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GLOBAL SAFETY FACTOR FOR NONLINEAR DESIGN OF CONCRETE
STRUCTURES

SZ. WOLINSKI!

The paper focuses on different approaches to the safety assessment of concrete structures designed
using nonlinear analysis. The method based on the concept of partial factors recommended by
Eurocodes, and methods proposed by M. Holicky, and by the author of this paper are presented,
discussed and illustrated on a numerical example. Global safety analysis by M. Holicky needs
estimation of the resistance coefficient of variation from the mean and characteristic values of resi-
stance, and requires two separate nonlinear analyses. The reliability index value and the sensitivity
factor for resistance should be also identified. In the method proposed in this paper, the resistance
coeflicient of variation necessary to calculate the characteristic value of resistance may be adopted
from test results and the resultant partial factor for materials properties, and may be calculated
according to Eurocodes. Thus, only one nonlinear analysis from mean values of reinforcing steel
and concrete is required.
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1. INTRODUCTION

Four types of idealization of reinforced concrete structures are recommended in Euro-
code 2 [1] for structural analysis and design:

linear elastic behaviour, that assumes perfect elasticity and uncracked cross sections;
linear elastic behaviour with limited redistribution;

plastic behaviour based on kinematic or static approach;

nonlinear behaviour, that takes into account cracking of concrete and plasticization
of reinforcing steel and concrete in compressed zones.

Rapid increase of new capabilities of the available software for numerical si-

mulation of structural performance supports more and more frequent applications of
non-linear analysis as a tool for design and assessment of concrete structures. It may be
used for both the serviceability and ultimate limit states, provided the method satisfies
the equilibrium and compatibility. The non-linear method of analysis requires a global
approach and becomes useful when it is difficult to identify the sections to be chec-
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ked, for example in structures with complicated geometry, with opening, with special
detailing, etc. It checks automatically all locations of sections, gives information about
the structural redundancy, robustness, safety, and is often referred to as virtual testing
of structures.

On the other hand, the non-linear analysis brings also some disadvantages. The
force superposition is not valid anymore and a separate analysis is necessary for each
combination of actions. A non-linear analysis is more demanding than a linear one, and
standard models of resistance and effect of actions are not sufficient. Another important
point is that in the partial factor method, the reliability check is ensured in cross sections
(local level) whereas a global check of safety should be performed on higher level.
However, the code provisions provide very general and vague information on how to
use the results of non-linear analysis for structural safety assessment and design. On
global level, the full probabilistic analysis can be applied in case of non-linear analysis
of reinforced concrete structures, but at present full probabilistic analysis are used
mainly in advanced research and in the design of critical structures. In today practice
some working safety formats based on global safety factors and additional assumptions
are used.

The paper presents a comparison of several practical methods for the assessment of
global safety factors for resistance of reinforced concrete structures designed by using
non-linear analysis. The concept of global resistance factor proposed by the author of
this paper, is based on the idea that the global resistance factor which can be calculated
as the product of two partial factors. The first one is the weighted average value of
partial factors for materials properties (local level) and the second one, estimated
from mean and characteristic values of the structural resistance, takes into account the
resistance coefficient of variation adopted from tests results and the type of structural
system consisting of interconnected components and elements (global level).

2. PARTIAL FACTORS FORMAT FOR LINEAR AND NON-LINEAR ANALYSIS

2.1. LINEAR ANALYSIS ACCORDING TO EUROCODES

The format of partial factors separates the influence of uncertainties and variables
originating from causes by means of design values assigned to basic variables: actions,
material properties, and geometrical quantities. The assessment procedure based on
partial factor, for linear analysis, involves three following steps [2, 3]:

a) Calculation of the design values of the effects of actions in critical cross-sections
of the structure, considering all possible loads combinations and using design values
of actions and geometrical data:

(2.1 Eq =vysaE{ysi X Frepisaal, 121
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or
(22) Ed = E{')/F,i X Frep,ia ad}, 1> 1

where yg, is the partial factor taking account of the uncertainties in the action model
and in the action effects model, y;; is the partial factor taking into account the po-
ssibility of unfavourable deviation of the action values from the representative values
Frepis YFi = Vsa X Yy, 1s the single partial factor for an action F; and aq, is the design
value of geometrical data.

b) Calculation of the design resistance of critical sections of the structure by using
the design values of material parameters and geometrical data:

1 1 X .
(2.3) Ry = —RXy;; ag) = —R(mi—3aq), i > 1
YRd YRd Ym,i
or
B Xki B )
2.4) Ry = R(i—=;a4), YMi = YRd X Ymi» 1 = 1
M,

where ygr, is the partial factor taking account of the uncertainties in the resistance
model, 77 is a conversion factor, y,,; is the partial factor for a material property, taking
into account only uncertainties in the material property, X, and X; are the design and
the characteristic value of a material property, and y,, is the single partial factor for a
material property.

c¢) Reliability check of limit state is performed by the following design condition:

(2.5) Eq < Ry

In the partial factor method, reliability verification is ensured in local material points
and the probability of violation of the design criterion (2.5) is not known.

2.2. NON-LINEAR ANALYSIS ACCORDING TO EUROCODES

The non-linear methods of analysis require a global approach and they check auto-
matically all locations of sections, give information about the structural redundancy,
robustness, safety, and can be referred to as virtual testing of structures. The force
superposition is not valid anymore and a separate non-linear analysis should be perfor-
med for each combination of actions. Moreover, the design values of the basic random
variables are extremely low in the case of material properties and extremely high in
the case of actions, and do not represent a real material and actions. Consequently,
the non-linear analysis based on the design values may result in unrealistic and unsafe
redistribution of internal forces and may also change the failure mode of the structure.

According to the Eurocode 2 [1] and ISO Standard 2394 [2], non-linear methods
may be used for both the ultimate and serviceability limit states of concrete structures,
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provided the method satisfies equilibrium and compatibility, and that the ability of local
critical sections to withstand any inelastic deformations are checked. The analysis sho-
uld take the appropriate account of uncertainties and the distribution of deformations,
and internal forces and material properties should provide realistic stiffness of the
members. Unfortunately, these requirements are very general and imprecise.

Contradictory recommendation has been inserted in the Eurocode [2]. For structu-
res or structural members that are analysed by non-linear methods, and comprise more
than one material acting in association, the following expression for design resistance
can be used alternatively to (2.3) or (3.4):

1 Ym,1
(2.6) Ry = — RN Xe.1; 1iXe i) ——; aa)
Ym,1 Ym,i

m,i

In some cases, the design resistance can be expressed by applying directly y,, partial

factors to the individual resistance due to material properties. According to the Euro-

code [2], in case of a single predominant action, when the relationship between actions

and their effects is not linear, the following simplifications may be considered:

— when the action effect increases more than the action, the partial factor yr should
be applied to the representative value of the action;

— when the action effect increases less than the action, the partial factor vy should
be applied to the action effect of the representative value of the action.

3. (GLOBAL FACTORS FORMAT FOR NON-LINEAR ANALYSIS

3.1. ECOV METHOD

The ECOV method (Estimate of Coefficient Of Variation) is based on the concept pro-
posed by M. Holicky [4], that the random distribution of resistance can be estimated
from mean R,, and characteristic R, values. Under the assumption, that random distri-
bution of resistance is according to log-normal distribution, its coefficient of variation
vg can be calculated as:

3.1) _ ! In Ry,
' YR= 1645 "\ R,

According to Eurocode [3], the global safety factor yg can be estimated as:
(3.2 YR = eXp(arBVR)
where ag is the FORM sensitivity factor for resistance reliability, which may be taken as

ag = 0,80 or 1,0 or 0,40 for, respectively 0,16 < ogog < 7,6; ogfog > 7,6; 0,16 >
oglog, o and oy are the standard deviations of the action effect and resistance, 83 is
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the target reliability index depending on the reliability class and design working life
of the structure (e.g. for the class RC2 and T = 50 years, S = 3, 8).

The ECOV method requires two separate non-linear analysis; the first one based
on the mean values and the second based on the characteristic values of materials
parameters. The justification for the ECOV method is that the characteristic values are
not so far from the mean one, thus able to change the failure mode of the structure,
but well reflect their scatter.

The reliability index S is a conventional measure of reliability, and is related to
the notional value of the probability of failure Py by:

(3.3) Py =®(-p) and f = -~ (Py)

where O is the cumulative distribution function of the standardised normal distribution.

3.2. ALTERNATIVE APPROACH TO ESTIMATION OF GLOBAL FACTORS

While searching for a more suitable estimation method of the global safety factors, a

new approach based on one step non-linear analysis, statistical parameters of material

properties and the resistance of structural concrete members has been proposed [5].

