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Työn tavoitteena on kehittää toimintatapa tarkastusresurssien tehokkaaseen kohdenta-
miseen olennaisimpiin ilmiöihin ja rakenteisiin ydinlaitosten luvanhaltijoiden rakenne-
suunnitelmien tarkastuksissa. 
 
Toimintatapaan kuuluu matemaattisten mallien luomista ohjaava prosessi, sekä taulukko-
laskentaohjelmassa toimiva Monte Carlo-simulointityökalu luotujen mallien tarkastelua 
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tyissä esijännityskaapeleissa jännityshäviöihin. Menetelmän todettiin soveltuvan hyvin 
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1 Introduction 
The current growth in interest in nuclear power plant construction has prompted 
the commission of this thesis in the Finnish national Radiation and Nuclear Safety 
Authority, hereinafter referred to as STUK by its Finnish abbreviation. According to 
IAEA (2014), as of 8.4.2014, there are 72 nuclear power plants under construction 
worldwide. In Finland, two new construction projects are in the early phases of 
being approved in addition to one already being constructed.  

The purpose of this thesis is to advance the assessment and inspection processes 
of structural systems. Currently STUK time-consumingly inspects a large amount 
of detailed plans. This thesis proposes a new framework for reviewing structural 
systems and stochastically determining critical parameters in the structural sys-
tems with the goal of more efficiently allocating resources to the most relevant in-
spections or sample tests. Any improvement in efficiency is especially welcome, if 
both planned NPPs go forward. 

The next chapter describes the assessment process as it currently is, with sub 
chapters related to determining the nuclear safety relevance of a structure and the 
flow of the design process from the point of view of the regulatory body. Chapter 3 
discusses how the inspection process can be optimised by using a review meth-
odology based on doing sensitivity and fragility analyses on structures.  

Chapter 4 describes the modelling logic and the kinds of structures and questions 
concerning them that are encountered in the assessment process. The analysis 
tool is also described. It is a computer spreadsheet, which employs a modular 
structure for adding new modelling scenarios and a universal module containing 
the stochastic methodology. Loads and structures are modelled using parameters 
e.g. pertaining to material properties, geometry and failure modes. The input pa-
rameters can be given distributions, which leads to distributions in output parame-
ters. The output parameter distributions are compared to failure criteria, which 
provide information on the overall margin of safety. 

The fifth chapter describes the basic functionality of the modules i.e. spreadsheets 
that have been created so far. Their inner workings and mathematical basis will be 
explained at the beginning of each case study. 

Two technically very different case studies are presented to evaluate the effective-
ness of the method in reviewing structures on an approval-in-principle level. The 
first, a case utilising the finite element method to model a cross-section of a double 
skin steel-concrete composite structure, explores the upper limit of the complexity 
of the calculation modules. The second is a simpler analysis of a post-tensioned 
tendon in a shell structure using proven equations and actual sample test data 
from the OL3 project as the basis for material property distributions. 
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The goals of this thesis are to create a fragility and sensitivity analysis tool to be 
used by STUK and to accumulate some experience using the new methodology. 
The tool should be limited to simplistic models to avoid overlap with sophisticated 
and time-consuming commercial FEM analysis tools and analyses performed by 
vendors, licensees and their third parties as well as technical support organisa-
tions (TSO) consulted by STUK.  

2 The current inspection process 
This chapter describes the current inspection process in detail. The next sub chap-
ter shows how the inspection work is related to the design process in general and 
the second sub chapter outlines the basis for recognising the nuclear safety rele-
vance of structures by stating the classification criteria and giving examples of 
relevant structures.  

2.1 The design and inspection process of a nuclear facility 

2.1.1 Overview and instances in the design process 

Figure 1 depicts the main players and phases of the design process from concep-
tual design to checking the conformance of a structure to the construction plans. 
Even though the arrows indicate a linearly progressing process, most of the 
phases require many cycles of reviews and checks for non-conformances before 
the actual applications are submitted, which themselves can be subject to review 
and improvement cycles. 

There are four major licensing phases in the design and inspection process of nu-
clear facilities, with more relating to commissioning and the sub phases in con-
struction. Hold points are points in the design that must be inspected and ap-
proved by an inspection organisation before work can continue on the next 
phases. Hold points are marked with an asterisk symbol (*) in fig 1.  
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Figure 1. Overview of the design and inspection process up to the acceptance of the con-
struction work. 

The different instances involved in the design and inspection process are repre-
sented by the horizontal lines in the above figure and their actions in each phase 
are written in the boxes. The vendor is the company manufacturing and selling the 
nuclear facility. The licensee applies for the approval in principle, construction li-
cense and operating licenses. As the investor and end user of the facility, the li-
censee takes overall responsibility of the safety and compliance with the regula-
tions. Both the licensee and the vendor use third parties to check and review li-
cense applications and design plans, before submitting them to the regulators.  

The regulating body in the most important hold points is STUK, but detail inspec-
tions and construction related inspections, especially in lower safety classes, can 
be performed in accredited inspection organisations. STUK uses TSOs like the 
Technical research centre of Finland (VTT), among others, for their expertise.  

2.1.2 Design phases 

The four licensing phases related to the design of structures and systems in 
chronological order are approval in principal, approval of the construction license, 
approval of the construction plans and approval of the construction work.  

The goal of the first phase is to discover any fundamental problems or incompati-
bilities with the national requirements in the nuclear power plant vendor’s concep-
tual design. The design can already be implemented at another site, but this does 
not relieve the vendor from any national requirements. The vendor and the license 
holder review and refine the design to comply with the national standards before 
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sending it to STUK for approval in principle. Any new structural types are proposed 
in this phase of the process. STUK can solicit third party statements and analyses 
regarding any new structural types.  

By the end of the first licensing phase, STUK ensures that the structures can be 
modelled in the subsequent phases and there are no fundamental technical or or-
ganisational obstacles to proceeding. After thorough dialog and possible requests 
of clarification, STUK will issue a nuclear and radiation safety related statement of 
the decision in principle to the Ministry of Employment and the Economy. 

In the second phase, the vendor prepares the design guide, which states the de-
sign criteria, including loads, types of structures and standards to be used as the 
basis for modelling the actions on structures and components and the safety mar-
gins of the aforementioned structures and components. It is a prerequisite for the 
construction license. A third party checks the assumptions and calculations made 
in the design guide, before the license holder submits an application for a con-
struction license. STUK reviews the design guide with expertise from TSOs, when 
necessary. In this phase, the review done by STUK is more detailed, because pre-
liminary design parameters are known in more detail. The design guide is revised, 
if necessary, as part of a favourable statement. The licensee receives the con-
struction license and STUK now has the design criteria against which the subse-
quent design plans can be checked.  

In the third phase, the vendor can finalise the detailed design plans according to 
the design guide. A third party inspects the detailed design, before the license 
holder starts submitting the detailed plans to STUK for inspection. STUK’s review 
focuses on checking that the detailed designs are in line with the approved design 
guide. 

In the fourth phase, the vendor and its contractors start constructing the structures 
according to the design plans. The license holder inspects the construction work 
and notifies the vendor of any non-conformances. This phase varies in its details 
depending on the type of structure being constructed. Steel structures and com-
ponents have sub phases such as shipping and installation, each requiring atten-
tion from inspection organisations. Concrete structures’ concreting plans as well 
as pouring readiness are evaluated by inspection organisations before proceeding. 
The inspection work done in these latter phases often goes unnecessarily far into 
the details. Development in this area is of primary concern. After the non-
conformances are dealt with, STUK can proceed with the commissioning inspec-
tion, which can include operating and loading tests. 
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2.2 Recognizing the relevance of a structural system to nuclear safety 

2.2.1 General principles of classification 

STUK sets the safety regulations in Finland regarding nuclear energy as man-
dated by the Nuclear Energy Act (990/1987) § 7 r. These regulations are available 
in the form of YVL-guides. (Nuclear power facility guides) The third paragraph in 
the previously mentioned section of the Nuclear Energy Act gives the license 
holder the option of proposing alternative solutions, which STUK can accept, if 
they are on par with the required level of safety. 

The YVL-guides (STUK, 2013a) define systems as something that contributes to a 
specific safety or operational function, such as maintaining cooling to the reactor 
core or containing radioactive substances in the facility in case of an accident. 
Structures and components are the actual physical manifestations of the system. 
Every structure and component belongs to a structural system. Systems, struc-
tures and components (SSC) are grouped into one of the safety classes, which are 
from highest to lowest 1, 2, 3 or EYT (classified as non-nuclear). Components and 
structures are assigned to the safety class of the structural system. Individual 
components can be assigned to a higher safety class if they border a system of a 
higher safety class or a lower safety class if they do not affect the accomplishment 
of a safety function.  

A higher safety class leads to higher quality requirements. The requirements focus 
on ensuring the operation of the safety systems and structural integrity of the 
structures. The requirements cover design, manufacturing, construction, installa-
tion, inspection and operation. The safety classification regarding structures con-
trols attributes such as structural strength, integrity and leak tightness. Compo-
nents have requirements relating to operational reliability, in addition to the attrib-
utes of structures.  

Based on the consequences determined by probabilistic risk assessments of a 
mechanical failure, structures and components are assigned safety classes. 
Safety class 1 (SC1) is limited to structures and components, whose failure could 
compromise reactor integrity and require immediate actuation of safety systems. 
Specifically included in SC1 are the reactor pressure vessel and the components 
of the primary circuit whose rupture cannot be compensated for by systems used 
for normal plant operation. Nuclear fuel is also included in this category. 

Safety class 2 (SC2) structures and components are those whose: a) integrity is 
required for reactor decay heat dispersion or containing radioactive substances 
inside the facility after a SC1 structure or component failure, b) failure enables an 
uncontrolled chain reaction, c) failure compromises the integrity of nuclear fuel or 
d) failure compromises the integrity of a class 1 barrier. Some examples of these 
kinds of structures are core support, reactor shutdown systems’ structures, the 
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containment isolation function and other structures directly connected to the con-
tainment. 

Safety class 3 (SC3) structures and components are: a) buildings and structures 
ensuring the operability and physical separation of SC2 systems, b) structures en-
suring SC3 functions and c) barriers to the dispersion of radioactive substances 
and structures where radioactive materials are handled, which are not assigned to 
a higher safety class.  

STUK assesses the appropriateness of the proposed system-level safety classifi-
cation during the construction license application phase. During the operating li-
cense phase, STUK reviews and approves the final safety classification document. 
Any changes to the classification made in the operational phase of the nuclear 
facility need to be reviewed and approved. 

2.2.2 Examples of safety classified structures  

Based on the classification criteria above some structural systems can typically be 
identified. Nuclear power plants must have a containment, the purpose of which is 
to contain radioactive substances in the facility after a failure of critical class 1 
components. This is sufficient to include it in the SC2 category. Actions assumed 
to affect the structure in case of LOCA are related to pressure and heat. Integrity is 
an attribute the structure is designed to maintain. Another related example is the 
shield building, which protects the inner containment from external threats such as 
aircraft impacts. It is classified as SC3. For PWR-type NPPs, it is known as an 
outer containment and for BWR-type NPPs, a reactor building. 

