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Abstract

Abstract

The partial safety factor method is the main safety concept applied across structural design
standards. This method is also presented in EN-1990 as the basis of structural design in
Europe. In the review of this code for the new generation of Eurocodes, analysis of the partial
safety factor method seems necessary.

The origin of the partial safety factor method is related to probabilistic methods and reliability
analysis. Therefore, the latter is selected as tools for the evaluation of the partial safety factor
method in the EN-1990 framework. Consequently this research begins with an explanation of
the background of partial safety factor methods and reliability analysis.

Different aspects of this safety concept are investigated through this study. The analysis
strategy is based on the study of partial safety factor method according to the different part of
EN-1990. The research is divided into two main parts, according to the basic components of
limit state functions: load and resistance.

Aspects related to loading are investigated first. The available load combinations and the
recommended partial factors are investigated based on their reliability levels. The load
combinations are compared with each other according to the sustainability of their design. An
increased factor for the application of snow load is proposed to overcome safety problems
related to snow load on structures. Consequently, a proposal for simplifying these load
combinations is offered and verified according to reliability analysis. In the final step, regarding
the load’s partial factors, a method of calibration is proposed, based on Monte Carlo reliability
analysis.

Afterwards, the aspects related to the resistance are analyzed. Resistances depend mostly on
experimental data. Therefore, the relationship between the partial safety factor of resistance and
test numbers is investigated. A probabilistic analysis based on Annex D of EN-1990 is then
applied to calculate the model uncertainty partial factor and the resistance partial factor for a
database from masonry shear walls. A comparison is made to show the influence of different
way of partial safety factor utilization in a limit state function.
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Introduction

1 Introduction

1.1 Motivations and goals

As a matter of engineering, design is crucial. Structural engineering centers on structural design.
Since humans construct structures, they try to create safety margin to avoid hazards and major
damage to those structures. In ancient civilizations, experience and intuition were the most
important considerations in the safety of structures [1],[2]. Today, safety factors are assessed
with material strength and stress analysis. This shift from intuition and experience to safety
factors and design marks early attempts to formalize structural safety [1],[2].

Structural standards and codes are foundational to acceptable engineering practices and
guidelines for the assessment of safety and serviceability issues in structural engineering. The
definitions of various components of structural design—such as natural and human-made
forces, the magnitudes of these forces for design, and the recommended methods to measure
and mitigate these forces—are provided in standards. The goal of safety guidelines is to ensure
acceptable levels of safety to prevent structural failure and further consequences. These
guidelines attempt to answer a straightforward question: “How safe is safe enough?” [3].

Structural safety originates with the uncertain nature of human products and the randomness of
loads and material properties. Moreover, inconsistent structural models are a source of
uncertainty in this field: Model predictions of a structure’s behavior do not always accurately
predict that behavior in practice. Structural codes are responsible for covering most sources of
uncertainty, on the one hand, and providing safe design, on the other hand.

Various design methods have been presented over the last century. In [4], the design methods
in modern engineering are categorized as follows: permissible stress, the load factor method
and limit state design. Another classification of design methods is offered by [5]: permissible
stress, developed permissible stress and limit state design.

In 1960s, engineers began to recognize the weaknesses of previous design strategies, such as
allowable stress methods. Given this recognition, the engineers authoring structural codes
expressed their intent to implement new approaches in the context of structural design. In the
meantime, reliability analysis and probabilistic methods were developed. The probabilistic
approaches for structural verification are notable tools due to the statistical nature of the data
concerning the strength of a material or the loads to be anticipated.

Freudenthal [6] has reported the early efforts made to define safety factors in structural
verification based on probability of failure and on reliability. With these methods, uncertainties in
a structural analysis might be modeled based on probabilistic distributions. Representation of
loads and resistances by stochastic information provided the ability to assess the risk and safety
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of design structures. With this ability, codes for probabilistic models were published and applied
in restricted fields, such as for steel and concrete structures [7],[8].

In Europe, the first probabilistic based design code was published in 1964 for concrete
structures [9], based on the probabilistic method. This design code defined individual safety
factors, called “partial safety factors,” for all parameters in the structural design. Thus, this
concept was named after these factors, as the partial safety factor method. Other names have
also been used for this method, such as load and resistance factor design (LRFD).

The partial factor method is the leading safety concept applied to determine required structural
reliability. Most national design standards have implemented the method, which has a
reasonable process and is convenient for most engineering applications. The method has been
improved and formulated through the last 50 years, in particular by committees in the
International Organization for Standardization (ISO), European committee for concrete (Comité
Européen du Béton- CEB), and European Convention for Constructional Steelwork (ECCS). The
partial factor method is also prescribed in the European standards for structural design of the
Eurocodes [10].

The optimizations and improvements of structural design standards are the essential
requirements for an excellent practical standard. As the basis of other Eurocodes, EN-1990 is
under evaluation as part of its update to a new version. Since its core is the partial safety factor
method, it is necessary to investigate the applications of partial safety factor method in various
parts of EN-1990. This work aims primarily to evaluate parts of EN-1990 according to the
implemented strategy of this research.

The level of safety provided by EN-1990 through its recommendation of partial safety factors
has to be assed. Moreover, sustainability is today an essential parameter to consider in
constructing structures. Therefore, the economic criteria in the design process must also be
considered in creating a sustainable design. Because of the complicated new situation
confronting societies due to climate change and lack of resources, developers of safety codes
should find the optimum methods to introduce safety measures in structures.

1.2 Strategy of the work

The analysis of the partial safety factor method is the main objective of this study. After its brief
introduction to the concept, Chapter 2 describes background information concerning the partial
safety factor method and its applications in the framework of EN-1990.

Due to the fact that the partial safety factor method is principally the outcome of probabilistic
methods, probabilistic methods and reliability analysis are applied in assessing various aspects
of partial safety factor methods. Probabilistic methods for reliability analysis are presented and
compared with each other in Chapter 3.
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The main strategy for the analysis stems from the partial safety factor method in the EN-1990.
The analysis compares the reliability levels of the methods applied. The description of limit state
functions is based primarily on the definition of resistance and loading in the structure. Thus, the
investigation is divided into two main parts: loading, actions and their partial safety factors; and
the partial factor resistance and its application.

Different types of loading and different values for relevant partial safety factors appear in the
recommendations of EN-1990. In Chapter 4, load parts of the limit state function are
investigated. The available load combinations and the recommended partial factors are
investigated based on the reliability levels provided by them. The reliability analyses are made
for different sets of variable loads and various types of materials.

Load combinations are compared with each other according to the sustainability of their
resultant design. An increased factor for the application of snow load is proposed to overcome
the associated heightened risks. A proposal to simplify these load combinations is then offered
and assessed according to the reliability analysis. In the final step regarding the partial safety
factors for load, a calibration method is proposed, based on the Monte Carlo reliability analysis.

The resistances of limit state functions in safety codes are analyzed in Chapter 5. Partial safety
factor values for different types of materials are proposed in the relevant Eurocodes rather than
in EN-1990. The basics for the application of partial safety factors and the probabilistic
determination of these values are presented in EN-1990.

Experimental analyses are conducted primarily to evaluate material properties or resistance
model assessments. Resistances are mostly dependent on the experimental data. Therefore,
the relationship between the partial safety factor of resistance and test numbers is investigated.
A probabilistic analysis based on the Annex D of EN-1990 is then applied to calculate the model
uncertainty and the partial safety factor of resistance for database from masonry shear walls. A
comparison is made to expose the influence of different ways of partial safety factor utilization in
a limit state function.
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2 Partial safety factor method and EN-1990

2.1 Introduction

The structural design process has to provide a safe and cost-effective structure. In order to
achieve this goal, different standards have been developed. Safety levels can be covered up by
increasing expected load while decreasing nominal resistance. Moreover, sustainability must
also be considered in the design process.

Through the development of more accurate tools, calculations, and analyses for engineers,
various methods of design have been developed over the past century. The safety concept
applied in structural design codes were based on allowable stress principles until the 1960s.
Structures were designed according to models, and the design process was assessed by
considering the elastic behavior. In order to anticipate and mitigate uncertainty, the determined
stresses were required not to exceed the values of critical stress divided by a factor of safety.
The limit stresses corresponded mostly to yielding, rupture, or instability. These safety factors
were chosen individually; one might determine the actions subjected to a structure and assess
the structure such that the elastic stresses resulting from the loads stay below 60% of the stress
at a critical point or limiting value. Indeed, no overview was offered concerning the amount of
risk or safety provided for the designed structure according to this method [3]. Safety factors
were mainly determined by an engineer’s personal assessment or the practical experience of
code writers. As computational methods and facilities improved in the 20™ century, the
prevalence of the allowable stress method was reduced [11].

To resolve these deficiencies (see [4] and [12]), a new formulation for the safety requirements in
the design process was established. This formulation is believed to have first appeared in
Russia in the 1930s. Nevertheless, it was developed into its present form at the
recommendation of the CEB [9]. This method was the partial safety factor format.

In the current structural standards, a structure’s safety is verified according to linear analysis of
the structure and the fulfillment of ultimate and serviceability limit states. The verification is done
with a semi-probabilistic security format by implementing partial safety factors, as applied for the
action values and the characteristic values of the material properties [13].

2.2 EN-1990 basics of design

In 1975 the Commission of the European Communities (CEC) started to develop a new system
for construction and structural design for the European structural codes, the so-called
Eurocodes. The primary goal of the project was to remove technical problems by unifying
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technical requirements. Based on this project, the European Commission decided to create a
group of unified engineering regulations for structural design and construction projects [14].

Structural safety,

EN 1990 serviceability and
durability
Actions on
EN 1991 structures
ettt e :
EN 1992 | |EN 1993 | | EN 1994 Desi
esign and
! detailing
EN 1995 | |EN 1996 | | EN 1999
EN 1997 EN 1998 Geotechnical
and seismic
| | design

Figure 2.1: Links between the Eurocodes [14]

Since 1989, the European Committee for Standardization (Comité Européen de Normalisation
[CEN]) has been in charge of the preparation and publication of the European standards for
structural design (Eurocodes-EN) [14]. The full set of CEN Structural Eurocodes, previously
known as ENV form, was converted to full EN (Normative) by 2004/5. There are ten Eurocodes,
each related to a specific subject in structural engineering [15],[14].

EN-1990 [16] is the fundamental document in the Eurocode standards system, and it provides
the requirements and criteria of reliability and safety for all the Structural Eurocodes. Moreover,
it gives a general framework for structural design in buildings and constructions. Parameters
related to reliability, durability and quality controls are also presented in EN-1990. This
information gives engineers an overview of the procedure of the design, construction, and
supervision during the construction [17].

2.3 Limit states

The design procedure in EN-1990 is based on the limit state concept, with the partial safety
factor method. Based on limit states, the structures may be categorized in two types according
to their behavior: acceptable (safe and serviceable) or unacceptable (failed and unserviceable).
The criteria that define a condition as acceptable or unacceptable are called limit sates. In other
words, limit states represent the unacceptable cases for structure. Generally, the limit states are
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the boundaries beyond which the structure cannot fulfill the requirements of safety in the code’s
recommendations. Each performance or characterization of a structure can be represented by
one limit state in order to be applied in design procedure [14]. EN-1990 classifies limit states into
two types: ultimate limit states and serviceability limit states.

f

Resistance

Hi E](Ed:Rd RJ( Up RE

Figure 2.2: Schematic representation of the partial safety factor method

Figure 2.2 offers a basic representation of the partial safety factor method. The parameters of
load and resistance are first defined according to their stochastic properties. Then, according to
the type of resistance and load, the corresponding characteristic values are determined.
Eventually, the design values of each basic variable may be calculated by applying the relevant
partial factors.

2.3.1 Ultimate limit state

The ultimate limit state represents a situation in which structural failure occurs in the form of
collapse and destruction. It is usually described by the maximum bearing capacity of a structure
or structural components. Design that considers the ultimate limit state provides safety for
people and structures. In certain cases (e.g., a nuclear power plant, a chemical reservoir, or a
museum), however, the limit state concerns the safety of the structural material [14]. EN-1990
defines different categories of ultimate limit states based on failure type:

a) EQU: loss of static equilibrium of the structure or any part of it considered as a rigid
body, where
- minor variations in the value or the spatial distribution of actions from a single source
are significant, and
- the strengths of construction materials or ground are generally not governing;
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b) STR: internal failure or excessive deformation of the structure or structural members,
including footings, piles, basement walls, etc., where the strength of construction
materials of the structure governs;

c) GEO: failure or excessive deformation of the ground where the strength of soil or rock
provide significant resistance; and

d) FAT: fatigue failure of the structure or structural members [16].

Design strategy may vary in EN-1990 based on each type of ultimate limit state.

2.3.2 Serviceability limit states

The serviceability limit states are associated expected use of a structure. Fulfillment of these
conditions covers the requirements needed for particular services in the structure itself or its
member. This type of limit state covers a structure’s functionality with respect to the demands of
the people who use it. According to the time and conditions of the structure’s use, serviceability
limit states can be divided into two types, as shown in Figure 2.3 [14]:

(1) Irreversible serviceability limit states are those limit states that remain permanently exceeded
even when the actions that caused the failure are removed (e.g., permanent local damage or
permanent unacceptable deformations) [14].

(2) Reversible serviceability limit states are those limit states that are not exceeded when the
actions that caused the failure are removed (e.g., cracks in pre-stressed components, temporary
deflections, or excessive vibration) [14].
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Figure 2.3: (a) Irreversible and (b) reversible limit states [14]

2.4 Design procedure

The design procedure in EN-1990 is done based on a comparison of design values for
resistance and action effects. Resistance parameters and actions are defined based on the
required limit state. For example, in the case of equilibrium, the stabilizing action or the
resistance parameters stabilizing the structure have to be compared with the destabilizer
parameter in structure. The verification process in EN-1990 ensures that the relevant limit sate
is not exceeded by considering the applicable design values for actions, material properties, and
geometrical parameters [14]. The general concept for comparing the design value for action and
resistance is presented as (2.1) in EN-1990:

Eqs <Ry (2.1)

where

E4 is the design value of the effect of actions such as internal force, moment or a
vector representing several internal forces or moments;




2 Partial safety factor method and EN-1990

R, is the design value of the corresponding resistance.

Design values for resistance and action effects are determined with partial safety factors and
corresponding characteristic values. Characteristic values represent the probabilistic basis of the
basic variables. Characteristic values are fractile values of the distribution for each basic
variable. In resistance, in most cases, the characteristic value is the lower fractile of distribution.
By contrast, in actions, upper fractiles usually represent the characteristic values of actions.

$

\\ \

Lower fractile H Upper fractile

RE

Figure 2.4: Upper and lower fractile in the probability density function (PDF)

In order to determine the critical case, the design values of the effects of actions (E;) are
calculated by considering all existing actions at the same time on structures. Various types of
actions may be considered in construction, such as the weight of the structure, live load from
vehicles or facilities, wind, snow, temperature, and seismic loading. The combination of all these
load types is introduced in EN-1990 for different kinds of limit states and situations. For a given
construction, several actions, considered as natural or human-made phenomena, apply
permanently. For design, the most critical case through all possible combinations must be
considered [16] [14].

The combinations in EN-1990 are recommended for accidental actions, seismic loading,
geotechnical cases and transient or persistent situations. The fundamental combination in EN-
1990, known as “6.10” in the code text, is the most common combination for design. This
combination is shown in (2.2).

ZYG'ij,j + pr + VQ’leJ + ZVQ,ilpo,iQk,i (2.2)

j=1 i>1

Here, G represents the permanent actions, Q variable actions, P prestress.
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Two other combinations in EN-1990, known as equations “6.10a” and “6.10b” in code text, have
been proposed for limit states in STR and GEO situations. The less favorable of these two
combinations will be used for finding action effects. However, in the German national annex of
EN-1990, use of these two combinations [see (2.3) and (2.4)] is not permitted.

Z VG,ijj" VP Yo% Oy z Vo0, (2.3)
=1 ’ i>1
Z 76,0, T P o1 Qua" F Z Yoo,k 2.4)
=1 i>1

Partial safety factors and combination factors are recommended in Annex A of EN-1990 for
different limit state situations. With the application of these values as safety factors in the design
process, the required safety level based on EN-1990 recommendations is satisfied. Safety level
in EN-1990 is defined according to the reliability index and probability of failure.

2.5 Target reliabilities and consequence classes

In the context of EN-1990, the criteria for safety requirements are provided based on the target
values for reliability or failure probability. The recommendation is classified based on the
correspondent consequence classes and specific reference periods. In the current version,
these values are presented in the context of Annex B along with consequence classes and
quality controls (Table 2.1). For each consequence class, a reliability class (RC) is allocated in
EN-1990.

Table 2.1: Reliability classes in the current version of EN-1990 [16]

Minimum value of 8
Reliability classes
1 year reference period 50 years reference period
RC3 5.2 4.3
RC2 4.7 3.8
RC1 4.2 3.3

In the new draft of EN-1990, the target reliabilities are presented only in its Annex C in order to
avoid misunderstanding of engineers during the EN-1990 application. Target reliabilities are
needed for code calibration and probabilistic design. These are additional approaches for
structural design. Subsequently, the reliabilities are mentioned only along with probabilistic
methods in the code regarding the concept of ease of use.

10
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Moreover, the reliabilities presented in the new draft represent only a one-year reference period.
However, in the current version both one-year and 50-year reference periods are indicated in
target reliabilities. The table of target reliabilities in a new draft of EN-1990 is shown in Table
2.2.

Table 2.2: Reliability classes in a new draft of EN-1990 [18]

Consequence class
Consequences of failure
CC1 cc2 CC3
Pra® 107 107° 107’
B, 4.26 4.75 5.20

In 1ISO-1394 [19] and the Joint Committee on Structural Safety (JCSS) probabilistic model code
[20], the target reliabilities are presented in different forms. In addition to the consequence
classes, the cost of safety is also considered for the categorization of target reliabilities in these
two documents (Table 2.3). This recommendation is based on the optimization performed in
[21]. The cost of reducing risk and increasing structural safety is combined with the
consequences of failure to evaluate the optimum economic values for target reliabilities.
Structural design is a process of decision making, meaning that various parameters are involved
in the final determination. The optimum situation to cover all societal requirements must
eventually be selected.

Table 2.3: Reliability classes in ISO-2394 [19] and JCSS [20]

Consequences of failure from Table 2.6
Relative cost of
safety measures
Class 2 Class 3 Class 4
Large B =3.1(p; ~ 1073) B =33(p; »5x107%) B =3.7(ps ~ 107*)
Medium B =3.7(p; ~ 107%) B =4.2(p; ~ 1075) B = 44(p; = 5x107°)
Small B =42(p; ~107°) B =44(p; ~5%x107°) B =4.7(ps ~ 107°)

In the case of structural design, it is possible to robustly consider safety in the design and
consume a considerable amount of building material in the construction, yet have an
unsustainable structure in the end. This approach will lead to a waste of energy and resources.
Contrarily, a design may be economical, but still produce an unsafe structure. Therefore, a
balance between these two has been considered in the optimization of target reliability in [21];
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2 Partial safety factor method and EN-1990

this balance is depicted in the Table 2.3. Figure 2.5 presents the relation of costs and risk in the
decision-making process. Safety factors can be the decision parameters in the structural design.
If the required target reliabilities in the code correspond to the optimum point, the partial factors
of this point will provide an optimal design that is sustainable and economical at the same time.

A

Expected cost

N Mitigation costs

Optimal - Risk (Expected damages)

risk level ! >
Optimal Decision parameter
decision (e.g.safety factor)

Figure 2.5: Optimization of risk and costs [22]

As mentioned before, each reliability requirement as target reliability is connected with a
consequence class. Engineers should decide the consequences of failure and find the
correspondent category for a structure to apply the desired level of safety according to the code.
The consequences are the parameters for risk evaluation in risk analysis and comprise possible
results of an event. In structural engineering, the consequences are defined as outcomes of a
structure failure. These consequences have three primary sources: loss of lives, the
environmental failure effect and economic damage [23]. However, they are not simple
phenomena for evaluation. Quantification of consequences requires multidisciplinary analysis.
This kind of analysis requires different experts from various fields to determine the relation
between the event and its surroundings [24]. Estimation of consequences is connected with the
incident of a hazard, mostly a complicated process that depends on the judgment of experts.
These experts must have comprehensive knowledge gained through experiences from similar
phenomena. Nevertheless, the determined consequences in this process would include a
considerable amount of uncertainty [25].

The current version of EN-1990 [16] categorizes the consequences in three different classes.
The representations of the number of consequences are mentioned together in each class. The
table in Annex B of EN-1990 is shown in Table 2.4.

Table 2.4: Consequence classes in EN-1990 [16]

12
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Consequence classes

Description

Examples of buildings and civil
engineering works

High consequence for loss of

Grandstands public buildings

CC3 human life, or economic, social or :
. where consequences of failure are
environmental consequences very :
high (e.g. a concert hall)
great
Medium consequence for loss of Residential and office buildings,
CcC2 human life, economic, social or public buildings where
environmental consequences consequences of failure are
considerable medium (e.g. an office building)
Agricultural buildings where people
Low consequence for loss of 9 9 peop
. . . do
ccC1 human life,and economijc, social or

environmental consequences

not normally enter (e.g. storage

small or negligible buildings), greenhouses

In the final draft of a new version of EN-1990, consequence classes are described more clearly.
The different classes regard loss of human life, along with economic, social and environmental
consequences. For loss of human life, there are three levels: high, medium and low. For
economic, social and environmental consequences as well, there are three levels: very great,
considerable and small or negligible. These two levels are presented in the form of a sentence
in the current version, but in the new draft they are separated in two different columns, and the
more severe of these two columns has to be considered in selecting consequence classes for
the relevant structure or structural component.