The underlying assumption is that the resultant probability of down-crossing the design

value of a structural resistance calculated by using the partial factors method and using

the non-linear analysis and global factor of resistance yg should be the same. The yg

— value may be calculated as the product of two partial factors yg = y; X v,, where

v is the ratio of the mean to characteristic value of the resistance, and 7y, is the ratio

of characteristic to the design value of the structural resistance. In other words, the

global factor vz may be split into two partial factors y; and y, that may be estimated
separately.

The procedure for calculation of the design value of a concrete structure or a
structural member is as follows:

1. Calculation of the mean value of structural resistance R,, by using the non-linear
analysis with the suitable computer program and the mean values of input material
parameters f, ;.

2. Determination of the partial factor y;, which is defined as the ratio of the mean
structural resistance to the characteristic one:

R, R, ~ 1
Rie  Ru(1—1,645vg) 1—1,645vg

(3.4 Y1 =

where vg is the coefficient of variation of structure or member resistance.

3. The value of coefficient of resistance vg for an individual structural member sho-
uld be assessed from test results. For example, the vz — values of resistance for
reinforced and prestressed concrete members may be summarized as follows [6]:
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RC one-way slabs in bending vg = 0,15 + 0, 16;

RC two-way slabs in bending vg =~ 0, 14;

RC beams in bending vg = 0,08 + 0, 12;

Short RC columns vi = 0, 16;

Slender RC columns vg ~ 0, 17;

RC beams in shear vg = 0,17 = 0,21

Plant precast pretensioned elements in bending vz = 0,06 + 0, 10;

Cast-in place posttensioned elements in bending vg = 0,06 = 0, 15.

For a structural system the coeflicient of resistance should be calculated taking the
type of members ( brittle or ductile ) into account, type of the system (series, parallel,
combined), and independency or different modes of correlation between members [7].
4. Determination of the partial factor yy,, which is defined as the ratio of the charac-
teristic to the design value of structural resistance:

Ry

3.5 =
(3.5) Y2 R,

Partial factor v, may be calculated using formula (2.6). The dominant structural ma-
terial

and the proportion of their influence on the resistance of the structure should be
specified. As a rule, for RC structures, the reinforcing steel has dominant influence
on the resistance of a structure. The partial factors in persistent and temporary design
situations are: for steel reinforcement ys= 1.15 and for concrete y¢ = 1.4 (Polish NA
to Eurocode 2). Consequently, the y, — value may be calculated as follows:

(3.6) Y2 = vs X k(yclys)

where k(yc/ys) = 1,15 + 1,32 for different failure modes and the reinforcement ratio.
5. The design resistance of a structural member or a structure may be estimated from
the following expression:

(3.7) Ry = yrRy = y172R

6. In case of a structural system composed of many different elements the bounds on
the global factor of resistance yg can be derived, and the specific yg-value should
be estimated, taking into consideration the reliability class, the design working life,
as well as an experience and intuition of the designer.

4. NUMERICAL EXAMPLE

In order to illustrate how the ECOV and the proposed alternative approaches to es-
timation of global factors yz can affect its value, results of example calculations are
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presented. For some chosen values of coefficients of variation for the resistance of
reinforced concrete elements v = 0.10; 0.15; 0.20; 0.25; 0.30; 0.40 were calculated
using the formula (3.1) for the FORM sensitivity factor ag = 0.80, and the target
reliability index B = 3.8; values of the global safety factor values yj, were calculated
according to the formula (3.2). For the same values of variation coefficients for the
resistance (considered as values estimated from test results), values of the partial factor
v1 were calculated using the formula (3.3). Assuming that the partial factor y, can be
estimated by bounds for k(yc/ys) = 1,15 + 1,32, according to the formula (3.6),
values of the global factors yg were calculated according to the alternative approach
as: yg = y1 X ¥»2. Results of these calculations are presented in Table 1.