Pool structures containing nuclear fuel have high requirements on structural integ-
rity, which in the event of a failure might compromise the integrity of the fuel cas-
ings. This justifies including it in SC2. In the long-term, leak-tightness is necessary 
to prevent gradual spreading of radioactive elements. Pool structures are also sub-
ject to requirements concerning load bearing.  

Internal structures housing the reactor and other load bearing structures made of 
reinforced concrete or potentially of steel-concrete-composites (SC) are shown in 
fig 2. SC-structures are of specific interest, because of their successful use in 
Japanese NPPs and their unfamiliarity in European design norms. The structures 
shown in fig 2 vary in their location and purpose in the NPP, which leads to many 
different safety class designations. Many areas, e.g. those labelled “building” are 
classified as EYT, are therefore not considered relevant to nuclear safety. The first 
case study in chapter 5 focuses on SC-structures. 
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Figure 2. The darkened areas in the figure denote structures potentially made of SC-
composites in the two main types of NPPs. I/C stands for internal concrete structure and 
D/F for diaphragm floor. (JEA, 2010, p. 1.1-2) 

The second case study concentrates on the long-term effects on prestressing ten-
dons and the strain state they create. Figures 3 and 4 visualise the hierarchy of 
real world structures. Some of the most important loads affecting the structures 
are also shown. In the SSC context, the containment building is part of the con-
tainment system and pool structures are part of the radioactive fuel storage sys-
tems as well as water storage tanking systems for safety and emergency needs 
system. Internal structures fall under many different systems. 
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Figure 3. Some examples of structures and the loads and phenomena affecting them. The 
bolded structures and loads are studied in the second case study. 

7 
 



 

Internal 
structures

Anchoring 
platesSCwalls

Doorways and 
hatches

Mechanical 
loads

Bending 
loads

Radiation 
opacity

Fire loadsShearing loads LOCA pressure 
loads

Fire loads
 

Figure 4. Examples of internal structures and the loads affecting them. The bolded struc-
tures and loads are studied in the first case. 
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3 Development of the inspection process 

This chapter describes how the inspection process can be developed by using a 
simple spreadsheet tool to conduct iteratively improving fragility and sensitivity 
analyses, the results of which can be used to lower the workload in subsequent 
inspections. The next sub chapter describes the way the tool is planned to be used 
in each of the design phases presented in the previous chapter.  

The big picture of the design and inspection process, as seen in fig. 1, that de-
scribes all the different actors and phases is not changed, but the actions taken in 
each phase are.  

3.1 Using the method in the different design phases 

The four inspection phases differ in the goals and the level of detail available re-
garding the structures. Figure 5 summarises the inspection related actions in each 
design phase. The steps described below are part of a more rigorous implementa-
tion of the so-called graded approach. 

The graded approach is a process to ensure that the level of analysis, documenta-
tion and actions taken to implement design requirements are commensurate with 
the relative importance to safety, the magnitude of the consequences of failure, 
reparability or any other case specific factors. (Agarwal, 2012) 

Perform a sensitivity 
analysis using the 

measurements from 
the construction 
license application

Perform a sensitivity 
analysis using the 
final measurements

The results from 
previous phases 

guide quality control 
and checking for 

non‐conformances in 
relevant areas

Create the 
calculation models 
and check the 
proposal on an 

order‐of‐magnitude 
level

Assessment of the 
previous phase

Assessment of the 
previous phase

Phase 1: 
Approval in 
principle

Phase 2: 
Construction 

license

Phase 3: 
Detailed 
design

Phase 4: 
Construction

Assessment of the 
previous phase

 

Figure 5. Using the analysis tool in the inspection process. Assessing the previous phase 
means comparing the design criteria and assumptions to the ones in the previous phase 
and checking that they are still valid, or that the difference is at least compensated for.  

In the first phase of design process, when the vendor is seeking an approval in 
principle, the regulatory body establishes its first calculation models and assesses 
their accuracy. Structures and loads are modelled with parameter distributions with 
high variance, which mirrors the uncertainty and coarseness of the initial plans. 
The goal in this phase is to acquire a capability to model and analyse the pro-
posed types of structures in more detail in the phases to come. New structural 
types i.e. those not covered in the building code should be presented in this phase 
of the design. 
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In the construction license phase, the design parameters and measurements of 
structures become more accurate, which enables a proportionally more accurate 
assessment of the structure. The loads and capacities of the structures are known 
in more detail. The confidence levels in capacities of the structures rise. Focus in 
the next phase is determined by the capacity utilisation ratios. A check-back is 
made to ensure that the proposed design guide is in line with the approval in prin-
ciple. 

Upon evaluating the construction plan in the third phase, the final measurements 
of the structures are available, which enables the final fragility analyses to be 
made. This set of calculations also helps assess the accuracy of the earlier design 
phases. 

During the construction phase, the work completed so far is inspected. The higher 
the confidence level in the calculation methodology and the lower the capacity 
utilisation ratio or other risks, the less effort can be spent on sample testing the 
built structures. This being the case, the opposite also holds true. A lower safety 
class also lessens the need to do sample or spot tests. Capacity utilisation ratio 
can refer to capacity against the dominant failure mechanism or a combination of 
the most relevant failure mechanisms.  

In general, the variance of the input variables decreases as the design progresses. 
Initially, even the dimensions of structures may be used as variables, to assess 
the capabilities of a given type of structure. The first case study is of an approval in 
principle type analysis, while the second case is more specific, as is the case in an 
analysis in the construction license phase. 

The scope and targets of sample testing depend on the capacity utilisation ratio of 
the structures and components in question. An acceptable design goal is a high 
confidence in a low probability of failure (HCLPF). Figure 6 demonstrates the con-
cept of HCLPF. 
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Figure 6. An example of a fragility curve showing a load corresponding to a high confi-
dence in a low probability of failure. Q represents the confidence level of the capacity of 
the structure against failure. 

3.2 The benefits of the method 

The sought after benefits of the development are better focused routine inspec-
tions and more efficient consulting of TSOs, which is made possible by the deeper 
understanding of the effects of variation in e.g. dimensioning equations. It is easier 
to identify the most relevant failure-inducing phenomena. 

Instead of checking every detail, inspectors can conduct fragility analyses to de-
termine the critical areas in the structures and concentrate inspections on them. 
Discussions with employees doing inspection work, presented the possibility that 
using the tool would make the inspection more analytical and therefore more intel-
lectually engaging. This could lead to higher job satisfaction in addition to the ex-
pected timesavings. 
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4 The review method 

This chapter describes the analysis tool and the creation of the calculation models 
used by it. The analysis tool is based on a computer spreadsheet, which has 
automated functions for inputting parameters with a definable distribution to a cal-
culation model and for saving the corresponding results. Relationships between 
the input and the results can be identified from a large number of input-result pairs. 
The calculation models are case-specific and must be created for each type of 
structure and sometimes even loading type.   

The output variable distributions are compared to failure criteria, which provide 
information on the overall margin of safety. The failure criteria can themselves de-
pend on the input variables e.g. material properties. However, not all simulations 
aim to determine a failure mode. In the tendon case, variations in the prestressing 
losses are themselves the desired result.  

4.1 The modelling process of a structural system 

There are five steps in the modelling process of a structural system. The steps are 
named in fig. 7.  

 

Figure 7. The necessary phases in creating and using a model. 

Verification Defining the 
input data

Statistical 
analysis
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Reviewing a structural system begins by dividing it into manageable pieces, that 
can be modelled using simple spreadsheet sized calculations. Structural systems 
are broken down into components and structures, which are analysed for failure 
mechanisms or other phenomena. Other phenomena are explicitly mentioned to 
avoid limiting the applicability of the tool. Figure 8 depicts the breakdown of sys-
tems into modellable problems. 

 

Figure 8. Division of the structural system into modelling scenarios. 
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For example, the concrete in the inner containment building should generally be in 
compression. This includes situations due to e.g. aging, loads and the environ-
ment. Many questions arise from this premise. What is the magnitude of prestress-
ing losses due to aging effects? In what bounds does the prestressing force in the 
tendons change due to aging? How is leak-tightness of the liner affected by acci-
dent loads and aging effects? Prestressing losses have been selected to be ana-
lysed in the second case study. 

The YVL guide E.6 (STUK, 2013b) section 6.4 states that once a specific scenario 
has been defined and the relevant physical phenomena are identified, calculation 
models can be made using widely accepted methods given e.g. in standards or 
design codes.  

The verification of the calculation models used to check design calculations and 
help guide inspections does not need to be as stringent as the verification of the 
actual design models, though similar principles apply. The YVL guide E.6 requires 
that design models be verified with simpler calculations and that the specific ver-
sion of a complex e.g. FEA-based program used in the calculations is validated.  

4.1.1 Creating the models 

Creating a module begins with a worksheet, which contains the calculations nec-
essary to assess the phenomenon in question. A module may contain many mod-
els e.g. material models. The overall calculation model may consist of many inter-
connected modules. The typical structure of a calculation model is summarised in 
fig. 9. Having separate sub modules is optional, but the other parts are necessary 
for the methodology. 

Parameters
Sub modules

Monte Carlo 
Module

Results pageMain module

Distributions

Results

Distributions

 

Figure 9. The relationship of the different modules. Arrows indicate data flow between the 
modules. The result page can be considered a part of the Monte Carlo module. 

The line between including some part of the calculation in the main module and 
creating a sub module for it is arbitrary, but some suggestions can be made. If the 
calculation is resource intensive and is not required to be recalculated for each 
round of the simulation, having it in a separate module can reduce the simulation 
time. Another reason to create a sub module is to make it easily available for fu-
ture calculation models. On the other hand, modelling experience has shown that, 
additional worksheets complicate mitigating Excel’s tendency to recalculate whole 
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worksheets unnecessarily leading to slower calculation times. After creating the 
calculation modules, the Monte Carlo module is added to the workbook as a sepa-
rate worksheet.  

The modules used in the calculation model for analysing an SC-wall include a sub 
module for calculating the stiffness of the studs. This information becomes a pa-
rameter among many others in the main module, which employs material models 
and the Finite element method for the so-called truss model. The Monte Carlo 
module performs repetitive calculations using the truss model with different input 
parameters each time to produce distributions of the chosen result variables. 

4.1.2 Verification 

Any new models or equations must be compared to empirical tests or reliable ex-
isting models. If no relevant empirical data is available, STUK can request that the 
licensee conduct experiments to back up the used calculation models or material 
properties therein. For example, in the second case study pertaining to the 
prestressing tendons in the containment building, the relaxation parameter used in 
the models was backed up by experimental tests. 

The first Monte Carlo runs can be used for self-verification by checking for unex-
pected relationships between input and output variables. This might uncover errors 
in the model or interesting non-obvious relationships. Some input variables might 
have a negligible effect on the results and can therefore be excluded from the 
model or set as a constant instead of being given a distribution. The choice of us-
ing a spreadsheet based tool was partly motivated by the fact that a spreadsheet 
has all the information contained in it in an easily accessible form, which makes it 
more easily verifiable. 

