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ABSTRACT

The use of non-linear finite element (FE) analyisegrowing rapidly but still there is
limited information concerning safety formats foE Fanalyses. For design and
analysis of concrete structures Eurocode provides dafety formats to obtain the
design resistance, CEN(2004a) and CEN(2004b). TdraaP Safety Method (PSF)
CEN(2004a) is traditionally used for analytical Hamalculations and is not
appropriate for non-linear FE analyses. In consecg®f that, Eurocode suggest the
use a safety format with a global resistance safegfficient, CEN(2004b), which is
more suitable for numerical calculations. A wealknpof this format is that it does
not take into account the varying model uncertaiftty different failure modes.
Attempts have been made by researchers aroundadtheé to develop a safety format
that is more suitable for FE analysis.

Chalmers University of Technology has an ongoingeaech project aiming to
develop a new safety format. This master’s thesislasely related to this ongoing
research project. The aim of this thesis is towsatal a new proposed safety format by
Schluneet al (2010) and compare this with the safety format&unocode and with a
previously proposed safety format by Cervemdtaal. (2007). The results obtained
were verified with probabilistic analysis, usingnawly developed software module
for DIANA called PROBAB which allows for calculatnthe probability of failure.
The aim was also to investigate the potential oOBRB as a tool to test safety
formats.

The comparison of safety formats was conducted paralinear reinforced concrete
beam in the Ultimate Limit State (ULS) and the $mability Limit State (SLS).
Furthermore, an attempt was made to do the same sivear panel. This master’s
thesis focuses on the resistance i.e. the loadrianuy is not included. Before the
comparison, testing of a linear steel beam wasopedd to verify PROBAB and to
evaluate settings for the probabilistic analyséee fhilure probability using PROBAB
was verified with Monte Carlo (MC) simulation anttktresults coincided with good
accuracy if PROBAB analysis parameter were setztety.

In the test of the safety formats for the non-lmeancrete beams the safety formats
according to CEN(2004a,b) gave identical designistasces. The safety format
according to H.Schlunet al (2010) agreed well with probabilistic results dmst
structure along with CEN(2004b). Cervenddaal. (2007) safety format on the other
hand overestimated the design resistance. The sashevas also performed only
considering material uncertainty and also in tlasecthe proposed safety format and
CEN(2004b) agreed well with the probabilistic aisaly.

Key words:  Safety format, PROBAB, CEN(2004a), CED2b), Cervenkat al.
(2007), Schlunet al (2010)
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Notations

Roman upper case letters

R resistance [N]

Ry design resistance [N]

Rk characteristic resistance [N]

Rn nominal resistance [N]

Rm mean resistance [N]

E action effect [N]

= design action effect [N]

P applied load [N]

Nsamp number of samples

Vm coefficient of variation of the model uncertainty

Ve coefficient of variation of the geometric uncertgin
Vs coefficient of variation of the material uncertgint
VR coefficient of variation of the structural resistaruncertainty
Xm parameter corresponding to the model uncertainty
X6 parameter corresponding to the geometric unceytai
X parameter corresponding to the material unceytain

Roman lower case letters

o weight factor for the action effect

OR weight factor for the resistance

B reliability index

Br reliability index for the resistance

u deflection [m]

Ys partial safety factor for steel

Ye partial safety factor for concrete

YR resistance safety factor

OR standard deviation of the resistance
OE standard deviation of the action effect
UR mean resistance

UE mean action effect

P Probability of failure

fc Concrete compressive strength [Pa]
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modulus of elasticity of concrete [Pa]
Concrete ultimate strain

poisons ratio for concrete

concrete fracture energy

Reinforcement steel yield strength [Pa]
Reinforcement steel ultimate strength [Pa]
modulus of elasticity of reinforcing steel [Pa]
Poisons ratio for reinforcement steel
Reinforcement steel ultimate strain

XI












1 Introduction
1.1 Background

The finite element (FE) method is an important ioallesign of structures for today’s
engineers and it is expected to become even maonencn in the future. In design of
concrete structures it is often appropriate togrenrfa non-linear analysis due to the
non-linear material behavior. In the context of dhaalculation, CEN(2004a) dictates
a certain safety format which is based on the quino€ partial safety factors. This
format is not appropriate for non-linear analysas; a result a new method was
developed, see CEN(2004b), this newer method nesdifie input parameters slightly
so that they are close to mean values for the sisagnd after that the design
resistance can be achieved by reducing the obtagststance. However, the accuracy
of this new format is not considered to be suffitian cases of complex structures
where high uncertainty of the structural resistacene be expected. As a result, during
the last years several researchers have proposedatety formats.

