation 
mechanisms must be effectively understood and monitored, and the recognised ageing mechanisms should 
be continuously controlled. An important element of this control is inspection and monitoring to assess and 
determine the condition of the concrete structures and associated components.  Modern NDE methods and 
instrumentation are providing useful techniques for the detection and measurement of the extent of internal 
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damage and providing information on the quality of construction.  Nevertheless, further work is required to 
provide standardized and qualified inspection techniques. 

3.  Summaries for the Workshop Sessions 

Session 1 

Herbert Wiggenhauser summarized the “State-of-the-Art of non-destructive methods and technologies for 
application to nuclear power plant safety-related concrete structures”.  This state-of-the-art report provides 
a comprehensive assessment of the various available NDE techniques (e.g. ultrasonics, radiography, radar, 
etc.) and their strengths and limitations for various applications (thickness, cover depth, detection of rebar, 
detection of defects, etc.).  Recommendations are for further research to develop:  

 validation and reference specimens 
 software for data analysis and modelling 
 combined techniques and automation 
 improvements to equipment and techniques. 

Georgios Michaloudis presented “Applying numerical simulations for the non-destructive evaluation of 
concrete structural components subjected to high-dynamic loading”.  Numerical simulations were used to 
assess the damage induced in a concrete structure from a high-dynamic load (e.g. explosion).  The complex 
energy propagation through air and then into a structure was modelled and compared well with actual 
results.  The models can be used to determine the residual load capacity of the structure following an 
impact event. 

Brian Hohmann presented “Inspection of Containment Liners and Shells Utilizing Advanced 
Nondestructive Examination Techniques”.  Some areas of containment liners and shells are not readily 
accessible for inspection, but can have installation defects and can degrade in-service.  Ultrasonic 
techniques have been developed to detect flaws in a liner or shell, and applied to full-scale mock-ups.  The 
techniques were able to detect flaws introduced in the mock-ups, but require further work to provide 
reliable defect sizing and characterization.  It was noted that discontinuities in a liner or shell, such as a 
butt weld, can seriously attenuate the NDE signal. 

Session 2 

Jiri Zdarek presented “Temperature and Radiation Effects on the RPV Concrete Cavity:  Project 
Description on Irradiation, Testing and NDE Development”.  Long term exposure to radiation and thermal 
loading can result in degradation of mechanical properties of concrete structures such as RPV cavities.  An 
experiment is being conducted to determine the effects of high-radiation fields on concrete behaviour 
(described further in a presentation in Session 3).  In addition, NDE techniques using Non-linear Elastic 
Wave Spectroscopy are being developed and applied to a sample of concrete from a biological shield from 
a mothballed VVER.  One possible opportunity is to use the ionization penetrations in the VVER 
biological shield as access points for NDE probes in an operational VVER. 

Fahim Al-Neshawy presented “Monitoring of hygrothermal performance of thick-walled concrete 
structures”.  Exposure of concrete structures to variations in temperature and humidity can lead to 
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deterioration.  Dr. Al-Neshawy described a technique for collecting data on the effects of temperature and 
humidty on concrete, and using neural networks to forecast hygrothermal  performance. 

Brian Hohmann provided a summary of “The Effect of Irradiation on Thick Walled Concrete Structures in 
Nuclear Power Plants with Respect to Long Term Operation”.  Mr. Hohmann presented the available data 
on the effects of irradiation on concrete, and showed that the data of most relevance to reactor containment 
structures indicates there is not likely to be any deterioration for fast neutron fluences up to ~1019n/cm2.  
Thus there is no indication that containment concrete will deteriorate due to irradiation, but additional data 
(as is being sought in the experiment described in Sessions 2 and 3) will be useful to confirm the lack of 
effect at high fluences.  

Session 3 

 Sontra Yim presented “The Use of Digital Image Correlations for Detection of Degradation in Concrete 
Structures”.  The digital image correlation (DIC) - that combines photogrammetry and image correlation - 
is an effective non-contact non-destructive evaluation (NDE) technique to quantify changes in shape, 
deformation, displacement and strain. This method was successfully validated 2011 during a structural 
integrity test (SIT) period in the framework of pressurization, hold and depressurization on inner concrete 
surfaces (~1m²) of a NPP containment. The quantitative data that was recorded will provide a basis for 
comparison to future tests (e.g. at 10 years interval). DIC can be used to detect, track and trend concrete 
degradation. 

Milan Marek presented “Projects Dealing with Radiation Damage of Concrete at the LVR Research 
Reactor”.  This contribution is a complement to the presentation “Temperature and Radiation Effects on 
the RPV Concrete Cavity:  Project Description on Irradiation, Testing and NDE Development” of the 2nd 
session. An experiment to determine the effects of irradiation on concrete using the LVR-15 reactor was 
described.  Concrete cylindrical samples (5 cm diameter, 10 cm height) will be irradiated with a neutron 
flux of 1.5E+20 n/cm² (E>0.1 MeV) below 90°C temperature. The samples will be investigated by means 
of post irradiation examination (PIE) and NDE.  The data will be useful in assessing the safety of NPP 
concrete structures since they will provide information regarding degradation (material changes and 
influence of chemical parameters) of irradiated concrete. 

Sontra Yim presented “Use of Fiber Optic Sensors for Monitoring Loads in Post-Tensioned Tendon”.  
Fiber optic sensors were selected due to their expected stable performance over long time periods, 
accuracy, immunity to electromagnetic interferences as well as electrical noise, and environmental 
stability. The resulting fiber optic sensing system (FOSS) was installed in a NPP with a post-tensioned 
tendon systems and provides real time tendon monitoring in order to detected tendon wire breaks, wire 
relaxation, local concrete failure under tendon anchorage or loss of rock anchor. FOSS holds promise to be 
an alternative to lift-off testing. It has worked robustly for over two years, and is anticipated to perform 
over a long-time period (e.g. more than 10 years).  

Session 4 

Josef Machac presented his work on a “Hydraulic Vibration Exciter.” In this study numerical simulation of 
the response of structures to a dynamic vibration load was performed and compared with the experimental 
measured values. Experimental case studies included dynamic load test of bridges, the Orlik dam, the 
tallest exhaust stack in Europe, and a power plant turbine and generator basemat.  The technique shows 
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promise for monitoring degradation through systematic repeated measurements over long time periods, e.g. 
5-10 years. 

Ladislav Pecinka presented the topic “Experimental Stend UJV Rez for Probability of Detection (POD) 
Assessment.”  He provided background on a methodology for quantifying the detection capability of a 
NDE technique. A POD demonstration test is typically conducted using a set of standard specimens of the 
same geometry and material that have a known number and distribution of indication sizes.  An important 
consideration is that the size distribution should go beyond the NDE technique’s detection capability to 
establish the POD.  Dr. Pecinka also elaborated on a set of four specimens of dimension 2mx2mx1m, UJV 
has constructed with known defects and internal components (rebar, tendon ducts). UJV has examined the 
specimens with ultrasound, ground penetration radar and impact echo NDE methods and identified which 
method is suitable and successful to detect the particular types of defects.  Although not a complete 
spectrum of indication sizes, the set of specimens should be valuable for comparison testing by other 
organizations. 

4.  Discussion 

The workshop provided ample opportunity for discussion amongst participants on various aspects of 
degradation of concrete structures, and use of NDE to monitor concrete performance.  Key areas of 
discussion are captured here. 

Since the last workshop in 2008, there has been significant development of NDE methodologies for 
concrete.  The application of various ultrasonic techniques continues to be expanded and refined.  Digital 
Image Correlation is showing promise as a technique for monitoring deformation and tracking degradation.   
The use of fiber optics is enabling reliable NDE measurements over an extended time period, and could 
potentially avoid costly and dangerous direct measurement such as post-tensioning tendon lift-off.  
Hydraulic exciters can be used to look at the mechanical response of large structures, and monitor for 
changes over time.     

Nevertheless, we are far from having a comprehensive set of qualified techniques that can be standardized 
and applied by certified contractors.  We are still at the stage of much of the work being performed in 
research centres and universities, prior to standardization and commercialization.  As techniques move 
from the laboratory into regular application, there will be a need for appropriate training to ensure the 
techniques are used properly and consistently.  Given the complex and expansive nature of thick-walled 
concrete structures, it is anticipated that multiple techniques will be required to assess the full-range of 
potential indications, and to probe the entire volume of a structure. 

A big challenge is posed by the lack of standardization in concrete.  While there can be specifications for 
mix ratios, aggregate size distribution, rebar arrangement, etc., key aspects of concrete can change with 
location and time.  For example, cement and aggregate composition can vary.  The effects of these 
differences are not well understood nor well characterized, and could influence properties enough to make 
prediction of aging effects difficult. 

In terms of aging, the work underway at UJV Rez should go a long way toward resolving the effects of 
irradiation.  Nevertheless, the challenges to integrity posed by environmental exposures (temperature, 
moisture, contaminants, etc.) can stem from a wide range of phenomena, and continued investigation is 
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required to ensure the phenomena of importance to nuclear structures are well understood and 
characterized. 

Advances in computer technologies are helping to improve NDE methodologies.  Post-processing software 
can be used to turn NDE measurements into 3-D representations of a structure, its internals, and any flaws 
or defects.  Finite-element and mechanical modelling is being used to supplement NDE methodologies in 
determining the nature of discontinuities and defects, and in determining the consequences of detected 
anomalies on mechanical properties.  Statistical analysis and reliability methodologies are likewise 
showing promise in extrapolating from NDE findings to the consequences for a structure. 

 

5.  Conclusions and Recommendations 

 

1) There is a clear need for means of ensuring concrete structures meet their design criteria.  During and 
immediately following construction, NDE can provide quality control and verification.  After being 
subjected to aging degradation, NDE can be used to characterize material properties and ensure 
adequate performance.  It is therefore recommended that there be a follow-on workshop or meeting in 
few years to allow for further exchange of information. 