4.1.3 Defining the input parameters 

Defining the distributions of the input parameters to be representative of the under-
lying physical phenomena is as important as having an accurate calculation 
model. Ideally, all the parameters’ distributions would be based on empirical evi-
dence, but in reality, estimates and simplifications have to be made. However, 
NPPs require such high levels of certainty, that effort can be spent e.g. to monitor 
the properties of each batch of concrete used at construction site. YVL E.6 states 
that “any significant design parameters not based on standards must be empiri-
cally proven.” This creates a great source of data to be used in calculations. 

4.2 Analysis 

4.2.1 Analysing the results 

The tools in the Monte Carlo module offer ways to quickly view scatter plots of the 
input variables against the result variables. This allows regression analysis using 
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the built-in tools of the spreadsheet program. Many different regression models 
are available from a simple linear fit to polynomial and exponential fits. 

A proper analysis requires a significant number of iterations to reduce the effects 
random noise. Experiences using the tool have shown the number to be in the 
thousands. The relationships found in the verification phase can now be confirmed 
with higher certainty. Non-linear relationships are of particular interest. 

If failure data exists, it can be compared to simulated loading data to estimate a 
probability of failure as a function of loading to create a fragility curve. If failure 
data for a component or structure is not readily available, it can be modelled using 
e.g. material and geometry related parameters, whose uncertainty is modelled with 
distributions with an appropriate variance. 

4.2.2 Using the results of the analysis in practise 

Potential applications of the methodology are shown in figs. 3 and 4, which depict 
typical systems and structures inspected by STUK. As an example, pool structures 
could be analysed under thermal loads. Pool structures are concrete structures 
lined with a thin sheet of steel held in place by studs to ensure leak-tightness. 
Temperature changes cause strains through thermal expansion. 

The results of an analysis could e.g. show that out-of-straightness is not a crucial 
factor in the failure mechanisms of a structure. This information could be directly 
used in the construction phase to reduce the effort used checking the structure for 
errors in construction tolerances.  
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5 Calculation modules 

This chapter describes the calculation modules created so far. The most important 
module is the Monte Carlo module, because it is necessary for the methodology. 
The other modules are case specific, like the stud module, which is used to calcu-
late the effects of shear forces affecting studs embedded in concrete. The tendon 
module is also very specific in its uses. However, the module based on the finite 
element method could eventually become a general-purpose module. 

5.1 The Monte Carlo module 

Monte Carlo simulation is a broad range of techniques to approximate solutions to 
quantitative problems using statistical sampling. In this thesis, the focus is on 
translating uncertainties in input variables into uncertainties in the output variables 
by using a calculation model as summarised in fig. 10. 

 

Figure 10. Relationship between the density functions of input variables and the density 
function of an output distribution. (Mazaheri, 2013) 

5.1.1 Monte Carlo process 

To set up a Monte Carlo simulation, three conditions have to be met. A calculation 
model needs to be defined, variable parameters and their distributions have to be 
defined and a termination condition has to be established. The termination condi-
tion can be a specified number of iterations, a time limit or, more generally, a tar-
get function, whose convergence is the trigger for the end of the iteration. Some 
simple target functions could be the difference between the mean values and vari-
ance of the probability functions and generated values of input parameters.  

The Monte Carlo process has four steps, which are in operational order: generate 
parameter values from defined distributions, evaluate the calculation model, save 
the results and start again if the termination condition has not been met. Figure 11 
contains the complete process chart. 
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1. Start: The  calculation model
is ready and the parameters to 
be varied have been chosen

2. Generate parameter values
based on chosen probability

distribution

3. Calculation using generated
parameters from previous step

4. Save the results

5. Check termination condition
and repeat steps 2‐5, if
conditions not met

6. End

 

Figure 11. The Monte-Carlo process chart. 

 

5.1.2 Description of the Monte Carlo implementation 

The Monte Carlo module consists of two worksheets. The first is the input page, 
which defines the termination conditions for the iteration and the variables to be 
used in the calculations. The second page holds the results of the calculations and 
some rudimentary analysis tools to help understand the relationship of the input 
variables and the output variables. Figures 12 and 13 are screen captures of the 
input page and the results page respectively. Key areas are numbered for easier 
referencing. 
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Figure 12. A screen capture of the Monte Carlo control page with numbered areas whose 
functions are explained below. 

Area 1 specifies the parameters that are to be varied. In the first column, a name 
can be given to variable. The name should be distinct, because it is the only way 
to identify the generated data later on in the analysis. Next, the address of the cell 
containing the variable used in the calculation is specified in the next column. To 
select the address the ”=” sign is typed in and the cell can be selected using the 
pointer. The column properties have been modified to show the address of a cell, 
not its value. The next column specifies the kind of distribution of the values to be 
generated for the selected parameter. The next columns are reserved for the pa-
rameters needed to define the distribution. 

Area 2 lists the possible symbols to be used to define distributions and the pa-
rameters needed to define the distributions. The available distributions are normal, 
uniform, triangular, lognormal and beta. Non-random, sequential numbers can be 
used as input. 

The third area is used to define the results that are saved after each iteration of 
the calculation. The first column names the variable and the second is the address 
of the cell containing it. 

Finally, area 4 contains the data for controlling the number of iterations. The num-
ber of iterations can be defined and a time limit can be specified. Which ever is 
met first will stop the iteration process. 
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Figure 13. The Monte Carlo results page. The numbered areas are explained below. 

Area 1 contains the names of the variable on row 30. Each row down contains the 
values of the variables from one iteration of the calculation. The rows above the 
name contain the standard deviation and mean values of the variable in question. 
For input parameters, the next row up shows the distribution type used to generate 
the values of the parameter. For output or result values, the distribution row is 
empty. Finally, the “variable” named row numbers the columns of values, so that 
they can be easily referenced when analysing the data. 

Area 2 displays a graphical representation of the distributions of the chosen vari-
able. It can be used to check that the generated variable distributions are as ex-
pected or how the output variables are distributed. The displayed variable can be 
chosen by changing the number next to the cell labelled “show variable no.” to the 
corresponding one on row 26. The density function can be plotted as a function of 
absolute values or standard deviations. The distribution seen as an example is 
derived from a triangular source distribution. 

The third area is used to plot variables against each other. The variables to be 
plotted can be changed using the sliders or by directly typing in the number of the 
variable. Built-in tools like the trendline function are helpful in determining the rela-
tionship of the variables. The example plot is of relative humidity and its effect on 
the loss of prestress in the concrete as will be described in the second case in 
chapter 7. 
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To quantify the effects of each variable, an indicator was created. It is calculated 
using the difference between two points on the trendline function. The points cor-
respond to the first decile and the ninth decile of the input variable. The non-
normalised  o  e as follows:  significance f an input variable can be calculat d 

Significance , abs trendline D t ndline D , re

where D  is the first decile of the input variable, D  is ninth decile, trendline() is the 
appropriate function to describe the data and abs() converts values to absolute 
values so that negative and positive correlation are treated equally. Finally, the 
values are normalised by dividing all the calculated non-normalised significance 
values with the one with highest valu

(1)

e.  

Significance
Significance ,

Significance , (2)

This method assigns the highest value to variables with a combination of a high 
coefficient of variance and a high gradient in the result function. Additional atten-
tion should be given to regression curves that their extreme value between the 
beginning and final values as shown in figure 2 in appendix 3. 

5.1.3 Randomness of the generated numbers 

The Monte Carlo method relies on the randomness of the generated numbers. 
There has been some doubt (McCullough, 2008) about the effectiveness of Ex-
cel’s built-in random number generator (RNG).  Therefore, in the spirit of verifying 
all used tools, a quick test of Excel’s RNG was performed. 

The documentation to the function “Rand()” claims that it produces evenly distrib-
uted random numbers between 0 and 1. The Monte Carlo method can be used to 
calculate π by comparing the areas of a circle touching all sides of a square.  
These areas can be approximated by sprinkling points onto area and counting how 
many are inside the circle. As the number of sprinkled points increases, the ratio of 
points inside the circle to all points will converge to π/4, if the points are randomly 
distributed. 

The results in figure 14 confirm that the RNG is at least good enough for our pur-
poses. The approximation of π converges to the correct value. The value of π is 
approximated within the expected error margin, Δ , (in %) with an confidence 
interval of 95% given by  
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Δ 200
1

, (3)

where n is the number of randomly generated points and  is mean sample value, 
which is expected to be π/4 in this case. (Ang & Tang, 2007, p. 201) 

 

Figure 14. The approximation error (in blue) and the error margin with (in red) as a func-
tion of the number of iterations. 

As seen in fig. 14 the solution converges as expected. However, this demonstra-
tion serves only as a quick and low certainty verification of the used method, not 
an absolute proof. 

5.2 Case specific modules 

Other modules created for the case studies include a FEM-module, for modelling 
structures and loads affecting them, a stud module, which models how a stud be-
haves in concrete and a tendon module, which models the effects of aging on ten-
dons and the tendon’s deviation from a plane due to obstacles. 

The verification of the models in these modules will be presented as part of the 
case studies in which they are used.  
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5.2.1 The FEM module 

The FEM module calculates the effects of physical loads on structures that can be 
represented by interconnected beams. These effects include strains, displace-
ments and the internal forces of the structure.  

 

2  3 

5 

4 

1 

Figure 15. Input page for the FEM module. 

The first numbered area in fig. 15 contains the information needed to define the 
elements used by the finite element method. The first column, B, contains a run-
ning number used to reference node points and elements. The next two columns 
define the coordinates of a node point in a two dimensional plane. The positive 
directions are to the right and up. Cells C24 and D24 define a node whose refer-
ence number is in cell B24 i.e. 1. C25 and D25 correspond to the reference num-
ber in cell B25, and so on. Once enough nodes have been defined, elements are 
defined by selecting two nodes to be connected. Columns E and F are filled with 
the reference numbers of nodes to define the starting and ending points of an 
element. The chart in area 3 visualises the elements as they are drawn and is a 
good way to ensure that the structure is input as intended. 

Columns G to I contain the properties of the beam element. The necessary proper-
ties for beam elements are modulus of elasticity, second moment of inertia and 
cross-sectional area. The number of properties should be equal to the number of 
defined elements, because an empty cell will be interpreted as zero. This will 
cause the calculation to fail when inverting the stiffness matrix. The program helps 
the user by automatically highlighting the proper amount of rows to be filled.  
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Next, the desired boundary conditions, that restrict movement of node points, are 
filled into the next J, K and L columns. Each row corresponds to the node that was 
defined on the same row. The user can specify a spring constant that restricts the 
movement of the node by typing in a positive number, or a rigid support that pre-
vents movement altogether by typing in the value “-1”. The First column defines 
boundary conditions in the horizontal direction, the second in the vertical direction, 
and the third against rotation. No assumptions about the units are hardcoded into 
the program, so the user is free to use any desired units as long as no unit con-
version is expected from the program. The base units used for testing were N and 
m.  

Finally, the loads affecting the structure are added. Loads can only interact with 
the structure at node points. The columns M, N and O correspond to loads in the 
horizontal direction, vertical direction and moments. As with the boundary condi-
tions, the row the loads are typed into correspond with the node defined on that 
row. The positive direction of the loads is the same as with the coordinates and, 
for moments, a positive value signifies a clockwise-directed moment. The next 
columns display the lengths and angles of the elements calculated by the pro-
gram, so that the user can check for errors in the input data.  