Chalmers University of Technology started a redeamoject “Safety Principles for

Structural Design and Assessment with Non-Lineathdds” in January 2009 to

develop and evaluate a new safety format. The pyinaégm of the project is to

develop a safety format suitable for practicingieegrs i.e. safety format that has
sufficient accuracy without being too demandingiime-consuming.

1.2 Purpose

The purpose of the Master’s Thesis is to evallsetoposed safety format, compare
the proposed safety format with other existing fatsrand also to verify the proposed
safety format with probabilistic analyses using FHAB. Furthermore, the objective
is to evaluate the usefulness of PROBAB to veriffety formats.

1.3 Scope

The evaluation of safety formats was conducted gusimple structures. This
Master's Thesis focuses on the structural resistamainly on material uncertainty,
while load has been treated according to Eurocsedark grey boxes in Figure 1.1.
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Uncertainty of
structural
integrity

Load Resistance
uncertainty uncertainty

Uncertainty of Uncelréggty e Model Geometrical Material
service life . uncertainty uncertainty uncertainty
magnitude

Distribution of Importance of
material material

properties properties

Figure 1.1 Hierarchic illustration of elements iaéincing the uncertainty of
structural integrity. This thesis focuses on thenents marked dark

grey.

1.4 Method

The FE analysis has been conducted using softwbBkdlA together with a module
called PROBAB, which allows computing the failureolpability of reinforced
concrete structures. Since PROBAB is a rather tedeand not fully developed
software, the first step in this thesis was tofyethhat PROBAB gave results accurate
enough. A linear elastic case has been chosemi®istudy. To ensure that the FE
model is correct, it was verified with hand caltidas according to CEN(2004a).

The next step was to compare the different safetyndts using simple non-linear
structures. In this case a concrete beam in bevdasgchosen. Later, the results from
the analysis were evaluated by comparison with @baiilistic analysis using
PROBAB which was here considered as a reference.

The safety formats were also tested in a more cexnghse of a nonlinear concrete
shear panel.
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2 Uncertainty of structural resistance

When designing structures one has to account ®rwutitertainty of the calculated
resistance capacity. Especially in the case of dacstructures the uncertainty is
significant. The uncertainty is a result of sevdeaiors that can be categorized into
three major groups in accordance with JCSS (2001a):

* Model uncertainty
» Geometric uncertainty
* Material uncertainty

These groups are represented by means of coetBadvariations and together they
are causing the uncertainty of the structural taste Vg, see equation 2.1. These
groups will be explained further in this chapter.

Vo = V2 +V2+V 2 (2.1)

where
Vg — Coefficient of variation of the structural re¢aisce
Vm — Coefficient of variation of the model uncertgint
Vs — Coefficient of variation of the geometric uneanty
V; — Coefficient of variation of the material uncents

2.1 Model uncertainty

The model uncertainty is the difference betweenrdsponse of the model and the
actual response. The deviation is caused by alinaggons and idealizations that are
made when simulating the behavior of the structure.

The model uncertainty is due to simplifications @¥hiare often unavoidable or
simplification of mathematical relations e.g. strasrain relationship of reinforcement
steel is often assumed to be bi-linear, which igdealization of the reality, see Figure
2.1. Limited knowledge on how to model the secticesponse in FE analysis can
give deviations in results. The result depends hithvtype of elements that are used,
for example if a beam is to be analyzed; beam et¢émay be used (Euler-Bernoulli),
by making that choice pure bending is assumedhelfiéngth-depth ratio of the beam
Is approaching the recommended limitations of adsde beam, failure mode of shear
has to be considered, shear failure being unlikelhe case of slender beams. Pure
bending can still be assumed but the assumptioonbes less accurate. In summary,
the choice of element type may contribute to theresf the simulated response and
higher model uncertainty. This is just one of méamtors causing model uncertainty.
Other modeling choices that influence the resudts lze the assumptions of boundary
conditions in the model that should reflect theuattooundary condition, pinned,
fixed or intermediate condition. The convergenatedon also influence the result, it
is seldom not feasible to perform the analysis eteuenough. The computational
effort increases as higher accuracy is demanded.