Table 2.5: Consequence classes in the final draft of new version EN-1990 [18]

Economical social or
Consequence classes Description Loss of human life environmental
consequences

CC4 Highest Extreme Huge

CC3 Higher High Very great

CC2 Normal Medium Considerable

CC1 Lower Low Small

CCo Lowest Very low Insignificant

This classification aligns with the concept of ease of use for the code. Table 2.5 presents the
classification of consequences in the new draft. There are also two extra classes in the new
draft, namely the highest and lowest consequence classes. These are related to exceptional
constructions and based on the description of EN-1990, and they are not covered through the
Eurocode system. These kinds of structures need individual structural design and analysis with
particular considerations.

13



2 Partial safety factor method and EN-1990

The classification of consequences in 1SO-2394 [19] has five different categories. In this
document, the explanation of each category is more comprehensive, complete with the details of
each failure consequence. This clarification helps engineers to choose the corresponding
consequence class conveniently, according to the structure’s characteristics. The consequences
in ISO-2394 are presented in Table 2.6.

Table 2.6: Consequence classes in ISO-2394 [19]

Consequences L
class Description of expected consequences Examples of structures
Low-rise buildings where
only a few people are
Class 1 Predominantly insignificant material damages y p P ,
present, minor wind
turbines, stables, etc.
Material damages and functionality losses of
significance for owners and operators but with little | Smaller  buildings  and
or no societal impact industrial facilities, minor
. . bridges, major  wind
Class 2 Damages to the qualities of the environment of an )
. . turbines, smaller or
order which can be restored completely in a matter
unmanned offshore
of weeks I
facilities, etc.
Expected number of fatalities fewer than 5
Material losses and functionality losses of societal
S|gn|f|ce?nc.e, causing .reglonal .dISI'UptIOI"IS and Most residential
delays in important societal services over several buildings, typical bridges
weeks. .
and tunnels, typical
Class 3 . . _ -~
Damages to the qualities of the environment limited | offshore facilities, larger
to the surroundings of the failure event and which | and or hazardous
can be restored in a matter of weeks. industrial facilities
Expected number of fatalities fewer than 50.
Disastrous events causing severe losses of
societal services and disruptions and delays at High-rise buildings,
national scale over periods in the order of months. .
grandstands, major
Significant damages to the qualities of the | bridges and tunnels,
Class 4 environment contained at national scale but | dikes, dams, smaller
spreading significantly beyond the surroundings of | offshore facilities,
the failure event and which can only be partially | pipelines, refineries,
restored in a matter of months. chemical plants, etc.
Expected number of fatalities fewer than 500.
Class 5 Catastrophic events causing losses of societal | Buildings of national
services and disruptions and delays beyond | significance, major
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national scale over periods in the order of years. | containments and
Significant damages to the qualities of the | storages of toxic
environment  spreading significantly beyond | materials, major offshore
national scale and which can only be partially | facilities, major dams,
restored in a matter of years to decades. Expected | and dikes, etc.

number of fatalities larger than 500.

In JCSS probabilistic model code, a quantity is defined for classification of failure consequences
[20], and p is the ratio between total costs (i.e., construction costs Ck plus direct failure costs H)
and construction costs [20]. Parameter p is determined based on (2.5) [26].

_H+Ck
 Ck

p (2.5)

The cost of failure H is calculated based on the cost of fatalities, and it is represented as (2.6):
H=n-k-SLSC (2.6)

where n is the number of people in the building at the time of failure and where k is the
parameter related to the proportion of fatalities-per-person based on Table 2.7. Social life-saving
cost “SLSC” is a social indicator representing the implied cost of averting fatalities, and it
depends on gross domestic product per capita (g), life expectancy (e) and the ratio of life to earn
a living (w) [27]. Some selected values of SLSC, g, and e are presented in Table 2.8.

Table 2.7: Parameter k for determining failure cost [28]

Types and cause of failure k
Earthquake 0.01-1.0
Avalanches, rock fall, explosions, impact etc. 0.01-1.0
Floods and storms 0.0001-0.01
Sudden structural failure in places of public entertainment 0.1-0.5
Fire in buildings 0.0005-0.002
Fire in road tunnels 0.01-1.0
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Table 2.8: Some SLSC and social indicators g and e [26, 28]

Country g [US$] e [year] w SLSC
Canada 27330.16 78.84 0.13 1.3-10°
USA 34260.22 77.86 0.15 1.6:10°
Germany 25010.15 78.87 0.12 1.1-10°
Czech Rep. 12900.67 73.77 0.17 4.610°

Quantification of consequences with (2.5) and (2.6) helps engineers contextualize failures. The
number of people and fatalities plays an important role in this formula, allowing the opportunity
to distinguish between the loss of one human life or more. According to the parameter p and
(2.5), the classification of consequences in JCSS is presented as in Table 2.9.

Table 2.9: Consequence classes JCSS [20]

Consequences L
o) Description
class
The risk to life, given a failure, is small to
Class 1 Minor . . negligible and economic consequences are
p is less than approximately 2 . )
Consequences small or negligible (e.g., agricultural
structures, silos, masts)
Risk to life, given a failure, is medium or
Class 2 Moderate ) economic consequences are considerable
p is between 2 and 5. i o . . -
Consequences (e.g., office buildings, industrial buildings,
apartment buildings)
Risk to life, given a failure, is high, or
Class 3 Large . economic consequences are significant
p is between 5 and 10 ) ) ) )
Consequences (e.g. main bridges, theaters, hospitals, high
rise buildings)

JCSS also introduces the classification of consequences, which depends on failure type. In this
classification, ductility is the criteria for different categories, and three different classes are
defined [20]:

a) ductile failure with reserve strength capacity resulting from strain hardening,
b) ductile failure with no reserve capacity, and
c) brittle failure.

In other words, a structure whose collapse occurs with some warning ensures certain
precautions can be taken to avoid severe consequences, so it may be designed a lower level of
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reliability. On the other hand, a structure whose collapse would be sudden must be designed
with greater reliability [20].

In the safety concept of limit state design, the criteria of safety are defined for each structure
based on the consequence classes and their correspondent target reliability. In next chapters,
the safety requirements of EN-1990 are implemented as target reliabilities.
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3 Reliability analysis

3 Reliability analysis

3.1 Introduction

This chapter presents an overview of the reliability analysis and probabilistic methods. Reliability
analysis is the main tool in this research work for evaluation of the analysis. The results are
interpreted based on reliability analysis. Therefore, different components involved in reliability
analysis must be described, along with various methods for further applications.

3.2 Random variable

As defined by [29], a random variable is a means for representation of an incident in analytical
format. Random variable definition is based on mathematics. In contrast to a deterministic
variable that can be considered as a certain value, the value of a random variable may be
defined within a range of possible values. The event A may be mapped through the random
variable X, and thus can be identified as indicated in (3.1) [30]:

A=a<X <b (3.1)

If X is a random variable, its probability distribution can always be described by its cumulative
distribution function (CDF), as in (3.2):

Fxy =P(X<x) forallx (3.2)

For a continuous random variable, the probability law is described in terms of the probability
density function (PDF) denoted as f, (x) such that the probability of X in the interval (a, b] is

b b a
Pa<xsh = i = [ foodx = | (33)

3.3 Failure probability and reliability

A limit state is a mathematical of a structure. Beyond the limit state, the model no longer fulfills
the relevant design criteria (ultimate or serviceability) and as a result, failure occurs (virtually). A
failure event can be defined with a so-called limit state function, as
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gx) <0 (3.4)

where the vector x includes the realization of basic random variable X.

Based on (3.4), the failure of the limit state is defined as the set of realizations for function g(x)
with zero and negative values [31].

fﬂ

Resistance (R)

Load (E)

| .
\s

Failure area

Figure 3.1: Schematic representation of failure with probability density function (PDF) of load
and resistance

A general mathematical relation similar to (3.5) could be assumed for the structural model,
which consists of two independent linear random variables: resistance and load variables. In
[29], this model is called the idealized case and is defined by

R—-—E>0 (3.5)

In this case, the failure eventis R — E < 0, and the function g = R- E = 0 is known as the
limit state function. In general by neglecting time effects, any failure criterion of a particular
design situation containing finite variables can be written in multi-dimensional limit state form:

g(xq, x5, X3, .. Xp) = R(xq, %2, X3, . X)) — E(Xms1, Xmazs - Xn) (3.6)

Huntington [32] has established a theorem conveniently used to represent the probability of
failure regarding distribution functions of resistance and action. For the limit state considered to
contain only two independent variables (R, S), the probability of failure is computed as follows:
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oo

Pr=PR—-E<0)= f Fr(x) - fp(x)dy (3.7)

0
in which
Fg is the cumulative probability distribution function (CDF) in R, and
f& is the probability density function (PDF) for E.

In the structural calculation, the probability of failure is very low (in the range of 10™* to 1077).
For the sake of convenience, the probability of failure is transferred to another mathematical
parameter, called the “reliability index,” as defined in (3.8).

B =—-o"(P) (3.8)

Here, @1 represents the inverse cumulative of standard normal distribution. The values of
different reliability indexes relative to various probabilities of failure are shown in Figure 3.2.

9
8 ==
7 —
5 ~
'g 6
> 5 -~ P 3
=
8 4 // 107" 1.28
2 .
= / 102 2.32
3
o 3 10 : 3.09
= e i
/ 10°° 475
1 107 5.20
0 | | |

1E-01 1E-03 1E-05 1E-07 1E-09 1E-11 1E-13 1E-15 1E-17
P; Failure probability

Figure 3.2: Logarithmic plot of failure probability and reliability index

A useful comparative measure of reliability is §, which can be used to evaluate the relative
safety of various design alternatives. However, an assessment of reliability may be provided by
solving (3.7). An explicit analytical solution exists for very simple models where resistance and
load are independent (both having Gaussian distribution functions).

_ (Mg — HEg)

Jo§ + of (3.9)
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Failure Safe side
Probability
of failure
Ps ]
u\:’k =
T

B-oz

Figure 3.3: lllustration of a reliability index [11]

However, most practical engineering problems are very complicated, and non-normal
distributions are involved. Hence other numerical methods need to be examined to solve (3.7).
Some of the reliability methods for solving the integral of (3.7) are classified in Table 3.1.

Table 3.1: Overview of some reliability methods [33]

Category Method or technique

Analytical or numerical integration

Level Il Monte Carlo

Importance sampling

First Order Second Moment Method (FOSM)

Level ll First Order Reliability Method (FORM)

Second Order Reliability Method (SORM)

3.4 Linear First Order Second Moment method (FOSM)

Certain methods are generally referred to as “first-order” methods because they require a first-
order (linear) approximation of the failure criteria (limit state) in terms of the design variables
[30]. The linearization is done by the first two terms of Taylor expansion at the design point used
for first and second moments of the random variables. Therefore, the term “second-moment” is
included. This method is also referred to as the “mean value FOSM” (MNFOSM) [34].

Equation (3.10) describes a linearization of the limit state, which apparently is the approximation
by the first two terms of Taylor expansion at the design point P* = (X7, X;, ..., X3).
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n
Z:g(Xsz:---:Xn)+Za_'(xi_xi):0 (310)
=%

The point P* is called a checking point. Multi-failure criteria and time variation for random
variables are neglected as well. Most of the early approaches selected P* to equal the mean of
basic variables. The distribution of Z has a mean value of

U, = g(uxl,p.XZ,...,p.xn) (3.11)

Assuming the random variables to be statistically uncorrelated, the standard deviation in Z can
be approximated by

1
n 272
- z 99
g, = li=1 (a—xl O'(Xl')) (312)

By using these equations, the reliability index [ is defined by (3.13), which is a geometric
measure. It gives the distance from the mean of limit state to the origin. This method is also
known as the “mean-value method.”

_

B= (3.13)

Based on Ravindra’s linearization [35], it is convenient to express o, as a linear combination of
o;. A useful and symmetrical expression of this value is

dg
0z = Eai'ﬁ'ai (3.14)
i=1 t
with,
a9
29 . g
o = 0x;
(3.15)

g\
j=1 (6_x] %)

Equation (3.15) allows the separation of the contribution of variables and enables the
development of simple partial safety factor code formats. Note that the statistical distributions of
random variables are not regarded in these methods. Although the theory does not give a
complete description of uncertainty for any particular variable, the extension of this idea has
encouraged many researchers to develop probability-based structural codes [30].
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3.5 First-Order Reliability Method (FORM)

3.5.1 Considering normal distribution

Mean value methods have two fundamental shortcomings. First, the limit state function is
linearized at the mean values of the random variables. Using only two terms form the Taylor
series may cause significant errors for some nonlinear limit states. Secondly, the mean value
methods fail to be invariant to different mechanically equivalent formulations of the same
problem. This problem arises not only for nonlinear forms of limit states but also even in certain
linear forms: for example, when the loads (or load effects) counteract one another [36].
Ellingwood recognized that the linear expansion of limit state should take place not about the
means but as a point on the failure surface g(x) = 0—that is, in the upper tail of load parameter
distributions and in the lower tail of resistance parameter distributions [11]. Therefore, the main
result of the recent efforts is that safety checking can be considered to measure the (random)
distance from the mean to any point in the sample space of the structural variables on the
surface, representing the failure criterion. If the distance is measured towards the failure side, a
positive distance implies a safe outcome [37].

This improvement was made also by [38], in a way which the expansion point is changed from
the mean value to most-probably point (MPP). It also represents the minimum distance between
origin point and the MPP.

The procedure of calculation can be started by a transformation of a random variable to the
standard normal space [34].

Xi — Hy;
ui=¥ , xi=ui0xi+ Hx; (316)

Ox;
The procedure is illustrated in Figure 3.4; in this normalized space, the new variables have unit
standard deviation and zero mean, and therefore this space is occasionally called the reduced

space.
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X-Space U-Space
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9(X)=0 .
| g(U)=0

Figure 3.4: Mapping to the standard space (U) [34]

In the reduced coordinate space, the new limit state is

91(ug, Uz, Uz, .. Uy) =0 (3.17)

Failure occurs when g; < 0, and reliability is defined as the shortest distance between the
surface g, (x) = 0 and the origin.

dg(X X
90 -3, 298 0

B =
[ (52 )

The design point or MPP, P* = (x7, x5, ..., x5) on g;(x) = 0, must be determined through finding
the corresponding coordinate of MPP by means of sensitivity factors.

(3.18)

dgX)

axi Xi

o (52 )

Parameter «; illustrates the relative effects of each individual random variable on the total
variation and reliability index. Based on these parameter, the coordinate of MPP can be
calculated as follows:

(3.19)
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*
* xi - .uxi

W= B (3.20)

xlik = B ' ai : O-xi + .uxi (321)

3.5.2 Considering various distribution types

The mentioned methods are set to determine the reliability of random variables with a Gaussian
distribution. It is recognized in [39] that the approximation caused by non-normal distribution in
the algorithm may become more and more inaccurate if the original distribution becomes
increasingly skewed. In contrast, many structural problems involve random variables that are
non-normal.

The solution is to transform the non-normal variables into equivalent normal variables prior to
the calculation. This transformation should be applied such that both distributions match as
closely as possible in the range of the design point. Therefore, this method is also referred to as
“normal-tail approximation.” This transformation may be accomplished by approximating the
exact distribution of random variable X by a normal distribution at the value X* corresponding to
a point on the failure surface. In order to determine the mean and standard deviation of the
equivalent normal variable, the following equations for approximating normal distribution are
suggested in [39]:

_ 9l O]

) (3.22)
W=x*—o -0 F(x"] (3.23)
where
x* is the approximation point,
F(x™) is non-normal cumulative probability distribution function (CDF) in x*,
f(x) is non-normal density function (PDF) in x*,
o1 is inverse cumulative for standard normal distribution (CDF),
) is probability density function (PDF) for the standard normal distribution.

For the sake of completeness, a summary of Rackwitz and Fiessler's algorithm, according to
[11] and [34], is given in Figure 3.5.

25



3 Reliability analysis

Define random variables,
distributions, mean, variance, efc.

.

X=X,
Ifl k = 13 Xk = ﬂx )
|
Transformation
A=U

y

Compute g,(U),Vg,(U)

(typically using simulation programs)

v

Compute
If k=1, compute S using MVFOSM

i

Compute New Design Point
Xk

NoO (k=k+1)

J converges?

Figure 3.5: Rackwitz Fiessler algorithm [34]
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3.6 Monte Carlo method

3.6.1 General

The current version of the Monte Carlo method was established in the 1940s. However, some
restricted activities are similar to the Monte Carlo simulation in earlier studies [40]. It is also
mentioned by [41] that the accepted origin of the Monte Carlo method was in 1949 when
Metropolis and Ulam published their work on the Monte Carlo method [42, 43].

The approaches described in previous sections are all approximation methods. The linearization
of limit state function is applied in these methods by implementing the first order or second order
of the Taylor series. Therefore, in complex limit state functions, such as a highly nonlinear failure
function, multiple failure points or a combination of failure functions (serial and parallel systems),
this simplification by the Taylor series will conduct an error calculation to determine failure
probability [44]. In such complex cases, it is very difficult to determine whether the result is
conservative or the failure probability is underestimated. Hence, neither FORM nor SORM can
offer accurate results [45]. These methods were proposed in the 1960s and 1970s because their
application for the different limit states was a simple way to calculate failure probability. These
methods give an overall view on the probability failure problem. By simulation methods or the
Monte Carlo method, the result of the failure probability calculation is the exact solution, but in
the 1970s there were no powerful computational instruments to produce large samples for a
component of limit states or random variables. At the same time, it was not normal practice to
use simulation methods to evaluate failure probability. Therefore, the application of the Monte
Carlo method has recently gained popularity due to developments in computing abilities and
skills [34]. Calculation now takes much less time, using new random generating algorithms.
Hence, implementing simulations or the Monte Carlo method with accurate results could be the
best option for reliability analysis.

The Monte Carlo is a technique that takes a finite random sample of the basic variables with
their statistical properties and calculates the related limit state. The ratio of the number of
simulations that exceed the limit state to the total number of trails is taken as the probability of
failure.

Therefore, the computation approach in the Monte Carlo method can be represented in three
steps:

1. choosing an individual distribution for each random variable,
2. creating a sampling for each distribution based on random numbers, and

3. applying the simulation and finding the probability of failure [34].
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As a consequence of implementing high-performance computers, physical model simulations
have become routine, and the Monte Carlo method seems to be a powerful tool in dealing with
complicated statistical processes that could not otherwise be handled [34].

The implementation of the Monte Carlo method is examined in [46] for the evaluation of
distribution functions for load and resistance. These functions are the results of complicated
functions from various random variables in practice. This technique is also recommended in [6].

For the first step of calculation in selecting a suitable distribution, various methods are proposed
in literature. In principle, two methods are available to estimate the distribution for a database,
namely the method of point estimates and the method of interval estimates ([31]). Maximum
likelihood and method of moments as point estimates methods are widely used in recent
probabilistic analyses. These are explained in detail in [47], [48] and [49].

3.6.2 Random numbers generation

In order to implement the selected distribution of random variables in a Monte Carlo simulation,
input data should be generated as random numbers. The core of any Monte Carlo method is a
random number generator [50]. This procedure generates independent random values that
follow the same distribution. When the corresponding distribution of random numbers is a
uniform distribution on the interval (0,1) then this process will be called “Uniform random number
generator” ([50], [51]).

Based on the handbook for the Monte Carlo method [50], two algorithms have the most effective
performance in generating random numbers:

1. “Combined multiple recursive generators: some of which have excellent statistical
properties, are simple, have a large period, and are relatively fast” [50].

2. “Twisted general feedback shift register generators: some of which have very good
equidistributional properties, are among the fastest generators available (due to their
essentially binary implementation), and can have extremely long periods which is

currently the default generator in MATLAB” [50].

3.6.3 Random variable generation

Using the generated random numbers in the interval of (0 1), the random variable can be
generated based on the corresponding distribution of basic variables. Each random value
represents the probability of one random variable realization. Eventually, by means of the CDF
of basic variables, the corresponding value for the realization can be calculated. The main
concept of generating random variable is represented in Figure 3.6.
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Figure 3.6: Generating a random variable

3.6.4 Crude Monte Carlo

The principles of the crude version of these kinds of simulation techniques will also be applied in
this study. However, there are different ways to improve the efficiency of the Monte Carlo
method, such as important sampling or variance reduction (see [52]). The crude Monte Carlo
method is so far the most uncomplicated method for simulation of structural reliability [31].

The simulation method can be proposed by reformatting the probability integral in the form of
(3.24), using an indicator function I ].

P = f fo(x) dx = f][g(x) < 0] f(x)dx (3.24)

g(x)=<0

In this integral, the integration domain is changed from a part of X (x4, x, ...x;,) where g(x) <0
for the whole domain of X. In this domain, the indicator function I[g(x) < 0] is equal to 1, where
g(x) < 0 is otherwise equal to zero [31]. In Figure 3.7 a schematic illustration of a crude Monte
Carlo sample domain is represented.
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Figure 3.7: Schematic representation of crude Monte Carlo simulation

Considering the first moment that represents the expected value of a random variable and
comparing it with (3.24), the failure probability can be represented as a mean value of indicator
function I[g(x) < 0]. If N realizations of the vector X are sampled, the failure probability can be
calculated as follows:

N
1
P = E[ICO] = 3 ) 1] (3.25)
j=1

Or based on the number of failure points in simulation, the probability of failure can be
formulated as in (3.26).

n, failure realisation
I ™ "N, total realisation

(3.26)

The statistical error corresponding to the estimation of failure probability by the Monte Carlo
1
VN
value of the indicator function. The variance of the indicator function can also be described

based on the failure probability, following the procedure of [51].

method is proportional to —. The probability of failure has been calculated based on the mean

Var[I(X)] = E[1()?] - EH(OT? = ETCO] —{EION = ENCO] - {1 - ELXOD

(3.27)
Var[I(X)] = of = P;(1—Py)
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Eventually, based on the indicator function variance and the number of trials in the Monte Carlo
method, the standard deviation or variance of the final result of Monte Carlo estimation can be
represented, as in (3.28).