After the input data is filled in, the calculation can be initiated from the calculate 
button in area 2. Pressing the button runs a macro that creates the stiffness matrix 
and inverts it using macros written in visual basic and worksheet functions. Other 
options are available below the button, e.g. turning on and off interpolation of the 
deformed structure, timing the calculation for debugging purposes and calculation 
of reaction forces.  

Now the actual calculation is finished and the results i.e. the deformation of the 
structure can be drawn. The deformed structure is superimposed on the initial 
structure in area 3. The deformations are interpolated for the visualisation to better 
visualise the rotations of the beam elements. The interpolation algorithm is ex-
plained in appendix 2. The scale of the deformations can be magnified by chang-
ing the scale factor in area 4. Manually clicking the button to calculate the results 
is only done when building and testing the model. During the actual Monte Carlo 
simulation, the calculation is initiated automatically for each round.  

Area 5 contains parameters that control the input data described above. For ex-
ample, the thickness of the structure being analysed can be changed by a single 
parameter that controls the coordinates and cross-sections of the elements. The 
description of the methods and equations used in the module is in the chapter de-
scribing the case study of the SC-structures. 
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5.2.2 The stud module 

The stud module is a used as a sub module in the SC-structure case. Its purpose 
is to model the interactions of a stud holding the steel plate together with the con-
crete core. Specifically of interest is the relationship between shear force and slip 
between the steel and concrete. The model is based on a beam on a bed of 
springs also known as a Winkler foundation. 

Figure 16 shows the input parameters in area 1 and the way it visualises the dis-
placements caused by a transverse force at the end of the beam in area 2. The 
third area holds the result of the calculation i.e. the spring coefficient describing 
the shear-slip ratio. Again, the equations and model behind the module are de-
scribed in the first case study. 
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1 

3 
 

Figure 16. A screen capture of the stud module. 

5.2.3 The tendon module 

The tendon module calculates the stress-states of different constituent parts of a 
containment building’s wall structure. The parts included in the model are the liner, 
reinforcement bars, concrete and prestressing tendons. A illustration of the cross-
section is presented in the case study in fig. 39. Figure 17 shows the input area of 
the tendon module, which contains all the parameters controlling the model. At the 
bottom of the figure, there are charts that help the user to verify that the geometry 
of the problem was input as intended. Other instantaneous sources of visual feed-
back are the charts representing the calculated tension in the tendons and the 
cumulative change in angle along the tendon, which is a major parameter pertain-
ing to friction-induced losses.   

The main categories of input parameters are related to the geometry and proper-
ties of a tendon, concrete properties, the geometry and reinforcement of the wall 
structure and the transverse compression state. 

24 
 



 

 

Figure 17. Screenshot of the input area of the tendon module. 

 

25 
 



 

6 Case 1: Bending an SC-structure 

In anticipation of nuclear power plant vendors’ new structural designs, SC-
structures were chosen for an approval-in-principle level investigation. The goal is 
to see if SC-structures can be simply modelled in-house at STUK and establish a 
baseline understanding in this type of structure. This study concentrates on model-
ling the studs and the forces and deformations affecting them.  

Three different steel plate-structure thickness ratios are compared. A Japanese 
design code, JEAC-4618:2008, is used as a guide to define realistic geometrical 
parameters for the SC-structures, because the Eurocodes do not yet include de-
sign standards for them. The parameters derived from the Japanese standard are 
the distance between studs, steel plate-structure thickness ratio and maximum 
stud size.  

6.1 A brief description of SC-structures 

An SC-structure is a composite structure with a concrete core and steel plates on 
either side of it. A half SC-structure has a steel plate on one side and reinforce-
ment bars on the other. The steel plates are attached to the concrete using shear 
studs. Figure 18 shows a plate with welded studs being constructed. 

 

Figure 18. Shear studs welded to a steel plate. (McKinley et al, 2002 p. 1349) 

The steel plates are used as a permanent mould for the concrete. The advantage 
to this type of structure is that the amount of work done at the construction site is 
smaller than traditional reinforced concrete structures. Figure 19 depicts an ideal-
ized cross-section of an SC-wall. Shear studs protrude into the concrete and tie-
bars hold the plates in place against the hydrostatic pressure and vibration during 
the pouring of the concrete. Tie bars will not be accounted for in the model. 
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Figure 19. A cross-section of an SC-structure. (JEA, 2010 p. 1.1-4) 

6.2 Overview of the modelling logic 

The effects of bending on an SC-structure are investigated in simulated a three 
point bending experiment as shown in fig. 20. This loading situation was chosen, 
because the results can be directly compared to peer-reviewed experimental re-
sults by McKinley et al. (2002). In the experiment, an SC-structure was loaded un-
til failure and the deflection was measured. The goal is to first replicate the ex-
perimental results and then analyse different ratios of structure thickness and steel 
plate thicknesses using the newly created model.  

 

Figure 20. The dimensions, supports and loading of an SC-structure in a three point 
bending experiment.  

L = 3.4 m

F

hc = 0.2 m

B = 0.16 mThe part modelled in the element model d = 1.0 mts = 0.01 m

Due to symmetry, only half of the structure must be modelled. The finite element 
model representing the dashed area is illustrated in fig. 21. The depth of the 
structure, d, is 1.0 m and the thickness of the steel plates, ts, is 10 mm. The studs 
are spaced 0.16 m apart in the depth direction as well as along the wall. 

Using the modelling logic described in fig. 9 in chapter 4, the main module is the 
FEM-module. A model consisting of a configuration of elements illustrated in 
fig. 21 called an element model is created. Some elements receive special proper-
ties calculated in a sub module, i.e. the stud module. The border conditions reflect 
the line of symmetry in the middle of the structure. The right side of the element 
net has supports that are fixed against rotation and horizontal movement, but not 
vertical movement. The support at the bottom-left only prevents vertical displace-
ment. The elements are modelled as being on the centrelines of the actual struc-
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tures. With a 0.2 m concrete core and 10 mm steel plates, the distance between 
the centrelines is 0.105 m. 

 

Figure 21. The element configuration in the element model.  

0.5F

L = 1.7 m B = 0.16 m

h = 0.105 m

Thin horizontal lines in fig. 21 represent the steel plates. Vertical solid lines repre-
sent the connection between steel and concrete. Thick horizontal lines represent 
the concrete core. Dashed vertical lines connect the concrete core to the support. 

The stiffness values of the elements are calculated from the geometrical properties 
of the structure. The second moment of inertia can be evaluated with the well-
known equation: 

12 , (4)

where  is  for the concrete core and  for the steel plates, and  is the depth of 
the structure. The cross-sectional area for the elements, A, is calculated using the 
same dimensions as the bending stiffness: 

. (5)

The dashed vertical elements in fig. 42 are given a high compressive stiffness to 
guide the reaction force from the support to the concrete core and a negligible 
bending stiffness, so that they do not affect the slipping phenomenon. The solid 
vertical elements represent the connection between the studded steel plates and 
the concrete. They have high compression stiffness and a bending stiffness that is 
defined to match a shear spring constant calculated in the stud module. 

Shear springs between the concrete and steel plates are approximated with beam 
elements that connect the centre of the concrete to the centre of the steel plates.  
They have an identical force-displacement response as the spring would have. 
The relationship between the deflection and a loading force for a spring is 

, (6)
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where v is the deflection, F the shear force,  the number of springs in paral-
lel and k is the spring constant. 

The vertical beams in the model are given a stiffness that matches the spring con-
stant calculated in the stud module. Figure 22 shows the beam whose left end 
represents concrete core of an SC-structure. The right end represents the connec-
tion of the stud to the steel plates. 

 

Figure 22. The relation between force and deflection in a beam, which is fixed at one end 
and free to move, but not rotate, at the other. 
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The deflection v for a beam with the border conditions and load depicted in the 
above figure is given by 

12 , (7)

where L is the length of the beam, E is the modulus of elasticity and I is the sec-
ond moment of inertia. By equating equations 6 and 7, a relationship between the 
spring constant and the required beam tiffness is established as   s

12 , (8)

from which the stiffness of the beam can now be solved as 

12 . (9)

This stiffness, EI, is used in the element model for the vertical beams representing 
the stud’s connection between the steel plates and the concrete core.  

Figure 23 shows an overview of the models and modules used to calculate the 
effects of three point bending experiment of an SC-structure. 
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Figure 23. The relationship between the modules for calculating an SC-structure in bend-
ing. 

6.3 Case-specific modules 

This case utilizes the FEM module and the stud module for calculating an input 
parameter. 

6.3.1 The FEM module 

The finite element method is a numerical approximation method for solving differ-
ential equations with given boundary conditions. This applies especially well for 
structural mechanics.  

This module utilises beam elements with six degrees of freedom. The elements 
are considered to have uniform stiffness from end to end. Even though the finite 
element method is an approximate method, the beam equations are solved ex-
actly, if the loads are modelled to be on the node points.  

 

Figure 24. The loads and their corresponding deflections for an element. (Agarwal, 2014) 

Using the nomenclature in fig. 24, the local displacements and loads can be writ-
ten in vector-form as follows:  
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   (10),  (11)

The known relationships between f and u in an element’s local coordinates can be 
gathered into a stiffness matrix  : 

AE
L    0  0 –

AE
L 0 0

 0  12
EI
L    6
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L    0  12
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L  6

EI
L

 0   6
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L   4
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L    0  6
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–
AE
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L    0   0

 0  12
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EI
L    0  12

EI
L   6

EI
L  

 0   6
EI
L 2

EI
L 0 6

EI
L 4

EI
L

 (12)

To account for elements in different orientations relative to each other, their stiff-
ness matrix must be transformed. Transforming the stiffness matrices of elements 
in local or element specific coordinates to global coordinates is done with the fol-
lowing equation: 

 

 
(13)

where transformation matrix T is defined as follows: 

cos  θ   sin θ 0 0 0 0
sin  θ   cos θ 0 0 0 0
 0  0 1 0 0 0
0 0 0 cos  θ sin  θ   0
0 0 0 sin  θ cos  θ 0
0 0 0 0 0 1

 

 

(14)

where θ is the angle between the coordinate system of the element and a globally 
defined baseline. The element stiffness matrices  are gathered together into a 
global stiffness matrix  in such a way that the relationship 
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, (15)

where f is vector containing all the external loads and u a vector containing all the 
displacements, holds true. Any node can be constrained against any combination 
of displacements by adding a spring constant to entries on the diagonal corre-
sponding to desired direction and type of displacement to be constricted. Fixed 
nodes are represented by an infinite spring constant. Finally solving for the dis-
placements yields: 

 (16)

The above procedure solves linear problems, but this model is improved by ac-
counting for the cracking of the concrete core in tension, yielding of the steel plate 
in tension and using a non-linear shear-slip response in the studs. The solution 
used here for the non-linear material parameters is the secant module method. 
Cracking is modelled by modifying the geometric properties of the elements 
through their nodes’ coordinates. 