2) The state-of-the-art report [ORNL/BAM] provides a valuable assessment of the current applicability 
and limitations of available concrete NDE methodologies.  The IAGE Concrete subgroup should 
review the recommendations in the report and identify areas that can benefit from international 
collaboration. 

3) Methodologies for concrete NDE continue to evolve, and there are, as yet, no standardized and 
qualified techniques.  As a result, international standard specimens should be developed to allow direct 
comparisons between various techniques, with consideration given to ensuring a broad range of defects 
to ensure the Probability of Detection (POD) for a method can be properly determined.  Test rigs such 
as those developed at UJV Rez and LPI could provide a starting point for such inter-comparisons.  In 
addition, samples should be removed from plants under decommissioning.  A round-robin study could 
be valuable in comparing between NDE techniques, and in determining variability in the application of 
the same technique.   The highest priority testing tasks should be determined to ensure that resources 
are appropriately focussed. 

4) Once the experiments on the effects of irradiation are completed, it is recommended that the results be 
captured in standards and / or regulatory guides.  This will likely require radiation effects to be 
included in constitutive models for concrete used in finite-element modelling and used in fracture 
mechanics assessments. 
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Monitoring, evaluation and long-term forecasting of hygrothermal performance of thick-walled 
concrete structure 

Woubishet Zewdu Taffese, Fahim Al-Neshawy Jukka Piironen, Esko Sistonen and Jari Puttonen 

Aalto University School of Engineering, Department of Civil and Structural Engineering, Espoo, Finland 

Abstract 

A thick-walled concrete structure may be considered as a massive, often heavily-reinforced concrete 
structure with thickness greater than one meter. The main reinforcement consists of steel bars located on 
the both sides of the concrete wall. Thick-walled concrete structures are extensively used for 
infrastructures and industrial installations such as nuclear containments, dams, and waste water treatment 
plants. They are among the biggest structures in civil engineering which demand high level of safety and 
huge amount of construction budgets.  

Thermal and moisture interactions inside thick-walled concrete structures are one of the decisive factors 
influencing its durability. Hence, long-term, in-service monitoring of thick-walled concrete structures in 
regular interval is very essential especially those require high level of safety. In addition, long-term 
hygrothermal interactions in thick-walled concrete structure can result in changes in mechanical properties 
and may cause serious service failures. Accordingly, knowledge of the long-term hygrothermal 
performance in thick-walled concrete structures is of great interest when considering extension of its 
service-life. 

Several concrete deterioration forecasting models are caused by long-term hygrothermal interactions. 
However, these models are not based on real-time monitored data and contain assumptions and 
approximations. Assumptions and simplifications compounded with the dynamic behavior of hygrothermal 
interaction as well as complexity of thick-walled concrete structure the existing models may inadequate to 
use for service-life forecasting especially those structures require high level of safety .  

In this paper, long-term and in-service hygrothermal monitoring in nuclear containment is discussed. The 
monitored hygrotermal performance was also analyzed statistically before processing with artificial neural 
network. Non-linear autoregressive with exogenous inputs (NARX) network was used to model the 
observed time-series hygrothermal data and to perform long-term hygrothermal performance forecast. The 
forecasting performance evaluations revealed that the model forecast long-term hygrothermal behaviour 
inside concrete with good accuracy. 

1.  Introduction  

Thick-walled concrete structures are extensively used for infrastructures and industrial installations such as 
nuclear containments, dams, and waste water treatment plants. They are among the biggest structures in 
civil engineering which demand high level of safety and huge amount of construction budgets. Thick-
walled concrete structures are often heavily-reinforced, with thickness greater than one meter. Thermal and 
moisture interactions inside thick-walled concrete structures are one of the decisive factors influencing its 
durability. Understanding of the foremost deterioration mechanisms caused by hygrothermal interaction 
inside concrete is vital to extend service-life and insure safety of the structures.  
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1.1  Moisture effect on durability of concrete structures 

The presences of moisture filled pores in the concrete will remarkable influence on the kinetics of transport 
processes of aggressive substances. High moisture content in concrete hinders those processes that take 
place easily in the gaseous phase, such as oxygen and carbon dioxide diffusion. On the other hand, it 
facilitates those processes that occur in aqueous solution, like the diffusion of chlorides, or ions in general 
[1] and [2]. Consequently, it contributes a significant impact on several physical and chemical deterioration 
of reinforced concrete structures, including corrosion of reinforcement steel, alkali-aggregate reaction, 
freezing and thawing, as well as sulphate attack [3], [4], [5], [6], [7], [8] and [9]. 

Moisture content in the concrete strongly influences on the formation of corrosion products and the rate of 
corrosion of reinforcement steel [10] and [11]. The amount of moisture content close to saturation makes 
the departure of corrosion products easier, but it decreases the oxygen diffusivity and makes the supply of 
oxygen more difficult [12] and [13]. The optimum relative humidity range is between 70% and 80% that 
allows enough oxygen to diffuse into the concrete and initiate corrosion of reinforcement steel [10]. 

Moisture content in the concrete can chemically react with harmful substances (e.g. alkali and sulphate 
ions) penetrated in the concrete. The reactions can form products that are deleterious to concrete because of 
the volume expansion of the reaction products. The volume expansion is increasing with rising of the 
moisture content in the concrete. If the relative humidity inside the concrete is above 98%, the damage 
caused by such reactions is high [14] The amount of moisture content in the concrete also controls damage 
risk associated with frost. Concrete with high internal relative humidity (85-95%) and saturated (>98%) the 
damage risk related with frost attack is medium and high, respectively [14].  

1.2  Thermal effect on durability of concrete structures 
Thermal effects cause expansion or contraction of the concrete structures. There are three types of thermal 
effects on concrete structures: (i) bulk temperature change, where the entire structural components or 
segments of the component are subject to a uniform temperature change; (ii) thermal gradient, which is 
caused by different thermal conditions on two faces of a structure, such as two sides of a wall or the top 
and bottom of a beam; and (iii) local thermal exposure, which is elevated temperature at a local surface that 
is caused by an external source such as operating equipment or piping or an abnormal event such as a fire 
[14]. 

Thermal interaction inside concrete is also one of the dominant factors in accelerating deterioration 
processes caused by chemical and physical factors. To mention few, an increment of temperature by 10  
increases the corrosion rate of reinforcement steel in concrete by two fold. When temperature of pore 
solution drops below freezing temperature, corrosion of reinforcement steel stops completely since ions 
cannot move in the pore solution. In carbonated concrete, the corrosion rate is increased logarithmically 
with temperature in the range between -20  and around 30 . In chloride contaminated concrete, the 
concentration of chloride in pore solution is increased for temperature above 55  while the concentration 
of hydroxide decreases, in turn it may accelerate chloride associated deteriorations [12]. 

1.3  Combined effect of moisture and temperature on durability of concrete structures 

Based on moisture content changes as well as progressive deterioration of concrete constituent's, the 
mechanical properties of structure may vary considerably. As temperature increases, water is partly 
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evaporated and generates a pressure in the pore structure. If the stresses applied internally by the induced 
vapor pressures exceed the tensile strength of the concrete, spalling of concrete or even catastrophic 
service failures may be caused [15], [16] and [17]. Generally, significant deterioration of concrete strength 
occurs when the exposure temperature goes above 400  at which decomposition of calcium hydroxide 
occurs. The decomposition process can lead to the increase of porosity and degrade the mechanical 
properties of concrete. The compressive strength, modulus of elasticity and volume deformation, decrease 
remarkably upon heating, in turn, jeopardize the structural integrity and load bearing capacity of the 
structure [15], [16], [18], [19], [20] and [21]. Not only elevated temperature, but also long-term 
hygrothermal interactions in reinforced concrete structure can result in changes in mechanical properties 
and may cause catastrophic service failures.  

2.  Monitoring of hygrothermal performance  

Currently, there are several concrete deterioration forecasting models caused by long-term hygrothermal 
interactions. Nonetheless, the models are not based on real-time monitored data and contain assumptions 
and approximations. Assumptions and simplifications compounded with the dynamic behavior of 
hygrothermal interaction as well as complexity of thick-walled concrete structure the existing models may 
not adequate to use for service-life forecasting especially those structures require high level of safety. 
Without systematic hygrothermal monitoring and modelling, it is impossible to maintain significant level 
of reliability over service-life of thick-walled concrete structures. Hence, long-term, in-service monitoring 
of thick-walled concrete structures in regular interval is very essential Precise knowledge of hygrothermal 
performance of concrete is also required at the time of performing various non-destructive testing such as  
ground penetrating radar, ultrasonic pulse velocity and impact-echo because they are very sensitive to 
hygrothermal conditions [22], [23], [24], [25] and [26].  

In this paper, long-term real-time hygrothermal performance monitoring and evaluation in a thick-walled 
concrete structure is discussed. The case thick-walled concrete structure is containment in power plant 
situated in Northern Europe. The containment wall consists of an outer and an inner cylindrical wall with 
thicknesses of 850 mm and 250 mm, respectively, and of a 5 mm thick steel liner between them as shown 
in Figure 1.   

 

Figure 1. Cross-sections of the containment wall and pressure vessel wall made of concrete and steel. 

The containment structure is heavily-reinforced, with a number of liners or cast-in-place items. The 
hygrothermal interaction among various elements in thick-walled concrete is complex. This makes 
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mathematical analysis of hygrothermal performance in specific positions inside thick-walled concrete 
structure is challenging. The hygrothermal performance in the nuclear containment was monitored using 
HMP44L sensors. The sensors were produced by Vaisala Oy (Ltd.), Finland. 

The ambient temperature and relative humidity were collected inside containment at elevation of 1000mm. 
Temperature and relative humidity of concrete inside the containment in the depth of 400mm at various 
locations were also monitored. Figure 2 illustrates the sensors location in the case containment structure.  