1 jé 1jé i
2 _ 2 _ _
j= j=

The term N — 1 can be changed to N in case of a large N. The (3.28) will be reformed in this
case and can be represented by the failure probability.

Pr(1—Py)

2 __fA )

Si N (3.29)
This value represents the estimation error for failure probability based on the trial numbers and
estimated failure probability. Clearly, the required number of total trials is related to the desired
accuracy for failure probability. In [33], it is reported that some attempts have been made to

evaluate the minimum required number, such as (3.30).

1 1
V: e (2:30)

3.7 Importance sampling method

Efficiency and accuracy generally contrast one another. More efficiency leads to less accuracy
and vice versa. The variance of an estimated probability in the Monte Carlo method represents
the accuracy of the result. To produce better or more accurate results, the variance should be
decreased by increasing the number of sample points [53].

Otherwise, if the efficiency of Monte Carlo is considered, fewer random points should be
obtained for decreasing the calculation time to reach the same level of variance. These two
scenarios are so-called variance-reduction techniques. In these techniques, the variance is
decreased with the same number of random points, or the variance level remains constant but
with fewer random realizations [54].

As mentioned, the problem in applying the crude Monte Carlo is that the joint density function of
basic variable is located in an area far from the limit state failure side. For example, to reach a
reliability level of 3.8 with 1 million sample points, 7 points should be located in the failure side.
Therefore, a method has been proposed to increase the efficiency of the sampling method.

An importance sampling method was first introduced by Harbitz [55]. Importance sampling is the
most effective reduction technique [56]. The most important characteristic of this method is the
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process of producing samples. The sample points are mostly distributed in the failure domain,
which helps speed convergence on the final probability value [45].

In order to apply the importance sampling method, the integral in (3.24) can be rewritten as

follows:

I[g(x) < 0]
hy (x)

v

B = [ 11900 <01 fCoax = | f @) hy(x) dx (3.31)

where h, is the importance sampling density function.

Again here by comparing the integral in (3.31) and the first-moment function, it can be
I[g(x)=0] f(x)
hy(x)
importance sampling distribution function h,(x) ([31]). Comparing (3.31) to the (3.26) shows that

concluded that Pr is the expected value of , and component x is distributed based on

I[]% is applied instead of I[]. Therefore, the unbiased estimation of failure probability can be

represented as (3.32).

P = E[I(X)] = Z [gi(lx’()J) fx) (3.32)
The variance of estimated probability with importance sampling is formulated in (3.33) [52].
var (f)
Var[Pf*] T (3.33)
i 2
Var (Ff) = f ...f{l[]}{(—éc))} h, (x)dx —uf,f (3.34)

Based on these equations, the optimum choice of h,, can be easily found and represented, as in
(3.35) [34].

b - 1[1f (0l
VT @) d (3.35)
Then by substituting in (3.34),
1
Var(;: f f Wi f(x)ldx} s (3.36)

If |I[] f(x)| remains positive everywhere, the integral will be identical with p, , and subsequently
Var[P;"] will be zero. So the optimal choice of h,, is equal to (3.37).
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_1geo) <01 £(x)

Mpf

hy (3.37)

At first, it seems that this equation is not advantageous, because for evaluating h,, Hp e

probability of failure is needed, which is impossible to find. However, progress can be made by
an initial estimation of failure probability [ which is close to the final value. It should be taken

into account that a poor choice of importance sampling function will lead to increase of failure
probability variance. Therefore, importance sampling should be used with caution ([52], [34]).
The critical point for the importance sampling technique is to produce a positive sampling
located near the most probable failure point (maximum likelihood or design point) ([45], [57]).

Generally, finding the optimal h, is a difficult task, typically requiring appropriate prior
information such as design point [52]. Usually, this point is unknown, though, and must be
evaluated based on other approaches, such as FORM or FOSM initially; the importance
sampling function is then applied on this point.

In order to skip this prior analysis alternative approach, the so-called adaptive method can be
applied. By means of this method and its algorithm, the sample domain will be guided in the
direction of the design point. Thus, it is not necessary to find the design point before applying
the method and nor to apply importance sampling afterwards. Another advantage is that the
importance sampling function can be modified through each iteration of the adaptive importance
sampling algorithm.

In the application of the adaptive importance sampling method, an arbitrary point in the failure
side of the limit state would be the initial sampling point (x*) for the algorithm. By processing the
algorithm of the adaptive method, x* will be the design point in the final iteration. The importance
sampling function h, for a problem with n basic variables, could be an n-dimensional normal
joint density function with mean values based on the initial selected point on the failure side of
the first iteration and with a standard deviation for each random variable ([31], [52]).

In each iteration, the sample domain is reproduced based on the h,,, which is modified according
to the sample domain in the final iteration. The standard deviation for the function h, can be
considered constant in all iterations, but the mean value is changed in order to guide the
sampling domain toward the design point [58].

The next point among sample points can be selected based on the likelihood of sample
realization. The point with the maximum likelihood (f (x)) is the point needed for the next step of
the calculation. This selected point will be considered the mean value of the h, function in next
iteration. This loop will be continued until the convergence error is reached. Considering the first
iteration, the estimated probability of failure can be calculated in the first iteration from (3.38).
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N
1~ [g(x™) < 0]
) e £ 3.38

N1 T hv[l](xj[l]) J ( )

And after s-th iteration, the probability will be estimated by (3.39) [52].

1[g(5) < 0]
[s] — [u
fr NMZZ oy TG ) f @t (3.39)

u=1j=1
Then the termination condition can be defined with a convergence error value «¢.

pf[S] _ pf[5—1]

£< (3.40)

L
pf[S ]

3.8 Comparing reliability methods

In the first step, a generic model for the structure resistance is used to apply the methods
introduced in previous sections. A conventional model, so-called generic, is considered in this
part for the resistance probabilistic model. The loading includes two mutually independent
actions: a permanent load G and leading imposed load Q. Resistance of generic member (which
covers all types uncertainty related to material and resistance modeling) is defined by a
lognormal distribution with a coefficient of variation COV = 0.15 and the mean pur as follows [15]:

= Ry el:65cov

Hr (3.41)

In the case of a generic structural member, it is assumed that the characteristic value R, of the
resistance R may be calculated as the 5% fractile of R and the design value R, as follows:

Ra = Ry /YR (3.42)

where yris a resistance partial factor considered for generic members to be yg = 1.1.
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@r(R)

Figure 3.8: Random variable R, the characteristic value R, and design value R, [15]

The analysis of generic resistance assumes the linear behavior of structural members: namely
actions and their characteristic values. The action part includes permanent actions G and
variable actions Q. Variable actions may comprise two actions at the same time in the limit state,
leading variable @, and accompanying variable action Q,. Additionally, by considering the
uncertainty in a loads model with 8, the limit state can be defined by (3.43) as a limit state for a
generic resistance model.

g=R-0(G+0Q) (3.43)

3.8.1 Definition of load ratio y for reliability analysis

The ratios of different actions’ characteristic values are defined as a parameter for interpretation
of the reliability results. The influence of this parameter on the reliability level and load
combination are investigated in the upcoming chapters. Permanent or dead load G, leading
variable Q, and accompanying variable load Q, may be considered as three types of loadings
for the reliability analysis. The ratios of these loads are defined in (3.44) and (3.45). The results
are represented based on these defined ratios.

4= Qx _ Q1+ Q2
Q + G Qi+ Q2+ G (344)
Q2k
k:@ (3.45)
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These values are to be applied in reliability analysis to distribute the total assumed loading in a
different loading type and to observe their influence on the final reliability index result. The y
value represents the structural normalized weight, and G is the self-weight of structure; as such,
the high values of y correspond to the light-weight structures where variable loads are dominant
in the structure loading. On the other hand, small values of y represent the heavy-weight
structures, where self-weight or permanent actions are the most subjected actions. Figure 3.9
shows the changing behavior schematic in loads by y. Variable k is also the ratio between two
variable loads and when its minimum equals 0, which means that there is only one variable load
in the limit state. When It reaches its maximum of 1, two variable loads have the same
characteristic value. In between the maximum and minimum k, 0.25, 0.5 or 0.75 values are
considered.

1.2 ; ! ! r
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load ratio =Q/(Q+G)

Figure 3.9: Loading diagram according to the y

By increasing the parameter y, the distributions of loads also vary. This variety is investigated in
an arbitrary case with an assumed total load of 1, with one permanent and one imposed load.
The distribution behavior for these two loads by increasing y is presented in Figure 3.10 and
Figure 3.11, respectively.
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Figure 3.10: Permanent load G distribution with increasing of y
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Figure 3.11: Variable load Q distribution with increasing of

The representation of y factor for structural weight may also be classified based on its values. In
order to categorize structures based on influence of y, the distributions in Figure 3.10 and
Figure 3.11 for each ratio are compared individually.
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Figure 3.12: Classification of structural weight based on y

Based on this comparison the categorization of structural weight according to y is presented in
Figure 3.12. The first part y:(0—0.3), as it seems in Figure 3.13, is the interval which
represents permanent actions as decisive one. The distributions of permanent actions are also
in this interval laying in higher value with higher deviation. The values of permanent loads are
lying in higher ranges in this interval therefore; it means that the structure in this interval
represents the heavy-weight ones. Here structures with materials like concrete and masonry
may be represented as hevy-weight structures.

On the other hand at the end of the interval for y: (0.6 — 1), variable actions are higher than
permanent loads. Therefore, the amounts of self-weight or permanent load are not decisive and
this interval represents the light-weight structures. Based on the Figure 3.15 it can be also
observed that here the distribution of variable load are decisive. Steel structures and timber
structures may be represented by this category as light-weight structures.

The middle interval is representing the medium weight structures. As it seems in Figure 3.14 the
distributions are close to each other. Either of permanent or variable loads may be the decisive
actions in this category. Composite structures could be classified as a medium weight
structures.
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Figure 3.13: Heavy-weight distributions
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Figure 3.14: Medium-weight distributions
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Figure 3.15: Light-weight distributions

3.8.2 Comparison result

In this part, the limit state includes only one leading variable action. The stochastic parameters
for the basic variables in reliability analysis are introduced in Table 3.2. This section aims to
compare the Monte Carlo method, importance sampling and the FORM method. Figure 3.16
shows the variation reliability of a complete load interval for the Monte Carlo method (with

different numbers of trails) as well as FORM and the importance sampling method.
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Figure 3.16: Reliability of generic model with crude Monte Carlo and importance sampling

The same behavior and result are observed with both crude Monte Carlo and importance
sampling. The FORM result shows a slightly higher value, especially for higher values of y.
These higher values appear because of the approximate transformation of non-normal
distributions to normal distribution. On the other hand, it is obvious in Figure 3.16 that the same
level of variance is observed with a crude Monte Carlo of 107 sample points and importance
sampling of 5x10° sample points. In the Crude Monte Carlo method with 10° realizations,
however, the variance of the estimated probability is unacceptable. The behavior depicted in the
diagram corresponding to the crude Monte Carlo method with 10° points does not have a
smooth shape. At some points, for instance y = 0.3 and y = 0.4, the properties of the diagram
change unacceptably, and this change occurs because of the large variance in calculated
reliability. This error comes from the lack of sample points in the Crude Monte Carlo. The
acceptable result for the crude Monte Carlo is done with 107 samples. The same acceptable
result has been reached through importance sampling, with a 5% sample point number in the
crude Monte Carlo. Hence, by applying importance sampling, the calculation cost is so far
reduced by 95%.

3.9 Stochastic parameters for calibration and code analysis with probabilistic
methods

The basis of probabilistic analysis and reliability evaluation are the parameters that define the
stochastic behavior of basic variables. Defining the probabilistic model of basic variables is the
fundamental component of each reliability analysis. The essential part of probabilistic modeling
is related to considering distribution functions. Each basic variable should have its individual
PDF for implementation in reliability analysis.
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Table 3.2: Stochastic parameters for reliability analysis [15], [59]

Category of . . Symb. .
. . Name of basic variables Dist. Mean Cov. x
variables X

1 Actions Dead load G Normal Gk 0.05-0.10
2 Snow (50 years) S Gumbel 1.1S 0.30
3 Snow (1 years) S Gumbel 0.35S; 0.7
4 Wind (50 year) w Gumbel 0.6W, 0.35
5 Wind (1 year) w Gumbel 0.3W, 0.5
6 Imposed (50 years) Q Gumbel 0.6qy 0.35
7 Imposed (5 years) Q Gumbel 0.2qy 1.1
8  Resistance Structural steel fy Lognormal fut20 0.08
9 Concrete f. Lognormal fut20 0.17
10 Reinforcing steel f, Lognormal fut+20 0.05
11 Timber fi Lognormal fut20 0.15
12 Masonry fi Lognormal 1.32 1, 0.16
13 Uncertainty Steel bending Or Lognormal 1,10 0.07
14 Concrete Or Lognormal 1.00 0.10
15 Timber Or Lognormal 1.00 0.10
16 Masonry Or Lognormal 1.00 0.18
17 Actions O Lognormal 1.00 0.05

In the context of this study, reliability analysis is the tool for evaluation and assessment of the
investigations. A conventional representation of stochastic parameters for different basic

variables is represented in Table 3.2.

These parameters are represented based on the mean value standard deviation and the type of
distribution functions. For reliability analysis with more than one variable load, Turkstra’s rule is
applied for considering the combination of two time-dependent variable loads in this review [60].
In upcoming sections, reliability analysis will be conducted based on the methods and

parameters explained in this chapter.
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4 Load combinations and partial safety factors

4.1 EN-1990 load combination

The design process in EN-1990 is conducted based on the limit state design concept. This
concept requires the modeling of loads and structural components in various design cases. The
limit state is divided into two categories: ultimate limit state and serviceability limit state. Limit
states are the criteria defined based on the loads and structural parameters to verify the design.
The verification has to be done by checking the exceedance of the limit state. All relevant load
cases and structural parameters have to be considered with their design values in the procedure
of verification [14].

The design value of action effects (E;) should be determined according to the different
combinations of relevant load cases. The design value of action effects is calculated by
implementing the partials safety factors and the correspondent characteristic value of each
individual action effect. Partial safety factors are categorized according to the source of actions,
such as permanent actions, self-weight, variable actions, environmental actions, seismic loads,
geotechnical loads and accidental loads.

For each critical load case, the design values of the action effects (E;) are calculated through a
combination of the action values that occur simultaneously. In structural design, several types of
loads are considered, which can be defined as natural or human-made phenomena. A structure
may be subjected to actions due to self-weight, loads on floors, wind, snow, thermal actions, and
so on. However, only critical load cases have to be considered for the verifications. These
critical load cases are compatible with the design values determined from characteristic values
[14],[16].

In the case of ultimate limit states, the different forms of limit states have been defined in section
6 of EN-1990. For persistent and transit design situations, the fundamental load combination is
defined by equation 6.10 in EN-1990 and (4.1):

z ¥6,iGrj" + " VP "+ " v 1Qk1" + "Z ¥Y0,i%0,i Qi (4.1)

j=1 i>1

where " + " denotes “to be combined with,” X' denotes “the combined effect of” and P represents
action due to pre-stressing. Equation (4.1) can also be represented according to favorable (inf)
and unfavorable (sup), as in (4.2).

z VG,j,squk,j,sup "4 z VG,j,inka,j,inf "+ "VQ,le,lu +" z VQ,il/JO,iQk,i (4.2)

i>1
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In EN-1990, two other combinations (6.10a and 6.10b) were proposed for limit states in STR
and GEO situations. The less favorable of these two combinations will be applied as a design
value for the action effects. However, in the German national Annex of EN-1990, use of these
two combinations is not permitted (Section 4.3 details the advantage of these combinations).

Z Y6,jGr;" + " VpP "+ " Vo1¥oi Qi +" Z Y0,i¥%0,iQki (6.10a)  (4.3)
j=1 i>1 . '
z fj yG,ij,j" +" VpP "4 Yo1 Qk,ln + "Z YQ,iIIJO,iQk,i (6.10b) (4 4)
j=1 i>1

Gy,j is permanent action, @y, is leading variable action and @y ; is accompanying variable load,
while y¢ ; is permanent load partial factor, y, ; is partial factor for leading variable load, ¢ is
reduction factor for permanent load and v, ; is the combination factor for variable loads. The

corresponding values for these factors are shown in EN-1990 in A1.1., Table A1.2(A), A1.2(B)
and A1.2(C).

4.2 Reliability analysis of EN-1990 load combinations

According to EN-1990, various kinds of combinations and factors can be used to introduce a
load combination for a structure. Different values for multiple types of partial factors and
combination factors based on limit state type, load properties and structural type are proposed in
EN-1990. Different selections from these factors lead to different results for structural design. In
order to show the varying outcomes of each combination, reliability analysis is conducted for all
possible load combinations. The algorithm of partial factors application for reliability analysis is
based on the design (4.5).

Eq =Rq (4.5)

Consequently, for each load combination in EN-1990 with two variable loads and one dead load,
(4.5) may be reformulated for 6.10, 6.10a and 6.10b as (4.6), (4.7) and (4.8), respectively.

Ry
Y6Grk + Y1 Qr1 + Vg2¥olkz = - (4.6)

R, 4.7)
Y6Gr + VYo1¥o Qr1 +Vo2¥0Qkz = E
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$Y6Gr + Vo1 Qk1 + Vo2¥olikz = y_

Ry

M

(4.8)

The characteristic values of all basic variables with different load ratios y, k [eq.(3.44) and

€q.(3.45)] are calculated according to (4.5). Afterwards, mean values for distribution functions

are determined based on the assumption of stochastic parameters and fractile values in Table
3.2. The dead load is considered the permanent action with the highest coefficient for dead load

in Table 3.2. These calculations must be made for all load combinations and partial factor sets.

The overall rationale for this algorithm is presented in Figure 4.1. Material partial factors, y,,, are

selected according to the recommendation of their correspondent Eurocode as presented in

Table 4.1.

Table 4.1: Material partial factor y,, based on recommendation in Eurocodes

Concrete Steel Steel Rebar Timber Masonry
1.5 1.0 1.1 1.3 1.5
Stochastic parameters
and distribution types
Economic design
Ed = Rd
__QiktQzk _ Q& -
xX= m k= fk Characteristic values Mean values
Gk/ Qlki QZkI Rk
A set of
(YR'vaVQ'lpo)
Reliability analysis

[

No
Compare reliability of all sets
Yes All sets of
partial
PE— factors and
load
ratios?

Figure 4.1: Reliability analysis of load combinations algorithm

FORM, M-C,...

Py =P{R <E}, p = -(P)

The limit state function, which includes three types of actions and resistance parameters, is
considered as (4.9) for reliability analysis of EN-1990 load combinations. All the corresponding
stochastic parameters are applied according to Table 3.2,
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g =0rR—0p(G+0Q1+0Q;) (4.9)
where
g is limit state function,
Og is resistance uncertainty,
R is resistance,
Oy is actions uncertainty,
G is permanent action,
Q1 is limit leading variable action, and
Q, is limit accompanying variable action.

The limit state in (4.9) may be a representative of different types of structural materials and
failure modes. All structural failure modes in which the action effects and actions have a linear
relation, such as a beam in bending, can be modeled by the same limit state as in (4.9). In the
current study, concrete (EN-1992-1-1[61]), steel (EN-1993-1-1[62]), steel rebar (EN-1992-1-
1[61]), timber (EN-1995-1-1[63]) and masonry (EN-1996-1-1[64]) are considered for
investigation. For each type of material, R is represented by the correspondent stochastic
parameter for the material in Table 3.2. Moreover, three types of variable actions (wind, snow
and imposed load) are considered for the investigation of different load combinations. The basic
variables, the load ratios y and k as explained in (3.44) and (3.45), are also considered. In total,
4,455 reliability analyses are completed for all types of materials, loads and their combinations.
The average reliabilities for all these cases for three fundamental combinations in EN-1990 are
presented in Figure 4.2.
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Figure 4.2: Average reliability for all cases and EN-1990 combinations

Figure 4.2 shows three different combinations, although in practice for the design process, only
two combinations can be used. According to EN-1990, the less favorable combination between
6.10a and 6.10b has to be selected for the design process. Therefore, the combination with
greater reliability is decisive. Consequently, the correspondent combination has to be selected
between 6.10a and 6.10b. The reliability behavior depicted in Figure 4.4 can be reformatted as
that depicted in Figure 4.3 with the less favorable combination from 6.10a and 6.10b.

Reliability

——6.10 —— 6.10a&b ----- beta=3.8

......... _— —————— —————— ————— —————— .