6.3.2 Secant module method for the shear springs 

Non-linearity in the elements representing the studs is implemented by recalculat-
ing the value of the stiffness of the beam given in eq. (9) for the next iteration, us-
ing the secant modulus of the shear spring calculated with the stress state result-
ing from the previous iteration. Each stud element is updated based on its own 
stress state. During testing, this was usually found to converge quickly, but the 
yielding of the steel plates requires additional controls to reduce the number of 
iterations needed for the solution to converge. 

The studs’ shear force-slip relationship is based on test results conducted on studs 
used in the liner at the OL3 NPP. These test results are also used as a benchmark 
for the stud module and can be seen in fig. 32. The initial response between the 
shear force and slip is linear, up until half of the ultimate shear strength of the stud 

 is reached at a slip of ε . The slope of the first linear portion of the curve is cal-
culated with the stud module. At a slip of ε  + 1 mm, the shear force reaches 75 % 
of  and at 4 mm it is considered to reach 100 % of . The value of slip corre-
sponding to the first turn in the curve is 

ε
0,5Q
k , (17)

where Q  is the ultimate strength of the stud and k the spring constant calculated 
in the stud module. Figure 25 shows the previously defined shear-slip curve in 
blue and the studs’ secant modulus of stiffness in green. The secant modulus is 
evaluated with the following simple relationship: 
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k
Q
ε, (18)

where Q is the shear force and ε is the slip. The value of k  is used in the next 
iteration of the FEM evaluation for the stud in question. This iteration converges 
quickly, because the change in the secant modulus results in a much smaller 
change after the iteration. In the yielding of the steel plate, however, the same 
procedure results in an almost equal change after the iteration. 

 

0,75  

0,5  

 

Figure 25. Shear modulus and secant modulus for the stiffness of the shear springs as a 
function of slip for a 25 mm stud. 

6.3.3 Yielding of the steel plates 

The material in the steel plates is modelled with the constitutive relationship shown 
in figure 26. The yielding strength of steel was set to 462 MPa and the ultimate 
strength to 520 MPa to match the values used in the loading experiment used as a 
benchmark. The first part of the slope is defined by the MOE of steel, which was 
set as 207 GPa. 

To help the secant module method in the elements that are yielding converge 
faster, an algorithm based on the bisection method was created. It is described in 
appendix 1. 
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Figure 26. The material model used for the steel plates. The secant module and tension 
are graphed in different scales as a function of elongation. 

6.3.4 Concrete cracking 

The effects of concrete cracking are modelled by reducing the thickness of the 
concrete beam elements in response to the curvature of the cross-section. The 
concrete beam elements are also moved to the compression side of the structure 
accordingly, so that the internal forces of the cross-section are balanced correctly. 
This procedure strives to represent the fact that concrete has hardly any strength 
in tension. 

The neutral axis is calculated linearly from the displacements in the steel plates in 
the area with the highest curvature i.e. the middle of the structure. The concrete is 
considered to have a little strength in tension, which is accounted for in the height 
of the effective concrete beam elements. The allowed strain in the concrete is  

, , (19)

where   is the strength of concrete in tension according to the Eurocodes 
(SFS, 2005 p. 29) and  is modulus of elasticity of concrete. 

The effective thickness is modelled uniformly along the whole length of the beam 
as shown in fig. 27. This is done, because calculating the amount of cracking for 
each element separately resulted in a non-convergent iteration process. In that 
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case, the areas of high and low effective thickness wandered along the length of 
the structure during the iteration process. 

hc = 0.20 m

M

hc,eff

ts = 0.01 m

ts = 0.01 m

 

Figure 27. Top image: the element net is superimposed on the cross-section of a 220 mm 
thick SC-wall with 10 mm steel plates. The bottom image shows how the effective thick-
ness ,  of the concrete under a bending moment is accounted for in the FEM model. 

6.3.5 Verifying the cross-section procedure 

During the creation and testing phase of the element model, a simple cross-
section model was used to check the strain state of the different parts of the SC-
structure. The cross-section model is completely independent from the element 
model. It works by creating a strain state across the cross-section using only two 
parameters, which are the location of the neutral axis and the curvature of the 
beam. The cross-section of the structure is assumed to remain planar, with no slip 
between the steel plates and the concrete.  

The location of the neutral axis and the curvature are solved for a given bending 
moment by using the “Solver” tool in Excel. The tool searches for the values of the 
two variables that satisfy the border conditions, which are the equilibrium of the 
internal forces caused by the strains of the parts and the equilibrium of the given 
moment and the moment caused by the strain state of the parts. The horizontal 
axis in fig. 28 represents a horizontal slice of a structure oriented as in fig. 19.  
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Figure 28. An example of the output from the cross-section model. The structure under a 
bending load has 10 mm steel plates on both sides and a 200 mm concrete core. What is 
shown is strain state caused by a 300 kNm bending moment.  

To make the results comparable to the element model, the studs in the element 
model were given a near-infinite shear spring constant, which keeps the cross-
section planar. In this case the models returned identical results, as expected.  

6.3.6 The stud module 

The purpose of the stud module is to determine the force-to-slip ratio or spring 
constant of a single stud, which can be used in the truss model to account for slip-
page. The modelling analogy is of a beam on an elastic surface, which has a unit 
force applied to the end of it as shown in figure 29. The beam is considered to be 
supported by vertical springs. The deflection of the end is considered as the slip. 
The spring constant k can be calculated with the following equation  

F
w (20)

where F is the force affecting the end of the beam and w is the deflection at the 
end of the beam. 
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Figure 29. The figure on the left represents the real world structure and the picture on the 
right shows how a stud is modelled as a beam on an elastic surface. To avoid confusion, it 
should be noted that the orientation of the pictured structure is different from the element 
model. 

F

RnRn‐1Rn‐2R3R2R1

F

Δx Δx Δx Δx

The model consists of n beam elements in a straight line. Each element is sup-
ported at each end by springs, which represent the concrete around the stud. The 
reaction forces  of the springs are calculated with equations 21, 22  and 23. 
Equations 22  an esent the springs at the ends of the stud. d 23 repr

∆ · ·
8 6 , 2… 1  

∆ · ·

(21)

8 3  (22)

∆ · ·
8 3  (23)

In the equations above ∆  is the length of the beam element, d the diameter of the 
stud, c the coefficient of subgrade reaction and  the deflection at spring j. The 
length of an element is obtainable as follows: 

∆ 1 (24) 

The subgrade reaction distribution is considered linear along an element. There is 
considerable uncertainty in the modulus of subgrade reaction, but an approxima-
tion can be calculated from equation 25. 

0.024 m (25) 
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where  is the modulus of elasticity for concrete. This value gives results in line 
with empirical test results (Test report NEEA-G/2007/en/1024 appendix B p. insert 
5) and previous studies (Leskelä, 1986). 

 

Figure 30. Internal moments in the stud on an elastic surface. 

RiRi‐1Ri‐2R3R2R1

Δx Δx Δx Δx
Mreaction,i

The equilibrium of forces on the left side of any point at a spring, denoted by i, 
caused by reaction forces in the springs and external forces, which are zero, ex-
cept at the right end, yields the following equation using the nomenclature in 
fig. 30: 

, ∆ . (26) 

Bending of the beam causes the following moment at spring i: 

, ∆ 2 , 2… 1  (27) 

where  is the modulus of elasticity of steel and  the second moment of iner-
tia of the stud, which is calculated as follows: 

4  (28) 

where r is the radius of the stud. The moments must cancel each other out in a 
static structure, which leads to the following condition: 

, , 0 (29) 

This leads to n-2 equations with n unknown deflections  . The final two necessary 
equations are obtained from the balance of external forces conditions. 

 (30) 
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i ∆ 0 (31) 

The equations can now be written in matrix form: 

 (32) 

where K is an n by n stiffness matrix and w the deflection vector of length n and f 
is the load vector of length n. T f io  can be solved as follows: he de lect ns 

 (33) 

Figure 31 shows a graphical representation of the deflection of a stud loaded by a 
unit force in the downward direction at the right end of it. Inserting the deflection at 
the end of the stud into equation 20 yields a spring constant, k, of 5.48 · 10 N for 
an 8 mm thick stud. 

 

Figure 31. The calculated deflection of an 8 mm by 75 mm stud caused by a unit force. 

6.3.7 Verifying the stud model 

Shear studs used in the liner of the containment building in Olkiluoto 3 nuclear 
power plant were tested to ensure adequate ductility in cases of extreme deforma-
tions. The load displacement curve was the desired result for the test.  
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Figure 32. A shear-displacement graph of 8 mm by 75 mm Nelson-bolt studs. (Jeschke & 
Ostermann, 2008 Appendix B p. “Insert 5”) 

The slope of the linear part of the curve was measured for each stud. The graphs were 
available for each stud individually. (Jeschke & Ostermann, 2008 Appendix B pp. “Insert 
6”-“Insert 15 and “Insert 18”-“Insert 27”) The results are in tables 1 and 2. 

Table 1. Spring constants calculated from the abovementioned experimental results. 
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Table 2. More spring constants calculated from abovementioned experimental re-
sults. 

 

Tables 1 and 2 list the measured spring constants, which are compared to the 
value calculated by the stud module for a stud of similar dimensions. On average 
the calculated value is a little below the measured value.  

The JEAC standard gives the following guidance for determining the maximum 
diameter of the studs for a corresponding thickness of the steel plate in the table 
below. 

Table 3. Maximum diameter of a stud for different steel plate thicknesses. (JEA, 2010 p. 
2.2-10) 

Thickness of steel plate ts  Maximum diameter dmax

3.2 mm 9 mm 
4,5 mm 13 mm 
6 mm 16 mm 
9 mm 22 mm 
12 mm 25 mm 

 

The European technical approval (ETA) for Nelson bolts provides conservative 
values for the shear-slip relationship. The resulting spring constant is lower than 
the value calculated with the stud module. However, when comparing it to the 
shear slip curve at a slip value of 1.5 mm shown in fig. 25, the match is much bet-
ter.  

41 
 



 

Table 4. The shear force corresponding to a 1.5 mm slip according to the European Tech-
nical Approval report for Nelson-headed studs. The diameter and Shear force are given in 
the report and the spring constant is calculated from these values. (DIBT, 2003, annex 6) 

Diameter Shear force Spring constant 
10 mm 15 kN 10.0 MN/m 
13 mm 20 kN 13.3 MN/m 
16 mm 30 kN 20.0 MN/m 
19 mm 45 kN 30.0 MN/m 
22 mm 60 kN 40.0 MN/m 
25 mm 75 kN 50.0 MN/m 

 

6.4 Verifying the element model 

The model was verified by comparing it against experimental results. A study by 
McKinley et al. (2002) compared the shear studs of a traditional double skin com-
posite structure to bi-steel shear studs, which are welded to both of the steel 
plates. The loading experiments performed on the traditional shear studs will be 
used as comparison data to verify the truss model.  

6.4.1 Loading experiment 

Geometric and material properties available from the experiment are in table 5. 
The T/t-ratio of the SC-structure is 22, which is below the applicability of the JEAC 
standard. The thickness of the studs was not mentioned, but judging from close up 
pictures of the test setup, a diameter of at least 25 mm was used. 