 

 

Elevation 
(m) 

Sensor label 

36.6 840    841    842 
31.8 838    839 
30.0 835    836    837 
6.0 833   834 
2.5 831    828    830    832 
1.0 827    829 

 

Figure 2. Locations of temperature and relative humidity sensors within the containment structure. 

The monitored hygrothermal performance is corresponded to about a year period from 4 June 2011 to 24 
April 2012 and illustrated in Figure 3 and Figure 4. Measurements were made at regular time intervals of 
24 hours. Temperature inside concrete seems to have the same trend with the ambient temperature. In case 
of relative humidity, the ambient relative humidity measurements do not have the same trend with relative 
humidity inside concrete. Strong association can be observed among the relative humidity measurements 
inside concrete. Relative humidity measurements inside concrete, in many cases, are above 80%.  

A – A 
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Figure 3.Time-series plot of temperature measurements in nuclear containment. 

 

Figure 4.Time-series plot of relative humidity measurements in nuclear containment. 

The correlation coefficients between hygrothermal performances at different locations were statistically 
analyzed and presented in Table 1. Hygrothermal dataset within the same elevation in the containment 
structure are presented in respective cells. Correlation coefficients of relative humidity and temperature are 
presented in bottom left triangle - and upper right triangle, respectively. The correlations between ambient 
temperature and temperature inside concrete at all locations are generally strong and positive. This implies 
that, when the ambient temperature increases or decreases the temperature inside the concrete increases or 
decreases accordingly. The temperature correlation coefficients are in the range between 0.66 and 0.88. 
The ambient temperature is found to be more strongly correlated with temperature inside concrete at a 
location labelled 829 with correlation coefficient of 0.88. This location is found in lower drywall with the 
same elevation as that of the ambient temperature monitoring location, labelled 827. This is one of the 
most probable reasons why location labelled 827 obtained a strong positive relation with the ambient 
temperature compared with the other locations. 
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Table 1. Correlation coefficients between temperature and relative humidity measurements in 
nuclear containment structure. 

827 829 830 831 832 833 834 835 836 837 838 839 840 841 842  T
827 0.88 0.84 0.85 0.80 0.78 0.78 0.72 0.81 0.79 0.70 0.66 0.79 0.70 0.72 827
829 -0.11 0.83 0.85 0.84 0.78 0.78 0.70 0.83 0.78 0.64 0.59 0.81 0.68 0.72 829
830 -0.03 0.93 0.90 0.96 0.98 0.98 0.69 0.84 0.91 0.81 0.78 0.93 0.87 0.91 830
831 0.00 0.80 0.82 0.89 0.86 0.85 0.81 0.88 0.91 0.80 0.77 0.91 0.85 0.88 831
832 -0.09 0.90 0.90 0.92 0.95 0.95 0.68 0.86 0.93 0.83 0.81 0.96 0.91 0.94 832
833 -0.07 0.93 0.91 0.90 0.98 1.00 0.68 0.84 0.90 0.82 0.80 0.92 0.87 0.90 833
834 -0.16 0.60 0.51 0.78 0.81 0.80 0.67 0.83 0.89 0.82 0.80 0.92 0.87 0.90 834
835 -0.02 0.89 0.85 0.95 0.91 0.93 0.75 0.83 0.81 0.72 0.68 0.75 0.67 0.67 835
836 0.04 0.87 0.82 0.82 0.79 0.84 0.57 0.89 0.94 0.93 0.90 0.91 0.89 0.84 836
837 -0.04 0.93 0.91 0.95 0.97 0.97 0.77 0.98 0.88 0.93 0.92 0.97 0.96 0.95 837
838 0.01 0.92 0.90 0.92 0.95 0.95 0.73 0.95 0.91 0.98 0.99 0.89 0.95 0.88 838
839 0.01 0.93 0.94 0.91 0.95 0.96 0.68 0.95 0.90 0.98 0.99 0.87 0.95 0.88 839
840 -0.09 0.55 0.48 0.81 0.79 0.70 0.88 0.73 0.55 0.75 0.73 0.68 0.96 0.98 840
841 -0.02 0.94 0.93 0.90 0.96 0.97 0.71 0.93 0.89 0.98 0.99 0.99 0.71 0.98 841
842 -0.01 0.97 0.98 0.82 0.91 0.94 0.56 0.88 0.86 0.93 0.93 0.95 0.51 0.95 842
 RH 827 829 830 831 832 833 834 835 836 837 838 839 840 841 842  

It can be also observed that the correlation coefficients between temperature inside concrete (categorized in 
the same location or elevation) are generally strong and positive. Even there is a perfect positive 
correlation between sensors labelled 833 and 834. The correlation analysis between relative humidity of 
ambient and inside concrete showed that the ambient relative humidity do not have any linear correlation, 
even with the closest location labelled 829. Similar to temperature, positive linear correlation between 
relative humidity inside concrete within the same group is noticed.  

3.  Artificial neural network for long-term forecasting of hygrothermal performance  

Knowledge of the future hygrothermal performance in thick-walled concrete structures is of great interest 
when considering extension of its service-life. Developing a model to forecast hygrothermal performance 
in thick-walled concrete structure is a major problem because of its dynamic, complex and nonlinear 
characteristics. Such a problem requires systems approach where the most essential features of a complex 
problem with multiple interactions are modelled so that the system behaviour can be forecasted reliably. 
Thus, the best solution is to learn system behaviour through observations. Artificial neural network (ANN) 
has been found useful in solving complex time-series problems in different applications as they are 
modelled after the brain. 

ANN is a computational network which attempt to simulate the networks of nerve cell (neurons) of the 
biological central nervous system [27], [28] and [29]. Artificial neurons form massively parallel networks, 
whose function is determined by the network structure, the connection strengths between neurons, and the 
processing performed at neurons [28]. 

The model of a neuron, which forms the basis for designing artificial neural networks are shown in Figure 
5. It basically consists of: 
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 A set of synapses or connecting links, each of which is characterized by a weight or strength of its 
own. Specifically, a single  at the input of synapse  connected to network  is multiplied by 
synaptic weight . 

 An adder for summing the input signals, weighted by the respective synapses of the neuron;  
 An activation function for limiting the amplitude of the output of a neuron.  

A neuron , can be mathematically described by the following equations: 

 
(1) 

 

 (2) 
Where:  
 ,....    are the input signals; 
 , ,... ;   are the synaptic weights of neuron ; 
     is the linear combiner output due to the input signals; 
     is the bias; 
    is the activation function; and ; 
     is the output signal of the neuron.  

The externally applied bias  has the effect of increasing or lowering the net input of the activation 
function, depending on whether it is positive or negative, respectively. 

 

Figure 5. A simplified model of artificial neuron [29]. 

ANNs are flexible, adaptive learning systems that follow the observed data freely to find patterns in the 
data and develop nonlinear system models to make reliable forecast of the future [28]. By the help of 
hygrothermal sensors real-time data can be monitored. The real-time data can be modelled using ANN, in 
turn makes self-learning smart structure which speaks the future hygrothermal performance for itself. 
Figure 6, Venn diagram indicates self-learning smart structure by confluence of thick-walled concrete 
structure, hygrothermal sensors and artificial neural networks.  
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Figure 6. Venn diagram indicates self-learning smart structure by confluence of thick-walled 
concrete structure, hygrothermal sensors and artificial neural networks. 

3.1  Neural Network Architecture  

The pattern of connections between the neurons is called the architecture of the neural network [30]. 
Depending on their architecture neural networks may be classified in a number of different ways which is 
intimately linked with the learning algorithm used to train the network. Different neural network 
architectures are widely described in the literature.  However, there are three fundamentally different 
classes of network architectures: Single-layer feedforward networks, multilayer feedforward networks and 
recurrent networks [29].  

Recurrent neural network model have been successfully used for various time-series forecasting tasks. It 
attempts to incrementally build the autocorrelation structure of a series into the model internally, using 
feedback connections relying solely on the current values of the input(s) provided externally. The network 
learn the dynamics of the series over time from the present state of the series, which is continuously fed 
into it, and then the network uses this memory when forecasting [28] and [29]. The architectural layout of 
recurrent network takes many different forms. In this study, non-linear autoregressive with exogenous 
inputs (NARX) model was selected.  

3.2  Non-linear autoregressive with exogenous inputs (NARX) 

NARX model is recurrent dynamic network and in this model external inputs are presented to the network 
in addition to those fed back from the output [28]. This model may have input that is applied to a tapped-
delay-line memory of  units. The output is also fed back to the input via another tapped-delay-line 
memory of units. The contents of these two tapped-delay-line memories are used to feed the input layer 
of the multilayer perceptron. The present value of the model input is denoted by , and the 
corresponding value of model output is denoted ; that is, the output is ahead of the input by one 
time unit. Thus, the signal vector applied to the input layer of the multilayer perceptron consists of a data 
window made up as follows: 



 NEA/CSNI/R(2014)1 

 129 

 Present and past values of the input, namely , ,..., , which represent 
exogenous inputs originating from outside the network, 

 Delayed values of the output, namely, , ,..., , on which the model 
output is regressed. 

The dynamic behaviour of the NARX model is described by Equation 3. 

             
(3) 

where  is a non-linear function of its arguments.  

4.  Modelling of artificial neural network   

4.1  Network structure   

Two long-term hygrothermal forecasting models: one is for temperature and the other is for relative 
humidity was developed. MATLAB® neural network toolbox [31] was used for modelling the data. The 
models use ambient hygrothermal data as inputs to forecast the hygrothermal performance inside nuclear 
containment structure. The dependency of the hygrothermal behaviour inside the containment with the 
ambient hygrothermal performance is somewhat identical in all locations of the structure as proofed by the 
correlation analysis. Accordingly, in this paper, forecasting performance of hygrothermal behaviour in 
nuclear containment structure only for the location labelled 829 is presented.  