Reliability index B

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Load ratio y = (Q, +Q,)/(G+Q,+Q,)

Figure 4.3: Average reliability for all cases and EN-1990 combinations

These 4,455 values can also be treated as random variables. This database of reliabilities
representes a mean and coefficient of variation. The histogram for reliability indexes according
to all possible combinations and basic variables is shown in Figure 4.4.
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Figure 4.4: Histogram of all reliability indexes for EN-1990 combinations

The whole database may be subdivided into two possible fundamental combinations in EN-
1990, 6.10 and 6.10a&b. The histogram for 6.10 and 6.10a&b are presented in Figure 4.5 and
Figure 4.6, respectively.
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Figure 4.5: Histogram of all reliability indexes for EN-1990 combination 6.10
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Figure 4.6: Histogram of all reliability indexes for EN-1990 combinations 6.10a&b

The mean values of both possible combinations in EN-1990 show that, on average, they provide
a safe result, according to the recommended target reliability, for 50 years. According to the
mean values, the combination 6.10 provides greater reliability than the 6.10a&b. The coefficient
of variation in both cases are nearly the same, but with smaller mean value in case of 6.10a&b.
The standard deviation of this combination is also lower than that of 6.10; thus, the results are
more consistent for 6.10a&b, as can also be observed in Figure 4.3.

The reliability analysis for all resistance types provides an overview of the behavior of each
material type. Figure 4.7 shows the histogram of all reliability analyses with a different type of
loading. As can be observed in both Figure 4.7 and Figure 4.8, the lowest value belongs to the
steel materials. Concrete shows greatest reliability: the values are considerably higher than the
target value of 3.8 for reliability. On the other hand, for masonry and timber structures, the
values are compatible with the target value of reliability, as is observable in the histograms. In
Figure 4.7, in a few cases, such as for steel or reinforcement steel, the reliability values are
smaller than 2. Figure 4.7 and Figure 4.8 correspond to the load combination 6.10. The results
for combination 6.10a&b are presented in Appendix C: Additional diagrams for load
combinations of EN-1990.

The analysis of these results shows that the concrete material provides the most safety because
of its partial safety factor and coefficient of variation for its model uncertainty. Despite the equal
value of the material partial safety factor for masonry and concrete, the reliability of concrete is
higher because the COV of its uncertainty is lower than that of masonry. The same applies for
steel and reinforcement steel. The bias in the model uncertainty for a steel structure makes its
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reliability greater than that of reinforcement steel, although the material partial factor for
reinforcement steel is greater than that of steel.
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Figure 4.7: Histogram of different resistance types based on EN-1990 combination 6.10
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Figure 4.8: Average reliability for each resistance of EN-1990 combination 6.10 for all load
cases and load ratios

The analysis based on the variable load types must also be presented. Three types of variable
loads are considered in the first step without accompanying load in load combinations. Hence,
the value of parameter k [eq.(3.45)] is equal to zero. The results for each type of variable load
and resistance are presented for imposed, wind and snow load in Figure 4.9, Figure 4.10 and
Figure 4.11, respectively.
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Figure 4.9: Reliability for imposed load with k = 0, 6.10 with line, 6.10a&b with dash
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Figure 4.10: Reliability for wind load with k = 0, 6.10 with line, 6.10a&b with dash
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Figure 4.11: Reliability for snow load with k = 0, 6.10 with line, 6.10a&b with dash

As shown for all cases, the reliability index decreases in the higher value of load ratio y, and in
some cases, it is lower than the target reliability. This can be interpreted with regards to
structural weight. As explained before, the load ratio y is a representation of structural weight.
Higher values of y correspond to the light-weight structures. In the high range of y, the variable
load is more than the permanent load. Therefore, the higher deviation and COV of variable load
reduces the reliability.

On the other hand, in lower ranges of y, almost all cases are on the safe side and even higher
than target reliability. Therefore, they may be considered as conservative in design. These
higher values also show that the partial factors of permanent action or dead loads are
conservative. The concept of selecting such high values for partial factors of permanent action
was, on one hand, to compensate the safety measures with the variable action partial factor
and, on the other hand, to balance permanent and variable actions according to the safety
requirements. However, the balance does not occur because with higher values of y, the
permanent actions are considerably lower than variable loads. Therefore, safety measures of
permanet actions do not influence the calculations. For this reason, the combination of 6.10a&b
is more economical than 6.10 (see Section 4.3 for further explanation of the comparison of these
two combinations with a case study of a concrete beam).

Parameter k also affects reliability. For each variable load, the other two variable loads are
considered accompanying actions for analysis with non-zero k values. As such, there are six
combination possibilities between imposed, snow and wind loads in the case of two variable
loads. In each possibility, five different values of k between zero and 1 are considered to
investigate the influence of load ratio k. The results of all possible combinations with different
values of k are presented in Figure 4.12 through Figure 4.15. The other reliability results for
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materials and their combination may be found in Appendix C: Additional diagrams for load
combinations of EN-1990.
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Figure 4.12: Steel reliability for wind as leading action and imposed accompanying, combination 6.10
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Figure 4.13: Steel reliability for wind as leading action and snow accompanying, combination 6.10

54



4 Load combinations and partial safety factors

=2}
)

[
{

Reliability p
.
/

0.6
04

0.2
Load ratio k = Q-/Q, Load ratio y = (Q; +Q)/{(G+Q+Qy)

Figure 4.14: Steel reliability for imposed load as leading action and wind accompanying, combination
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Figure 4.15: Steel reliability for imposed load as leading action and snow accompanying, combination
6.10

Parameter k affects reliability by increasing the reliability index. In Figure 4.12 through Figure
4.17, it can be seen that by increasing k, the reliability of a steel structure is also increased. By
applying an extra variable load in the limit state, more safety measures are also be introduced in
the calculation. Therefore, the higher values of k lead to greater reliability. The diagrams for
other cases with different materials can be found in Annex A.
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Figure 4.16: Steel reliability for snow as leading action and imposed accompanying, combination 6.10
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Figure 4.17: Steel reliability for snow as leading action and wind accompanying, combination 6.10

As can be observed for the case of snow load from Figure 4.16 and Figure 4.17, the reliability
level is very low for the high value of y. Therefore, it seems that an increase is needed in safety
measures regarding snow loads (see Section 4.5 for a comprehensive discussion of and
proposal for snow load partial factors).

4.3 Comparison of combination 6.10 and 6.10a&b in design

The previous section shows that by comparing different reliability analysis approaches, the load
combination 6.10a&b gives more consistent results concerning target reliabilities. It can be
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concluded that this load combination leads to more economical design than the load
combination 6.10. In order to compare these two combinations regarding the design, a concrete
beam is considered as a case study. Concrete beams are used worldwide. Consequently, this
case study aids in the goal of comparison in this study.

The geometrical properties of a concrete beam are illustrated in Figure 4.18. A concrete beam is
considered to be subject to permanent, imposed and leading variable loads, and wind as
accompanying variable load.

Y VYV V V V YV Y Y Y Y Y YYYYYYYYYYY G

\ 4 A A F V.V F V.V I VVVVVYVVYYVYY Q:Q1+Q2

R = Af(h—a=0.5A;/(bo. 12)) AN

Figure 4.18: Geometrical properties of a reinforced concrete beam

Based on EN-1990 and EN-1992 [61], the design resistance of a concrete beam is calculated
according to (4.10):

(4.10)
Ry = Aq (fyk/ys) (h-a-0,5A4; fyk Ye /(bQccfek ¥s))s

where, Agis the area of the steel reinforcement, f,, is the characteristic value of the
reinforcement strength, h is the height of the cross-section, a is the distance of reinforcing bars
from the bottom side, f,, is the characteristic value of concrete strength, and «.. is the reduction
factor of the concrete strength with a.. = 0.85 as a recommended value. Partial factor x is the
partial factor for reinforcing steel, which is 5% =1.15, and y is the partial factor for concrete

57



4 Load combinations and partial safety factors

strength, which is equal to 5. = 1.5. Hence, the limit sate function for a reliability analysis of the
concrete beam is defined by (4.11) by considering uncertainty, resistance and action effects:

0,5 Aj
g(x) = R(x) — E(x) = O0r(4s fy <h- a-ﬁ)) —0p(G+0Q1+0Q2) (4.11)

where, 6 is uncertainty of resistance (R) or actions (E). Variables G, Q; and Q, represent the
actions’ effects as the moment in the middle of the beam. For reliability analysis, a concrete
beam with a compressive strength of f. = 20 [MN/m? and yielding strength of steel fyk =500
[MN/m?] is considered. The beam is assumed to be subject to a total load of 30 [kN.m], which is
going to be dedicated to each type of load according to the load ratio of x and k from (3.44) and
(3.45). Figure 4.19 shows the reliability analysis for the case with imposed load as leading and
wind as accompanying action.
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Figure 4.19: Reliability of concrete beam with imposed load and wind load with k = 0.25

Figure 4.19 shows that the highest result is achieved with the combination 6.10, but this amount
of safety does not mean that this is an optimal choice for a load combination. According to the
target reliability recommended in this code, using this load combination will provide safety
greater than is required in the most ranges of load ratios. Therefore, overestimation occurs as a
result of the design of the structure. If the procedure of design for these two combinations is
considered correctly, the required amounts of steel cross-section are illustrated in Figure 4.20.
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Figure 4.20: Required steel for a concrete beam design with imposed load and wind load with
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Figure 4.21: Design deviation for 6.10 and 6.10a&b for concrete beam with imposed load and wind
load with k = 0.25

In Figure 4.21, the deviations for both combinations in the design are shown. The maximum
point of deviation is approximately 9%. This level of deviation means that when the design
procedure is applied based on a 6.10 combination, the final structure has consumed 9% more
material. In other words, the final result of the design process would generate 9% waste of the
material used in the construction.
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The maximum deviation occurs also in the range of load ratios for structures subjected to mostly
permanent actions. As such, for heavy-weight structures such as concrete structures, this
deviation will significantly influence the final design and make it rather conservative. With regard
to material consumption, application of 6.10 will generate 9% wasted material in the construction
procedure.

4.3.1 Conclusion

Based on the criteria of reliability, and as has been shown for a concrete beam, the behavior of
6.10a&b is the most compatible with the target reliability recommended by EN-1990.
Applications of these two combinations, 6.10a and 6.10b, must be considered simultaneously.
Hence, the less favorable of these two will be selected for the design process. Overall, the
reliability of these two demonstrates constant behavior in the ranges of load ratios.

The other application of these two combinations appears in material consumption and structural
costs. As has been shown for the design of a concrete beam using the load combination
6.10a&b, the final material consumption is at maximum approximately 10% lower than would be
the case with combination 6.10. The result for 6.10a&b is more sustainable than that of 6.10.

Despite the advantages, these combinations are ignored in the national annex of EN-1990 in
Germany. Based on this investigation, it will be recommended that in the new version of the
national annex of EN-1990 these two combinations are also considered as applicable
combinations in the code. With a simple calculation, it can be concluded that much consumption
of unnecessary material occurs in the German construction industry; such wastage can be
diminished if these two combinations are applied in the design procedure.

4.4 Reduction of permanent load partial safety factor

Permanent actions are highly under discussion during the ongoing reviewing process of next
generation of Eurocodes. As one of the most important goals for next version of EN-1990, it is
decided to produce a guideline of structural design which can give an economical design.
Sustainability of structural design has to be considered in the introduction of safety measures.

Subsequently researchers are ought to investigate the conservative consideration of Eurocodes.
A related aspect is safety factors for permanent actions. The calibration results in this
investigation and other references show that the current value of 1.35 is higher than required
partial safety factor for self-weight or permanent actions. Therefore a reduction is this factor has
to be investigated.
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4.4.1 Reliability analysis of reduced permanent partial factor

Partial safety factor of permanent actions is going to be considered as 1.25 instead of 1.35. This
new value will replace as partial safety factor of permanent actions in load combinations of EN-
1990. The comparison of fundamental combinations for both cases is done according to the
reliability analysis. The reliability calculation is conducted the same as in section 4.2. The overall
average of all reliability analysis with y; = 1.25 is represented in Figure 4.22.
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Figure 4.22: Average reliability for all cases and EN-1990 combination with y; = 1.25

As it seems in Figure 4.22, the results of fundamental load combinations in EN-1990 by
considering y; = 1.25 are producing more consistent result regarding target reliability. Both
combinations 6.10 and 6.10a&b are giving lower results than the case with 1.35 as partial factor
in previous sections.
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Figure 4.23: Histogram of all reliabilities for combination 6.10 with y; = 1.25

70 T T T T

L L
[ JHistogram-6.10a&b
— Fitted normal dist. ||
""" Mean value

60~

40 pu=3.9235 COV=0.17451 .

T

30 | il

Ay

20 7

Figure 4.24: Histogram of all reliabilities for combination 6.10a&b with y; = 1.25

Eventually the reliability average values for both cases are compared for combinations 6.10 and

6.10a&b in Figure 4.23 and Figure 4.24 respectively. The values of cases with y; = 1.25 are
higher than target reliability but closer to the target in comparison with y; = 1.35. Therefore it
can be concluded that by application of 1.25 instead of 1.35, will produce economical design
along with safe design. This will lead to more sustainable design for structural design.
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Figure 4.25: Comparison of average reliability for combination 610. with y; = 1.25 and y; = 1.35
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Figure 4.26: Comparison of average reliability for combination 610a&b with y; = 1.25 and y; = 1.35

4.5 Application of increase factor for snow load

4.5.1 Describing the increase factor

Considerable uncertainty must be applied for modeling snow loads because of their
environmental origin. Over the last 15-20 years, the snow precipitation has varied in different
ways because of the phenomena of extreme climate change [65]. During 2005 and 2006 in
Europe, several failures structural failures occurred due to heavy snow load [66]. Since then,
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different investigations have shown inconsistent levels of safety between the designed
structures and the recommended safety levels in the codes [67]. One reason for this violation of
safety requirements may be the insufficient application of safety requirements in structural
design codes. Therefore, more safety measures must be introduced to fulfil the minimum safety
requirements.

An increase factor is proposed in this investigation to sustain the required safety measures in
cases of structural design with snow load. Reliability analysis based on the combinations and
partial factors of EN-1990-1-1 show that the partial factor of snow load is not enough to reach
the target reliability [16] (see e.g., Figure 4.17). This study proposes and investigates a new
method for calculation of structures subjected to snow load. This method will be applied and
improved to get consistent results with the target reliabilities of the Eurocode. The characteristic
value of snow load for a structural component is determined based on (4.12):

Sk = S0 € (4.12)
where
So is the ground value of snow load based on the location and elevation of the structure, or
it represents the characteristic value for the ground value of snow, and
C; is a shape factor based on the form of the structure.

According to the recommended value of the characteristic value of snow load for specific
location and structural type, the design value is determined by applying partial the safety factor
of snow.

Sqa =Sk ve with yy=15 (4.13)

An additional safety factor has to be applied in the case of snow loads. An increase factor is
implemented to account for the cases with low amount of safety. This increase factor will be
applied to the partial factor of snow and increases the design safety amount. This increase
factor k; is defined based on the ratio of snow load to the weight of the structural components
themselves. According to Table 4.2, a minimum value of 1 and a maximum of 1.5 are
considered for the increase factor, and a linear interpolation has to be done to determine kg in
the middle interval. The design value of snow load is determined by considering increase factor
in (4.14).
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Table 4.2: Increase factor k, for snow load

Ratio of snow over self-weight

Increase factor kg

1

0.9+ 022

. 27
15

In order to define the ratio in a normalized format, the ratio of snow load can be represented
based on the total amount of load. Instead of an open interval to infinity, the values can be
assigned to the interval of ratio, the so-called S, which is between 0 and 1, as mentioned in

(4.15) and Table 4.3.

So

S = and

G+SO

Table 4.3: Increase factor k, for snow load

So _
15 (4.15)

Ratio of snow over total load

Increase factor kg

$<0.333

0.333<5<0.75

§=0.75

09+0.2 5
’ T 1-5

1.5

Based on Table 4.2 and Table 4.3, the increase factor k, corresponding to snow load can be
represented for both formats of ratios in Figure 4.27.
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Figure 4.27: Increase factor k, of snow load

These three intervals are separated based on the load's ratios. These ratios can be considered
to represent the structural weight of the applied snow load. Small ranges of this ratio mean that
the structure is heavy. For heavy structures, the amount of snow load in comparison with the
dead load of the structure is small. Therefore, the increase factor is considered to be 1. In other
words, there is no increase in the amount of snow load because it is not a decisive factor in the
design process.

In the case of the middle interval, a linear interpolation is implemented. The factor increases with
the ratio. The lighter the structure is, the higher the snow load effect will be. The last interval
represents light-weight structures. In this case, the maximum value of the increase factor has
been considered because the snow load has a more critical role in the design.

4.5.2 Reliability analysis of combination with increase factor

In order to compare the results of this method and to evaluate the differences from the EN-1990
combinations, reliability analysis with FORM (see Section 3.5) has also been conducted. Load
combinations for structural design in EN-1990 are implemented with corresponding values for
partial factors and combination factors. The dead load in this part is self-weight only, and no
permanent load is involved in reliability. Therefore, the coefficient of variation for the self-weight
of a steel structure as 0.05 from Table 3.2 is considered. The stochastic parameters for material
and variable load are also applied according to Table 3.2.

The application of the increase factor according to Table 4.2 or Table 4.3 is done with all load
combinations of EN-1990. The result of the reliability index for the case with only one variable
load as snow, is represented in Figure 4.28, and Figure 4.29 represents the other cases, with

snow as the leading variable and imposed load as accompanying action, with ratio k = 0.5.
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Figure 4.28: Reliability index for one-variable load, snow load
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Figure 4.29: Reliability index for two variable loads, snow load leading and imposed
accompanying

As observed, the application of the increase factor, based on the linear equation in Table 4.2 or
Table 4.3 for variable loads, produces more consistent results than does the EN-1990 approach.
The difference between the maximum and minimum values of the reliability index with an
increase factor is lower than the difference of max. and min. in a fundamental combination of
EN-1990. Hence, the final results demonstrate improved safety through an increased factor
application method for variable load with a single combination. The reliabilities with higher ratios
of y reach values close to the target reliability.
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4.5.3 Improvement of linear method

An improvement in the linear method should offer better results in the middle range ratio of y (for
example in Figure 4.28, the range between 0.3 and 0.8). In this range, the reliability index of the
linear method is reduced, and it is below the target reliability level. This creates a concave
shape in the reliability diagram.

In order to overcome this problem, an improvement for the calculation of increase factor in this
middle range should be applied. Based on the linear recommendation in the middle range, the
increase factor has to be calculated based on a linear interpolation between 1 and 1.5. To
reduce the effect of this concave area and produce a result more compatible with the target
reliability, the increase factor of snow has to be raised more at the beginning of the middle
interval. It means that the inclination of the increase factor in the smaller values of the middle
range has to be higher than at the end of the middle range. Therefore, instead of a linear
function for a rising increase factor in the middle range interval, parabola functions can be
applied (Figure 4.30).

So\ 2 s
ky = —0.08 - (EO) +0.48 - EO +0.78 (4.16)
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Figure 4.30: Linear and parabola models for calculation of kg in middle range

The reliability analysis for comparison of the parabola method is shown in Figure 4.28 and
Figure 4.29. The resulting reliability indexes are compared with those of 6.10, 6.10a and 6.10b
of EN-1990. With higher values of reliability, the influence of a parabola application can be
observed in the middle range .
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Figure 4.31: Reliability for linear and parabola methods with EN-1990 combinations for k = 0
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Figure 4.32: Reliability for linear and parabola methods with EN-1990 combinations for k = 0.5

In order to compare these methods with EC-1990 combinations, the deviations of the results are
presented for both diagrams. The deviations are exposed in Figure 4.33 and Figure 4.34. The
deviation is calculated from the combination 6.10, because in all cases this combination gives
the maximum value of reliability. As seen, the deviation is considerable in cases with higher
ratios of variable loads. In the case of light-weight structures, the method of an increase factor
gives higher safety levels. The comparisons between the corresponding values of the parabola
and the linear method show that the parabola will increase the reliability to its maximum amount
of approximately 10%.
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Figure 4.34: Deviation of reliability for k = 0.5

454 Conclusion

The goal of calibration analysis is to achieve constant reliability with respect to the target
reliability value and to provide the optimum required safety in the design process. Through
reliability analysis for combination in the EN-1990 for the snow load, it has been observed that
the resulting values of reliability are not consistent with regard to the target reliability in the
whole interval of load ratios. Moreover, the results show that the safety level provided by EN-
1990 combinations is lower than the level required in the code.
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Application of the recommended method as an increase factor for snow load produces
considerably greater safety. The reliability levels of EC-1990 combinations show unacceptable
results in case of high variable load. In these cases, the maximum deviation of increase factor
method with the combination 6.10 is nearly 80%. According to this amount of deviation, the
method of the increase factor seems to be needed for combinations with snow loads. The
reliability behavior in the case of snow loads leads to the conclusion that the structures with low
permanent actions or self-weight are more sensitive to the lack of safety. Therefore, the
maximum value of the increase factor belongs to this interval of load ratio. The improvement of
linear interpolation with a parabola function increases reliability. With the application of a
parabola, the concave shape of the diagram for the middle range load ratio is reduced.
Consequently, reliability levels are smoother and will make the design in all range of load ratios
more economical.

Eventually, it can be concluded that application of this method for all kinds of variable loads will
help to create more economical and safe results simultaneously. In the case of heavy-weight
structures, it will prevent the design process to produce conservative results because of the high
value of partial factor for variable loads. Contrarily, light-weight structures do not allow the
calculation to create an unsafe result by applying higher values of partial factor for variable
loads.