Table 5. Properties of the beams in the loading experiment 

 

Other material parameters used are the MOE of concrete, which was chosen to be 
27 GPa, the MOE of steel, and the ultimate strength of steel, which are available in 
fig. 26. The load-deflection curve produced using the previously mentioned pa-
rameters is shown in fig. 33. 
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Figure 33. Comparison of the load-deflection results from the experiment by McKinley et 
al. (2002) and the element model. 

In the figure above, the red line represents the load-deflection curve calculated 
using the element model. It is superimposed on the experimental results measured 
by McKinley et al. (2002). Stud2 and Stud2b are used as a benchmark. The scales 
of the axes in the superimposed curve are within one pixel of the scales of the 
source image. There is a change in slope at load of around 100 kN, which is 
caused by cracking. 

The calculated load-deflection curve matches the experimental one well. Only  
was fitted to get the correct slope after the yield point. The interpreted failure 
mechanism was concrete crushing caused by yielding of the steel plate under ten-
sion. McKinley et al. (2002) mention that the properties of steel after yielding are 
difficult to predict without tests, which makes modelling without experimental data 
difficult and unreliable. The following analysis will concentrate on the yield point 
and its effects on the reliability of the structure. 

6.5 Analysis of three different T/t-ratios 

The element model is run iteratively with an increasing load, until the solution 
failed to converge. Three different groups of input parameters are used to repre-
sent structures with T/t-ratios of 30, 52 and 152. They are shown in table 6. The 
other parameters are the same as in the verification calculations. 
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Table 6. The geometric parameters used in the simulations to achieve the desired T/t-
ratios. 

T/t-ratio Concrete thickness Steel plate thick-
ness 

Diameter of the 
stud 

16 mm 30,5 200 mm 7 mm 
16 mm 52 300 mm 6 mm 
16 mm 152 900 mm 6 mm 

 

A minimum steel plate thickness of 6 mm was chosen to comply with the JEAC 
standards requirements (JEA, 2008 p. 2.2-11) regarding the B/t-ratio, in which B is 
the distance between the studs. T e e ion used to determine B is h quat

B
t

600
F

, (34) 

where F  is the buckling-limited allowable compression in the steel plate. It is cal-
culated as follows: 

F
ζ E π

12k B
t

, 
(35) 

where ζ  is a reduction (1.0 for short-term and 2/3 for long-term loading), E  is the 
MOE of the steel plates, kb is the buckling coefficient, which is 0.7 for a plate sup-
ported by studs (JEA, 2008 p. 2.2-14).  

6.6 Results 

The results were calculated by using the Monte Carlo module to control the repeti-
tive input of the increasing load and saving the result for each iteration as well as 
other parameters, such as the tolerance value describing the convergence of the 
secant module procedure. After the simulation, which was usually left over-night to 
complete, the failure load was identified by scanning through the results until a 
tolerance value was found that indicated that the secant module procedure for the 
studs stiffness calculations had not converged. The results are shown in figure 34. 
The lower the, T/t-ratio, the more the structure deflects under the load before fail-
ure.  
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Figure 34. The results of the loading calculation. The first change in each slope is caused 
by cracking of the concrete. The ends of the curves represent the load at which failure 
occurred.  

The weaker studs used in these simulations, compared to the studs in the bench-
mark, caused a different failure mechanism to occur. The failure was caused by 
the studs slipping so far that the secant modulus began to decline as the slip in-
creased i.e. past the point of the ultimate shear strength shown in fig. 25, which 
caused the solution to diverge. The differences in T/t-ratio, which for the bench-
mark structure was below the minimum applicability of the JEAC standard for SC-
structures, and the significantly smaller studs used in the simulation, seem to 
cause a change in the failure mechanism.  

When using a high enough stud density and studs of high strength, as in the 
benchmark structure, the strains can be assumed to be linearly distributed in the 
cross-section without significant error. However, the structures using smaller studs 
seem to be affected more by the sliding phenomenon. According to fig. 35 from 
JEAC, taking slipping at the studs into account, the curvature of the structure is 
increased by roughly 15 % compared to an assumption of cross-sectional planarity 
in bending. 

The structure with a T/t-ratio of 152 fails at a curvature of about 0.0076 rad/m cal-
culated from the concrete beam elements at the middle of the structure. This is 
quite close the curvature corresponding to failure in fig. 35, which shows the re-
sults of a bending experiment of a smaller SC-structure with a similar T/t-ratio. 
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Figure 35. Results of a four point bending experiment shown in the JEAC standard as 
reference material. (JEA, 2008 p. 2.2-26) 

In conclusion, a model was created that fits the experimental test results used as a 
benchmark with reasonable accuracy. It can uncover multiple failure conditions 
and the element model gives large amounts of data for further analysis. Any cell in 
the spreadsheet containing the element model can be chosen to be scrutinised, 
while changing any input parameter. However, the computer code controlling the 
non-linear portion of the calculation procedure needs optimization to make creat-
ing large amounts of data for statistical analysis a more viable option. 

If some of the NPPs being proposed at the moment end up using SC-structures, 
their bending properties can be modelled and studied in detail. In that case, an 
interesting study would be to find out what combination of T/t-ratio and stud size 
borders the two different failure mechanisms. The effects of shearing forces in the 
direction of the wall should also be studied, since they are more important in seis-
mic fragility studies. 
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7 Case 2: Prestressed tendons 

Concrete has highly varying material properties depending on the type of strain it 
is under. In tension, cracks open up, which lead to problems with leak-tightness 
and accelerated aging related degradation. In the case of NPP containment build-
ings, the critical design scenario is a LOCA, which causes internal pressure loads 
that cause tension in the concrete structures. Prestressing forces must cancel out 
this tension. The specific prestressing type to be modelled is a multistrand post-
tensioning system actively anchored at both ends.  

The goal of this study is to find out what the most important factors affecting 
prestressing losses are. Of specific interest is the effect of a vertical deviation of 
the path of the tendon from the cross-section plane, which occurs in the vicinity of 
an opening in the shell. Statistical data on the construction materials is available 
from sample tests conducted at the construction site. Concrete properties includ-
ing strength, modulus of elasticity and creep factors have been measured. The 
relaxation of the tendon has also been tested. Calculations performed in the de-
sign of the tendons in the OL3 project are used to verify the calculation model. 

7.1 The calculation model 

Prestressing losses can be divided into instantaneous and long-term losses. In-
stantaneous losses are realised when the tendons are tensioned. This includes 
strains caused by Poisson’s effect from vertical tendons that are tensioned after 
the horizontal tendon being examined. Long-term losses happen because of creep 
and shrinkage of the concrete and relaxation in the steel in tension. The instanta-
neous losses included in the calculations are due to friction, elastic shortening of 
the concrete and anchor slipping. The included long-term losses for concrete are 
autogenous and drying shrinkage and basic and drying creep. The equations used 
to calculate the pre-tensioning losses are presented in the next sub chapters. 

The geometric paths of the all the tendons in an example containment building are 
illustrated in fig. 36. The OL3 containment building being modelled is fundamen-
tally very similar. Calculations will concentrate on the tendons with the largest ver-
tical deviations, whose paths run closest to the material hatch similar to the one 
pictured in fig. 36. 
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Figure 36. Paths of tendons in a containment building. To the right of the middle of the 
picture there is an opening known as the material hatch, around which the tendons must 
be routed. (Varpasuo, 2002, fig. 5) 

Both ends of the tendons are anchored at the same buttress, which means the 
tendons reach around the whole structure, which leads to significant friction losses 
in the prestressing tension. Figure 37 shows an aerial view of the path of a tendon. 
The tendon may also deviate from the plane horizontal plane of the cross-section 
of a cylinder, as shown in fig. 38. The shape of the vertical deviation is created by 
fitting a parabolic function to the starting point of the deviation and the point of 
maximum deviation, which are available in the design plans of the OL3 NPP.  

 

Figure 37. A top view of the containment-building cross-section showing the configuration 
of the tendons and the buttresses. The close-up view on the right shows both ends of the 
same tendon. (Mishra, 201?) 
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Figure 38. The vertical deviation of the tendon (in blue) and an obstacle e.g. an equipment 
hatch centred at 89.65 m (in red). The distance needed for the deviation to reach the apex 
from base level is 11.75 m, creating an area of effect of 23.5 m.  

Figure 39 shows a cross-section of the containment building wall with the steel 
liner on the left and horizontal tendons on the right. Passive reinforcement bars 
are also included. The dashed line represents the share of the area of concrete 
being affected by a group of three tendons. The three tendons are grouped to-
gether, because they have slightly different tension profiles along their length rela-
tive to each other. The differences are caused by the relative location of the obsta-
cle and higher friction associated with it. The tension profiles of the tendons can be 
seen in fig. 40. 

 

Figure 39. Containment building wall dimensions. A  is the cross-sectional area of a hori-
zontal tendon, A is the cross-sectional area of reinforcement steel, A  is the cross-
sectional area of the liner, A is the cross-sectional area of the share of concrete that each 
group of tendons compresses and e  is the vertical distance between tendons. 

Al As Ap

etendonAc

Despite the tendons being grouped closer together vertically near the opening, as 
seen in fig. 36, the concrete area relative to the tendons stays approximately equal 
because the thickness of the wall is proportionally increased with the increase of 
tendon density in the vertical direction. Thus, the concrete cross-section is consid-
ered uniform along the tendon. 
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7.1.1 Instantaneous losses 

According to EN 1992-1-1 section 5.10.5.2, friction losses along the length of the 
tendon are calculated as follows: 

∆Pµ x P 1 e µ K , (36)

where P  is the tensioning force at the active end, µ is the friction coefficient, x is 
the distance from the end, θ is the cumulative change of angle of direction at point 
x and K is the unintended angular deviation per unit length (wobble). 

The effect of anchor slip is calculated by determining the distance it takes friction 
to counteract the change in tendon length. That point has the highest value of the 
tensioning force of the tendon as shown in fig. 40. The other parameters used to 
calculate the stress state of the tendon are the ones used in the verification calcu-
lation. Their values are in table 7. 

 

Figure 40. The tensioning force per strand in the tendons along the circumference of the 
cylinder. The tendons have starting points at buttresses located at 0 m, 55 m and 105 m. 
The 23.5 m area of effect caused by the equipment hatch is centred at 89.65 m.  

The average tension force along the three tendons is used to calculate the aver-
age compression state of the concrete, steel reinforcement and the steel liner on 
the inner surface of the cylinder. The average tension of the otherwise identical 
tendons depends on the relative position of the deviation to the anchors. The av-
erage tension in a tendon is highest, when the deviation is exactly in the centre of 
the tendon.  

The elastic shortening of the concrete is calculated from average compression of 
the cylinder with the following expression:  
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∆PES A E
j · Δσ t
E t , (37)

where A  is the cross-sectional area of the tendon, E  is the modulus of elasticity 
of the tendon, Δσ t  is the change in compression in the concrete in the moment 
after tensioning, E t  is the elastic modulus of concrete at the time of tensioning 
and j is a coefficient equal to 

j
n 1
2n , (38)

where n  is the number of tendons successively prestressed. It approaches 0.5 as 
n  grows. Considering the tendons as groups of three would yield a value of 0.333, 
which should be considered as the minimum realistic value. 

