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INTRODUCTION 

This paper has been written to highlight the edition of an OECD/NEA/IAGE (2014) (ref [1]) state of the 

art report for Nuclear Power Plant (NPP) containment tendons. This subject is a critical one due to the 

major role of containment, in particular, during accident scenarios and many other issues. This 
OECD/NEA document deals in detail with the three major aspects on this topic including: 

• Design (Design Basis and Beyond Design Basis) 

• Construction 

• In Service Inspection (ISI) 

CONTEXT AND OBJEVTIVE 

This OECD activity has been launched in the frame of a NEA/CSNI CAPS as it is usually done for 
such a technical topic. The context is related to two main challenges for nuclear engineering, life time 

extension of existing plants and construction of new ones. The post tensioning methodology has to be 

carefully addressed in both situations due to the high importance of the tendons for the containment 
capacity. To perform this analyse two aspects have to be tacked: 

� The performance of the containment in severe accident conditions is today a part of the plant 

safety re-assessment: such re-assessment need numerical simulation. The way to represent the 
tendon and their link to concrete may have an impact on results. This question concerns both 

new and existing plants 

� For the existing plants the question are mainly related to In-Service Inspection and Monitoring 

which obviously depend on the technology. Monitoring has to be linked to parameter 
value intended for safety assessment and ISI scoping has to be consistent with 

variability of the materials and the ageing effects. 

These two issues are not so easy to be solved, and an international cooperation is necessary in 

order to share good and bad experiences. 
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DESIGN BASIS 

Prestressing System Components in Containment Structure 

The basic components of the post-tensioning system are as follows: 

• Ducts (sheaths or tubes), the conduits through which the post-tensioning tendons run; 

• Tendons, number of prestressing strands made from steel wire wound together; 

• Anchorages, consist of a thick steel bearing plate to transfer the prestressing tendon 
force to concrete, usually with an integral transition guide or trumpet (see Figure 1) 

that mates with the duct; 

• Anchor heads and wedges, holds the ends of prestressing tendons against the post-

tensioning force (see Figure 1). 

• In-fill material such as grout or greased materials 

Figure 1: Typical prestressing tendon end 

Background 

An expert meeting on prestressing system was held in Lyon, France in April 2011. A brief 
summary of identified issues is given here: 

• Comparison of design criteria and material specifications of regulatory requirements, 

international standards and codes of practice and specify similarities and differences 

• Realistic  modelling  of  the  containment  geometry  and  tendon  paths  around  
 singularities(disturbed regions) 

• Effect of concrete shrinkage and creep on containment design and prestressing 

• Tendon rupture mechanism for bonded vs. unbonded tendons 

• Prestressing losses 
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• Development of finite element modelling to represent the realistic behaviour of 

prestressing system and containment structure 

• Modelling of bonded tendons vs. unbonded tendons 

• Non-linear vs. linear analysis 

• Sensitivity analysis 

• Simplified method vs. sophisticated methods of analysis 

This first expert meeting took benefit from a synthesis document written by Gifford for HSE 

(ref [2]) and from another synthesis published by CEB (ref [3]). 

Significant progress has been made since this time, especially for non-linear behaviour. A 

typical example modelling of the containment structure including openings is given in Figure 2. 

Figure 2: example of containment model 

General Comparison of Bonded and Unbonded Tendons 

• Both bonded and unbonded (greased or waxed) tendons provide good corrosion protection 

considering good quality of the grouting and grease or wax filling (materials, workmanship 
and construction process control) respectively, 

  

• Bonded tendons provide a degree of bond between tendons and concrete, 

• Bonded tendons are not available for direct inspection and force measurements. 

Therefore, prestressing force should be evaluated using monitoring analysis supplemented 

by other methods such as testing of beams; unbonded tendons can be physically inspected 

if required, 

• Unbonded tendons can be re-tensioned and replaced if required, but it is necessary to 

adapt the layout in order to permit the access close to the anchorages during the NPP life. 
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Re-tensioning or replacement is feasible but particular care should be taken in re-

tensioning to avoid damage to the strand by the wedges.  

BEYOND DESIGN BASIS 

The objective is to assess the pressure capacity of the containment at which the structural 

integrity is retained, and a failure leading to a significant release of fission products does not 
occur. For estimating the pressure capacity of the containment structure by deterministic 

structural simulation static nonlinear 3D finite element analysis will be needed for predicting 

the global response. Large penetrations are usually included in the finite element model; 
smaller penetrations and penetration closure components are analysed using a local finite 

element model either separate or as parts of modified global finite element model. 