4.6 Time-dependent actions and partial safety factor method

Variable actions are the time-dependent parameters in the code. The classification of target
reliability is also done based on different reference periods to consider the existence of different
time-dependent loads simultaneously. For each critical case of loading, the design values of
action effects (Ed) should be calculated based on the combination of the action values that
apply concurrently. The classification of actions in Eurocode has been done based on the
following characterization of actions:

e variation in time,

e origin (direct or indirect),

e variation in space (fixed or free), and

e nature or structural response (static and dynamic), or both [14].
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Figure 4.35 Time variation of different loads [31]

The most influential parameter for the classification of action is an action’s properties during the
time. The Eurocode considers the actions based on their time variability in three categories:
permanent, variable and accidental actions.

Permanent actions are those whose variation during the structure’s lifetime may be neglected.
The self-weight of the structure or the weight of some equipment can be considered self-weight.
Variable actions change significantly during their reference period and the structure’s lifetime, so
their time-varying properties have to be considered in the load combinations. The combination
factors are defined in order to consider the time variability characteristic of these actions.
Environmental actions such as snow and wind loads are considered variable. Moreover, live
load or imposed loads on structures are also one of the important variable actions in structural
design.

The accidental action happens in a very short time in a structure’s lifetime, with a significant
magnitude. Earthquake actions are classified in this category of actions [31]. A schematic
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representation of different loads based on the time-varying properties is illustrated in Figure
4.35.

In EN-1990, the time variability of load combinations is considered by applying combination
factors Y and defining the reference period for characteristic values of variable actions. These
factors are dependent on the stochastic characteristics of variable actions. For describing the
probabilistic representation of variable loads, two different distributions are involved: the point in
time or instantaneous and the maximum value in the certain period of time [68]. In order to
determine the characteristic value of variable actions, a certain reference period must be
defined. Reference period is a time interval in which the extreme value of variable action is
observed. The characteristic value is defined based on the desire probability of exceedance and
distribution of maximum values in this specific time interval.

Q[Jnux [@ nm(fj)

0
Q\ ,max

R/ Q?_milx

QS.mu\

(Pg(f] )

Figure 4.36: Variable action at a point in time and maximum probability density function (PDF) in
reference period 1 [69]

One must consider that the reference period is not necessarily equal to the design working life of
the structure. In [70] the design working life of structures is categorized into four groups:

e temporary: 1-5 years,
e short life: for 25 years,
e ordinary: for 50 years, and
e long life: for 100 years.

The recommendation of EN-1990 for the reference period is the annual maximum of variable
loads, and the corresponding probability of exceedance for characteristic value is 0.02 for the
annual maximum. If the characteristic value is exceeded in each of the reference periods with its
probability p, then after some repetitions for the reference period, the probability of exceedance
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for the characteristic value will be equal to 1, and this time period will be called the “return
period” [23]. The relation between the reference period and probability can be expressed based
on (4.17) [14].

T
Free. =3 (4.17)

Here, T,.; represents the return period, and t is the reference period. By considering the
recommended probability of 0.02 and reference period of 1 year, the return period will be
determined as 1/0.02 = 50 years. Thus, the characteristic value of variable action based on this
probability and reference period belongs to the mean return period of 50 years [14]. According to
EN-1990, selecting a reference period depends on the characteristics of each load, but
generally its recommendation is 1 year. However, [70] recommends using the 50-year maximum
as reference period, because it is equal to the design lifetime of ordinary constructions, and the
asymptotic distribution function of extreme value for 50 or more years has greater accuracy.

The target reliability for different reference periods is defined on the one-year target value. This
calculation is made possible by assuming the independent maximum for variable action. The
value of target reliability for n-year reference period is calculated based on (4.18).

2(By) = [@(B)]" (4.18)

For a 1-year reference period, different target reliabilities may be calculated for different
reference periods. Figure 4.37 shows the relation of 1-year target reliability to different reference
periods. In the code, based on different RCs and consequence classes, various target
reliabilities are recommended for 1 year. Figure 3 shows the behavior of target reliability after
transformation from the 1-year reference period to n-year reference period for different classes.
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4.6.1 Combination of variable loads

The load combination process is required to be considered in order to determine the equivalent
loading system in cases with two or more variable loads [52]. This issue must be considered in
all reliability and risk analysis. Through the analysis, the extreme of all applied loads has to be
determined in the selected reference period. The maximum load subjected to the structure
during the specific reference period T can be determined according to the maximum of the sum
for all individual variable actions as in (4.19) [31].

Xmax(T) = maxr{X;(£) + X5(£) + -+ + X (O} (4.19)

Generally, solving (4.19) requires complex calculations because it is the combination of various
random processes with different properties. In a special case of variable loads being
represented as a stationary stochastic process and mutually independent, the linear sum of
variables can be represented by outcrossing rate based on Rice’s formula. A detailed
explanation can be found in [24] and [52]. In safety standards, such a complex calculation for
finding combination values of actions is impossible. Therefore, the solution was simplified for the
combination of variable actions.

4.6.1.1 Ferry Borges-Castanheta (FBC) method

An approximation of the combination problem and time-dependent variable action was
recommended based on the rectangular wave renewal process in [71]. This simplified
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representation of random processes will be applied to solve the (4.19). The modeling of
rectangular wave process in the FBC model is illustrated in Figure 4.38.

X (1)

A

v

0 i Ti

v

v

0 T T
=

Figure 4.38: Ferry Borges-Castanheta (FBC) load process [31]

In order to implement the FBC model, some assumptions have to be made:

e {X,(t)} is stationary, ergodic stochastic processes;

e all intervals 7,, with constant load for load process {X,,(t)} are equal, and t, here is
duration of each pulse for load X,;

¢ Ty 2Ty .. 2Ty,

o T represents the reference period;

e 1, =T/t, are integers;

e 1,/m_4 iS an integer,;

e X, are constant during each interval t,,;

o the values of X, for different intervals are mutually independent [24]; and

o X,,X,..X, are independent.

Each load process may be represented by three distributions: point in time or instantaneous
Fx(x), the combination distribution Fy_(x), and the maximum distribution in reference period T
Fx (x). Figure 4.39 represents these three distribution functions for one variable action.

max,T
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Figure 4.39: Distribution function for combination of action [24]

The maximum distribution for the reference period T is determined based on the arbitrary point
in time distribution according to (4.20).

Fx () = [Fx (0)]" (4.20)

In the case of the combination of two variable loads X; and X,, and with consideration of the
assumption of the FBC model, the combination distributions will be calculated in two cases of
combination as (4.21) and (4.22).

e X, is combination load, X, is the maximum of X, during an interval of 7; as one pulse of
X,

Fy,. () = [Fy, (x)] ™ (4.21)
e X, is combination load, X;_is equal to the arbitrary point in time distribution of X;.
Fy, (x1) = Fx, (1) (4.22)

The combination distributions may also be represented based on the maximum distribution [72].
For the same case with two variable loads, the representation of loads 1 and 2 are respectively
calculated with (4.23) and (4.24).

{Fxlfmax.T(xl) = [FX1 (xl)]rl -

1
Fy, (x1) = Fy, (x1) P () = [Fxl'm“x'T(xl)] ' (4.23)
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FXZ,max,T(xZ) = [sz (xZ)]TZ ;_1 T2
2 - FXZ,max,T(xZ) = [(FXZC(xZ)) 2]
Fx, (x3) = [Fy, (xz)]" (4.24)

1
- FXZC(xZ) = [F'Xz,ma;»c,T(xZ)]r1

The relation of combination distribution and the maximum distribution in certain reference
periods in (4.23) and (4.24) show an important characteristic of the FBC method. It seems that
the combination distribution of X, depends only on the repetition rate of X;; and r, has no
influence on the combination distribution in consideration of the maximum of reference period.

This method can be applied for any number of loads and combination formats, considering all
mentioned assumptions. Table 4.4 shows the different cases for the application of the FBC
model with three variable loads.

Table 4.4: Ferry Borges-Castanheta (FBC) load combination for three variable loads [72]

Load combination Load 1 Load 2 Load 3
1 121 /1Ty r3/7 Load 1 dominating next load 2
2 1 y r3/7 Load 2 dominating
3 1 1 r3 Load 3 dominating
4 n 1 r3/1 Load 1 dominating next load 3

4.6.1.2 The Turkestra’s load combination rule

As can be seen in Figure 4.35, only rarely do the maxima of all variable loads occur
simultaneously. Therefore, it is rather conservative to determine the maximum of the loads
during the reference period with (4.25).

Xmax(T) = maxr{X1(©)} + maxr{Xz(O)} + -+ + maxr{X, ()} (4.25)

If the probability of the simultaneous occurrence of two loads is negligible, then the combination
problem can be solved based on the recommendation of Turkestra [60] by determining the
maximum of each individual load in the reference period [31].

Zy = maxp{X ()} + X, (") + - + X, ()
Z, =X, (t") + maxp{X,(t)}+ -+ X, (t7)

Zn = X1(t) + X5 (") + - + max{X, ()}

The maximum value of the load combination will then eventually be determined by (4.26).
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Xmax(T) = max{Z;} (4.26)
Turkestra’s model is applied in most of the codified load combinations in structural standards.

4.6.2 Analysis of stochastic parameter for maximum variable load in a reference period

The transformation of distribution from the arbitrary point in time to the maxima in the reference
period is a complicated procedure that depends on the correlation properties of variable load in
the time interval. In the case of a stationary Gaussian process with individual mean and
standard deviation, the maxima will follow the Rayleigh distribution. In reality, it is not common to
have the Gaussian and stationary process as a representation of a random process. Therefore
in these cases, the maximum distribution of variable actions will be described well based on the
Gumbel distribution of extreme value distribution type one, as in (4.27) [68].

1)_(96—#@)

Fomax = exp |—exp — (\/E %0 + 0.577 (4.27)

Here g, and o, correspond to the mean and standard deviation of variable load in the certain
reference period.

According to the characteristic of variable loads, it is not possible to have an accurate database
by observation of the maximum variable loads value during reference period of 50 years.
Commonly, the database for maximum in reference periods such as 1 year is available.
Consequently, the maxima distribution in the short reference period may be considered to
determine the statistical properties of the load in a longer reference period of 50 years. In the
case of the Gumbel distribution, by assuming the independency of maximum values in years,
the transformation from t; to t, will be done based on the (4.28) and (4.29). Evidently, the
standard deviation will remain the same, and the mean value will shift according to the ratio of
two reference periods. Despite the constant standard deviation, the coefficient of variation will
change because of differing mean values.

6 6
Mz = Hq t <$) -0y In(N) = py + (%) “(uy - COVy) - In(N)
, (4.28)
2

=l [1 + <ﬁ> -(covy) - ln(N)] with N = =
T t;

0, = 0q (4.29)

Using (4.28) and (4.29), the coefficient of variation for the reference period of f, can be
represented in (4.30) based on the values correspond to t,. The influences of transformation on
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the coefficient of variation and mean values are exposed, respectively, in Figure 4.40 and Figure
4.41. This diffrentiontion is the effect of the transformation between different reference periods.

COVy
COVy, = NG
1+ (;) - (COVyy) - In(N) (4.30)
1 ‘
N=1
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Figure 4.40: COV,, versus COVy,
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The reduction of COVy, in comparison with COV4, is significantly large in higher values of COV,.
As a typical case, the transformation from data for the 1-year maxima to the 50-year maxima will
reduce the COV by approximately 70%. On the other hand, in the case of mean values, greater
increases in mean value will occur for the cases with higher value of COVy.

4.6.3 Probabilistic calibration of combination factor with design method

The partial factors and combination factors are the essential components of the design process
based on EN-1990. There are two general methods for determination of safety factors:
calculation based on the reliability analysis and the method based on the design value format
[24]. Design value format is an approach recommended in [16] and [19]. Based on the design
method, the exceedance probability of design load in the reference period t for target reliability 8
can be represented by (4.31),

P{Q > Qq} = ®(ag - p), (4.31)

with ap = —0.7 is the sensitivity factor for actions and g target value of reliability.

In the case of the combination of two actions based on the FBC model, the probability of
exceedance for the interval of t,, as the pulse with the longest duration, with a repetition rate of
11, has to be considered. The probability in the case of combination can be found in (4.32) [16].
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P{Qc > Qcq} = ®(ap - B)/mi (4.32)
Subsequently, the corresponding target reliability in the case of combination will be (4.33).
Be = —@ H®(ag - B)/r1} (4.33)

Afterwards, the design ratio value determined by the combination value of action will give a
combination factor value as in (4.34), which is based on the corresponding combination
distribution and probability of exceedance. In order to present a combination factor according to
the maxima distribution in the reference period, (4.34) is replaced by (4.35).

_ Foi{@(04- B}
°T R HeB) (4.34)

_ Fomax{®04- )"} Fomax{®(0.4- )"}
VT T R @B ok @07 B) (4.35)

The approximation of (4.35) for the case of normal distribution and Gumbel distribution are
expressed in (4.36) and (4.37), respectively. The COV represents the coefficient of variation in
the reference period.

140288 —0.7-In(ry)) - COV
0= 1+07-B-COV (4.36)

_1-0.78-COV - [0.58 + In(— In &(0.28 x £)) + In((ry)]
0~ 1—0.78-COV - [0.58 + In(— In ®(0.7 X B))] (4.37)

Figure 4.42 presents the approximation diagrams. The difference between the exact and
approximated method is negligible. By increasing the value of COV for the reference period, the
deviation between the approximation and the exact method is increased.

The calibration method based on design value that is explained in this section is the method
recommended in the EN-1990. Figure 4.43 depicts the calibration result for the combination
factor with the design method. The combination factor for high repetition rate and big COV will
be zero. For higher repetition rates, the combination factor will become smaller. This is the same
in the case of COV. Greater variance in the variable load will prevent the possibility of the
maximum value accompanying load at the same time as the leading action. Therefore, the
combination factor will be small.
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Figure 4.43: Combination factor for different COV and r; for Gumbel and 50-year reference
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Figure 4.44: Combination factor for different COV and r; for Gumbel and 1-year reference

4.6.4 Conclusion

According to Figure 4.43 and Figure 4.44 and the comparison of these results with the
recommended values in EN-1990, it may be concluded that the combination factors in the EN-
1990 are conservative. It is also mentioned in [73] and [74] that the values in EN-1990 are in
general conservative. This is because of a rough calibration according to previous design
methods, such as allowable stress [75].

In the safety concept recommendations of Germany in 1980s, the same method was applied to
calibrate the partial factor for German code [76]. A detailed explanation is provided for the
background information in [75] and [77].

4.7 Simplified load combination

4.7.1 A proposal for simplified load combination

Through the new review of the Eurocodes, a concept that must be considered by the
committees is ease of use. The new generations of Eurocodes must be more convenient for
engineers to be applied in practice. The confusing parts in the current versions have to be
omitted. In order to satisfy this aim, a simplified load combination format for the fundamental
combinations of EN-1990 is proposed. This recommendation solves the complexity of choosing
different selections of combination factors for variable loads.
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The combination factors are defined in the EN-1990 to include the occurrence of maximum
variable load at the same time. Based on different categories of variable loads, different values
of combination factors must be selected based on Table 4.4.

Table 4.5: ¢ factors recommended in Annex A of EN-1990-1-1

Action Yo (2 P,

Imposed loads in buildings, category (see EN 1991-1-1)

Category A: domestic, residential areas 0,7 0.5 0.3
Category B: office areas 0.7 0.5 0.3
Category C: congregation areas 0.7 0.7 0.6
Category D: shopping areas 0.7 0.7 0.6
Category E: storage areas 1.0 0.9 0.8
Category F: traffic area, 0.7 0.7 0.6

vehicle weight < 30kN
Category G: traffic area, 0.7 0.5 0.3
30kN < vehicle weight < 160kN

Category H: roofs 0 0 0

Snow loads on buildings (see EN 1991-1-3)
Finland, Iceland, Norway, Sweden 0.7 0.7 0.2

Remainder of CEN Member States, for sites located at 0.7 0.7 0.2
altitude H > 1000 ma.s.l.

Remainder of CEN Member States, for sites located at 0.5 0.2 0
altitude H <1000 ma.s.!

Wind loads on buildings (see EN 1991-1-4) 0.6 0.2 0

Temperature (non-fire) in buildings (see EN 1991-1-5) 0.6 0.5 0

The main concept for conducting simplification in load combinations is applied to the
accompanying variable actions. Based on the current version of EN-1990, the multiplication of
partial factors for variable actions y, = 1.5 to the combination factors 1, in almost all cases will
be a value approximately equal to 1. Therefore, in fundamental combinations of EN-1990,
Yo " Yo Will be replaced by a factor of 1. It follows that the fundamental combinations in EN-1990
(6.10, 6.10a and 6.10b) in the case of simplified combinations will be replaced by the following
combinations:
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6.10 Eq = Xj2176,iGr;" + " WP "+ " Vo1 Qua" + " Xis1 1 Qi (4.38)

6103 Ed — Z yG,ij,j" + n pr n + n 1 lelu + uz 1 Qk,i (439)
= i>1

6.10b Eq = 2218 ¥6,iGr;" + " VpP " + " V01 Qra" + " Zis1 1 Q- (4.40)

In simplified cases, the characteristic value of the accompanying action will be considered as its
design value. This simplification can be applied for all fundamental combinations in persistent
and transient design cases in EN-1990.

In order to investigate the application of simplified load combination, the same analyses as in
Section 4.2 are done for all fundamental combinations of EN-1990 and their simplified formats.
The average value of calculated reliability for simplified load combination 6.10 and 6.10a&b are
the same as those for EN-1990 in Figure 4.5 and Figure 4.6. The application of this
simplification is thus totally compatible with the results obtained from EN-1990 fundamental
combinations. For representing the results, the combination of wind and imposed load are
selected exemplified. The comparison of simplified load combination and the combination of EN-
1990 are shown in Figure 4.45 and in Figure 4.46 for leading wind load and accompanying
imposed load. Figure 4.47 and Figure 4.48 also representing the case of snow as leading
variable load and wind as accompanying.
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Figure 4.45: EN-1990 combination in line and simplified in dash for kK = 0.5 and combination 6.10
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Figure 4.47: EN-1990 combination in line and simplified in dash for k = 0.5 and combination 6.10
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Figure 4.48: EN-1990 combination in line and simplified in dash for k=0.5 and combination
6.10a&b

As is observable, the differences between the simplified and original combinations are not
considerable. It can be concluded that this simplification proposes an acceptable method for
ease of use because it prevents the complication of selecting different combination factors in
calculations. More detailed results may be found in [78].

4.7.2 Recommendation of simplified combination in last draft of EN-1990

After serious discussions of the application of simplified load combination, it has been decided to
recommend this method as a note in the table of load combination in the code. In last draft of
the new generation of EN-1990 [18], the simplified load combination is recommended in Note 4
for Table A1.3 as follows [18]:

“For persistent and transient design situations, when yq -y, ~ 1 the design value of the
accompanying variable action can be approximated by its characteristic value.”

Table A1.3 presents load combinations for the ultimate limit state in the new draft of EN-1990.
Table 4.6 presents exactly as in the draft of EN-1990 [18].

This method has been criticized by people from countries like Denmark, which use a smaller
value for the combination factor in the case of wind and snow. For example, in the national
annex of Denmark for EN-1990 [79], the combination factor for snow and wind load is ¥, = 0.3.
Then the resultant value of y, -y, = 0.45 will not approach 1. In this case, if they want to apply
the simplified method in their design, this method will lead to an economically unattractive result.
The conservative results by application of simplified load combinations are the main concern of
such countries.

Table 4.6: Table A1.3, load combinations for ultimate limit states [18]
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Design situation Persistent and transient Accidental Seismic Fatigue

Clause 6.3.7.2 6.3.7.3 6.3.7.4 6.3.7.5

Equation 6.29 6.31 6.32 6.33

Permanent (Gdyj) YG,j Gk,j Gk,j Gk,j Gk,j

Y1,1Q,1 OF Y110k
Leading variable (Qq.1)" Y0,19k1 T T
¥21C%k1 Y2,iQk,i

Accompanying variable .0, :
, Y0,i%0,iQk,i Y2,iQi V2, Qi

(Qd,l)

Prestress (Pg)? vYp Py Py Py Py

Accidental (Aq) - Ay -

Seismic (AEd)3 - - Aga

Fatigue (Qrat) - - - Qfat

NOTE 4: For persistent and transient design situations, when yq; ywo=1 the design value of the accompanying variable action can be
approximated by its characteristic value.

4.7.3 Comments on simplified load combination method

Considering the note for recommendation of simplified load combination, the comment from
Denmark will be rejected because the comment is not valid for this simplified rule. The code
writers recommend this method when the condition y, -1, = 1 is not satisfied. Therefore, it
cannot allowed to be applied for certain countries. Consequently, there will be no conflict with
their design.

Application of simplified combinations is an optional method in the code. In other words, if the
engineers want to skip the complexity of choosing the combination factor based on the different
variable loads, this simplification can be applied. Therefore, there is no need for this optional
clause to apply in all cases. Engineers must decide based on the condition of the simplified load
combination.

Nevertheless, another alternative may be proposed to allow the application of simplified load
combinations for Denmark as well. However, it is described that the current version for
implementation of simplified load combination has no conflict with the national annexes.
According to the values of the combination factor, the note in the context of the code may be
modified to the following:

For persistent and transient design situations, when yq -y, 1 and yq -y, = 0.5 the
design value of the accompanying variable action can be approximated respectively by
its characteristic value and 50% of characteristic value.
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This alternative proposal will solve the comment from Denmark. They can apply the simplified
load combination in the case of snow and wind based on the mentioned recommendations. The
result will be an acceptable approximation of the exact combination in their national annexes.

