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Abstract: Model Code 2010introduces non-linear analysis in design of
concrete structures requires an alternative apprtacsafety verification and
related global safety format. Several methods fenification of limit states
using non-linear analysis are presented: full pbdistic method, method
ECOV based on the estimate of resistance variatyobhal safety factor
according to EN1992-2 and partial safety factotse Tethods are compared
on several examples of reinforced concrete strastuanging from ductile to
brittle modes of failure.
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1 Introduction

The newfib Model Code 2010 [1] developed within the interoaél scientific community
represents the state-of-the art for design of ancstructures. It reveals trends and ideas
for future code development while it is an openagiocode, useful for practical design.
One of the new features is the introduction of abgl safety format proposed for
verification of resistance assisted by non-lineaalgsis. This opens possibilities for
numerical simulation based on nonlinear analyslsetased as tool in design process. Such
innovations observed in other industrial branches mow spreading also to concrete
industry.

In a standard design process the load actions eterndined for chosen critical cross
sections by elastic structural analysis. They regme a possible distribution of internal
forces satisfying equilibrium condition, but do nafflect a force redistribution due to
nonlinear effects. The safety verification is madéocal points whereas a global safety of
the whole structure is not evaluated. This deficyenan be removed by applying non-
linear analysis.

A non-linear structural analysis based on realistinstitutive relations makes possible a
simulation of a real structural behavior. It refle@n integral response, where all local
points (sections) interact and therefore it requien adequate approach for safety
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verification. The non-linear analysis offers a fieation of global resistance and requires a
safety format for global resistance.

Several methods for verification of limit statesng non-linear analysis are presented: full
probabilistic method, method ECOV proposed by thitbar, global safety factor according

to EN1992-2 and partial safety factors. These ndghare based on a common
probabilistic safety concept for verification ofiit states. They differ in the level of

implementation of the probability methods. The moeth are compared on several
examples of reinforced concrete structures ranfyorg ductile to brittle modes of failure.

2 Global safety formats

2.1  Global design condition

For the verification of resistance the design ctodi can be approximated by the
inequality where the extreme values of actionsrasttance are decoupled as follows:

Fa <Ry (1)

It this F, is design action an&, is design resistance and both these entities cafety
margins. The safety of loading and resistance i@a&tdd separately, which is a certain
approximation as compared to a general probalilégiproach. In design practise based on
the partial safety factors this simplification iscapted.F, = F(S, )5, V,,V5,--), Where the
representative loa8is factorized by partial safety factong;, y;,, s, .. for permanent load,

live load, pre-stressing, etc.

In nonlinear analysisR, represents the global resistance in terms of $ocoeresponding

to actions (live load, horizontal load, etc.). Natieat in partial safety factor method we

assume a failure probabilities of separate matgribut do not evaluate the failure

probability on the structural level. Unlike in secial design, the global resistance reflects
an integral response of the whole structure, inctvlaill material points (or cross sections)
interact. The safety margin can be expressed bygafety factor:

R 2
R . (2)

where R, is the mean resistance. (This is sometimes refaéoeasnominal resistance.)
The global safety factoy, covers all uncertainties and can be related tctedficient of
variation of resistanc¥y (assuming a log-normal distribution, accordindctoocode 2) as

Ve =EXp@LVi) 3)

where agis the sensitivity factor for resistance am@l is the reliability index. It is
recognized that variability included M; depends on uncertainties due to various sources:

material properties, geometry and resistance mddhely can be treated as random effects
and analyzed by probabilistic methods. Due to abéel statistical data the probabilistic
treatment of materials and geometry can be doree riational way. However, a random
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treatment of model uncertainties is more difficidgcause of limited data. A simplified
formulation was proposed in MC2010, where in dematar of the right hand side in

Eq.(2) is a product of two factorg,, =y, Ve - (It follows from determination of partial
safety factors in MC2010, Sect.4.5.2.2.3) . Thetfiiactor y,, is related to material

uncertainty and can be established by a probabilstalysis. The second factgf, is

related to model and geometrical uncertainties raedmmended values are in the range
1.05-1.1. (as suggested by Eurocode 2-2.)