The  analysis  methods  described  above  apply  to  the  global  containment  capacity.  A 

complete evaluation of the internal pressure capacity should also address major local 

components such as equipment hatches, personnel airlocks, and major piping penetrations. 

Modelling considerations for beyond design analyses  

The possibility of slip between tendon and tendon duct should be enabled by some suitable 

modelling arrangement like with the use of slot connectors modelling the contact between 
tendon and grout or grease in the tendon duct. This means that the tendons as a general rule 

should be modelled explicitly using rod elements in the containment model. The preferable 
arrangement of the meshing of the composite model consisting of tendons and containment 

wall concrete is the coincident nodes of tendon mesh consisting of rod elements and concrete 

mesh consisting of shell or solid elements. Regulating the connector stiffness of slot connector 
either perfect or total lack of bond between tendon and concrete can be simulated. 

Cracking of concrete can be simulated using various model approaches depending on the 
precision and size of the model.  The so  called  smeared  crack  concept  is  one  modelling  

possibility  assuming  that decreased stiffness caused by concrete cracking is distributed 

evenly on the tributary area of material connected to one integration point inside one particular 

finite element. Other possible modelling approaches  could  be  the  brittle  cracking  

modelling  approach  or  damaged  plasticity  modelling approach or individual micro-plane 
modelling approach specifying the one dimensional stress-strain relationship of the concrete 

material for a multitude of directions called micro-plane. Figure 3 shows (with amplification) 

the displacement variations in a containment structure due to internal pressure.
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Figure 3: The displacements (in meters) of the Tianwan inner containment shell for the internal pressure 

of 0.6 MPa. 

  

CONSTRUCTION 

The general principle of construction of post prestressing reinforced concrete containment of nuclear 
reactors is a complex process but is almost the same for all types of envisaged prestressing technology: 

• Construction of reinforced concrete containment and metallic liner including instrumentation 

 placed into concrete walls, 

• Placing of the prestressing cables, 

• Tensioning of the cables, 

• Protection of cables by adequate system - e.g. grout or grease. 

An alternative technology was developed: prestressing by Greased Sheathed Strands (GSS). These 

tendons have the particular feature of being made up of greased strands, individually sheathed at the 
manufacturing stage by a layer of hot-extruded high density polyethylene (HDPE). All strands are then 
gathered into a general duct (thick HDPE or metallic). This approach lies in the fact that the duct is 

injected with cement grout before tensioning. This allows setting the geometry of the tendon to limit 
interactions between the strands at the tensioning phase. Indeed, it prevents damage to their individual 
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protection (consisting of grease and the individual sheath). In this technology, the tensioning is performed 

after duct grouting (see Figure 4). 

  

Figure 4: Sectional view of a GSS tendon, example of a tendon 19T15

The prestressing operations are on the critical path of the global planning of plant construction. The entire 

process may take around two- third of a year, with for placing the cables, tensioning, and cement 

grouting. The non-grouting of the tendons can save some time in the prestressing sequence, however this 
gain is theoretical as other factors must also be taken into account (for example, the ducts are more 
encumbering and difficult to install). It is important to note that all the available time is used – that is to 

say that the process is continuous. 

Due to crucial importance of prestressing system for nuclear safety, Constructor (or Constructor's 

prestressing system subcontractor) shall be certified for all activities linked with prestressing system from 
manufacturing till finishing after application of prestressing.  

Generally, two kind of certification are required. First one is focused on nuclear safety and deals with 

independent check of all construction processes including certification of design, materials and products. 
The goal of this certification is to demonstrate that design and its application meets required level of 

nuclear safety. Second one is focused on technical safety during construction, especially during 
application of prestressing. The constructor proofs that he has knowledge, qualification and practice for 

required work. 

The grouting can be performed on the basis of reference document [7], but a major step for grouted 

tendon is the validation of the grouting process. The experts involved in the grouted technology judge that 

a full scale mock-up is necessary for this validation. Such validation has been performed for the more 
recent plants, as can be seen in Figure 5. 
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Figure 5 Full scale mock-up of grouted tendons (Flamenville3) 

IN SERVICE INSPECTION (ISI)  

Unbonded Tendons: 

The use of unbonded tendons provides the opportunity for direct in-service inspection of the tendons. 

Furthermore unbonded tendons can be replaced if found defective or degraded. 

In the USA, containments with greased tendons are inspected in accordance with the documents ref [5] 
written by ASME and [6] written by US NRC.  
  