The reliability analysis is conducted for the case of combination for different variable loads. The
most critical case, which is ¥, = 0.3 for snow and wind, will be considered to verify the
recommended simplified method. Combinations 6.10 and 6.10a&b according to the EN-1990
and Denmark national annex will be compared with the fundamental combinations. The results
of the comparison for this alternative and combination in EN-1990 are presented in Figure 4.49—
Figure 4.52. The results are shown for both 6.10 and 6.10a&b for two cases. The first case
represents the one with imposed load leading and wind load accompanying. The second is with
wind load leading and snow load accompanying.

6 T T r r T I I
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Figure 4.49: Load combination 6.10 for imposed load with wind and k = 0.5
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Figure 4.50: Load combination 6.10a&b for imposed load with wind and k = 0.5

6 r r r r T T T
6.10-EN ===== Simpl.1.0 6.10-DK ===== Simpl.0.5 ===== beta=3.8

o
&

0

N

Reliability index B
N
(&)

w
)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Load ratio = (Q, +Q,)/(G+Q,+Q,)

Figure 4.51: Load combination 6.10 for wind with snow and k= 0.5
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Figure 4.52: Load combination 6.10a&b for wind with snow and k = 0.5

4.7.4 Conclusion

The simplified load combination allows engineers to deal with the design problem in a more
convenient way. The selection of different combination factors for different cases of variable load
will be skipped. This method completely satisfies the ease of use concept in the new generation
of the Eurocodes. This is an approximation of fundamental load combinations in the code, but it
will be an optional note in the code. Therefore, engineers have both options to conduct their
design, in a simplified way and the complete combinations approach.

It has been shown that the application of simplified load combination will lead to a result that is
compatible with the load combinations in the code. The difference in reliability values can be
neglected, and this method is an acceptable approximation for fundamental combinations.

The recommendation is also compared with other national annexes, such as that of Denmark.
The simplified load combination with the current format is not valid in this country, but with an
alternative proposal, it may be applicable based on the country’s national annex. The reliability
analyses show the compatibility of alternative solutions with the original combination in the
national annex for Denmark.

4.8 A new method for partial factor calibration based on Monte Carlo method

4.8.1 Interest band method

A new concept for the calibration of partial factors is defined within this research. Since the
dawn of the partial safety factor method’s implementation, an engineers’ knowledge of
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background uncertainties has been improved to a great extent. Year by year, more data have
been collected in databases, and they represent more realistic behavior with respect to actions
and resistance parameters. Subsequently, the statistical quantification of different sources of
uncertainty seems to be necessary. Calibration of partial factors will upgrade structural codes
based on the modern requirements of the community, such as sustainability and economical
design [80]. The precise calibration results will on the one hand prevent the waste of material
and on the other provide sufficient safety.

The primary methods for the calibration of partial factors are conducted based on the FORM in
initial calibrations [81]. In this study, a new concept is introduced based on the crude Monte
Carlo method; this new method consists of three main parts:

1. reliability analysis and finding the resistance distribution for each set of load
characteristic values which gives a reliability index equal to target reliability,

2. determining the interest band and corresponding interest points, and

3. calculating partial factors.

In the first step, reliability analysis has to be performed for calibration. The Monte Carlo reliability
analysis for calibration should provide the required amount of safety. By adjusting this
requirement, the calibration results can be made compatible with the safety requirements. The
safety criteria are defined based on the target reliability values in EN-1990 [16].

For the reliability analysis in this section, two types of load—permanent (G) and variable (Q)—
are considered with a resistance parameter for different types of material. Stochastic parameters
of basic variables for reliability analysis are applied according to Table 3.2. In reliability analysis,
there is no accompanying variable action. Therefore, all variable loads are considered with their
50 years reference period distribution (Table 3.2).

The algorithm of reliability analysis is conducted with a limit state function in (4.9). For each
value of y factor, a resistance has to be determined in which the reliability index has to be the
same as target value of reliability (B; = 3.8).

Afterwards, the calibration can be performed for random realizations of last-reliability analyses
with the target value. In the Monte Carlo method, the random points represent possible
realizations of basic variables in reality, which means that each of the random points produced
can be the material or load in the structure. Conversely, in the process of design based on
concept of a partial safety factor, the limit state is the criteria where the engineers look after for
failure. Limit state represents those realizations of load and resistance where these two values
are equal. Subsequently, the points located in the area where loads are lower than the
resistance are considered safe cases. Otherwise, they are considered failure cases. In a design
with the partial safety factor method, the design values actions or action effects have to be equal
to or smaller than the design value of resistance.

The calibration process must satisfy not only the safety of the design, but also the economical
design. If only safety is considered as the decisive parameter in the calibration process, the
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partial safety factor may provide a conservative result. In order to overcome this problem, the
optimum number of design values must to be selected for calibration. The ideal place for a
design point or a realization of basic variables in a design situation is near the limit state.

In the calibration process, interest band is formed according to the average distance of the
failure points from the limit state (i.e., parameter “a”). The limit state will extend from both sides
to a “band” with a width of 2a (Figure 4.53). This band is the place where the interest points for
calibrations are located. All the points in this interest band are considered for the calibration of
the partial safety factor. Each point represents a realization of design value for its corresponding
basic variable. In other words, the limit state is extended only with parameter “a,” which forms a
band and covers an area called “the interest band.” The boundary between failure and safety is
defined by an area instead of a line.

Each point in the interest band is determined by the random realization of all basic variables
involved in the limit state equation. The correspondent realizations of these basic variables are
treated as design values.

Lo P P IR DRTPRT +  Random realisations |- -—
: : : m— | jimit state

R-Resistance

S-Action

Figure 4.53: Interest band method for calibration of partial factors

Eventually, the ratio of design value over the characteristic value leads to the partial safety
factor for basic variables. For resistance, the ratio of characteristic value over design value can
be considered a partial factor. Moreover, the realization of model uncertainty has to be
considered in the calculation of partial factors as the contribution of model uncertainty. The
averages of determined partial factors from all interest points represents the calibrated partial
factor. The parameters related to the action part are considered only for calibration. Equation
(4.41) shows the calculation formula for a partial factor of actions.
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The interest band method is applied for five types of material and three types of variable loads.
The resistance parameters are concrete (EN-1992-1-1[61]), steel (EN-1993-1-1 [62]), steel rebar
(EN-1992-1-1 [61]), timber (EN-1995-1-1 [63]) and masonry (EN-1996-1-1 [64]). Wind, imposed
and snow loads are three variable loads in the investigation. The calibration process is
implemented only for the load part. Therefore, the reliability indexes are determined based on
the calibrated values of load partial factors and the recommended partial safety factor of
resistance in Eurocode system. The corresponding values to the material partial factors based

Eq

=0, —=
YE EEk

on the Eurocodes are listed in Table 4.1.

The overall results of the calibration for all resistance types and load categories are presented in
Table 4.4. The average reliability level for a range of load ratios y is also illustrated in Figure
4.54. It can be observed that the deviation of reliability from the target value is not significant.
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Load ratio, y = Q/(Q+G)
Figure 4.54: Average reliability with calibrated partial factor
Table 4.7: Overall calibration results
YG Vimposed Y wind ¥ snow Bave.
1.11 1.32 1.57 2.32 3.74
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The highest value of the partial factor is related to the partial factor of snow loads. By comparing
the results with the recommended value of y, = 1.5 in the EN-1990, the calibrated partial factor
of wind is nearly the same as the code value. For imposed load, it can be considered a
conservative application of partial factor in comparison with the value of EN-1990. In the case of

permanent action, the calibrated values show the lower amount in comparison with y,; = 1.35 in
EN-1990.

The calibrated partial factors of actions may also be represented based on different types of
materials. The results in Table 4.4 represent the average for the whole database. The
categorized results of action partial factors are shown in Figure 4.55.

Calibrated y values
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Figure 4.55: Calibrated partial factor for different resistance types
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Figure 4.56: Histogram and normal fitted distribution of reliability

The reliability representing the average of the whole database for all cases of resistance and
loading is compatible with the target reliability of the calibration process. The reliability values
may be illustrated as a distribution (Figure 4.56).

These values are distributed based on the parameters involved in the calculations. The
database of reliability indexes for calibrated partial factor has a mean value of 3.74 and standard
deviation of 0.55. It leads to a coefficient of variation that equals 15%.

The reliability level of calibrated partial factors may also be represented separately for each type
of material for the load cases. The classified reliability indexes based on the resistance type and
variable actions are presented in Figure 4.57.

The reliability behavior shows that the greatest safety with calibrated values is given by concrete
materials. The lowest values correspond to steel structures. This behavior may be explained by
the partial factors of material in Table 4.1. Concrete has the maximum partial factors, and steel
has the minimum. In the case of masonry, despite the same partial factor of material with
concrete, the reliability is lower, which is mainly due to the higher COV value of masonry
material parameter.
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Figure 4.57: Reliability of different resistance types with calibrated partial factor

4.8.2 Conclusion

Calibration is the requirement of all available codes of structural engineering in practice. The
recommended values of partial factors have to be calibrated in a periodical review of design
codes. In this study, a new method for calibration of partial factors has been introduced. The so-
called interest band method is based on the Monte Carlo method.

The calibration results for different types of resistance models and loads show that this method
presents an acceptable approach for the calibration of partial factors. Consideration of random
realization in the interest band as a design value of basic variables is reasonable. The algorithm
of calibration shows compatible behavior regarding the target reliability index. The calibration
process is applied for actions involved in the limit state function with different resistance models.

The calibration approach has been applied with the assumption of EN-1990 safety
requirements. The calibrated partial factor for permanent actions is smaller than the value
specified in EN-1990. The results of the calibration show that in case of snow load, the
recommended partial factor of EN-1990 does not cover the uncertainty of snow loads. A higher
value of partial factor has to be applied for snow loads to reach the target reliability. In the case
of wind loads, the partial factor of EN-1990 is nearly the same as the calibrated value. For
imposed loads and permanent actions, the recommendation of EN-1990 seems to be a
conservative value.

These values are the representations of the overall averages for all cases. Calibrated partial
factors and resultant reliability indexes vary for different types of resistance and actions.
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Moreover, for different values of load ratios, the result may change. The ratio of permanent load
and variable load play an essential role in the calibration process. In cases of high proportion of
permanent loads, the partial factor of permanent action is the decisive parameter, because the
variable loads do not have considerable influence on reliability. Contrarily in the case of a high
ratio variable load due to the fact that the permanent loads do not affect reliability in these cases
variable loads are decisive parameters.

The interest band approach has the advantage of full probabilistic methods. The random
realization represents the more realistic behavior of basic variables in the Monte Carlo method.
The interest band method has the same disadvantage as the Monte Carlo method. The
calculation costs are higher with this method in comparison with a calibration process based on
FORM, and this method also takes more time.

The calibrated values are highly dependent on the assumption of stochastic parameters and
probabilistic models of loads. The parameters here are the ones proposed for code calibration.
The calibrated values may vary with the choice of other stochastic parameters and probabilistic
models for actions. Further sensitivity analysis based on the assumption of stochastic
parameters can offer perspective on their effect on final calibration results.

Overall, compensation between permanent actions and variable loads has to be implemented to
obtain the consistency of results with target reliabilities. The result of the calibration shows that
for light-weight structures and heavy-weight structures (maximum and minimum range of load
ratio y), the reliabilities do not reach the target value ranges.
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5 Resistance partial safety factor

5.1 Introduction

Loads, materials, dimensions and models are the most important parameters in structural
analysis. Chapter 4 has discussed the components of limit states related to loads and actions. In
this chapter, resistance and its partial factor as the second term in limit state functions is
investigated.

In most cases, the verification or evaluation of each material property in structures is conducted
according to experiments. Therefore, every calculation, including test results, has an uncertainty
coming from experiments. The uncertainty is taken into account by introducing stochastic
properties to the test results. Eventually, the parameter will no longer be a deterministic or single
value, but it will be defined within a range based on the PDF and its parameters, such as mean
value and standard deviation. The most important parameter in structural engineering evaluated
by experiments is material properties.

Test results directly influence the current design’s methodology in Eurocodes, including partial
factor methods or limit state design. All recommended values for proposed partial factors are
based on the probabilistic analysis and tests. Different methods based on probabilistic analysis
and stochastics are introduced in EN-1990 to determine of partial factors based on the
stochastic parameters of material and test results (see Annex C and D in [16]).

5.2 Test number influence on partial factor

5.2.1 General

In the testing procedure, one of the most effective approaches to obtain more accurate results is
to increase the number of test attempts, making the probabilistic model an accurate
representation of material properties. Thus, the influence of test number should be considered in
the probabilistic analysis of partial factors, which are the outcomes of probabilistic methods. The
values of partial factors depend on the coefficient of variation for the material parameters, and
the coefficient of variation for parameters resulting from numerous tests. For cases in which the
design is performed based on experiments, the influence of test numbers on the partial factors
should also be considered. In the first step, it seems that the partial factor can be reduced based
on the test number. More tests lead to the smaller partial factor, supposedly. The influence of
the test number on the partial factor is investigated throughout this section.

In EN-1990 [16] Section 5.2, a brief explanation is offered about the design assistance by
testing, and Annex D of EN-1990 can be consulted for further detail. This topic is described in its
context in ISO 2394 [19]. These two explanations differ only with respect to how they deal with
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the topic’s details. In ISO 2394, one finds more detailed information. The basic statistical
analysis and background of these formulations are mentioned in the international standard ISO
12491 [82], [83].

5.2.2 Basic statistical analysis of test number

The mean value of a set of tests can be represented as a random variable M. If the true mean
value and the true standard deviation of population for random variables X are u and o,
respectively, then using expectation (E) and variance operator (D), the mean of mean values
and standard deviation of mean value predicted by a set of tests will be formulated as follows:

=u (5.1)

e B — B <2(Xi)> _CEX)) _nu
n n n

=—, (5.2)

_ _(2X)) _ EDX)) no®  o?
sZ_D(M)-D( - >_ — =— -

where m and s are mean and standard deviation for the sample average [83].

The coefficient of variation for random variable M (sample average) will be represented with the
coefficient of variation for random variable X with (5.3).

E
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(5.3)
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Figure 5.1: COV proportion of sample average and true mean value of random variable X

As indicated in (5.3), by increasing the test numbers to infinity, the coefficient of variation for
mean value of sample average inclines to zero. Contrarily, the mean value of the sample
average will be the true mean value of random variable X, and it will be a deterministic value
because of zero standard deviation. It is a reasonable phenomenon; more test numbers lead to
more accurate results.

5.2.3 Coverage method for fractile estimation

In order to determine the partial factors of material properties, both the characteristic value and
the design value of corresponding random variables should be calculated. The partial factor is
then calculated based on (5.4).

characteristic value

YR = (5.4)

design value
Characteristic value and design value represent a specific fractile value of the random variable
based on its statistical properties. Therefore, the coverage method is used in order to consider
the influence of test numbers on the partial factor.

Estimations are made based on this method for a population with a limited number of samples
(n). The aim is to find probability fractile p for n samples with confidence level y, which
represents the probability that this estimation covers the fractile [83]. For lower fractiles such as
resistance parameters, all predicted values x, .., are ensured to be smaller than the fractile

value x,, with confidence level y.This expression is represented as (5.5) [83].
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P(%p,cover < Xp) =¥ (5.5)

Without information on the coefficients of variation of random variables, the predicted fractile will
be represented based on the sample mean, standard deviation and a fractile factor.

Xp,cover = M = kS (5.6)

In (5.6), m and s are respectively mean and standard sample deviations , and k, is the fractile
coefficient for probability p. Coefficient k,, will be determined based on non-central ¢ distribution
with degrees of freedom equal to n—1 and non-centrality parameter \/ﬁ-up; and u, is the p
fractile of standard normal distribution [84].

1
ky = \/_ﬁty(‘/ﬁ “Up,n— 1) (5.7)

The factor k,, will be determined by considering three parameters: confidence level y, fractile
probability, and sample numbers.

Equation (5.6) is valid for those random variables with normal distribution. Equation (5.6)
represents the left-hand fractile. According to the symmetry properties of normal distribution, the
right-hand fractile with a probability of 1 — P will be determined by adding k,s to the mean value

instead of subtracting.

If the random variable is log-normally distributed, then the equation should be reformulated
using a transformation between normal and lognormal variable. If the random variable X is
lognormally distributed, then the logarithm for this random variable Y is normally distributed.

Y = In(X) (5.8)

Equation (5.6) is valid for the random variable Y with normal distribution. The estimated fractile
of random variable Y will be transformed to the lognormal fractile of random variable X with
lognormal distribution by transformation, as below:

x, = eMr RSy, (5.9)

where my and sy are mean and standard sample deviations, respectively, for random variable Y
and where x, is the fractile corresponding to the probability of p.
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5.2.3.1 EN-1990 and coverage method

In EN-1990, the recommended confidence level is 75% for fractile estimation. In order to find the
characteristic and design value, probabilities corresponding to these values are recommended
in EN-1990. For characteristic value, 5% (or 95%) is recommended as a fractile value. In the
case of design value, the fractile value of about 0.1% (or 99.9%) will be considered as the
design value. Figure 5.2 shows different values of k,, based on various probabilities and test

numbers. This parameter is applied in later sections for the evaluation of test data.
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Figure 5.2: Coefficient k,, for different probabilities and test numbers with confidence level 75%

5.2.3.2 Partial factor of material

For the log-normally distributed random variable, the partial factor will be calculated based on
(5.4), and characteristic and design values correspond to (5.9). By considering different
coefficients of variation for test samples, the theoretical partial factor is determined as in Figure
5.3.
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Figure 5.3: Partial factor for lognormal distributed random variable with confidence level 75%

As depicted in Figure 5.3, after test number 10, all curves show relatively constant behavior,
meaning that the result of 10 tests is an acceptable representation of the material partial factor.
The partial factor deviations from the correspondent value for 10 samples will show the amount
of difference in various test numbers. If the determined value of a partial factor in Figure 5.3 is
considered as the selected value, its comparison with other values for different test numbers is
shown in Figure 5.4.
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Figure 5.4: Partial factor deviation for the value corresponding to n = 10 test numbers

The maximum deviation value after test number 10 (as observed in Figure 5.4) is around 6%,
which corresponds to the maximum coefficient of variation 30%. On the other hand for the other
coefficients of variation, the deviations between 10 and 100 numbers of tests are approximately
lower than 5%. Therefore, after 10 test numbers, the calculated partial factor will not change
significantly. This amount of deviation can be also ignored and considered a constant value after
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10 tests. As such, 10 is the optimum number of tests to give nearly perfect perspective to
material uncertainty. In other words, exceeding 10 test attempts wastes material and costs.

5.2.4 Analysis of concrete compression tests series

A series of compression tests were completed in different governmental constructions projects
in Hong-Kong [85]. Tests are done for different grades of concrete. The results of the cube
compression concrete test are implemented to investigate the influence of test numbers during
construction work on the design results.

These tests were done during the construction of each project stage. In each test, two
specimens were considered from each batch of concrete. Three sets of tests for concrete with
grade 20, 30, and 40 MPa are considered here. The histogram and fitted log-normal distribution
for all classes are illustrated in Figure 5.5-Figure 5.7.

Probability Density Function of Concrete grade 20
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Figure 5.5: Fitted lognormal distribution with parameters ¢ = 0.1626 and y = 3.4896

106



5 Resistance partial safety factor

0.1

(X)

0.08

0.06

0.04

0.02

Probability Density Function of Concrete grade 30

28 40 44
Strength [MPa]

E Histogram — Lognormal \

Figure 5.6: Fitted lognormal distribution with parameters ¢ = 0.1209 and p = 3.8165
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5.7: Fitted lognormal distribution with parameters ¢ = 0.1078 and p = 3.9909
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In Figure 5.8 and Figure 5.9, the coefficient of variation and partial factors for each test step and
for each concrete grade are illustrated. Based on the random behavior, the concrete grade 20
has the greatest coefficient of variation. It has also the highest deviation in the range of tests
numbering lower than 10. It seems that the grade 20, which has the most significant coefficient
of variation also has also the greatest deviation in the first set of tests. Consequently, the partial
factor value for this type is the highest. As in the previous section, the curves show the same
behavior after step 10 tests here as well. They reach approximately a constant value, which is
the adequate representation of material properties.
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Figure 5.8: Coefficient of variation for different concrete grades
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Figure 5.9: Partial factor corresponds to each step for different concrete grades
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5.2.5 Design of concrete beams and columns

The design of concrete components will be done based on the partial factors, determined based
on the methods explained in the previous section and the characteristic value of the concrete
grade. The geometry and loading are considered as expressed in Table 5.1. The partial
reinforcement factor is considered based on EN-1992 as y, = 1.15 ([61], [86]).

Table 5.1: Beam design

Parameter Unit Value
Design bending moment kN.m 170
Width mm 450
Effective depth of the tension reinforcement mm 500
fy MPa 500

The design of the required reinforcement area for the concrete beam is done in each step based
on the partial factors for each test number in Figure 5.9. The same comparison as in Figure 5.4
has been made for the required steel area with the design according to 10 test numbers, as a
benchmark for comparison. The deviations of all results from step 10 are shown in Figure 5.10.
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Figure 5.10: Deviation of designed A, form the value of step n =10

As observed after approximately 10 tests, the deviation is approximately zero, but in ranges
lower than that, high deviations are observed. The differences in these curves are the
consequence of random behavior. Testing is a random phenomenon, so it is reasonable that the
behaviors of three different sets of tests also vary. The constant behavior of these curves after
10 test numbers supports the assumption that 10 is the optimum number of tests for finding the
corresponding material partial factor.