Non-linear autoregressive with exogenous inputs (NARX) network with two layers was used to model the 
data. The fundamental architecture of the network is the same as shown in Figure 7. The model has two 
inputs, one is an external input (e.g monitored ambient temperature), and the other is a feedback 
connection from the model output. The feedback connection from the model output at future time-steps 
(which are then used as inputs) are forecasted hygrothermal data. The model must recursively make 
forecasts for the  required time-steps of , ,...,  using only the inputs at time . 
As a consequence, long-term forecasting performance depends on its own prediction in a single-step to 
recursively predict the outcome for the next step.  

 

Figure 7. NARX model with three hidden neurons [29]. 
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The time-steps of the inputs were equals to the whole hygrothermal time-steps minus  size of required 
future time-steps. The subtracted  size of required time-steps is monitored hygrothermal data which are 
used to evaluate the model forecasting performance since they were not used for network training. A 
tapped-delay-line memory of two units was assigned for both input and feedback. The network obtained 
five hidden neurons and one output neuron. The optimal number of neurons in the hidden layer and a 
tapped-delay-line memory was based on the generalization error and found after several trainings. The 
activation functions selected for the layers were hyperbolic tangent transfer function in the hidden layer 
and linear transfer function in the output layer. The input and target outputs were randomly divided to 70% 
for training, 20% for validation and 10% for testing. The training hygrothermal dataset was used to train 
the network. Training begins with the third data point since a tapped-delay-line memory of two units was 
assigned. Validation dataset was used to measure the network generalization, and to halt training when the 
generalization stops improving. Test dataset used to measure network performance during and after 
training. The applied training algorithm was the Levenberg-Marquardt. This algorithm is an iterative 
technique that locates the minimum of a multivariate function that is expressed as the sum of squares of 
non-linear real-valued functions and is the fastest method for training.  

4.2  Result analyses  

Training performance of the NARX model for long-term (90-steps-ahead) forecasting of hygrothermal 
behaviour inside containment structure is shown in Figure 8. It illustrates training, validation and testing 
performance functions versus the iteration number. The error on the validation set is monitored during 
training, and the training is stopped when the validation error stop decreasing further. As indicated by the 
dashed line in the performance plot, the best model generalization for temperature was obtained at epoch 
23 where minimum mean square error of validation is dropped to 6.82e-03. In case of relative humidity, 
best validation performance was occurred at epoch 54 with minimum mean square error of 9.1e-04. The 
error in case of temperature is a bit higher compared to relative humidity.  
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Figure 8. Plot of training of the NARX model for long-term forecasting of hygrothermal 
performance inside containment concrete a) temperature b) relative humidity. 

A linear regression between the network outputs and the corresponding targets were conducted and shown 
in Figure 9. The R-value for temperature response was 0.99321 and for relative humidity was 0.99053.  In 
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both cases the R-values are above 0.99 which indicates the model outputs tracks the targets (observed 
hygrothermal behaviour inside concrete) very well.  
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Figure 9. Plots indicate a linear regression between the network outputs and the corresponding 
targets a) temperature b) relative humidity. 

Hygrothermal forecast of 90-steps-ahead is plotted in Figure 10. It can be observed that the forecasted 
temperature (90-steps-ahead) do not fit with the observed data fully. This is because of the used small 
training dataset. It is clearly seen that the last 90 time-steps has different trend compared with the other 
time steps which were used for training the model. The forecasting performance of the models was 
measured by mean square error. The mean square error for 90-steps-ahead forecast of temperature and 
relative humidity inside concrete were 0.0155 and 0.008, respectively. These findings revealed that the 
NARX model can forecast long-term hygrothermal condition inside concrete that have not been observed 
before with good accuracy.  
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Figure 10. Plots of observed and forecasted data (90-steps-ahead) a) temperature b) relative 
humidity 

A number of long-term forecasts with different time-steps-ahead were also performed using the NARX 
models and summarized in Table 2. It can be seen that the error range for the models is small, indicating 
that they all perform adequately. Table 2 also shows that when the forecasting horizon increases from 30-
steps to 90-steps the mean square error is also increases, which in turn, deteriorates the forecasting ability. 
This is due to the compounding effects of the errors in the forecasted outputs at each time-step for  
required time-steps. Though the forecasting ability decreases with increasing the time-steps, the developed 
NARX model reasonably forecast hygrothermal performance of 90-steps-ahead. This investigation 
confirmed that, even with small dataset, NARX model can forecast long-term hygrothermal behaviour 
inside concrete. The performance of long-term forecasting can be improved using large data since neural 
networks can learn very well from large data. Once trained, the model learns the aging effect on 
hygrothermal performance and can be used to make pragmatic decisions with regard to service-life 
extension of the structure. 

Table 2. Mean square error of hygrothermal forecast of 30-steps, 60-steps and 90-steps-ahed 

 30-steps-ahead 60-steps-ahead 90-steps-ahead 

Temperature mse=0.0151 mse= 0.0161 mse=0.0155 

Relative humidity mse=0.0022 mse=0.0064 mse=0.0080 

5.  Conclusions 

Moisture and thermal interactions in concrete are the decisive factors influencing the durability of the 
concrete. Moisture content contributes a significant impact on several deterioration mechanisms, including 
corrosion of reinforcement steel, alkali-aggregate reactions, freezing and thawing, as well as sulphate 
attack. Thermal interaction inside concrete is also one of the dominant factors in accelerating deterioration 
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processes caused by chemical and physical factors. The compressive strength, modulus of elasticity and 
volume deformation of concrete structures decrease remarkably upon elevated temperature. 

Today, there are several concrete deterioration forecasting models caused by long-term hygrothermal 
interactions. However, the models contain assumptions and approximations about the hygrothermal 
performance inside concrete and other parameters. Assumptions and simplifications compounded with the 
dynamic behavior of hygrothermal interaction as well as complexity of thick-walled concrete structure the 
existing models are inadequate to use for service-life forecasting. Long-term, in-service hygrothermal 
performance monitoring of thick-walled concrete structures in regular interval using sensors is essential. It 
increases reliability of deterioration prediction models significantly.  

Understanding of the long-term hygrothermal performance in thick-walled concrete structures is of great 
interest when considering extension of its service-life. Two NARX (artificial neural network based long-
term hygrothermal forecasting models) for temperature and relative humidity were developed. The models 
were trained to forecast the future hydrothermal behaviour inside concrete ranging from 30-steps to 90-
steps-ahead. When the forecasting horizon increases the mean square error is also increases. It indicates 
that the larger samples have the advantage of reducing the total error. Even though the forecasting ability 
decreases with increasing the time-steps, the developed NARX model reasonably forecast for 90-steps-
ahead. The mean square error for 90-steps-ahead forecast of temperature and relative humidity inside 
concrete were 0.0155 and 0.008, respectively. Thus, using long-term hygrothermal data, it is possible to 
capture the aging effect on hygrothermal performance and can be used to make realistic decisions with 
regard to service-life extension of the structure. 
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THE COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS 

 “The Committee on the Safety of Nuclear Installations (CSNI) shall be responsible for the 
activities of the Agency that support maintaining and advancing the scientific and technical knowledge 
base of the safety of nuclear installations, with the aim of implementing the NEA Strategic Plan for 2011-
2016 and the Joint CSNI/CNRA Strategic Plan and Mandates for 2011-2016 in its field of competence.  

 The Committee shall constitute a forum for the exchange of technical information and for 
collaboration between organisations, which can contribute, from their respective backgrounds in research, 
development and engineering, to its activities. It shall have regard to the exchange of information between 
member countries and safety R&D programmes of various sizes in order to keep all member countries 
involved in and abreast of developments in technical safety matters. 

 The Committee shall review the state of knowledge on important topics of nuclear safety science 
and techniques and of safety assessments, and ensure that operating experience is appropriately accounted 
for in its activities. It shall initiate and conduct programmes identified by these reviews and assessments in 
order to overcome discrepancies, develop improvements and reach consensus on technical issues of 
common interest. It shall promote the co-ordination of work in different member countries that serve to 
maintain and enhance competence in nuclear safety matters, including the establishment of joint 
undertakings, and shall assist in the feedback of the results to participating organisations. The Committee 
shall ensure that valuable end-products of the technical reviews and analyses are produced and available to 
members in a timely manner.  

 The Committee shall focus primarily on the safety aspects of existing power reactors, other 
nuclear installations and the construction of new power reactors; it shall also consider the safety 
implications of scientific and technical developments of future reactor designs.  

 The Committee shall organise its own activities. Furthermore, it shall examine any other matters 
referred to it by the Steering Committee. It may sponsor specialist meetings and technical working groups 
to further its objectives. In implementing its programme the Committee shall establish co-operative 
mechanisms with the Committee on Nuclear Regulatory Activities in order to work with that Committee 
on matters of common interest, avoiding unnecessary duplications.  

 The Committee shall also co-operate with the Committee on Radiation Protection and Public 
Health, the Radioactive Waste Management Committee, the Committee for Technical and Economic 
Studies on Nuclear Energy Development and the Fuel Cycle and the Nuclear Science Committee on 
matters of common interest.” 
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FOREWORD 

The Committee on the Safety of Nuclear Installations (CSNI) Working Group on Integrity and Ageing of 
Components and Structures (IAGE) has as a general mandate to advance the current understanding of those 
aspects relevant to ensuring the integrity of structures, systems and components, to provide for guidance in 
choosing the optimal ways of dealing with challenges to the integrity of operating as well as new nuclear 
power plants, and to make use of an integrated approach to design, safety and plant life management.  

The Working Group has three subgroups dealing with (a) integrity and ageing of metal structures and 
components, (b) integrity and ageing of concrete structures, and (c) seismic behaviour of components and 
structures. 

Over the last two decades, the IAGE Concrete Sub-group has convened a series of workshops and 
published reports on integrity and aging of thick-walled concrete structures, primarily aimed at 
containment structures.  The last workshop was “Ageing Management of Thick Walled Concrete 
Structures, including ISI, Maintenance and Repair – Instrumentation Methods and Safety Assessment in 
view of Long Term Operation” held in Prague, Czech Republic, on 1-3 October 2008.  One of the 
conclusions from that workshop was that further meetings or workshops should be held every few years to 
review progress on non-destructive examination (NDE) of concrete, and to provide a forum for information 
exchange. 