For example when modeling 3-dimensional structuoe® dimension is sometimes
omitted if the variation in that dimension is redgd to be negligible. This gives a
simplified structure which requires less computadiceffort. However if the variation
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of that omitted dimension influences the structuesponse, that influence will be lost
and result in a higher model uncertainty. More claxgtructures are often simplified
in many different ways and alls simplifications adg to considerable model
uncertainty.

»
L4
»
L4

a) b)

> >
€ €

Figure 2.1 a) Principal stress-strain relationshipr hot rolled reinforcement
steel. b) Simplified and idealized stress-strainlatrenship
reinforcement for the model.

2.2 Geometric uncertainty

The geometric uncertainty is the deviation of degdao the nominal geometry. More
specifically, the geometric precision of the exemutcannot be one hundred percent
accurate at the construction site.

Geometrical uncertainty can for example be theiatam” of the lever arm of the
reinforcement in a concrete structure which hasagpminfluence of the structural
resistance. This variation can for slender colui@some more important for short
columns which results in a larger geometrical utacety.

a) b)
OO OO oy o ~ O
o oo A4 A B
Figure 2.2 lllustration of the variation of the rdorcement arrangement.

a) Nominal geometrics b) De facto geometrics

2.3 Material uncertainty

All material properties are more or less randomm&are insignificant and can be
considered as deterministic without causing a seleverror; others have large
influence and must be recognized as stochastic.pfdygerties of building materials

such as reinforcement steel and concrete shouttbhgidered as stochastic. Steel in
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general has minor dispersion; it is the concretelwbontributes most to the material

uncertainty. The coefficient of variation for coater is commonly estimated to ~15%,
this will increase the variation of the structurabponse. In the case of just one
stochastic material parameter it is trivial to deN;, but for structures with more than

one stochastic parameter the procedure is contents different safety formats

derive the material uncertainty in different ways.

Concrete compresive strength (f
. X 104 p g (c)

Frequence

5 10 15 20 25 30 35 40
MPa

Figure 2.3 Example of the distribution of the cartercompressive strength f

CHALMERS, Civil and Environmental Engineerind/laster’s Thesis 2010:145



3 Safety formats
3.1 Structural reliability

The purpose of safety formats is to make surettigastructural resistanch, is larger
than the action effeck, with enough safety margin to secure a safe strectlio
ensure this safety, the resistance must be redubéd the unfavorable action effect
must be magnified.

E, <R, Reliability concept in ULS (3.1)

Both the action effects and the structural reststaare actually distributed. These
distributions should be separated far enough toemsake that the probability for
collapse is sufficiently small. Almost all safetyrinats are based on this concept of
probability. Both the action effects and resistanaee separated with reliability index
S together with sensitivity factorg: andog. These factors are explained later in this
chapter.

f(E) f(R)

Probability density function

E R
| |
5 !

b)"

He HR R

A m— 1 —
BaEGE BaRch

Figure 3.1 The fundamental principles of structusafety. The density function of
action effects and resistances should be separatr enough.

In Figure 3.1, it can be seen that the two distrins are overlapping to some extent.
This area is a qualitative measure of the prolgbihf failure P;. In terms of
probability of failure this can be expressed asatign 3.2. The fact that there exists
such an area indicates that the difference betviRandE will in some cases be
negative i.e. collapse of the structure, Haldar liattadevan (2000).

P. =P(failurg = P(R<E) Probability of failure (3.2)

In order to evaluate the probability of the diffiece betweelR andE being negative
the distribution betweem® and E should be considered. R and E are normally
distributed, the difference betwedR and E will also be normally distributed
according to the following equations CEN (2002):

g=R-E (3.3) g indicates a parameter associated
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with R-Edistribution.

My = Uy = He (3.4) Mean value of the difference between mean
structural resistance and mean action effect.
o, =0’ +0.’ (3.5) Standard deviation of the R-E distribution.
,8=& =% (3.6) The standardized normal variable, reliapilit
Iy Oy t0:
indexp.
p, =o(-B) 3.7) Probability of failurep , . Where ¢(-5) is the

cumulative area under the standardized normal
density function from— to - 5.