Recent investigation by Schlune et.al. [7] foundhsualues unsafe and proposed a more
general method in which the overall coefficientregistance variation can be determined
as

Vi = Vg2 +V, 2 +V,? 4)

Where variability due to specific sources are ideat V, - geometry,V, - material

strength,V, - model. This approach allows to include all utai@ties in more rational

way. Based on a survey of various blind bench rstulies Schlune concluded that model
uncertainties of nonlinear analysis are much higihan in standard design based on
engineering formulas and are strongly dependentnmudes of failure. Reported

coefficients of variation due to model uncertaifdy bending failure in range 5-30%, for

shear 15-64%. Schlune concluded that due to tHe daaata, the choice of the model

uncertainty often depends on engineering judgmedtcan be subjective. However, these
conclusions do not recognize the effect of moddidation, which can decrease model
uncertainties. Further research is needed to re@mnappropriate values of the model
uncertainty for numerical simulations.

The assessment of the safety according to Eq.(Lpealone by various methods, ranging
from a full probabilistic analysis to the partiactor method, which differ in the level of
approximations involved. They will be briefly detbhed in the next sections.

2.2 Full probabilistic analysis

The probabilistic analysis is the most rational foo the safety assessment of structures. It
can be further refined by introducing non-lineawstural analysis as a limit state function.
The numerical simulation resembles a real testifigstouctures by considering a
representattive group of samples, which can besstally analyzed for assessment of
safety. We shall only briefly outline an approantpiemented in the software tool SARA
[3]. More about the probabilistic analysis can berfd in [6].

In numerical simulations the probabilistic analysigesistance can be performed by LHS
method, in which the material input parameters \aged in a systematic way. The
resulting array of resistance values is approxichdig a distribution function of global
resistance and describes the random variation sistamce. Finally, for a required
reliability index S, or probability of failureP:, the value of design resistanBg shall be
calculated.

The probabilistic analysis based on numerical sathmh with random sampling can be
briefly described as follows:
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Formulation of a numerical model based on non-lifgdate element method. Such a
model describes the resistance function and caforpe deterministic analysis of
resistance for a given set of input variables.

Randomization of input variables (material protidimensions, boundary conditions,
etc.). This can also include some effects, whienrat in the action function (for example
pre-stressing, dead load etc.). Random materiapbepties are defined by a random
distribution type and its parameters (mean, stahd&@viation, etc.). They describe the
uncertainties due to variation of resistance priger The randomization can be done by
two methods: (1) Random variables, where the paeme constant within a sample
(structure), but changes between samples. (2) Raniiklds, where the parameter is
randomly variable within a sample. A correlation mndom variables should be
considered appropriately.

Probabilistic analysis of resistance. This can bdogpmed by the numerical method of
Monte Carlo-type of sampling, such as the LHS samgphethod. Results of this analysis
provide random parameters of resistance, such as,nséandard deviation, etc. and the
type of distribution function for resistance (PDF).

Evaluation of design resistance based on the ikfyaimdex S or probability of failure. In
this a design point is found by extrapolation oinp around central region based on PDF.

The advantage of a full probabilistic analysishiattit is independent of a failure mode. A
potentially higher safety margins of some failured®s, such as for example shear failure,
is automatically included in higher sensitivityraimerical resistance to a brittle failure. A
disadvantage of this approach is in the fact thattarget value of design resistance is
located in the tail of probability distributionrfation (PDF), which is determined by the
best fit from the sampling. The design value isaot#d by extrapolation and strongly
depends on the choice of PDF. On the other handapipeoach is numerically robust,
computationally efficient and feasible for practiapplication.

However, due to its computational demands a fullbpbilistic analysis is justified in
special cases, where consequences of failureyjukgfeffort.

2.3 ECOV method — estimate of coefficient of variation

A simplified probabilistic analysis was proposed thg author [4] in which the random
variation of resistance is estimated using only samples. It is based on the idea, that the

random distribution of resistance, which is desaliby the coefficient of variatiov,, can
be estimated from meaR, and characteristic valueB, of resistance. The underlying

assumption is that random distribution of resistaris according to a lognormal
distribution, which is typical for structural resace. In this case, it is possible to express
the coefficient of variation as:

V,=—1In (&j 5)
165 | R

The global safety factow;of resistance is then estimated by EQ.(3) usingtypecal
values 5 =3.8 (50 years) andr; =0.8 (which corresponds to the failure probabilRy
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=0.001). The global resistance factor can be dyeetated to the estimated coefficient of
variationV; as y, Jexp(3.04V, 'and the design resistance is obtained from Eq.(2).

The keystone in this method is the determinatiothefmean and characteristic values of
the resistanceR , R, . It is proposed to estimate them by two separatdimear analyses

using mean and characteristic values of input natearameters, respectively.