With developments in NDE methodologies over the intervening 5 years, the IAGE working group 
considered it was timely to host a follow-on to the 2008 workshop in 2013, with the objective to present 
and discuss the state-of-the-art techniques for the integrity assessment of concrete structures, and to 
recommend areas where further research is needed. This report documents the proceedings for the 2013 
workshop on “Non-Destructive Evaluation of Thick Walled Concrete Structures”. 

Overall, the workshop demonstrated there has been significant development in NDE methodologies for 
thick-walled concrete since 2008.  There is still substantial work to be done before fully qualified 
techniques can be deployed on a regular basis to determine the overall health of a concrete structure.  The 
workshop concluded with recommendations for areas that would benefit from further study, and from 
international cooperative programmes.  These include:  i) appropriately capturing the information on 
effects of irradiation in standards or guidance documents, ii) following up on the state-of-the-art report on 
concrete NDE methodologies, iii) undertaking development of standard specimens and using round-robins 
for intercomparisons, and iv) holding a subsequent meeting or workshop to review progress after a few 
more years. 
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SUMMARY AND CONCLUSIONS 

 

1.  Introduction 

This report documents the proceedings for the workshop on “Non-Destructive Evaluation of Thick Walled 
Concrete Structures”, held in Prague, Czech Republic on 17-19 September 2013.   A total of 34 specialists 
from 15 countries and international organisations attended.  The Meeting was sponsored by the OECD 
Nuclear Energy Agency Committee on the Safety of Nuclear Installations and hosted by the Nuclear 
Research Institute Rez. 

The objective of this workshop was to present and discuss the state of the art techniques for the integrity 
assessment of concrete structures, and to recommend areas where further research is needed.  The 
workshop was structured in 4 technical sessions, with papers covering degradation mechanisms, 
application of NDE methodologies, and test rigs for determining NDE effectiveness. 

2.  Background of the Workshop 

Concrete structures are essentially passive components under normal operating conditions, but play a key 
role in mitigating the impact of extreme or abnormal operating and environmental events. Structural 
components are somewhat plant specific, may be difficult to inspect and the limiting factor for plant life 
since they are mostly irreplaceable. Structures are subject to time-dependent changes that may impact their 
ability to perform safety functions. As NPPs age, assurance is needed that the capacity of concrete 
structures to mitigate extreme events has not deteriorated unacceptably.  

Of particular importance to most nuclear facilities are concrete containment structures whose main 
purposes are to provide the final physical barrier to the release of fission products to the environment and 
to protect the reactor and other safety related structures, systems and components.  

Although, it was thought that concrete was maintenance-free with a design life of hundreds of years, this 
has proved to be optimistic. Experience has demonstrated that concrete structures can exhibit the first signs 
of degradation after 20 years or even earlier. Concrete containments of the nuclear facilities are subjected 
to many types of environmental effects that can, over time, initiate a variety of degradation mechanisms. 

The safety significance of containment combined with the current trend towards life extension and the 
regulatory authorities’ demands for even higher levels of safety assurance, means that ageing degradation 
mechanisms must be effectively understood and monitored, and the recognised ageing mechanisms should 
be continuously controlled. An important element of this control is inspection and monitoring to assess and 
determine the condition of the concrete structures and associated components.  Modern NDE methods and 
instrumentation are providing useful techniques for the detection and measurement of the extent of internal 
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damage and providing information on the quality of construction.  Nevertheless, further work is required to 
provide standardized and qualified inspection techniques. 

3.  Summaries for the Workshop Sessions 

Session 1 

Herbert Wiggenhauser summarized the “State-of-the-Art of non-destructive methods and technologies for 
application to nuclear power plant safety-related concrete structures”.  This state-of-the-art report provides 
a comprehensive assessment of the various available NDE techniques (e.g. ultrasonics, radiography, radar, 
etc.) and their strengths and limitations for various applications (thickness, cover depth, detection of rebar, 
detection of defects, etc.).  Recommendations are for further research to develop:  

 validation and reference specimens 
 software for data analysis and modelling 
 combined techniques and automation 
 improvements to equipment and techniques. 

Georgios Michaloudis presented “Applying numerical simulations for the non-destructive evaluation of 
concrete structural components subjected to high-dynamic loading”.  Numerical simulations were used to 
assess the damage induced in a concrete structure from a high-dynamic load (e.g. explosion).  The complex 
energy propagation through air and then into a structure was modelled and compared well with actual 
results.  The models can be used to determine the residual load capacity of the structure following an 
impact event. 

Brian Hohmann presented “Inspection of Containment Liners and Shells Utilizing Advanced 
Nondestructive Examination Techniques”.  Some areas of containment liners and shells are not readily 
accessible for inspection, but can have installation defects and can degrade in-service.  Ultrasonic 
techniques have been developed to detect flaws in a liner or shell, and applied to full-scale mock-ups.  The 
techniques were able to detect flaws introduced in the mock-ups, but require further work to provide 
reliable defect sizing and characterization.  It was noted that discontinuities in a liner or shell, such as a 
butt weld, can seriously attenuate the NDE signal. 

Session 2 

Jiri Zdarek presented “Temperature and Radiation Effects on the RPV Concrete Cavity:  Project 
Description on Irradiation, Testing and NDE Development”.  Long term exposure to radiation and thermal 
loading can result in degradation of mechanical properties of concrete structures such as RPV cavities.  An 
experiment is being conducted to determine the effects of high-radiation fields on concrete behaviour 
(described further in a presentation in Session 3).  In addition, NDE techniques using Non-linear Elastic 
Wave Spectroscopy are being developed and applied to a sample of concrete from a biological shield from 
a mothballed VVER.  One possible opportunity is to use the ionization penetrations in the VVER 
biological shield as access points for NDE probes in an operational VVER. 

Fahim Al-Neshawy presented “Monitoring of hygrothermal performance of thick-walled concrete 
structures”.  Exposure of concrete structures to variations in temperature and humidity can lead to 
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deterioration.  Dr. Al-Neshawy described a technique for collecting data on the effects of temperature and 
humidty on concrete, and using neural networks to forecast hygrothermal  performance. 

Brian Hohmann provided a summary of “The Effect of Irradiation on Thick Walled Concrete Structures in 
Nuclear Power Plants with Respect to Long Term Operation”.  Mr. Hohmann presented the available data 
on the effects of irradiation on concrete, and showed that the data of most relevance to reactor containment 
structures indicates there is not likely to be any deterioration for fast neutron fluences up to ~1019n/cm2.  
Thus there is no indication that containment concrete will deteriorate due to irradiation, but additional data 
(as is being sought in the experiment described in Sessions 2 and 3) will be useful to confirm the lack of 
effect at high fluences.  

Session 3 

 Sontra Yim presented “The Use of Digital Image Correlations for Detection of Degradation in Concrete 
Structures”.  The digital image correlation (DIC) - that combines photogrammetry and image correlation - 
is an effective non-contact non-destructive evaluation (NDE) technique to quantify changes in shape, 
deformation, displacement and strain. This method was successfully validated 2011 during a structural 
integrity test (SIT) period in the framework of pressurization, hold and depressurization on inner concrete 
surfaces (~1m²) of a NPP containment. The quantitative data that was recorded will provide a basis for 
comparison to future tests (e.g. at 10 years interval). DIC can be used to detect, track and trend concrete 
degradation. 

Milan Marek presented “Projects Dealing with Radiation Damage of Concrete at the LVR Research 
Reactor”.  This contribution is a complement to the presentation “Temperature and Radiation Effects on 
the RPV Concrete Cavity:  Project Description on Irradiation, Testing and NDE Development” of the 2nd 
session. An experiment to determine the effects of irradiation on concrete using the LVR-15 reactor was 
described.  Concrete cylindrical samples (5 cm diameter, 10 cm height) will be irradiated with a neutron 
flux of 1.5E+20 n/cm² (E>0.1 MeV) below 90°C temperature. The samples will be investigated by means 
of post irradiation examination (PIE) and NDE.  The data will be useful in assessing the safety of NPP 
concrete structures since they will provide information regarding degradation (material changes and 
influence of chemical parameters) of irradiated concrete. 

Sontra Yim presented “Use of Fiber Optic Sensors for Monitoring Loads in Post-Tensioned Tendon”.  
Fiber optic sensors were selected due to their expected stable performance over long time periods, 
accuracy, immunity to electromagnetic interferences as well as electrical noise, and environmental 
stability. The resulting fiber optic sensing system (FOSS) was installed in a NPP with a post-tensioned 
tendon systems and provides real time tendon monitoring in order to detected tendon wire breaks, wire 
relaxation, local concrete failure under tendon anchorage or loss of rock anchor. FOSS holds promise to be 
an alternative to lift-off testing. It has worked robustly for over two years, and is anticipated to perform 
over a long-time period (e.g. more than 10 years).  

Session 4 

Josef Machac presented his work on a “Hydraulic Vibration Exciter.” In this study numerical simulation of 
the response of structures to a dynamic vibration load was performed and compared with the experimental 
measured values. Experimental case studies included dynamic load test of bridges, the Orlik dam, the 
tallest exhaust stack in Europe, and a power plant turbine and generator basemat.  The technique shows 
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promise for monitoring degradation through systematic repeated measurements over long time periods, e.g. 
5-10 years. 

Ladislav Pecinka presented the topic “Experimental Stend UJV Rez for Probability of Detection (POD) 
Assessment.”  He provided background on a methodology for quantifying the detection capability of a 
NDE technique. A POD demonstration test is typically conducted using a set of standard specimens of the 
same geometry and material that have a known number and distribution of indication sizes.  An important 
consideration is that the size distribution should go beyond the NDE technique’s detection capability to 
establish the POD.  Dr. Pecinka also elaborated on a set of four specimens of dimension 2mx2mx1m, UJV 
has constructed with known defects and internal components (rebar, tendon ducts). UJV has examined the 
specimens with ultrasound, ground penetration radar and impact echo NDE methods and identified which 
method is suitable and successful to detect the particular types of defects.  Although not a complete 
spectrum of indication sizes, the set of specimens should be valuable for comparison testing by other 
organizations. 