109



5 Resistance partial safety factor

The other structural component is a concrete column. In the determination of the concrete area
in the column, the concrete partial factor has significant influence. It is assumed that the
proportion of reinforcement area to the concrete area is 2%. The behaviors of curves in Figure
5.11 are the same as in Figure 5.10 (because both of them come from same test results), and
consequently they have the same partial factor. In the case of a concrete column, as expected,
the effect of the concrete strength partial factor is greater than that of beam design. The
deviation in the highest value is nearly three times bigger than in beam design. The behavior
here is also similar after 10 tests. They follow a rather constant form after 10.
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Figure 5.11: Deviation of designed A, form the value of n = 10 step with 75% confidence level

5.2.6 Conclusion

In the case of a partial factor, as has been shown from a certain number of tests, increasing test
numbers will not affect the value of the partial factor much. Ten has been determined to be the
optimal number of attempts for tests. After 10, increasing the number of tests numbers no longer
affects the coefficient of variation, partial factor and the design significantly. It can be concluded

that running more than 10 test samples is not effective, and it would result in wasting time and
resources.

The other source of uncertainty that must be considered is model uncertainty. The next section
discusses the evaluation of model uncertainty and its partial factor based on the test.
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5.3 Determination of model and resistance partial factor with Annex D of EN-
1990

5.3.1 General

Experimental studies and test evaluations are fundamental in structural analysis and structural
component designs. Precise interpretation of a test result will lead to an acceptable level of
prediction of structural behavior. Currently, most design codes such as the Eurocodes are based
on probabilistic methods and reliability analysis. An experimental database is one of the
essential components of probabilistic methods. With probabilistic methods, engineers deal with
a set of representative values instead of a single value for each property of a structural
component. These sets of values come from the probability distribution functions for each basic
variable, predicted by evaluating the test data. In addition to material parameters and geometry,
the modeling of structural behavior significantly influences design safety. A recommended
method for evaluating the test results with regard to the structural behavior model is provided in
Annex D of EN-1990. This method is used to determine the partial factor for model uncertainty
(Yrq) and the partial resistance factor (yy,).

5.3.2 Recommendation in Annex D of EN-1990

The statistical method is recommended in Annex D of EN-1990 for determination of the
resistance model based on the test results. The main idea of this method is based on
comparison of the experimental data with the prediction of the resistance model. The calculation
is undertaken in several steps. The first step is to consider a theoretical model for the structure
represented by basic variables (X).

1 = gre(X) (5.10)

The prediction of the resistance model is then determined based on the selected theoretical
model. The comparison of the theoretical values and experimental values is shown in Figure
5.12.
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Figure 5.12: Experimental (r,) and theoretical (r;) diagram [16]

The ideal model will predict the resistance of the structure so that all the points lie on a line with
0 = 45°. The scatter of the points from this line shows the error or deviation from the theoretical
value.

For a statistical determination, a probabilistic model has to be defined according to the
resistance model. The probabilistic model to be applied to the test data according to EN-1990 is
given in (5.11):

r = b6, (5.11)

where b is the “least square” and bestfit to the slope. It represents the model bias
corresponding to the parameter 8, and is calculated with (5.12).

LTelt
= Y2 (5.12)

The error term § is defined for each experimental observation, and its ratio to the theoretical
prediction is given by (5.13).

_ Tei
* = brg (5.13)

Based on the recommendations in Annex D of EN-1990, it is obvious that the code considers a
lognormal distribution for the error term §. The following parameter is defined by the logarithm of
6 values. The coefficient of variation corresponding to the error parameter is calculated in
accordance with this transformation, which is undertaken with (5.14).
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A= 1In(5;) (5.14)

Consequently the mean and standard deviation for parameter A are obtained from (5.15) and
(5.16).

A 1
Tnl. (5.15)

1 _
st =g ) (4= D)’ (5.16)

The coefficient of variation for error in the model is then obtained from (5.17).

Vs = /exp(si) -1 (5.17)

The final aim of Annex D to EN-1990 is to determine the characteristic value or the design value
of the resistance parameter. By taking advantage of calculated design and characteristic values,
the partial factors can be determined. This is the main concept for this study, based primarily on
the recommendations of Annex D to EN-1990. The process for calculating the characteristic
value or design value in this annex is performed by considering uncertainty contributions both
from the basic variables and from model uncertainty [87]. The contributions of these
uncertainties are implemented in the calculation process by means of the coefficient of variation
for the basic variables Vy, and the coefficient of variation for model error V.

The calculation of the coefficient of variation for the resistance model V;., which is shown in the
product function form (5.18), will be obtained from (5.19).

r=>brd = b{Xl X X, X]}6 (518)
j
V= (Vs*+1) H(inz +1)[-1 (5.19)
i=1

There is an alternative expression [eq. (5.20)] in Annex D of EN-1990 for calculation of (V,) in
case of small values for Vs and Vy;?.

V2 =Vs? + V2 (5.20)
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The parameter V,is calculated with (5.21) with simple production form for the resistance
models, and the in case of more complex models, (5.22) is used.

j
Vi = ZV’“'Z (5.21)
i=1
j
VAR [9 Tt (K)] 09t
Vre” = X ( ) 5.22
T 0 (Em) T e (X ) ; oXi (5.22)

The characteristic value or design value has to be determined in accordance with the
determined coefficient of variation. The calculation differentiates two cases, the former with
limited numbers of tests (n < 100) and the latter with large numbers of tests (n = 100).

In the former case, the statistical uncertainty in parameter A is considered by assuming the ¢-
distribution for this parameter with n as the number of tests. In the latter case, the characteristic
value is obtained with (5.23):

e = bgrt(&n)exp(_kooartht — knasQs — 0.5 QZ)' (5.23)
with
Qre = Onerey = / In(Vye? + 1), (5.24)
Qs = Ons) = /ln(Vaz +1), (5.25)
Q = Onery = / (V% +1), (5.26)
Qr
App = Ft, and (5.27)
Q
as =3 (5.28)
where
k, is the characteristic fractile from Table 5.2,
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Koo is the value for k, when n - o [k, = 1.64], and
g, Olpt are weighting factors for Q5 and Q. respectively.

In the case of large numbers of tests, the calculation is performed with (5.29).
T = bgre(Xm)exp(—koQ — 0.5 Q) (5.29)

Table 5.2: k,, for 5% fractile value

n 1 2 3 4 5 6 8 10 20 30 o0

VxKnown 231 {201 {189 | 183 | 180 |(1.77 | 1.74 [1.72 |1.68 | 1.67 | 1.64

VxUnknown | - - 337 | 263 | 233 |218 |2.00 |1.76 |1.76 | 1.73 | 1.64

The determination of design values is similar to that for characteristic values, but the values of
k, and k, in (5.28) and (5.29) are replaced by k,, and k; ... These values are shown in Table
5.3.

Table 5.3: kg4, for ultimate limit state design value

n 1 2 3 4 5 6 8 10 20 30 0

VxKnown |436 |3.77 |3.56 |3.44 |3.37 |3.33 |3.27 |3.23 |3.16 |3.13 |3.04

Vx

- - - 114 | 7.85 | 6.36 |5.07 |4.51 [ 3.64 |3.44 |3.04
Unknown

5.3.3 Unreinforced shear wall database

5.3.3.1 Test database

The main structural elements in masonry construction are walls. Currently, unreinforced walls
are more commonly used than are reinforced walls. The main requirement for this type of
structure is to resist normal forces, but there are also some cases in which the verification of the
wall under lateral loading is necessary. There are different references to the analysis of shear
wall behavior based on probabilistic approaches (see [26], [88], [33], [89]), but the evaluation of
test data based on the recommendations of Annex D for EN-1990 has not yet been considered.
An adequate assessment has been carried out in [90] for the determination of the probability
distribution function of uncertainty in masonry shear wall models. The determination of a
compatible model for wall behavior requires experimental data. The databases can be calibrated
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by comparing the model prediction with the test result. The test data is then used in order to
determine the partial factor for the model or the uncertainty from the calculation with the model.

In order to determine the model factor, experimental data from the European research program
Enhanced Safety and Efficient Construction of Masonry Structures in Europe (ESECMaSE) [91]
for masonry structures is used. The ESECMaSE was a vast experimental and fundamental
program carried out in 2004 — 2008, as a collaboration of various European partners. The
project was mainly concerned with the shear resistance and deformation of masonry walls built
of different types of units and mortar [89]. The collected database is well presented in detail in
[92] and [89]. The database consists of 129 tests including three different masonry units, 44
tests on clay brick (CB), 51 tests on autoclaved aerated concrete (AAC), and 34 tests on
calcium silicate (CS). The test results are evaluated based on a comparison with values
predicted by the German National Annex DIN EN 1996-1-1/NA [93].

5.3.3.2 Shear load capacity of URM wall based on DIN EN-1996-1-1/ NA

The theoretical model used in this study for comparison with the test data is the recommended
method in DIN EN 1996-1-1/NA. As mentioned in [89] and [94], there are various types of failure
modes for masonry shear walls:

¢ friction failure of the bed joint,

¢ tensile failure (cracking) of the units,

e overturning of single unit,

o flexural (bending) failure of masonry,

e shear compression failure of masonry, and
e compression failure of masonry (crashing).

The national recommendations in Germany for the verification of masonry walls are given in
DIN EN 1996-1-1/NA. Aside from the method in the main context of DIN EN 1996-1-1/NA, a
specific method is also proposed in DIN EN 1996-1-1/NA Annex K for the evaluation of wall
slenderness. The shear resistance for each test sample in the database is determined based on
the various failure modes according to DIN EN 1996-1-1/NA and its Annex K. The comparison
between theoretical values predicted by the code and observed values from real test data leads
to the evaluation of uncertainty from the model in the design process.

5.3.3.2.1 Shear wall verification in DIN EN 1996-1-1/NA

The DIN EN-1996-1-1/ NA recommendation for shear resistance determination in the case of
friction and tensile failure of the units can be seen in (5.30):
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t

Veait = lear " fra " (5.30)
where
t is the thickness of the wall;
c is the shear stress distribution factor and determined as
1.0 for <1,

05(1+ 3 for 1<3<2,

15 for Z=2;

~|=

lcw  is the calculated length of the wall, as follows:

legt = min(1.125-1,1.333 - ;) (5.31)

—3(1_9.Mza), .
lc,lin_z(l 2 NEd.l) L=< (5.32)

Mgq  is the design moment;
Ngq is the design normal force;

l is the wall length;

frd is the design value of shear strength with f,,; = %;
M

Yum is the partial factor of masonry.

The characteristic values of shear strength f,,, shall be determined for friction and tensile failure
in order to be applied in (5.30). The friction characteristic strength for in-plane shear resistance,
in case head joints are filled with mortar, may be considered as expressed in (5.33), and for
tensile failure, (5.34) will be implemented:

forr = foka + 0.4 opg (5.33)
g
fokz = 04" forear” [1+ #chal’ (5.34)

where
fuko is the characteristic initial shear strength of masonry,

Opd is normal stress, and
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fvecar i the computational tensile strength of unit. It may be assumed as a ratio of unit
compressive strength.

The other failure mode is shear compression failure, which occurs when the compressive
strength in the diagonal strut is exceeded [89]. In the case of element masonry with thin-layer

mortar for bed joints and a ratio of overlapping length over unit height of less than 0.4 (l"l/h <
u
0.4), equation (5.35) has to be considered in checking shear compression failure:

lot

VRait = Flc (fva*lc "t —=¥m* Nga) - I, (5.35)
where
L lc=(1—2-1’V”E—‘Z‘%l)-l,
o1 is overlapping length,
h, is the unit height, and
fx is the characteristic value of masonry compressive strength.

In masonry structures with element masonry, non-grouted head joints and a ratio of h, > [,
failure on single unit due to the opening of the bed joint constitutes another possible failure
scenario. The calculation of shear resistance for the overturning of single units will be done
according to (5.36) [89].

Veaie = 3 (h_u_h_u) " (5.36)

The criteria of the flexural failure of the walls subjected to the vertical and horizontal loads may
be determined simultaneously based on the ultimate limit state of the wall in axial forces (5.37).

fr
Ngg S Ngg =@ =1, -t
Ed Ra =@ . (5.37)
Mgq
p=1-2 Npy 1 (5.38)

Here, the @ is the reduction factor for considering the slenderness and eccentricity of loadings
on the wall, and it will be determined based on the assumption of rectangular stress blocks with
(5.38). According to both (5.37) and (5.38), the shear resistance based on flexural failure mode
may be calculated with (5.39).

118



5 Resistance partial safety factor

v :l'NEd_VM'NEd2
FLA™ 2 h  2-h-fi-t

(5.39)

5.3.3.2.2 Annex K- DIN EN-1996-1-1/NA

The effective height of the wall is calculated based on a factor ¥, which is introduced for

different types of boundary conditions. The background to this factor may be found in [95]. The
factor considers, particularly, the restraint ratios at the top and bottom of the wall.

The parameter vy is applied to the height of the wall in the process of slenderness calculation, as
shown in (5.3). A general classification of the 1y factor may be done according to the restraint
condition of the wall, the case with the fully restrained boundary condition at top and bottom of

the wall with = 0.5, and the case of a cantilever wall or no restraint at top with ¢y =1. A
representation of the eccentricity and the wall is illustrated in Figure 5.13.

_lp'hw
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Figure 5.13: Wall eccentricity at top and bottom and y factor [95], [93]

In verification with Annex K instead of NMEdl in all formulas, % - A, will be replaced. The other
Ed’ Ed

difference lies in the calculation of friction and diagonal tension. For this verification, based on

(5.30), the compressive length of the wall will be calculated according to (5.32).

5.3.4 Model partial factor yz,

5.3.4.1 The whole population of database

In the first step of the test evaluation, the entire database is considered a general representation

of masonry shear wall behavior under horizontal and vertical loading. The diagram in Figure
5.14 compares predicted values and experimental values for all test data.
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Figure 5.14: Experimental and theoretical values for masonry wall
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It seems in Figure 5.14 that the lines fitted to the database express the overall comparison
between experiment and theory. The factors 1.1361 and 1.2283 were calculated using (5.12)
and represent the inclination of the line. These values indicate a conservative prediction strategy
in the model for the calculation of shear wall resistance. This is also a bias in the model; in other
words, most of the experimental data have more capacity than that predicted by the theoretical
model. This feature may be interpreted as our model underestimating the resistance of the wall
and the real resistance of the wall being always more than the expected value. The other
parameter that must be considered as contributing to model uncertainty is the spread of the
predictions from the fitted line. The representative value for this parameter is the coefficient of
variation of model error Vg, obtained from (5.13)—(5.17). The determined results for model error
statistical parameters for the database are presented in Table 5.4.

Table 5.4: Statistical parameter of model error for database

Z Sg V5 b
EC6-NA Annex K -0.0162 0.2257 0.2286 1.1361
EC6-NA 0.0932 0.2664 0.2712 1.2283

As explained in previous sections, the aim of first step is to determine the partial factor
corresponding to the model error. Therefore, in accounting for uncertainties, only the
contribution of the model error is considered. Consequently the term V,; in (5.20) is ignored
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because it relates to the material and other basic variables’ uncertainty, and the term Vg,
coefficient of variation for model error, is the only parameter in the calculation.

Finally, considering the calculated statistical parameters in Table 5.4 and (5.29), the design
value and characteristic value of resistance are determined. The population of experiments in
the database are more than 100, and this can be considered as a large amount of test data, so
(56.29) is used for calculation. Then, by considering the bias of the model in the calculation
process, the partial factor for the resistance model is obtained from (5.41).

R, 1

YRd = R_dE (5.41)

In the first case, for the whole population of the experimental database, the partial factors of
model will be as in Table 5.5.

Table 5.5: Model partial factor for data base

YRd

EC6-NA Annex K 1.207

EC6-NA 1.182

5.3.4.2 Individual masonry unit type

In order to determine more compatible values of partial factors based on the masonry unit types,
the database is classified into subsets based on the type of units. As mentioned, tests were
conducted on three types of units: CB, CS and AAC. The same procedure of statistical
evaluation is implemented for each subset of masonry unit.

Dividing the original database into several subsets will reduce the amount of data or the
population in the statistical evaluation. A recommendation appears in Annex D in EN-1990
regarding this problem. It is suggesting that for the determination of factor k_n from Table 5.2 or
Table 5.3, the number of tests has to be considered the original database. Therefore, the same
value of k (maximum) is taken for each subset of masonry unit, because the original test
database comprises a large number of test datasets.
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Experimental result, V [MN]
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c) Autoclaved aerated concrete (AAC)

Figure 5.15: Experimental and theoretical values for each unit type

The analysis of each unit type in the database is shown in Figure 5.15. The analysis produced
the parameters for the calculation of the model’s partial factor in Table 5.6 and Table 5.7. The
final values of the partial factors for each of these unit types differ. A difference also appears
between the partial factor for the whole database and the partial factor for each unit type. The
difference is explained by the various coefficients of variation for model error and model bias.

Table 5.6: Statistical parameters and model partial factor for each unit type in EC-NA Annex K

Unit type A s} Vs b YRrd
CB -0.016431 0.1844 0.186 1.3098 0.99
CS 0.004090 0.1468 0.1476 1.0175 1.21
AAC -0.04769 0.2444 0.2481 1.1009 1.28

Table 5.7: Statistical parameters and model partial factor for each unit type in EC-NA

Unit type A s} Vs b Yrd
CB 0.0955 0.2375 0.2409 1.2311 1.1327
CS 0.1110 0.2685 0.2734 1.2695 1.1471
AAC 0.0735 0.2870 0.2930 1.2062 1.2391

Figure 3.7 shows the calculated values for coefficient of variation for model error and model
bias. Both of these values for AAC are near to those for the whole database. The maximum
values for COV are for AAC.

The bias model for CS in EC6-NA Annex K is nearly 1, which means that on average, the
resistance model of the shear wall is neither overestimated nor underestimated for CS units. For
the other unit types and also for the whole database, the bias is higher and greater than 1, which
means that the model underestimates the material. The scatter of the data for EC6-NA is in all
cases wider than that of EC6-NA Annex K.
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Figure 5.16: Coefficient of variation for model error and model bias for units and database

By using the calculated stochastic parameters with (5.41), the model’s partial factors are
calculated for all types of units and for the whole database. The results are shown in Figure 5.16
for all unit types for both cases of EC6-NA and EC6-NA Annex K.
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Figure 5.17: Model partial factor

5.3.5 Resistance partial factor y,,

To determine the partial resistance factor, other basic variables must be considered for the
calculation of the coefficient of variation for resistance in (5.20) and (5.21). The other coefficient
of variations for basic variables for the masonry shear wall, aside from model uncertainty, can
be described as follows:

e geometry,
e material properties, and
e |oads.
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Each of these variables has a spread, and therefore they contribute in the final COV of
resistance based on (5.20) and (5.21).

Geometrical data are commonly categorized as basic variables with low variability. According to
the recommendations of the JCSS probabilistic model code [20], the COV of geometrical
variables is suggested to be equal to 4%.

Normal actions are involved in the recommendations for shear wall calculations in DIN EN-1996-
1-1/NA. Thus, the parameter variations should contribute to the resistance COV. The sources of
normal actions are considered self-weight and variable actions. For self-weight and variable
actions, 5% and 20% COV are applied respectively.

Material properties play an essential role in the whole process of design. According to the test
database, different types of failure modes are observed during the experiments.

Table 5.8: Observed failure modes in experiments

Failure mode Number, N¢;
Friction failure 3

Tensile failure 96

Tensile and friction 11

Flexural (bending) failure 3

Shear compression failure 3
Overturning of single unit 2

Unknown 11

In order to consider the contribution of the material’s strength in the resistance COV, a weighting
average of COV for all material strength based on different failure modes is applied. Using this
kind of average, the influence of different types of failure is considered for the determination of
partial factors. In calculating the average, unknown failures are not considered. The overturning
of single units is not also considered in the average, because only geometrical parameters are
involved in its limit state. The weighting factors include the number of failures, as shown in Table
5.8. The weighting average of material COV is calculated with (5.42).

2 Nei - COVypy g
COVinavg = le: Ny, — (5.42)
i

Different material properties have to be considered for different failure modes. The
correspondent COV values for each parameter are implemented in (5.42) for calculation of
weighting average. The parameters and COV values are shown in Table 5.9.
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Table 5.9: COV values of material parameters [90], [26]

Failure mode gﬂai;er:zlter Cov;
Friction failure fo 0.35
Tensile failure for 0.2
Flexural (bending) failure fx 0.1
Shear compression failure fy 0.1

With the application of the COV values for material properties, the weighting average is
determined to be 19.8%. This value with other basic variables—geometrical parameters and
normal action—are applied in (5.20) and (5.21). Finally, the calculated resistance COV is
approximately 28.9%. The same procedure as a modeled partial factor is performed to
determine the resistance partial factor yy,. The results of the model's partial factor and
resistance partial factor for EC6-NA and EC6-NA Annex K are shown in Figure 5.18 and Table

5.10.

Table 5.10: Resistance partial factor for data base

Ym

EC6-NA Annex K

1.45

EC6-NA

1.39
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Figure 5.18: Model partial factor and resistance partial factor

5.3.6 Conclusion

For the definition of partial factors for the resistance side in structural design, the code divides
the source of uncertainty into two categories: the uncertainty from material properties and
uncertainty from structural behavior modeling. The determination of material uncertainty can
also be undertaken by testing every single material. The recommendation in Annex D of EN-
1990 has been applied in this section as a practical process for the determination of model
uncertainty. These values have been determined according to the experimental database for the
masonry shear wall and based on failure modes in German national Annex DIN EN-1996-1-1/
NA. Moreover, the resistance partial factor is also calculated by considering other basic
variables such as material, geometry and action variations.