The method is general and the safety describethdyetiability index can be changed

if required. Also the distribution function PDFrcae changed if justified. It reflects all
types of failure. The sensitivity to random vawati of all material parameters is
automatically included. Thus, there is no need pécg&l modifications of concrete
properties in order to compensate for greater nandariation of certain properties as in
the next method EN 1992-2.

A similar and refined method with more samples pragposed by Schlune et al.[6]

24 Method based on EN1992-2

Eurocode 2 for bridges introduced a concept forbalosafety verification based on
nonlinear analysis. Design resistance is calculfted

Rf
Rj:_' Rf :R(fym’fcf"') (6)

R
Wheref, , f, are mean values of material parameters of stegbreement and concrete,
fn=1.1f, and f, =0.85f,. The global factor of resistance shall hg =1,27.

Resistance valu®, is not a mean value if the concrete fails. Thecoete strengthf, is

reduced to account for higher variability of corterproperty.
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Fig. 1 Probabilistic definition of meam; characteristid and desigrd values for steel and
concrete failure f-reduced concrete strength.
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A justification for the introduction of concretaesigth parametef, is based on the idea

of reflecting the safety of partial safety factorshe newly introduced global safety factor.
The concept illustrated iGrror! Reference source not found, where probability density
functions for both materials are compared. Thengtte parameters on horizontal axis are
nominal with respect to design values. It is asslithat design values for concrete and
steel correspond to the same probability. Theyarated at point 1. on the horizontal axis.
In steel the design valué, = f,, /y, is derived from the characteristic strenghwith

the use of partial safety factgr, =1.15, the mean value is assumed to g =1.1f , ,
which leads to a safety factor 1.27 with respeché&an.

In concrete the design valug, = f, /). , is derived from the characteristic strenfjth
with the use of partial safety factgg =1.5. We introduce a new parameter for concrete
f, . which correspond to the safety factor of steelnien, and is located at the value 1.27
on the horizontal axis iBrror! Reference source not found.

f, =y f, =yllx 0085, (6)

c

It should be noted that the value of stren@thdoes not represent a mean value. Instead, it

is a value corresponding to a lower probabilityntltharacteristic value and includes the
additional safety required for concrete as compé#oesteel. The subject is also treated by
Bertagnoli et al. [8].

The advantage of the above method is, that it colseth models of failure, due to steel
and concrete, without necessity of a prior knowedd failure mode. For concrete the
Eurocode 2 allows only compressive type of failanel excludes failure types relying of
tension. This, of course, prevents a wide rangapepfications, such as shear, or pull-out of
fastenings. The study presented in [2] extenslsjiplications also to brittle modes of
failure.

2.5 Partial safety factors (PSF)

The method of partial safety factors, which is ugednost design codes can be directly
applied to global analysis in order to obtain tlesign resistanc®, = R(f,). In this, the

design values of material parametefs=f, /), are used for analysis inputf (are
characteristic values ary, partial safety factors of materials).

It can be argued, that design values represergragty low material properties, which do
not represent a real material behavior and thudezshto distorted failure modes. On the
other hand, this method addresses directly thetalesign value and thus no extrapolation
is involved. However, the probability of global igance is not evaluated and therefore not
known.
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2.6 Comparison ot concepts

The methods outlined above offer an estimationesigh resistance with various levels
approximations. The full probabilistic analysisregarded here as the most rationa
suggested by the Joint Committee for Structuraletgaf The othermethods are
approximations based on simplifying assumptionsicivfallow estimation of resistan
design values. Brief summary of the methods is sirowable 1 and the probabilisti
concept of these formats is illustratecError! Reference source not found.
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full probabilistic estimate of ciefficient of vanation global safly factor partial safely factors

Fig. 2Probabilistic concept of global safety form

Table 1 Summary of methods for verification of global sy

Required number of

Material parameters

Method required resistance calculations Approximation target
(1) Probabilistic Probability Depends on number of exact
(LHS sampling) distribution samples (8-30)
(2) ECOV characteristic, mean 2 variability of resistance
(3) EN1992-2 characteristic 1 mean
(4) PSF design 1 design

It has been observed that the safety of resistdapends not only the variation of ba:
materialparameters, but also to the mode of failure. Ireothords, for the same concrt
material, structures with different type of failure can hadéferent variability of
resistance. In this respect the most rationalagudr is by the full probabilistic formr (1),

in which the random distribution of resistance &tedmined and the design valuf

resistance is chosen for a required probabilitiadéire (and reliability inde: 3).