4.  Discussion 

The workshop provided ample opportunity for discussion amongst participants on various aspects of 
degradation of concrete structures, and use of NDE to monitor concrete performance.  Key areas of 
discussion are captured here. 

Since the last workshop in 2008, there has been significant development of NDE methodologies for 
concrete.  The application of various ultrasonic techniques continues to be expanded and refined.  Digital 
Image Correlation is showing promise as a technique for monitoring deformation and tracking degradation.   
The use of fiber optics is enabling reliable NDE measurements over an extended time period, and could 
potentially avoid costly and dangerous direct measurement such as post-tensioning tendon lift-off.  
Hydraulic exciters can be used to look at the mechanical response of large structures, and monitor for 
changes over time.     

Nevertheless, we are far from having a comprehensive set of qualified techniques that can be standardized 
and applied by certified contractors.  We are still at the stage of much of the work being performed in 
research centres and universities, prior to standardization and commercialization.  As techniques move 
from the laboratory into regular application, there will be a need for appropriate training to ensure the 
techniques are used properly and consistently.  Given the complex and expansive nature of thick-walled 
concrete structures, it is anticipated that multiple techniques will be required to assess the full-range of 
potential indications, and to probe the entire volume of a structure. 

A big challenge is posed by the lack of standardization in concrete.  While there can be specifications for 
mix ratios, aggregate size distribution, rebar arrangement, etc., key aspects of concrete can change with 
location and time.  For example, cement and aggregate composition can vary.  The effects of these 
differences are not well understood nor well characterized, and could influence properties enough to make 
prediction of aging effects difficult. 

In terms of aging, the work underway at UJV Rez should go a long way toward resolving the effects of 
irradiation.  Nevertheless, the challenges to integrity posed by environmental exposures (temperature, 
moisture, contaminants, etc.) can stem from a wide range of phenomena, and continued investigation is 
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required to ensure the phenomena of importance to nuclear structures are well understood and 
characterized. 

Advances in computer technologies are helping to improve NDE methodologies.  Post-processing software 
can be used to turn NDE measurements into 3-D representations of a structure, its internals, and any flaws 
or defects.  Finite-element and mechanical modelling is being used to supplement NDE methodologies in 
determining the nature of discontinuities and defects, and in determining the consequences of detected 
anomalies on mechanical properties.  Statistical analysis and reliability methodologies are likewise 
showing promise in extrapolating from NDE findings to the consequences for a structure. 

 

5.  Conclusions and Recommendations 

 

1) There is a clear need for means of ensuring concrete structures meet their design criteria.  During and 
immediately following construction, NDE can provide quality control and verification.  After being 
subjected to aging degradation, NDE can be used to characterize material properties and ensure 
adequate performance.  It is therefore recommended that there be a follow-on workshop or meeting in 
few years to allow for further exchange of information. 

2) The state-of-the-art report [ORNL/BAM] provides a valuable assessment of the current applicability 
and limitations of available concrete NDE methodologies.  The IAGE Concrete subgroup should 
review the recommendations in the report and identify areas that can benefit from international 
collaboration. 

3) Methodologies for concrete NDE continue to evolve, and there are, as yet, no standardized and 
qualified techniques.  As a result, international standard specimens should be developed to allow direct 
comparisons between various techniques, with consideration given to ensuring a broad range of defects 
to ensure the Probability of Detection (POD) for a method can be properly determined.  Test rigs such 
as those developed at UJV Rez and LPI could provide a starting point for such inter-comparisons.  In 
addition, samples should be removed from plants under decommissioning.  A round-robin study could 
be valuable in comparing between NDE techniques, and in determining variability in the application of 
the same technique.   The highest priority testing tasks should be determined to ensure that resources 
are appropriately focussed. 

4) Once the experiments on the effects of irradiation are completed, it is recommended that the results be 
captured in standards and / or regulatory guides.  This will likely require radiation effects to be 
included in constitutive models for concrete used in finite-element modelling and used in fracture 
mechanics assessments. 
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Monitoring, evaluation and long-term forecasting of hygrothermal performance of thick-walled 
concrete structure 

Woubishet Zewdu Taffese, Fahim Al-Neshawy Jukka Piironen, Esko Sistonen and Jari Puttonen 

Aalto University School of Engineering, Department of Civil and Structural Engineering, Espoo, Finland 

Abstract 

A thick-walled concrete structure may be considered as a massive, often heavily-reinforced concrete 
structure with thickness greater than one meter. The main reinforcement consists of steel bars located on 
the both sides of the concrete wall. Thick-walled concrete structures are extensively used for 
infrastructures and industrial installations such as nuclear containments, dams, and waste water treatment 
plants. They are among the biggest structures in civil engineering which demand high level of safety and 
huge amount of construction budgets.  

Thermal and moisture interactions inside thick-walled concrete structures are one of the decisive factors 
influencing its durability. Hence, long-term, in-service monitoring of thick-walled concrete structures in 
regular interval is very essential especially those require high level of safety. In addition, long-term 
hygrothermal interactions in thick-walled concrete structure can result in changes in mechanical properties 
and may cause serious service failures. Accordingly, knowledge of the long-term hygrothermal 
performance in thick-walled concrete structures is of great interest when considering extension of its 
service-life. 

Several concrete deterioration forecasting models are caused by long-term hygrothermal interactions. 
However, these models are not based on real-time monitored data and contain assumptions and 
approximations. Assumptions and simplifications compounded with the dynamic behavior of hygrothermal 
interaction as well as complexity of thick-walled concrete structure the existing models may inadequate to 
use for service-life forecasting especially those structures require high level of safety .  

In this paper, long-term and in-service hygrothermal monitoring in nuclear containment is discussed. The 
monitored hygrotermal performance was also analyzed statistically before processing with artificial neural 
network. Non-linear autoregressive with exogenous inputs (NARX) network was used to model the 
observed time-series hygrothermal data and to perform long-term hygrothermal performance forecast. The 
forecasting performance evaluations revealed that the model forecast long-term hygrothermal behaviour 
inside concrete with good accuracy. 

1.  Introduction  

Thick-walled concrete structures are extensively used for infrastructures and industrial installations such as 
nuclear containments, dams, and waste water treatment plants. They are among the biggest structures in 
civil engineering which demand high level of safety and huge amount of construction budgets. Thick-
walled concrete structures are often heavily-reinforced, with thickness greater than one meter. Thermal and 
moisture interactions inside thick-walled concrete structures are one of the decisive factors influencing its 
durability. Understanding of the foremost deterioration mechanisms caused by hygrothermal interaction 
inside concrete is vital to extend service-life and insure safety of the structures.  
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1.1  Moisture effect on durability of concrete structures 

The presences of moisture filled pores in the concrete will remarkable influence on the kinetics of transport 
processes of aggressive substances. High moisture content in concrete hinders those processes that take 
place easily in the gaseous phase, such as oxygen and carbon dioxide diffusion. On the other hand, it 
facilitates those processes that occur in aqueous solution, like the diffusion of chlorides, or ions in general 
[1] and [2]. Consequently, it contributes a significant impact on several physical and chemical deterioration 
of reinforced concrete structures, including corrosion of reinforcement steel, alkali-aggregate reaction, 
freezing and thawing, as well as sulphate attack [3], [4], [5], [6], [7], [8] and [9]. 

Moisture content in the concrete strongly influences on the formation of corrosion products and the rate of 
corrosion of reinforcement steel [10] and [11]. The amount of moisture content close to saturation makes 
the departure of corrosion products easier, but it decreases the oxygen diffusivity and makes the supply of 
oxygen more difficult [12] and [13]. The optimum relative humidity range is between 70% and 80% that 
allows enough oxygen to diffuse into the concrete and initiate corrosion of reinforcement steel [10]. 

Moisture content in the concrete can chemically react with harmful substances (e.g. alkali and sulphate 
ions) penetrated in the concrete. The reactions can form products that are deleterious to concrete because of 
the volume expansion of the reaction products. The volume expansion is increasing with rising of the 
moisture content in the concrete. If the relative humidity inside the concrete is above 98%, the damage 
caused by such reactions is high [14] The amount of moisture content in the concrete also controls damage 
risk associated with frost. Concrete with high internal relative humidity (85-95%) and saturated (>98%) the 
damage risk related with frost attack is medium and high, respectively [14].  

1.2  Thermal effect on durability of concrete structures 
Thermal effects cause expansion or contraction of the concrete structures. There are three types of thermal 
effects on concrete structures: (i) bulk temperature change, where the entire structural components or 
segments of the component are subject to a uniform temperature change; (ii) thermal gradient, which is 
caused by different thermal conditions on two faces of a structure, such as two sides of a wall or the top 
and bottom of a beam; and (iii) local thermal exposure, which is elevated temperature at a local surface that 
is caused by an external source such as operating equipment or piping or an abnormal event such as a fire 
[14]. 

Thermal interaction inside concrete is also one of the dominant factors in accelerating deterioration 
processes caused by chemical and physical factors. To mention few, an increment of temperature by 10  
increases the corrosion rate of reinforcement steel in concrete by two fold. When temperature of pore 
solution drops below freezing temperature, corrosion of reinforcement steel stops completely since ions 
cannot move in the pore solution. In carbonated concrete, the corrosion rate is increased logarithmically 
with temperature in the range between -20  and around 30 . In chloride contaminated concrete, the 
concentration of chloride in pore solution is increased for temperature above 55  while the concentration 
of hydroxide decreases, in turn it may accelerate chloride associated deteriorations [12]. 