The results indicate that this method in Annex D of EN-1990 is a reliable one for the calculation
of model partial factor and resistance partial factors. The advantage of this method is separate
determination of model partial factor and resistance partial factors. The recommended value of
the partial factor for the model may be applied in the shear wall calculation based on the
material properties tests.

Eventually, based on the parameters involved in the calculation process, it can be concluded
that two parameters influence the partial factors of the model, the scatter of the model error and
the bias of the model. In the case of the last of these, the coefficient of variation is the effective
parameter in the calculation of partial factors. The higher values of COV will lead to higher
values for partial factors. For the bias model, values of more than 1 will be considered models
that underestimate the resistance and decrease the value of a partial factor. A bias factor of less
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than 1 means that the model needs more safety, so the partial factor will be increased by
considering the bias.

5.4 Application of partial safety factor for resistance (cases study flexural failure
of masonry shear wall)

5.4.1 Design value of resistance

Limit state design consists of the determination of actions design values (E;) and resistance
(R4) based on the load combinations and limit state functions (eq. (2.1)]). Detailed analyses
appear in Chapter 4 regarding the design value of actions. In Chapter 5, however, the
application of partial safety factor for material is investigated. The recommendations for
implementation of partial safety factors for material and resistance are described in Section 6 of
EN-1990. Equation (5.43) shows the application of the material partial safety factor based on
recommendations in EN-1990:

Ry = R{m Zui ;ad} i>1, (5.43)

where
Xk.i is the characteristic value of the material or product property;

i is the mean value of the conversion factor, taking into account
- volume and scale effects,
- effects of moisture and temperature, and
- any other relevant parameters;

Ym; IS partial factor considering the uncertainty of the model (yz;) and the partial
factor of material properties(v,, ) —VYmi = Yra * Ym

ag design values of geometrical data.

Application of the resistance partial factor in limit state functions is an important aspect of
recommendations in the EN-1990. Investigation of this application is going to be done according
to a case study in this section. In this part, a flexural failure of masonry shear wall is considered
as a case study to investigate the application of the partial resistance safety factor. The flexural
failure limit state for this kind of wall is not directly mentioned in the context of EN-1996-1-1, and
it has to be determined based on the limit state function for normal forces. Therefore, this will
make the application of partial safety factors a critical case for this limit state. Moreover, this limit
state is a nonlinear limit state function regarding the normal forces, and it brings extra
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complexity in its application. A short explanation was given in (5.37), but here the formula will be
represented based on a normalized value of normal forces [96].

A masonry wall is selected for defining a nonlinear limit state. The flexural resistance of this
masonry wall (Figure 5.19), subject to vertical and horizontal loading, will be calculated based
on geometrical parameters and the eccentricity of loading.

N
v VI

| i
| i
] i

Figure 5.19: Geometry of the wall

According to the EN-1996-1-1 [64] in the ultimate limit state, the limit state function can be
represented as (5.44). This equation describes the model for the wall behavior without
considering the design situation.

N=¢-f-1l,-t (5.44)
Here, ¢ is determined based on the formula (5.38), which may be reformulated based on the

eccentricity as (5.45).

e V-h
p=1-2—  with e=—— (5:49)
L, N

The normal forces are represented with a normalized value according to (5.46)

N (5.46)
t-ly-f

n=

Substituting (5.45) in (5.44) and using the normalized value of normal forces, the limit state
function of flexural failure of unreinforced masonry against horizontal loading is illustrated as in
(5.47).
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. 2.

The input data for an exemplary masonry wall is selected as mentioned in Table 5.11. These
values are related to a wall with CS bricks. The model uncertainty for this kind of material is
represented in [89] in a lognormal distribution with COV = 0.33 and mean = 1.171.

Table 5.11: Properties and parameter of the wall

Parameter Unit Value
wall length, 1, mm 1250
wall height, h, mm 2500
strength, f, kN/mm? 0.015
thickness, t mm 175

The wall is subjected to normal force, which consists only of permanent actions. The lateral
loading is considered as wind load. The stochastic parameters for conducting reliabilities are
selected from Table 3.2.

5.4.2 Utilization of partial safety factor of material

Three different methods of partial factor utilization are defined in this section:

e nonlinear,

e linear-nonlinear, and

e linear.
These terms do not represent the nonlinearity in the limit state function or the material or other
structural nonlinearities; rather, the terms are based on the influence of partial factors on design
results.

5.4.2.1 Nonlinear

The term “nonlinear,” in the case of partial factor utilization, means that the influence of the
partial factor does not change all values of resistance by an individual factor. In other words, it
does not map all values by a simple factor. In this case, (5.44) in the design situation, which is
the current format for calculation based on EN-1996, can be represented as follows:

N, =¢-f—;-lw-t- (5.48)

Therefore, by using (5.44), the design value of shear resistance in flexural failure criteria is
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(5.49)

tly2f
Vera = vzv_h £. m—vum '”2)-

Thus the deterministic function of flexural failure in order to implement the probabilistic analysis
is represented in (5.50), which is equal to (5.47).

2

V:t.;"‘fh.f-(n—nz) (5.50)
According to the above equations, the random points and design values of actions and
resistance can be represented as in Figure 5.20, which illustrates that the real behavior of the
wall, presented by green points, is entirely different from the design behavior. It seems that the
diagram in case of design resistance shifts in both directions by application of partial factors.
This behavior creates a substantial gap between the real behavior of the wall and the estimated
behavior according to the design conditions.

400 Difference between resistance
Difference between actions and design value
300- and design value S L' f =7
2-h
200+ Real resistance
which is not
consider in design

100~ situation

Virq [KN]

1004 =@ Random for wind load
Random for Nonlin. Virg =
200" -7-Design Resistance
-8-Mean value of wind load
300 -6-Mean value for Res. for Nonlin. . | .

0 0.2 0.4 0.6 0.8 1 12
n=N_ /(£ .1t)

t'lwz'fk

. _ .m2
2 (=)

Figure 5.20: Representation of design value and the random points of action and resistance for
nonlinear method

The transition of design value into resistance and action with probabilistic form for flexural failure
in the so-called nonlinear method is shown in Figure 5.20. As illustrated, the two areas between
design value, resistance and actions are not proportional to each other. In the next two methods
for utilization of partial factors, this problem will be solved to get proportional behavior between
design value, action and resistance. A part of the real resistance of the wall according to the
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probabilistic model of flexural behavior is also not considered in the design model, and it
corresponds to the values of n greater than n=0.666. The calculation and analysis are
therefore done for only part of the whole interval, since in values of n greater than 0.666, the
shear resistance in the case of flexural failure is negative, which is unacceptable.

5.4.2.2 Linear-nonlinear

In this case, the partial factor implementation in design situation is similar to the nonlinear
method based on the current version of EN-1996. Thus, the design value of shear resistance in
the case of flexural failure for this case would be the same as (5.49). The difference will arise in
the deterministic function of resistance in the probabilistic form. To ensure the same behavior
between resistance and design value in this method, the design value relation will be used for
the deterministic solution, and it will be mapped by a factor equal to the material partial factor to
get the final value for the probabilistic model of resistance, (5.51).

e f (5.51)

According to Figure 5.21, the design value behavior in this case is similar to the behavior of
action and resistance. It seems that the transition of design value to the probabilistic form is
done by mapping the design value with a factor. The difference between the real behavior
(probabilistic model) of resistance and the design model that has been observed in the nonlinear
case is avoided in the linear-nonlinear method by considering a linearization assumption, as
explained in (5.51). Therefore, it can be mentioned that in the first step, a partial factor will
create a nonlinear effect for the design value, but in the second part of the probabilistic model,
given a linearization assumption [eq. (5.51)], the resistance behavior, action and design model
will be compatible.
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Figure 5.21: Representation of design value and the random points of action and resistance for
linear-nonlinear method

5.4.2.3 Linear

In this case, the design value will be calculated by a linear mapping of the characteristic
resistance by the partial factor of material [see (5.52)]. Therefore, using a partial factor of
material does not affect the value of normal force in the design situation. As such, the model of
resistance for flexural failure has been evaluated based on (5.52). After finding the resistance
model, the safety parameters will be implemented by applying the partial factor for the
resistance part. In other words, the transition from (5.44) to (5.47) has been done without
considering safety parameters. The safety parameters are applied to the characteristic value of
the resistance model.

Ym

el fy (5.52)

Rq Ry = > h - (n—n?)

Therefore, the design value of the shear resistance in the case of flexural failure with a linear
effect of partial factor utilization would be as shown in (5.53).

v CtoL i (5.53)
FLd — Yu-2-h

For a probabilistic model, the resistance will be modeled like the nonlinear method, based on
(5.50).
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Figure 5.22: Representation of design value and the random points of action and resistance for
linear method

In linear method, as it seems in Figure 5.22, the behavior of action, resistance, and design value
of shear resistance in the flexural case are the same. In this case, all ranges of values for n will
be covered.

5.4.3 Comparing the methods

According to the explanation of each method in previous sections, each of them has the
individual function of limit state design and a deterministic function for creating a probabilistic
model of material resistance. The action probabilistic model is also created for reliability analysis
with a basic assumption of economic design (Vg4 = Vg4). Therefore, the model behavior of
wind action or horizontal action will be similar to the design value in each method. Table 5.12
summarizes for each method the corresponding deterministic function for the probabilistic model
of resistance and the limit state design function. In this table, the utilization of a partial factor for
each of these functions is illustrated.
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Table 5.12: Design resistance and deterministic function for probabilistic resistance model in
different methods of partial factor utilization

Method of partial factor
utilization

Design value of shear resistance
for flexural failure

Deterministic function for creating
probabilistic resistance model in
flexural failure

i t-l” fi t-l,> f
Nonlinear VFLdZZWT'(n_YM'nZ) V= Zth _(n_nz)
. . t-1,2" fi t-ly-f
Linear-nonlinear VFLd=2WT'(n—YM'n2) V=vyu- T.(n_},M.nz)
Linear % _M.(H_nz) V_t'lwz‘f )
FLd Ym 2-h =" (n —n*)

5.4.4 Reliability analysis

The next step is the comparison of different methods regarding their reliability indexes. For each
method, reliability analyses are completed to observe the influence of partial factor utilization in
the limit state of shear resistance for flexural failure.

-e-Linear-Nonlinear
-=-Nonlinear
~9-Linear

Reliability p

0.8

0.4 0.6
n= NEd/fk.t.l

0.2

Figure 5.23: Reliability of different method

The reliability result is given in Figure 5.23. The reliability analysis is done for each method in
the range of n for which the result is acceptable. Thus, in the nonlinear method and the linear-
nonlinear method, reliability analysis is done for a range of between 0 and 0.666, and for the
linear method, reliability is available for n between 0 and 1.
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In the first step of comparison, the nonlinear method and linear-nonlinear method are
considered. In both methods, the design value of resistance is equal. Therefore, according to
the economic design situation (Vy 4 = Vg4), the behaviors of the wind load or action part of the
limit state are the same. On the other hand, the deterministic function in the nonlinear [eq.
(56.50)] and linear-nonlinear [eq. (5.51)] methods that create the probabilistic model of material
are different. Therefore, Figure 5.24 shows that the probabilistic model of resistance for these
two methods differ.
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Figure 5.24: Comparison of linear-nonlinear and nonlinear method

The design value for both nonlinear and linear-nonlinear methods cover the range of 0 and
0.666 for n. Therefore, in reliability analysis, only this interval has been calculated for these two
methods. In values of n lower than 0.4, the resistance model in the nonlinear model lies on
values lower than the linear-nonlinear method. Thus, with the same loading model for these two
methods for these values of n, the reliability index of the nonlinear method will be smaller than
for the linear-nonlinear method (see Figure 5.23).

According to Figure 5.24, it can be observed that in values bigger than 0.4 for n, the probabilistic
resistance model in the nonlinear method differs significantly in comparison with the action
model. This difference causes ta considerable increase in the reliability index for the nonlinear
method. In the linear-nonlinear method, a small difference between probabilistic model of
resistance and actions leads to a significant decrease in the reliability index of the shear wall in
the flexural failure mode (see Figure 5.23).

Figure 5.25 shows the behavior of actions and resistance in linear and linear-nonlinear methods.
It can be observed that the diagrams of the linear-nonlinear method, in this case, are stretched
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to the maximum value, from n = 0.666 to n = 1. For this reason, the reliability indexes for these
two methods are similar, but the value for the reliability index varies for these two cases.

In the case of the linear and nonlinear method in Figure 5.26, a similar model for probabilistic
resistance is observed, but the design values of resistance in flexural failure differ.
Consequently, the action probabilistic models for these two methods will have different behavior.
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Figure 5.25: Comparison of linear-nonlinear and linear method
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Figure 5.26: Comparison of linear and nonlinear method

5.4.5 Conclusion

The most reasonable method should be selected based on the different cases of comparison for
resistance model, action model, reliability index and design situation. In this case, the nonlinear
method could not be a reasonable method because it does not consider a part of wall
resistance. The transition of the design model to the probabilistic model of resistance and action
is not happening properly, and the resistance and actions model are not compatible with each
other.

The linear-nonlinear method provides compatible behavior in the resistance model and action
model, but in this case, the transition from design situation to probabilistic model is forced to be
linear to secure compatible results for both probabilistic models, for action and resistance. Thus,
resistance as it acts in reality is only partially represented by this form of transition.

By comparing all of the results and behaviors in different methods, one can conclude that the
most reasonable method, in this case, is the linear method. Because in this case the transition
of the design value to the probabilistic model for action and resistance has been done linearly,
the action model, resistance model, and design value that result from this transition are
completely compatible with each other.
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Different behaviors and different results ensue because of different methods of material partial
factor utilization. By comparing the most reasonable method (i.e., linear) with the other methods,
it can be seen that this method performs similarly to the global resistance factor method.

In nonlinear limit states, as here for the flexural failure of the wall, utilization of a partial factor will
lead to some critical points. An explicit explanation of this problem must be given to determine
where and when the partial factors should be used to avoid these problems. In this case,
Section 6.3.5(3) from EN-1990 [16] can be used to circumvent these problems: “the design
resistance may be obtained directly from the characteristic value of a material or product
resistance, without explicit determination of design values for individual basic variables”, using
(5.52). The method would then be the same as the linear method used in this study.
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6 Summary and outlook

Various sources of uncertainty arise in structural design, and among them the partial safety
factor method is a reasonable measure to evaluate the safety of a construction. Partial factors
cover individual uncertainties from corresponding basic variables in the limit state of structures.
The background of the partial safety factor approach comprises the prerequisite discussion for
this study.

In Chapter 2, the partial safety factor method and its aspects in connection with the Eurocode
system are explained. EN-1990 is the basis code for other relevant Eurocodes and the
recommended safety concept in this code is partial safety factors. Thus, this study’s
investigations have been done following the EN-1990 framework. The objective for the
application of recommended partial factors in standards is to reach the target reliabilities
proposed in each code. Therefore, reliability analyses are made to investigate the different
approaches of the partial safety factor method.

The applied methods in this study are presented briefly in Chapter 3: Monte Carlo method,
FORM and importance sampling. Different applications of these methods are also compared
according to the provided reliability level and the calculation process. Furthermore, stochastic
parameters are presented as the main input data for reliability analysis and for the application of
reliability analysis. Two parameters for load ratios are also defined in this chapter for the
reliability analysis. Load ratio x is the first, defining the proportion of variable load to the total
load, including self-weight or permanent load. Higher values of this parameter represent the
light-weight structures, and lower values are for heavy-weight structures. This definition helps in
further analysis to interpret the results based on the weight of structure. Variable k is another
parameter related to load ratio, and it represents the ratio of leading and accompanying variable
loads.

Limit states are the main components that define the failure of a structure or its member. In a
general format, limit states mainly consist of two basic components: load and resistance.
Therefore, the investigations of different aspects of the partial safety factor method according to
the reliability analysis are also subdivided into two main chapters corresponding to loading and
resistance.

In Chapter 4, the aspects of partial the safety factor method related to the loading and their
partial factors are reviewed. The application of different load combinations and recommended
partial factors according to EN-1990 is briefly investigated. Analyses are made of five different
types of material parameters: concrete, steel, reinforcement steel, masonry and timber. In
addition, three types of variable actions are also considered in the analysis of load
combinations. Load combination 6.10 and 6.10a&b, based on EN-1990, are compared
according to the provided reliability indexes. The results considering the average point of view
expose values slightly higher than the target reliability value. Combination 6.10a&b shows more
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consistent results regarding target reliability. The economic effects of the implementation of
6.10a&b rather than 6.10 are verified through a case study of the design of a concrete beam.
The results prove that the application of 6.10a&b produces more economical results. In other
words, designing with 6.10a&b is more sustainable than with 6.10.

Although the combined average of reliabilities for EN-1990 produces a result compatible with the
target value, certain cases yield low reliability. In case of snow load, the recommended partial
factors of EN-1990 are not enough to reach the required safety level. As a result, a so-called
increase factor method is proposed to apply higher safety measures in cases of snow load. The
reliability analysis based on this method proves that its application increases the reliability level
to close to the target values.

Different types of variable loads are involved in the structural designs. The combination of these
time-depended loads has to be considered in the calculations. The combination factors in EN-
1990 are proposed to cover the possibility of the simultaneous occurrence of two time variable
actions. The representation of these loads has to be based on maxima for the chosen reference
period. The transformation of stochastic parameters for a different reference period is
investigated in Chapter 4 as well. A deterministic formula is likewise derived for the calculation
of COV values for various reference periods.

Furthermore, the calibration results based on the design value method prove that the
recommended values of combination factors in the code are conservative. Selecting the
combination factors for different types of variable loads for different load combinations is one of
the aspects in the current version of EN-1990 that is in contrast with the concept of ease of use.
Therefore, a simplified load combination by means of choosing the appropriate combination
factors is proposed within this study. This simplified load combination is compared with original
combinations in EN-1990 through numerous reliability analyses. The results prove that the
application of a simplified method is completely compatible with the original combinations in the
code. According to this analysis, this method is mentioned in the most recent draft of the update
to EN-1990 as a note in the table of load combinations.

In the final section of Chapter 4, a new method for the calibration of partial safety factors is
proposed. This new method, which is called “interest band,” is based on the full probabilistic
methods and Monte Carlo reliability analysis. The random realizations near the limit state
function are considered design values for basic variables. The partial factors are calibrated
based on the target reliability. The calibrated values show the compatible reliability level in
comparison with the selected target reliabilities and reduce the variation of reliability indexes at
the same time.

In Chapter 5, the resistance partial factor is the objective of the investigation. Due to the fact that
resistance parameters and models are highly dependent on experiments, a stochastic analysis
is first done for the relation of test numbers and the partial resistance factor. According to the
probabilistic background of test numbers, 10 is recommended as the optimum number for
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material tests. It is observed that beyond 10 tests, the variations in the resultant partial safety
factor of material or its coefficient of variation are approximately constant.

The partial safety factor of resistance has two main contributions form material uncertainty and
model uncertainty. The evaluation of material uncertainty may be done according to different
types of tests for various material properties. Contrarily, the assessment of partial factor for
model uncertainty was always a challenging point in probabilistic modeling of resistance. In this
study, the probabilistic evaluation of test results is implemented according to Annex D in EN-
1990 for calculation of both partial factors for model uncertainty and for resistance as a whole.
The method is applied on an experimental databased for unreinforced masonry shear walls. The
theoretical model for the resistance of a masonry shear wall from DIN EN1996-1-1/NA and its
Annex K is considered. The most important advantage of the probabilistic evaluation in Annex D
of EN-1990 is found to be the separation of model bias and of model error. In this research, the
bias model is considered in the process of partial factor calculation in addition to the coefficient
of variation. The results of the analysis for the masonry wall model in DIN EN1996-1-1/NA
shows the design with 1.5 as partial factor is relatively safe and slightly conservative.

In the last part of section 5, the utilization of partial safety factors is investigated in a case study
of a masonry shear wall in a flexural failure. This limit state has to be derived indirectly from the
recommended limit state function in EN1996-1-1. The partial factor utilization has considerable
influence on the reliability level of this limit state. Three different methods for utilization of partial
factor are considered. It is concluded that the application of the resistance factor method is the
best approach to neglect the improper influence of partial factor utilization.

Generally, it can be concluded that partial factor method covers different types of uncertainty in
the design. This methodology deals with sources of individual uncertainty by indicating relevant
partial safety factors for each type of uncertainty. Although the implementation of this safety
method leads to economical design, there remain some aspects that can be improved to reach
more sustainable results. The probabilistic analysis is based on the stochastic parameters
selected from various references. According to new phenomenon worldwide, such as climate
change and new technologies, a detailed analysis based on new databases for environmental
load probabilistic models seems essential in this matter. Moreover, a detailed reliability analysis
can be performed according to the latest probabilistic modeling of basic variables. The reliability
analysis has to be conducted for a structural system or a structural component without an
explicit limit state function. In other words, a reliability analysis for the practical projects of
structural design according to the Eurocodes recommendations requires further comprehensive
investigation. According to the ongoing improvements in computational technologies, the
application of full probabilistic design methods will be convenient to perform. Therefore, a
comprehensive study of the fundamental approaches for this kind of calculation is necessary for
the future of structural design.
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