To calculate the cumulative change of angle of direction of the tendon, the path of 
the tendon is discretised using simple trigonometric functions to define the coordi-
nates of the cylinder as in fig. 37 and parabolic equations to define the vertical de-
viation as in fig. 38. Successive points are treated as points defining a vector as 
shown in fig. 41.  

pi‐1

pi

pi+1

a

b
a

b
θ

 

Figure 41. Discretation of the path of a tendon and the way the vectors are used to calcu-
late the change of angle. 

The angle between successive vectors’ can be calculated with the following equa-
tion: (MAOL, 2013 p. 36) 

θ cos
a · b

|a| · |b| , (39)

where a and b are the vectors defined in the way previously described.  

By forcing points infinitesimally close to parts of the tendon where the change in 
turning direction happens, i.e. half way from the maximum deviation to the base 
level, the discretation does not lose accuracy by “taking a shortcut”. Figure 42 
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shows an example of the effect of the deviation on the cumulative change in angle 
of the tendon.  

 

Figure 42. The effect of a 4.26 m vertical deviation on the cumulative change in angle of 
the tendon along the circumference of the cylinder. 

Poisson’s effect causes the wall to expand because of the vertical tensioning. The 
value of the average compression in the wall is taken to be the same as in the ref-
erence calculations.  

7.1.2 Long-term effects 

The four long-term effects affecting concrete are calculated according to EN-1992-
2 appendix B. Autogenous shrinkage is an isotropic curing-related phenomenon 
affecting concrete. When the age of the concrete is over 28 days, autogenous 
shrinkage can be calculated using the following equation: 

ε t f 20 2.8 1.1e · 10 , (40)

where f  is the strength of concrete in MPa and t is the age of the concrete in 
days.  

Drying shrinkage is governed by changes in moisture content in the concrete, 
which depends on the relative humidity of the surrounding environment. It is calcu-
lated as follows: 

ε t, t
K f 72e , 75 RH t t · 10

t t β h
, (41)
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where K f  is the smaller of the following values 18 and 30 0.21f , where f  is 
in MPa, RH is the relative humidity, t is the age of the concrete, t  is the age of the 
concrete at tensioning, β  is 0.007 for silica-fume concrete and 0.021 for non sil-
ica-fume concrete and h  is twice the height of the concrete area per group of ten-
dons. 

Basic creep is anisotropic and influenced by the strength of the concrete and the 
strain state caused by loading, which, in the horizontal direction, is caused mainly 
by the prestressing. Drying creep is proportional to the initial strain state of the 
concrete and the drying shrinkage. The combined creep effects are calculated as 
follows: 

ε t, t
σ t
E φ t, t φ t, t , (42)

where 
E

 is the strain at the time of loading and φ t, t  is the basic creep factor 

and φ t, t  is the drying creep factor. 

The basic creep factor is evaluated as follows: 

φ t, t φ
t t

t t β
, (43)

where  

φ
3.6

f t . for silica fume concrete

1.4 for non silica fume concrete
 (44)

and  

β 0.37e . for silica fume concrete

0.4e . for non silica fume concrete
 (45)

In the above equations f t  is the mean value of concrete cylinder strength at 
the time of loading T d y c p t. he r ing ree  factor φ t,  is defined as 

φ t, t φ ε t, t ε t , t , (46)

where t  is the age at which drying begins and 
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φ 1000 for silica fume concrete
3200 for non silica fume concrete (47)

Relaxation of the tendon under long-term tension can be estimated with the follow-
ing equation: 

Δσ
σ ,

0.66 · ρ e . µ ·
t t
1000

. µ
· 10 , (48)

where σ ,  is the initial prestress in the tendon, ρ  is the relaxation at 20 °C in % 
after a 1000 hours specified by the manufacturer, t t  is the time after tensioning 
in hours and 

µ
σ ,

f , (49)

where f  is the characteristic value of tensile strength in the prestressing steel. 

7.2 Verification 

The model is verified against calculations made by consultants for the OL3 project. 
(Bonneau, 2006) Their calculation is of a worst-case scenario with most of the pa-
rameters on the safe side. The model used was a large FEM model using material 
properties and shrinkage values specified in the Eurocodes. Table 7 lists the pa-
rameters used in the calculations as closely as they could be deciphered from the 
report.  
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Table 7. Parameters used in the calculation to verify the model against previous calcula-
tions by consultants on the OL3 project. 

0
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The results are very close to previously calculated values as is seen in table 8. 
Some of the error seems to be caused by a discrepancy in the amount of steel 
reinforcement. The amount of reinforcement was not stated in the preliminary cal-
culations, but trial and error has revealed it to be slightly higher than the actual 
amount in final plans.  

Table 8. Comparison of the calculated values to the reference calculation. 

Name of value Reference value Calculated value Ratio 
Net initial tension in 
the tendons 955 MPa 982 MPa 1.028 

Elastic loss 30.1 MPa 30.9 MPa 1.027 

Initial stress state of 
the concrete 13.55 MPa 13.42 MPa 0.990 

Loss of tension due 
to relaxation 16 MPa 17.8 MPa 1.113 

Long-term losses 
due to creep and 
shrinkage 

147 MPa 155.9 MPa 1.061 

 

7.3 Analysis 

With the calculation model verified, the parameters can be given distributions 
based on measured values from sample tests of the construction materials. A 
sample size of 6000 iterations was chosen to keep the resulting scatter plots 
sparse enough for visual estimation of the density of the result cloud. The compu-
tation time needed for this amount of iterations is around two minutes using a 
2007-era laptop. 

7.3.1 Parameters’ distributions 

The specifications of the prestressing system state that the coefficient of friction 
can vary 25% and that the initial tension of a single strand can be 5 % under or 8 
% over the design tension. The whole tendon must be within 3 % of the design 
value. Anchor slip is specified as 4 to 8 mm. (Leh imäki, 2010 p. 15) t

The  actual relaxation parameter of the tendon, ρ , has been measured for ten-
dons similar to the ones used in the OL3 project. The report by Bayart et al. (2010) 
reveals multiple measurements of the relaxation, which allows for rudimentary 
evaluation of the distribution of the values.  

Concrete strength is continuously monitored at the OL3 construction site providing 
reliable data for creating a distribution for the concrete strength. Laboratory tests 
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are available for the modulus of elasticity (MOE) of the concrete in different rela-
tive humidity conditions. 

Table 9 lists all the parameters that are given distributions. Any parameters not 
mentioned in it have the same values as in table 7. The result variables, which are 
made available for analysis, are listed in table 10. 

Table 9. A list of the parameters used in the simulation. N signifies a normal distribution 
with parameters controlling the mean value and the variance. K signifies a triangular dis-
tribution with parameters defining the minimum value, mode and the maximum value. T 
signifies a uniform distribution, with parameters for minimum and maximum values.  

 

Table 10. Result variables whose values are saved for each iteration. 
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7.3.2 Results 

The results are divided into two parts, the first of which will investigate the parame-
ters influencing the initial average stress state of the tendon after instantaneous 
losses. The second part investigates the parameters affecting the long-term 
losses. 

The previously described input distributions lead to an output distribution for the 
initial average tension in the tendons shown in fig. 43. The mean value is 963 MPa 
and the standard deviation is 69.5 MPa.  

 

Figure 43. The density function of the average prestressing tension in the tendons after 
instantanous losses. 

However, knowing which parameters cause most of the variance is more informa-
tive than the distribution. The results of the sensitivity analysis are presented in 
table 11. The significance values are calculated using equations (1) and (2). The 
friction coefficient is found to be the highest source of uncertainty in the model. 
This is because friction losses are the largest cause of losses in the initial stress 
state of the tendon and because the friction parameter has a high coefficient of 
variance (COV).  

The tension at the jack directly correlates with the average tension in the tendon, 
but it has a much lower COV, which leads to it being the second largest source of 
uncertainty in the calculations. The wobble factor has a similar, but smaller, effect 
to the friction coefficient, which makes it the third most significant variable affecting 
the initial stress state of the tendon. Using the significance metric, changes in the 
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vertical deviation of the tendon have a smaller effect than the uncertainties of the 
previously mentioned variables. Other minor sources of uncertainty are the  
modulus of elasticity of the tendon and anchor slip. Although anchor slip is a sig-
nificant phenomenon, the difference between the effects of a 4.8 mm and a 7.2 
mm (the first and ninth deciles) slip on the average tension of the tendon is very 
small.  

Five of the eleven distributed input parameters should not affect the initial stress 
state of the tendon, because they are used in the calculations that depend on the 
initial stress state. Their calculated significance values can therefore be interpreted 
as indicative of the error margins of the simulation. As the number of iterations 
increases, the significance values of the variables not affecting the stress state 
should converge to zero.  

Table 11. Significance of the different input parameters, as defined in table 35, to the out-
put parameter representing initial average tension in the tendon after instantaneous loss-
es. The variables not affecting the initial tension are underlined. 

Parameter Significance Parameter Significance 

Tendon’s MOE 0.042 Concrete strength 0.003 

Friction coefficient 1.000 Age when ten-
sioned 0.009 

Wobble 0.183 Vertical tensioning 0.032 

Tension at jack 0.436 Relative humidity 0.025 

Relaxation 0.002 Vertical deviation 0.102 

Anchor slip 0.035   

 

The three most significant parameters’ (friction coefficient, initial tension at the jack 
and wobble factor) scatter plots against the value of initial average tension in the 
tendon are shown in figs. 44 through 46. All three results show a clear slope in the 
trendline. For reference, a scatter plot of a non-significant parameter is visible in 
fig. 1 in appendix 3. 
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Figure 44. The friction coefficient is the dominant variable affecting the initial average 
tension in the tendons. 

 

Figure 45. The tension at the active jack is a significant variable affecting the initial aver-
age tension in the tendons. 
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Figure 46. Like the friction coefficient, the wobble factor is a significant variable affecting 
the initial average tension in the tendons. 

The second result variable to be analysed is the percentage of long-term losses of 
initial stress state of the tendon including instantaneous losses after tensioning. 
The distribution of the result variable in question is pictured in fig. 47. 

61 
 



 

 

Figure 47. The distribution of the percentage of long-term losses of the initial tension in 
the tendons. 

Again, the significance of each of the input parameters is calculated from the result 
data and is made available in table 12. The relative humidity of the environment 
the concrete is in is the most significant factor affecting the long-term loss of ten-
sion in the tendons, which is explained by the strong effect it has on the drying 
creep phenomenon. There are three other significant variables affecting the result 
variables, which are, in order of significance, concrete strength, the tendons 
modulus of elasticity and the 1000-hour relaxation parameter of the steel of ten-
don. The high significance of the MOE of the tendon could be lessened by giving 
its distribution a lower COV. This would be justified, because the material parame-
ters of steel are well known and predictable. Hess et al. (2002, p. 43) have found 
that the COV of different experimental values of modulus of elasticity for structural 
steel averages 0.0179, which is well below 0.05, the value used for the generation 
of input variables. However, this may be different for the ultra-high-strength steel 
used in tendons. 
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Table 12. Significance of the different input parameters’ effects on the output parameter, 
which represents the long-term loss of tension in the tendon as a percentage of the initial 
loss. 