1.3  Combined effect of moisture and temperature on durability of concrete structures 

Based on moisture content changes as well as progressive deterioration of concrete constituent's, the 
mechanical properties of structure may vary considerably. As temperature increases, water is partly 
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evaporated and generates a pressure in the pore structure. If the stresses applied internally by the induced 
vapor pressures exceed the tensile strength of the concrete, spalling of concrete or even catastrophic 
service failures may be caused [15], [16] and [17]. Generally, significant deterioration of concrete strength 
occurs when the exposure temperature goes above 400  at which decomposition of calcium hydroxide 
occurs. The decomposition process can lead to the increase of porosity and degrade the mechanical 
properties of concrete. The compressive strength, modulus of elasticity and volume deformation, decrease 
remarkably upon heating, in turn, jeopardize the structural integrity and load bearing capacity of the 
structure [15], [16], [18], [19], [20] and [21]. Not only elevated temperature, but also long-term 
hygrothermal interactions in reinforced concrete structure can result in changes in mechanical properties 
and may cause catastrophic service failures.  

2.  Monitoring of hygrothermal performance  

Currently, there are several concrete deterioration forecasting models caused by long-term hygrothermal 
interactions. Nonetheless, the models are not based on real-time monitored data and contain assumptions 
and approximations. Assumptions and simplifications compounded with the dynamic behavior of 
hygrothermal interaction as well as complexity of thick-walled concrete structure the existing models may 
not adequate to use for service-life forecasting especially those structures require high level of safety. 
Without systematic hygrothermal monitoring and modelling, it is impossible to maintain significant level 
of reliability over service-life of thick-walled concrete structures. Hence, long-term, in-service monitoring 
of thick-walled concrete structures in regular interval is very essential Precise knowledge of hygrothermal 
performance of concrete is also required at the time of performing various non-destructive testing such as  
ground penetrating radar, ultrasonic pulse velocity and impact-echo because they are very sensitive to 
hygrothermal conditions [22], [23], [24], [25] and [26].  

In this paper, long-term real-time hygrothermal performance monitoring and evaluation in a thick-walled 
concrete structure is discussed. The case thick-walled concrete structure is containment in power plant 
situated in Northern Europe. The containment wall consists of an outer and an inner cylindrical wall with 
thicknesses of 850 mm and 250 mm, respectively, and of a 5 mm thick steel liner between them as shown 
in Figure 1.   

 

Figure 1. Cross-sections of the containment wall and pressure vessel wall made of concrete and steel. 

The containment structure is heavily-reinforced, with a number of liners or cast-in-place items. The 
hygrothermal interaction among various elements in thick-walled concrete is complex. This makes 
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mathematical analysis of hygrothermal performance in specific positions inside thick-walled concrete 
structure is challenging. The hygrothermal performance in the nuclear containment was monitored using 
HMP44L sensors. The sensors were produced by Vaisala Oy (Ltd.), Finland. 

The ambient temperature and relative humidity were collected inside containment at elevation of 1000mm. 
Temperature and relative humidity of concrete inside the containment in the depth of 400mm at various 
locations were also monitored. Figure 2 illustrates the sensors location in the case containment structure.  

 

 

Elevation 
(m) 

Sensor label 

36.6 840    841    842 
31.8 838    839 
30.0 835    836    837 
6.0 833   834 
2.5 831    828    830    832 
1.0 827    829 

 

Figure 2. Locations of temperature and relative humidity sensors within the containment structure. 

The monitored hygrothermal performance is corresponded to about a year period from 4 June 2011 to 24 
April 2012 and illustrated in Figure 3 and Figure 4. Measurements were made at regular time intervals of 
24 hours. Temperature inside concrete seems to have the same trend with the ambient temperature. In case 
of relative humidity, the ambient relative humidity measurements do not have the same trend with relative 
humidity inside concrete. Strong association can be observed among the relative humidity measurements 
inside concrete. Relative humidity measurements inside concrete, in many cases, are above 80%.  

A – A 
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Figure 3.Time-series plot of temperature measurements in nuclear containment. 

 

Figure 4.Time-series plot of relative humidity measurements in nuclear containment. 

The correlation coefficients between hygrothermal performances at different locations were statistically 
analyzed and presented in Table 1. Hygrothermal dataset within the same elevation in the containment 
structure are presented in respective cells. Correlation coefficients of relative humidity and temperature are 
presented in bottom left triangle - and upper right triangle, respectively. The correlations between ambient 
temperature and temperature inside concrete at all locations are generally strong and positive. This implies 
that, when the ambient temperature increases or decreases the temperature inside the concrete increases or 
decreases accordingly. The temperature correlation coefficients are in the range between 0.66 and 0.88. 
The ambient temperature is found to be more strongly correlated with temperature inside concrete at a 
location labelled 829 with correlation coefficient of 0.88. This location is found in lower drywall with the 
same elevation as that of the ambient temperature monitoring location, labelled 827. This is one of the 
most probable reasons why location labelled 827 obtained a strong positive relation with the ambient 
temperature compared with the other locations. 
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Table 1. Correlation coefficients between temperature and relative humidity measurements in 
nuclear containment structure. 

827 829 830 831 832 833 834 835 836 837 838 839 840 841 842  T
827 0.88 0.84 0.85 0.80 0.78 0.78 0.72 0.81 0.79 0.70 0.66 0.79 0.70 0.72 827
829 -0.11 0.83 0.85 0.84 0.78 0.78 0.70 0.83 0.78 0.64 0.59 0.81 0.68 0.72 829
830 -0.03 0.93 0.90 0.96 0.98 0.98 0.69 0.84 0.91 0.81 0.78 0.93 0.87 0.91 830
831 0.00 0.80 0.82 0.89 0.86 0.85 0.81 0.88 0.91 0.80 0.77 0.91 0.85 0.88 831
832 -0.09 0.90 0.90 0.92 0.95 0.95 0.68 0.86 0.93 0.83 0.81 0.96 0.91 0.94 832
833 -0.07 0.93 0.91 0.90 0.98 1.00 0.68 0.84 0.90 0.82 0.80 0.92 0.87 0.90 833
834 -0.16 0.60 0.51 0.78 0.81 0.80 0.67 0.83 0.89 0.82 0.80 0.92 0.87 0.90 834
835 -0.02 0.89 0.85 0.95 0.91 0.93 0.75 0.83 0.81 0.72 0.68 0.75 0.67 0.67 835
836 0.04 0.87 0.82 0.82 0.79 0.84 0.57 0.89 0.94 0.93 0.90 0.91 0.89 0.84 836
837 -0.04 0.93 0.91 0.95 0.97 0.97 0.77 0.98 0.88 0.93 0.92 0.97 0.96 0.95 837
838 0.01 0.92 0.90 0.92 0.95 0.95 0.73 0.95 0.91 0.98 0.99 0.89 0.95 0.88 838
839 0.01 0.93 0.94 0.91 0.95 0.96 0.68 0.95 0.90 0.98 0.99 0.87 0.95 0.88 839
840 -0.09 0.55 0.48 0.81 0.79 0.70 0.88 0.73 0.55 0.75 0.73 0.68 0.96 0.98 840
841 -0.02 0.94 0.93 0.90 0.96 0.97 0.71 0.93 0.89 0.98 0.99 0.99 0.71 0.98 841
842 -0.01 0.97 0.98 0.82 0.91 0.94 0.56 0.88 0.86 0.93 0.93 0.95 0.51 0.95 842
 RH 827 829 830 831 832 833 834 835 836 837 838 839 840 841 842  

It can be also observed that the correlation coefficients between temperature inside concrete (categorized in 
the same location or elevation) are generally strong and positive. Even there is a perfect positive 
correlation between sensors labelled 833 and 834. The correlation analysis between relative humidity of 
ambient and inside concrete showed that the ambient relative humidity do not have any linear correlation, 
even with the closest location labelled 829. Similar to temperature, positive linear correlation between 
relative humidity inside concrete within the same group is noticed.  

3.  Artificial neural network for long-term forecasting of hygrothermal performance  

Knowledge of the future hygrothermal performance in thick-walled concrete structures is of great interest 
when considering extension of its service-life. Developing a model to forecast hygrothermal performance 
in thick-walled concrete structure is a major problem because of its dynamic, complex and nonlinear 
characteristics. Such a problem requires systems approach where the most essential features of a complex 
problem with multiple interactions are modelled so that the system behaviour can be forecasted reliably. 
Thus, the best solution is to learn system behaviour through observations. Artificial neural network (ANN) 
has been found useful in solving complex time-series problems in different applications as they are 
modelled after the brain. 

ANN is a computational network which attempt to simulate the networks of nerve cell (neurons) of the 
biological central nervous system [27], [28] and [29]. Artificial neurons form massively parallel networks, 
whose function is determined by the network structure, the connection strengths between neurons, and the 
processing performed at neurons [28]. 

The model of a neuron, which forms the basis for designing artificial neural networks are shown in Figure 
5. It basically consists of: 
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 A set of synapses or connecting links, each of which is characterized by a weight or strength of its 
own. Specifically, a single  at the input of synapse  connected to network  is multiplied by 
synaptic weight . 

 An adder for summing the input signals, weighted by the respective synapses of the neuron;  
 An activation function for limiting the amplitude of the output of a neuron.  

A neuron , can be mathematically described by the following equations: 

 
(1) 

 

 (2) 
Where:  
 ,....    are the input signals; 
 , ,... ;   are the synaptic weights of neuron ; 
     is the linear combiner output due to the input signals; 
     is the bias; 
    is the activation function; and ; 
     is the output signal of the neuron.  

The externally applied bias  has the effect of increasing or lowering the net input of the activation 
function, depending on whether it is positive or negative, respectively. 

 

Figure 5. A simplified model of artificial neuron [29]. 