Within the Czech Republic the program of inspections of prestressing system is based on original Russian 
ISI program for this type of prestressing system. Application of original ISI program for containments in 
Czech Republic takes into account changes in the area of prestressing forces measurement added onto all 

anchors (frequency and extent of lift-off tests is decreased). The principles of NRC Regulatory Guide 
1.35 (ref [6]) have been also incorporated into ISI program. ISI program exists in the form of NPP 
Operator’s ISI program. ISI program is represented by set of operator’s guides and it is approved by 

national authority. 

During ISI of post-tensioned concrete containments, all concrete surface areas (accessible and any area 

suspect of degradation), tendon, wire or strand, anchorage hardware and surrounding concrete, corrosion 

protection medium (grease), and free water are inspected. The approach for performing ISI of a 
posttensioning system consists of a random sample of tendons selected from the accessible tendon 

population. Anchorage components for each tendon in the sample are visually inspected for defects or 

abnormalities. The prestressing force for each sample tendon is measured (with corresponding elongation 
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measurements), a grease sample is obtained for laboratory analysis of impurities, and a wire sample is 

removed for material property determinations. The prestressing force, elongation, grease impurities, and 

material properties are determined and compared with allowable limits. In the case of the prestressing 
forces, these limits vary with time and must be calculated for the time of the surveillance. 

Grouted tendons: 

Although, direct monitoring of the bonded post-tensioning system is currently not possible, proven 
reliable indirect methods can be used to ensure continuous integrity of the post-tensioning system over the 

service life of the plant. 

Preferably embedded or otherwise attached (retrofitted) instrumentation should be used to monitor the 

response of the concrete containment structure to external loads i.e. pressure loads during Proof Pressure 

Testing (PPT) and Integrated Leakage Rate Testing (ILRT). Where possible, a few tendons should be left 
unbonded to allow for direct monitoring of prestressing force. An example of instrumentation system is 

shown in Figure 6.  

  

Figure 6: Example  of  a  typical  monitoring  system  used  by  EDF  (sensors  installed  around 
penetrations are not represented) 
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For new structures, data collection should start during construction (at least at the beginning of the 

tensioning of the cables) so that the initial state, i.e. baseline parameters can be established at the end of 

the construction period. Instrumentation should be proven, calibrated and reliable and should have 
sufficient redundancy. Instrumentation should be of sufficient accuracy to be able to identify failure of 

small enough number of strands so that the integrity of the concrete containment structure is not 

compromised. Instrumentation should be strategically located to enable evaluation of an overall behaviour 
of a structure as well as in the areas of high stresses and deformations; location of instrumentation should 

allow for easy comparison with the theoretically estimated values. 

Care should be taken when interpreting the results of the monitoring (ref [4]). Response of the structure to 

environmental and operating conditions (e.g. temperature, humidity) as well as volumetric changes in 

concrete and long term relaxation of the post-tensioning tendons in the given environment should be well 
understood in order to confirm design assumptions and ensure that prestressing force losses are within 

acceptance limits and sufficient margins are maintained at all times during service life of the plant .If 

necessary, structural analysis should be update with actual ambient conditions and material properties. 

CONCLUSION 

The OECD/NEA state of the art report “Bonded or Unbonded Technologies for Nuclear Reactor 

Prestressed Concrete Containments” is a quite up-to-date report regarding Nuclear Containment. This 

activity has led to an international platform for technical exchanges about this topic and it was an 
excellent learning experience among all participants that constitute the first benefit of this work. The 

second benefit can be shared by the whole nuclear community by uploading this report which is a quite 

comprehensive and informative document on this topic. 

REFERENCES 

[1] OECD/NEA (2014). “Bonded or Unbonded Technologies for Nuclear Reactor Prestressed Concrete 

 Containment” 

[2] Tilly- GP  Jackson P  (2009). “Grouting in place prestressing tendons”, Gifford for HSE UK” 

[3] CEB-FIP Bulletin N° 13 (2001).  “Nuclear Containment” 

[4] US NRC RG 1.90 (2012).  “In Service Inspection of prestressed concrete containment structures with 

grouted  tendons” 

[5] ASME section XI “Rules   for   In-service   Inspection   of   Nuclear   Power   Plant   Components”,   

subsection   IWL“ Requirements for Class CC Concrete Components of Light-Water Cooled Plants”  

[6] NRC Regulatory Guide 1.35, “In-service Inspection of unbonded Tendons in Prestressed Concrete 

Containments 

[7] ISO 14824-1 and 2:2012 Grout for prestressing tendons 