Parameter Significance Parameter Significance 

Tendon’s MOE 0.483 Concrete strength 0.529 

Friction coefficient 0.062 Age when ten-
sioned 0.037 

Wobble 0.005 Vertical tension 0.084 

Initial tension 0.033 Relative humidity 1.000 

Relaxation 0.346 Vertical deviation 0.001 

Anchor slip 0.022   

 

Another interesting finding was that vertical tensioning done after the horizontal 
tendons have been tensioned can increase the average initial tension in a horizon-
tal tendon through Poisson’s effect by up to 1%. It has a small effect, but it is 
quantifiable with little effort. Its distribution, as seen in fig. 48, exactly mirrors the 
input distribution of the vertical tensioning variable, since the geometric properties 
of the structure are not varied. 

 

Figure 48. The impact of Poisson's effect on the average initial tension of the tendon. 
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In conclusion of this case study, the effect of the deviation of a tendon caused by 
an opening in the wall structure on the average tension in the tendons is very 
small. Especially when compared to the uncertainty in the values of the friction 
coefficient and, to a smaller degree, the uncertainties in the initial tension at the 
jacks used to tension the tendons. Long-term losses are most affected by the rela-
tive humidity of the environment and the strength of the concrete, which strongly 
affect creep and shrinkage of the concrete in the wall structure.  

As a by-product of calculating the stress states of a tendon, the stress states of the 
concrete and the liner are also available. Interesting analyses, e.g. on the stress 
state of the liner after years of concrete shrinkage and creep, could be performed 
on both with little additional effort.  
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8 Conclusion 

An easy-to-use Monte Carlo implementation was created that gives consistent and 
predictable results. Using a well-known spreadsheet program as the environment 
for the method shortens the learning curve of creating models and adopting the 
user interface. It is also possible to tap into the existing pool of created spread-
sheet calculations and to perform analyses on them. 

Two very different case studies were done. The first can be considered reminis-
cent of a decision-in-principle phase study, which explored the capabilities of a 
new type of structure. The second case is more on the lines of a construction li-
cense phase analysis. 

The first case study ended up bordering too high a complexity level, with calcula-
tion times in excess of 60 seconds in certain cases. In addition, creating and es-
pecially verifying the many sub models was time-consuming. However, a model 
was created that could accurately model different kinds of failure mechanisms and 
many non-linear phenomena including cracking of the concrete and the yielding 
and sliding of studs and the steel plates.  

The second case demonstrates the effectiveness of the tool in discovering the 
dominant sources of uncertainty when modelling a post-tensioning system. With 
the calculation model created and knowing what kinds of distributions to give input 
variables, setting up the Monte Carlo simulation is a matter of minutes. The input 
parameters are named and appointed a cell and given a distribution. The result 
variables only need to be named and appointed a cell. A few minutes of simulation 
later, concise significance values of the input variables’ relationships to uncertainty 
in the result variables can be browsed through on the results page. 

These analyses make it possible to find the significant factors affecting the results 
of a calculation model and the significant sources of uncertainty in-house. This 
information can be used to guide the contracting of TSOs for more detailed analy-
ses. The licensee can also be requested to conduct experimental tests to back up 
design choices. Time spent on inspection work can be better allocated to avoid the 
identified insignificant phenomena. 

Finding experimental data for the input parameters proved to be easy in these 
cases. Experiments and calculations were also readily available for benchmarking 
the created models. In future cases, the possible lack of experimental data could 
be addressed early on in the design and inspection process by requesting the 
necessary experiments.  

Using the method enables taking a more active role in the inspection process. On 
the other hand, it requires bringing more modelling and structural analysis work in-
house.  
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8.1 Steps needed for successful implementation of the review method 

Before using the tool and method in practise, a cost-benefit study should be made 
to estimate the actual value of the tool. Data should be collected on how much 
time is spent on inspecting a certain type of structure and compared to the time 
spent creating a model and analysing it. Unfortunately, STUK does not have exist-
ing detailed statistics on the time spent during inspections. Had the data been 
available, its analysis would have been included in this thesis. The time spent cre-
ating and analysing the two types of structures in the case studies gives an esti-
mate of how long creating new models can take.  

The next verification stage of the methodology itself is done from a risk assess-
ment point of view, in collaboration with specialists the risk assessment depart-
ment, with their experience of and insight into uncertainty modelling and risk con-
trol. More rigorous statistical analysis tools might be easily available. The risk de-
partment will also be consulted on choice of subsequent cases. 

8.2 Recommendations for future modules and cases 

An efficient, linear FEM module could be made available with relatively little effort. 
The current implementation including non-linear capabilities is too complex and 
slow to calculate significant sample sizes in a timely manner. By removing the 
code that controls the iteration that achieves the non-linearity and by having all the 
calculation done on one spreadsheet, unnecessary recalculations would be re-
duced by orders of magnitude. 

The next case under consideration is a seismic vibration resistance study of 
groups of components using a FEM methodology for dynamic modelling of a sys-
tem with a limited number of degrees of freedom. The components have been 
tested against vibration individually, but their interaction with each other could 
cause lower failure criteria to appear. The group of components in question would 
be a pump unit and its base, which is comprised of a foundation, a motor, a pump 
and pipes. The scope of the case is to analyse six different pump units and use 
the results to commission a study from a TSO using complex FEM models.  

The goal of the study is to reduce the amount of commissioned modelling work 
and improve the quality or relevance of the work order. Any reductions in the 
commissioned workload would quickly make the study pay for itself.  The case is 
already at the data collecting stage, where it is ensured that enough input data is 
available for the modelling. The impetus for this analysis is derived from the new 
YVL-guides, which came into effect on 1.12.2013. The new YVL-guides B.7 states 
that, for the first time, “aggregates comprising electrical and I&C equipment, me-
chanical components, piping and equipment foundations shall be evaluated in 
such a way that, in addition to the verification of the seismic qualification of indi-
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vidual components, interactions between these components are also taken into 
account.” 
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Appendix 1 (1/2) 

Appendix 1: The pseudo code for the modified bisection algorithm for calcu-
lating the secant modulus of the steel plates 

roundnmbr=0  //The variable containing the number of iterations so far 
consecpos=0 //Number of consecutive rounds, after which the secant modulus has been in-

creased 
consecminus=0 //Number of consecutive rounds, after which the secant modulus has been de-

creased 
maxiter=40  //The maximum number of iterations 
 
max=E.s  //The initial bounds of the bisection algorithm E.s=MOE of the steel 
plate 
min=0  
RunFEM  //The stresses and strains are calculated after the first run 
 
for i=0 to maxiter  //Non-linear effects are achieved with this iteration 

if tolerance < 0,1% //If the strain state matches the stress state, end iteration 
end for 

roundnmbr++ 
 

Effects of cracking  //Elements adjusted according to the procedure in chapter 6.3.4 
Effects of Studs  //Elements adjusted according to the procedure in chapter 6.3.2 

  
if (sec.M.ss<E.s) //sec.M.ss is calculated from the strain state and the material model 

sec.M= (max-min)/2  //sec.M is the value given to the steel plates for the next iteration 
else 

sec.M= E.s  
 RunFEM 
  

if sec.M.ss< sec.M 
  max = sec.M.ss 
  consecpos=0 

consecneg++  //increase the count of consecutive iterations where sec.M.ss< sec.M 
 else 
  min = sec.M.ss 
  consecneg=0 

consecpos++ //increase the count of consecutive iterations where sec.M.ss < sec.M 
 
//If sec.M.ss is larger than sec.M many times in a row or smaller than sec.M many times in a row, it 
is possible that the correct value has moved outside the bounds min and max. This can happen 
because cracking changes the distribution of stresses in the structure. The figure below shows this 
phenomenon happening in the green, yellow and dotted lines. The solution is to widen the search 
area after a number of consecutive smaller or larger sec.M.ss values. The amount the search area 
is widened decrease with amount of iterations, so that the algorithm does not end up jumping back 
and forth over the correct value as happens to the dotted line in the figure below.  
 
 M=20/(roundnmbr+5) //A factor that decreases according to the round number 
 if consecpos>4 //After 5 consecutive increases  in sec.M the search area is widened 
  max=max*(1+0,15*M) 
  min=min*(1-0,05*M) 
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 consecpos = consecpos – 2 //The number of consecutive decreases is lowered, but not 
to zero so that the next widening of the search area in the 
same direction comes more quickly, if it is necessary. 

 if consecneg>4 //After 5 consecutive decreases in sec.M the search area is widened 
  max = max / (1-0,05*M) 
  min = min / (1 + 0,15*M) 
  consecneg = consecneg -2 
next i     //Back to the beginning of the for-loop 
 

 

 

Figure 1. The modified bisection method in action. The vertical axis represents the secant 
modulus at each stage in the iteration. The horizontal axis represents the number of itera-
tions. Each line represents the trial values of sec.M at each stage of the iteration. 

The blue line settles to the lowest secant module value of the steel plates. This 
means the most yielding has happened and the force loading the structure was the 
largest of these simulations. It is just enough larger than the load on the red line to 
cause the steel to reach a yielding strain using the full cross-section of concrete, 
even before the effects of cracking reduce it. That is why the blue line starts to de-
crease earlier than the others.  

The tolerance used was 0,1 %, which is unnecessarily tight considering the 
coarseness of the model in general. 
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Appendix 2: Visualisation of the elements and their deformations 

The structure is drawn in its initial and deformed states using the chart feature in 
Excel. This is can be done by plotting the original an deformed end coordinates of 
the elements as a series on a scatter plot. This is linear interpolation.  

To better visualise the rotational deformations of the elements end nodes, deflec-
tions along the elements are interpolated using a third order function. The deflec-
tion along the element i e es takes the form of n the elem nt’s local coordinat

v x Ax Bx Cx D (50)

where the variables A, B, C and D can be solved from the following border condi-
tions with the values in l c dinates using the nomenclature in fig. ocal oor

v 0 v
v L v , v

24: 

0 φ
v L φ  (51)

Solving the system of equ natio s yields: 

A
2 v v L φ φ

L  

B
3 v v L 2φ φ

L  
C φ  
D v  

(52)

The deformation curve per element is transformed into global coordinates. The 
change in the length of an e t lemen is accounted for by the following equation 

L L u u  (53)

where L  is the original length of the element. The benefits of higher order interpo-
lation are visible in the figure below. 
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Figure 1. The red curves represent a deformed beam that was loaded by a vertical force 
at node (1,0). The beam is defined by three elements, with nodes at (0,0), (1,0), (2,0) and 
(4,0). All nodes except (1,0) have pinned supports. The left side shows the deformation 
using cubic interpolation and the right side using linear interpolation.
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Appendix 3: Additional scatter plots for the tendon case 

 

Figure 1. A scatter plot showing a non-significant relationship. 

 

Figure 2. A scatter plot showing a relationship, whose significance evaluation requires 
special attention. 
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