ANNs are flexible, adaptive learning systems that follow the observed data freely to find patterns in the 
data and develop nonlinear system models to make reliable forecast of the future [28]. By the help of 
hygrothermal sensors real-time data can be monitored. The real-time data can be modelled using ANN, in 
turn makes self-learning smart structure which speaks the future hygrothermal performance for itself. 
Figure 6, Venn diagram indicates self-learning smart structure by confluence of thick-walled concrete 
structure, hygrothermal sensors and artificial neural networks.  



NEA/CSNI/R(2014)1 

 128 

 

Figure 6. Venn diagram indicates self-learning smart structure by confluence of thick-walled 
concrete structure, hygrothermal sensors and artificial neural networks. 

3.1  Neural Network Architecture  

The pattern of connections between the neurons is called the architecture of the neural network [30]. 
Depending on their architecture neural networks may be classified in a number of different ways which is 
intimately linked with the learning algorithm used to train the network. Different neural network 
architectures are widely described in the literature.  However, there are three fundamentally different 
classes of network architectures: Single-layer feedforward networks, multilayer feedforward networks and 
recurrent networks [29].  

Recurrent neural network model have been successfully used for various time-series forecasting tasks. It 
attempts to incrementally build the autocorrelation structure of a series into the model internally, using 
feedback connections relying solely on the current values of the input(s) provided externally. The network 
learn the dynamics of the series over time from the present state of the series, which is continuously fed 
into it, and then the network uses this memory when forecasting [28] and [29]. The architectural layout of 
recurrent network takes many different forms. In this study, non-linear autoregressive with exogenous 
inputs (NARX) model was selected.  

3.2  Non-linear autoregressive with exogenous inputs (NARX) 

NARX model is recurrent dynamic network and in this model external inputs are presented to the network 
in addition to those fed back from the output [28]. This model may have input that is applied to a tapped-
delay-line memory of  units. The output is also fed back to the input via another tapped-delay-line 
memory of units. The contents of these two tapped-delay-line memories are used to feed the input layer 
of the multilayer perceptron. The present value of the model input is denoted by , and the 
corresponding value of model output is denoted ; that is, the output is ahead of the input by one 
time unit. Thus, the signal vector applied to the input layer of the multilayer perceptron consists of a data 
window made up as follows: 
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 Present and past values of the input, namely , ,..., , which represent 
exogenous inputs originating from outside the network, 

 Delayed values of the output, namely, , ,..., , on which the model 
output is regressed. 

The dynamic behaviour of the NARX model is described by Equation 3. 

             
(3) 

where  is a non-linear function of its arguments.  

4.  Modelling of artificial neural network   

4.1  Network structure   

Two long-term hygrothermal forecasting models: one is for temperature and the other is for relative 
humidity was developed. MATLAB® neural network toolbox [31] was used for modelling the data. The 
models use ambient hygrothermal data as inputs to forecast the hygrothermal performance inside nuclear 
containment structure. The dependency of the hygrothermal behaviour inside the containment with the 
ambient hygrothermal performance is somewhat identical in all locations of the structure as proofed by the 
correlation analysis. Accordingly, in this paper, forecasting performance of hygrothermal behaviour in 
nuclear containment structure only for the location labelled 829 is presented.  

Non-linear autoregressive with exogenous inputs (NARX) network with two layers was used to model the 
data. The fundamental architecture of the network is the same as shown in Figure 7. The model has two 
inputs, one is an external input (e.g monitored ambient temperature), and the other is a feedback 
connection from the model output. The feedback connection from the model output at future time-steps 
(which are then used as inputs) are forecasted hygrothermal data. The model must recursively make 
forecasts for the  required time-steps of , ,...,  using only the inputs at time . 
As a consequence, long-term forecasting performance depends on its own prediction in a single-step to 
recursively predict the outcome for the next step.  

 

Figure 7. NARX model with three hidden neurons [29]. 
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The time-steps of the inputs were equals to the whole hygrothermal time-steps minus  size of required 
future time-steps. The subtracted  size of required time-steps is monitored hygrothermal data which are 
used to evaluate the model forecasting performance since they were not used for network training. A 
tapped-delay-line memory of two units was assigned for both input and feedback. The network obtained 
five hidden neurons and one output neuron. The optimal number of neurons in the hidden layer and a 
tapped-delay-line memory was based on the generalization error and found after several trainings. The 
activation functions selected for the layers were hyperbolic tangent transfer function in the hidden layer 
and linear transfer function in the output layer. The input and target outputs were randomly divided to 70% 
for training, 20% for validation and 10% for testing. The training hygrothermal dataset was used to train 
the network. Training begins with the third data point since a tapped-delay-line memory of two units was 
assigned. Validation dataset was used to measure the network generalization, and to halt training when the 
generalization stops improving. Test dataset used to measure network performance during and after 
training. The applied training algorithm was the Levenberg-Marquardt. This algorithm is an iterative 
technique that locates the minimum of a multivariate function that is expressed as the sum of squares of 
non-linear real-valued functions and is the fastest method for training.  

4.2  Result analyses  

Training performance of the NARX model for long-term (90-steps-ahead) forecasting of hygrothermal 
behaviour inside containment structure is shown in Figure 8. It illustrates training, validation and testing 
performance functions versus the iteration number. The error on the validation set is monitored during 
training, and the training is stopped when the validation error stop decreasing further. As indicated by the 
dashed line in the performance plot, the best model generalization for temperature was obtained at epoch 
23 where minimum mean square error of validation is dropped to 6.82e-03. In case of relative humidity, 
best validation performance was occurred at epoch 54 with minimum mean square error of 9.1e-04. The 
error in case of temperature is a bit higher compared to relative humidity.  
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Figure 8. Plot of training of the NARX model for long-term forecasting of hygrothermal 
performance inside containment concrete a) temperature b) relative humidity. 

A linear regression between the network outputs and the corresponding targets were conducted and shown 
in Figure 9. The R-value for temperature response was 0.99321 and for relative humidity was 0.99053.  In 
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both cases the R-values are above 0.99 which indicates the model outputs tracks the targets (observed 
hygrothermal behaviour inside concrete) very well.  
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Figure 9. Plots indicate a linear regression between the network outputs and the corresponding 
targets a) temperature b) relative humidity. 

Hygrothermal forecast of 90-steps-ahead is plotted in Figure 10. It can be observed that the forecasted 
temperature (90-steps-ahead) do not fit with the observed data fully. This is because of the used small 
training dataset. It is clearly seen that the last 90 time-steps has different trend compared with the other 
time steps which were used for training the model. The forecasting performance of the models was 
measured by mean square error. The mean square error for 90-steps-ahead forecast of temperature and 
relative humidity inside concrete were 0.0155 and 0.008, respectively. These findings revealed that the 
NARX model can forecast long-term hygrothermal condition inside concrete that have not been observed 
before with good accuracy.  
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Figure 10. Plots of observed and forecasted data (90-steps-ahead) a) temperature b) relative 
humidity 

A number of long-term forecasts with different time-steps-ahead were also performed using the NARX 
models and summarized in Table 2. It can be seen that the error range for the models is small, indicating 
that they all perform adequately. Table 2 also shows that when the forecasting horizon increases from 30-
steps to 90-steps the mean square error is also increases, which in turn, deteriorates the forecasting ability. 
This is due to the compounding effects of the errors in the forecasted outputs at each time-step for  
required time-steps. Though the forecasting ability decreases with increasing the time-steps, the developed 
NARX model reasonably forecast hygrothermal performance of 90-steps-ahead. This investigation 
confirmed that, even with small dataset, NARX model can forecast long-term hygrothermal behaviour 
inside concrete. The performance of long-term forecasting can be improved using large data since neural 
networks can learn very well from large data. Once trained, the model learns the aging effect on 
hygrothermal performance and can be used to make pragmatic decisions with regard to service-life 
extension of the structure. 

Table 2. Mean square error of hygrothermal forecast of 30-steps, 60-steps and 90-steps-ahed 

 30-steps-ahead 60-steps-ahead 90-steps-ahead 

Temperature mse=0.0151 mse= 0.0161 mse=0.0155 

Relative humidity mse=0.0022 mse=0.0064 mse=0.0080 

5.  Conclusions 

Moisture and thermal interactions in concrete are the decisive factors influencing the durability of the 
concrete. Moisture content contributes a significant impact on several deterioration mechanisms, including 
corrosion of reinforcement steel, alkali-aggregate reactions, freezing and thawing, as well as sulphate 
attack. Thermal interaction inside concrete is also one of the dominant factors in accelerating deterioration 
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processes caused by chemical and physical factors. The compressive strength, modulus of elasticity and 
volume deformation of concrete structures decrease remarkably upon elevated temperature. 

Today, there are several concrete deterioration forecasting models caused by long-term hygrothermal 
interactions. However, the models contain assumptions and approximations about the hygrothermal 
performance inside concrete and other parameters. Assumptions and simplifications compounded with the 
dynamic behavior of hygrothermal interaction as well as complexity of thick-walled concrete structure the 
existing models are inadequate to use for service-life forecasting. Long-term, in-service hygrothermal 
performance monitoring of thick-walled concrete structures in regular interval using sensors is essential. It 
increases reliability of deterioration prediction models significantly.  

Understanding of the long-term hygrothermal performance in thick-walled concrete structures is of great 
interest when considering extension of its service-life. Two NARX (artificial neural network based long-
term hygrothermal forecasting models) for temperature and relative humidity were developed. The models 
were trained to forecast the future hydrothermal behaviour inside concrete ranging from 30-steps to 90-
steps-ahead. When the forecasting horizon increases the mean square error is also increases. It indicates 
that the larger samples have the advantage of reducing the total error. Even though the forecasting ability 
decreases with increasing the time-steps, the developed NARX model reasonably forecast for 90-steps-
ahead. The mean square error for 90-steps-ahead forecast of temperature and relative humidity inside 
concrete were 0.0155 and 0.008, respectively. Thus, using long-term hygrothermal data, it is possible to 
capture the aging effect on hygrothermal performance and can be used to make realistic decisions with 
regard to service-life extension of the structure. 
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