Table 1
Values of global factors y; and yg depending on values of variation coefficients vg.
Wartosci globalnych wspétczynnikéw vy i yg dla réznych wspétczynnikéw zmiennosci vg

VR 0.10 0.15 0.20 0.25 0.30 0.40 0.50
Vi 1.35 1.58 1.84 2.14 249 3.37 4.57
vr | 1.38+1.58 | 1.53+1.76 | 1.71+1.97 | 1.95+2.24 | 2.27+2.60 | 3.36+3.85 | 6.47+7.43

The lower bound of global factor values assessed by using the approach alternative
to the ECOV method corresponds to RC members whose resistance depends on the
reinforcing steel only, and the upper bound to RC members whose resistance are
dominated by concrete. In both cases, global factors for resistance are determined by
the variation coeflicient vg of a member or structure resistance. For vg > (0.25 + 0.30)
values of global factors calculated by using both methods seems to be unrealistic.

5. CONCLUSIONS

The semi-probabilistic partial factors method is incoherent with the non-linear analysis
of structures. Principles and recommendations given in Eurocode 2 [1] concerning
applications of the partial factors method in non-linear analysis and design of concrete
structures are very general and vague.

Among different methods for the assessment of global safety factors for resistance
of reinforced concrete structures proposed by different authors, the ECOV-method
proposed by M. Holicki may be mentioned as general and compatible with the partial
factors safety format applied in Eurocodes. However, this method requires two separate
non-linear analyses.

The concept of global resistance factor proposed by the author of this paper is based
on the idea that the global factor may be assessed as the product of two partial factors.
The first one is the weighted average value of partial factors for material properties,
and it expresses the influence of material properties at the local level of a structure.
The second partial factor estimated from mean and characteristic values of the global
structural resistance takes into account the coeflicient of resistance variation, adopted
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from test results and the type of structural system consisting of interconnected compo-
nents and elements. This approach requires only one non-linear analysis and enables
to make use of a prior information about resistance statistics for concrete elements and
structures. The global safety factor for resistance can be estimated by bounds, and its
value may be specified by the designer according to his or her experience and intuition.

Full probabilistic analysis is a general tool for reliability assessment of reinforced
concrete structures. It can be used for determination of the design value of resistance
function. Unfortunately, at present, full probabilistic approach is used mainly in the
design of critical structures and in advanced research.
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N o

Streszczenie

W artykule przedstawiono kilka metod zapewnienia bezpieczenistwa konstrukcji z betonu projektowa-
nych z uwzglednieniem analizy nieliniowej. Oméwiono metode oparta na koncepcji wspdtczynnikéw
czesciowych zalecana w Eurokodach, metode ECOV opracowana przez M. Holicky’ego ego i metode
zaproponowang przez autora niniejszego artykutu. Pét-probabilistyczna metoda czgsciowych wspéiczyn-
nikéw jest z natury niezgodna z analiza nieliniowa. Ponadto, zasady i reguly dotyczace stosowania metody
czeSciowych wspdtczynnikéw, ktére zamieszczono w Eurokodzie 2, sa bardzo ogdlne i nieprecyzyjne. Glo-
balna analiza bezpieczenistwa opracowana przez M. Holicky’ego opiera si¢ na oszacowaniu wspétczynnika
zmiennoS$ci no$nosci, ktéry nalezy obliczy¢ na podstawie dwukrotnej analizy konstrukcji; dla Srednich i
charakterystycznych wartosci zmiennych podstawowych. Nalezy réwniez przyja¢ warto$¢ wskaznika nie-
zawodnosci i odpowiedniego wspdtczynnika wrazliwosci dla ktérych mozna obliczy¢ wartosé globalnego
wspélczynnika nosnosci. Zaproponowana przez autora artykutu metoda globalnego wspéiczynnika no$no-
$ci opiera si¢ na jego podziale na dwa wspdtczynniki czgSciowe i wymaga jednokrotnej analizy nieliniowe
konstrukcji dla $rednich warto$ci parametréw materialowych. Pierwszy z czgSciowych wspétczynnikéw
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nos$nos$ci nalezy obliczy¢ jako wazong Srednig czesciowych wspétczynnikéw materialowych (poziom lokal-
ny), natomiast drugi mozna oszacowaé na podstawie statystyk wspéiczynnikéw zmiennosci nosnosci ele-
mentéw konstrukcyjnych z uwzglednieniem struktury niezawodno$ciowej rozwazanej konstrukcji (poziom
globalny). Rozwazania teoretyczne zilustrowano przyktadem obliczeri i poréwnaniem warto$ci globalnych
wsp6lczynnikéw nosnosci wedtug metody ECOV i autorskiej dla konstrukceji o réznych wspétczynnikach
zmiennos$ci no$nosci.
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