The other three methods (2,3,4 in Table 1) candgarded a@approximate iom the
probabilistic point ofview. The concept of the Method (is very close to a probabilist
format, since it works with the variance of resist and calculations with mean &
characteristic parameters are relatively robustthivié (3) is using a unique global saf
factor. Assessment of resistance near me relatively robust and an effect of concr
variability is included in the reduced concreteesgth. Method (4) by partial safe
factors, offers a direct estimate of design valuiout a need of estimating global saf
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margin. In conclusion each method has its medt as will be shown later none seems to
be superior to the others.

The author has initiated investigations with the &b compare the various safety formats
[2],[4]. The study comprised of a wide range ofustures including: simple beam,
laboratory test of shear wall, laboratory test afegp beam, in-situ test of a real structure
bridge and a design case of a bridge pier, SFRCretsn A variety of failure modes
covered ductile bending mode, brittle shear mode$ @ concrete compression mode.
Details of this investigation can be found in [R]summary of results is shown in Table 2.
Three approximate methods, namely the partial ydsattors (PSF), method based on
estimate of coefficient or variation of resistan(@&COV) and method according to EN
1992-2 are evaluated. The table shows the ratiesitance®ly found by approximate
methods to the full probabilistic analysis (which gonsidered as most exact for this
purpose). It is noted that the study does not cetiee model uncertainty in a consistent
way. The methods PSF and EN1992-2 include the maodekrtainty as given by
Eurocode, while the ECOV and full probabilistic bsés it is not considered in order to
simplify the comparison. This can explain the ageraesults of ECOV method being
slightly higher than the other two methods.

Table 2 Summary of methods for verification oflgbsafety.

Rd / derob.

PSF ECOV EN 1992-2
Example 1
Bending 1.04 1.04 0.99
Example 2
deep beam 1.02 1.04 1.0
Example 3
bridge pier 0.98 1.04 0.96
Example 4
bridge frame 0.99 0.96 0.92
Example 5
shear beam YO 1.03 0.98 1.02
Example 6
shear beam Y4 0.81 1.04 0.82
average 0.98 1.01 0.95

The study confirmed feasibility of the approximatethods for the safety assessment. The
method ECOV is preferred since it relates the gatethe resistance random variation and
Is considered more rational as compared to EN198@thod.

Multiple failure modes, which are typical featurelsreinforced concrete structures are
inherently included in the numerical models andstlitiey are reflected in results of
analysis and resistance variability. Therefore, #ygproximate methods of safety
verification are generally applicable in design.significant cases, if justified by failure
consequences, a full probabilistic analysis shbelédpplied.




Cervenka, V: Proceedings of the"lhternational Probabilistic Workshop, Brno 2013

3 Application

For illustration an application of design verifica by nonlinear analysis will be shown.
The example is a large beam tested in laboratorydshida and Collins [8]. The size of
the beam is large and exceeds usual beam dimensjpas=12m, depth=2m) and has no
vertical reinforcement. The shear failure is apptyeinfluenced by its large size and is
very brittle. The failure mode was well capturedtbg numerical simulation as illustrated
in Fig. 3. Comparison of resistances obtained hyoua safety formats is shown in Fig.
4Furthermore it shows the values of design resistdy codes EN1992-1 and ACI 318.
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Fig. 3 Numerical and experimental crack pattern.
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Fig. 4 Design resistance of large beam by Yos[8flaccording to various safety formats
and codes.

This case had shown two remarkable features of noahesimulation. First, a refined
constitutive modeling based on fracture mechan&s capture the size effect of brittle
shear failure and provides a more safe model siftance. Second, the global safety
formats offer consistent safety margins for thagteserification.

4 Closing remarks

Model Code 2010 introduced a verification assigigachumerical simulation as one of the
design methods and a global safety format. Theppli@ation is extended beyond the
scope of engineering methods based on elasticibdison of internal forces in cross
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sections into nonlinear analysis. Due to its gdnapproach it overcomes the limits of
standard design based on beams and columns. Grthigsehand it introduces potentially
higher model uncertainties. Therefore the modelidaéibn becomes an important
requirement for its application in engineering pice

Thefib Model Code 2010 outlines the framework of limatstverification by numerical
simulations and introduces the global safety foensaiggested for this purpose.

Further research is needed in order to improveghide for validation of numerical
models and for the classification of model uncettas.
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