If a log-normal distribution is assumed instead résebility index will be; Madsen
et al. (2006):

_ Hlogg— ploge
ﬁ a 2 2
VOogr ¥ Tioge (3.8)

The joint probability olR andE can be separated and visualized as a two dimeaision
case, see Figure 3.2 for illustration. The lim#tstequation is the boundary between
safe and unsafe regions, hence, equation 3.3. d@$igrdpointP is the closest point to
the failure surface from the average resistancetpoithe normalized space. This is a
practical approach if only the resistance or acéffect is of interest.

Limit state equation

E Unsafe region Jd(R,E)=0

= g(R,E)<0
=) Safe region

LT TEEE R ' dg(R,E)>0

Figure 3.2 Modified from CEN (2002). P is the desmpint and the limit state
equation is the failure boundary g=0 in the normaaeli space.
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P(E<Ed)=¢(aEIB)

Probability that E being higher than E  (3.9)
P(R>R,) =¢a=h) Probability that R being lower than R (3.10)
Vo +op <1 (3.11)

o andag are sensitivityfactors that separate the resistance and actiecteffThey
are different from case to case and depend onatine wetween the variations of the
resistance and action effect. Eurocode assumesrtaincegatio which results in
sensitivity factors equal @ = -0.7 andhgr = 0.8.

The acceptable risk of collapse has been deciddzktth in a million per year for
structures in Reliability Class 2 (RC2), see Tah2 Assuming that the life time of
the structure is approximately 50 years then tleeptable risk of collapse is 50 in a
million assuming design loads with return periods50 years, see Table 3.2.
Eurocode states a reliability indgk,in the ultimate limit state of 3.8 with a refecen
period of 50 years for RC2, then the reliabilitgex fr becomes 3.04, see equation

3.12. CEN (2002)

Consequences Description Examples of buildings and civil engineering
Class works
High consequence for loss | Grandstands, public buildings where
of human life, or consequences of failure are high (e.g. a
Cc3 economic, social or concert hall).
environmental
consequences very great.
Medium consequence for | Residential and office buildings, public
loss of human life, buildings where consequences of failure are
2 economic, social or medium (e.g. an office building).
environmental
consequences
considerable.
Low consequence for loss | Agricultural buildings where people do not
of human life, and normally enter (e.g. storage buildings),
cc1 economic, social or greenhouses.
environmental
consequences small or
negligible.
Table 3.1 Definition of Consequences Classes dawgito EN 1990.

The Reliability Classes in table 3.2 may be assediaith the Consequences Classes
in table 3.1.
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o Minimum values for {3
Reliability Class

1 year reference period | 50 years reference period
RC3 5,2 4,3
RC2 4,7 3,8
RC1 4,2 3,3
Table 3.2 Recommended minimum values for religbiindex f in ULS

according to EN 1990.

P(R>R,) = ¢(axf) =¢(08[38) = ¢ (309 (3.12)

Hence, when only the design resistance is congldére target reliability index is
3.04 according to CEN (2002). In the context ofv&erability limit state (SLS)

Eurocode applies a reliability index of 1.5 whicives a resulting reliability of the
resistance of 1.20, see equation 3.13. These tvthartargets for the reliability index
for the probabilistic analyzes in this thesis.

P(R>R,) =¢(a L) =¢(08[15) =¢ (120 (3.13)
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3.2 Reliability methods

3.2.1 Formulation of reliability problem

The purpose of reliability methods is to computeatdeast check if the probability of
failure is small enough. A reliability problem igfthed by limit state functions and
their pertinent basic variables. A limit state ftion is a formulation of a desired
minimum performance of the structure. Limit statedtions may concern ultimate
resistance, deflection at service load or any oglitrerctural response or features that
can be computed and characterized by a numberbdsie variables pertinent to a
specific limit state function are the material, gedrical or load parameters that
influence the structural response regarded. Iralvgiiy problems the interesting
parameters are the basic variables with both sggmf influence and with dispersion
great enough to affect the distribution of the cal response in question. In the
following these basic variables will be referred dimply as parameters and the
coordinate system where they are representedegsatiameter domain. In general the
number of basic variables and limit state functioresy range from one to infinity. If
for example the ultimate capacity of the structisr@valuated for values across the
parameter domain, the resulting surface is caledrésponse surface with respect to
ultimate capacity. In the following examples théirmate structural capacity is the
feature considered. If the desired minimum rescgaof the structure &, this
constitutes the limit state function. All pointstire parameter domain correspond to a
set of input parameters, the points rendering acstral resistance less than the
desired capacitfin constitutes a sub domain representing the adetase that does
not meet the desired performance. The limit stafjeagon is the line or surface
depending on the dimension of the problem, wheee difference between the
resulting response and desired capacity is zere. lifhit state equation is used to
define the subdivision of the parameter domain thi® adverse and desired states.
The determination of the limit state equation igo@al since the probability of failure
is equal to the integrated joint density functiom ihe part of the domain
corresponding to the adverse state. The generalufation of the reliability problem

is given in equation 3.17 according to Waarts (3000

Limit state function in the general case:

90X X0 %0) = R X X0) = By (K1 %00 (3.14)

Limit state function in the semi probabilistic cagkeere E, is deterministic:

904:%1 %) = RX, %, %) = Ei (3.15)

Limit state equation is constituted by all pointsese:

(%0 %00 %) =06 (00X X100 %,) = 0), X, (9 X%, ) = 0 X, (X X, 0 %,) =)
(3.16)
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Figure 3.3  Concept of limit state in a case wheyarid { are the governing
stochastic parameters.

General formulation of the failure probability:

P+ :II“'_[I(g(xl’xzv--,xn))f(Xl,Xz,...,Xn)XmdXZ...dxn
e (3.17)

where
1(g(%, Xps- %)) =1if g%, %0 % ) <O
|(9(>&’Xz’---’xn))=0if 9(><pxz’---’xn)>0

where f(Xl,Xz,...,X]) is the parameter joint density function.

To evaluate the expression in equation 3.17 amalj§i is cumbersome if not
impossible for high dimensional problems and iglsadone in real applications. It is
mealy a definition of the failure probability rathan feasible method of computing
it.

CHALMERS, Civil and Environmental Engineerindlaster’'s Thesis 2010:145 11
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Joint:probability density function

0.04

Limit state equation

Relative frequence

Figure 3.5  Joint probability density function intepted by the limit state
equation displaying the probability-mass of failisygecimens.

There are several different ways of computing apr@amate value of the failure
probability using numerical methods. These methasin accordance with JCSS
categorized with respect to their accuracy inte¢hdifferent levels, level three being
the one with highest accuracy. The basic simplifices characterizing each level are
stated bellow JCSS (2001b):

* LEVEL I: Without actually computing the failure grability a level | method
checks whether the load and resistance are sepdaatenough.

« LEVEL II: Computes the failure probability approxating the limit state
equation with a fitted first or second order polymal expression.

 LEVEL Ill: Computes the failure probability usingraumerically determined
limit state equation of general shape.

3.2.2 LEVELII

3.2.2.1 Monte Carlo simulation

Monte Carlo simulation is considered to be the nasturate and straightforward
reliability method. The derivation of the Monte @amethod is not based on the
general formulation, stated in equation 3.17, aedck the issue of the limit state
equation accuracy is omitted. Instead the structsirevaluated for sets of input
parameters that are sampled based on their regpedistribution, forming the
distribution of the structural resistance. As thweniber of evaluations is increased the
relative number of analysis output values that exeeeded byE;, will converge
towards the true probability of failure. Advantageoccompared to other numerical
methods is that the only parameter governing tredyais itself, is the number of
evaluated samples, when using other methods theeogence properties of the
computed failure probability has to be checked ragjaperhaps several different
analysis settings. This scheme is illustrated gufé 3.6.
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Figure 3.6 Schematic description of Monte Carloesub.

Once the distribution of the structural capacitydetermined the failure probability
can be computed as the relative number of samphesenthe resistance exceeded by
the desired minimum performance, see Sorensen (2004

f
V\ R
E
Figure 1.7 Distribution of the structural resistamavith limit and corresponding
probability mass of failing specimens.

3.2.2.2 Numerical Integration

In numerical integration the basis formulation dfet reliability problem is

approximated according to equation 3.18. Note ti@ parameters have been
transformed from x-space into u-space, x-spaceussphce being the non-normalized
and the normalized spaces respectively. The rafigegummation from negative
infinity to infinity has to be replaced with whatav range giving the proper
convergence.
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pf :Zzzl(g(ul’UZ’ lun))f(ul)uzy--- Un)AUlAUZAUn
T e (3.18)
where

1(g(u,U,....u. ) =1if g(u,U,,....u,)<0
1(g(u,u,,...,u,) =0if glu,u,,...,.u)>0

Since the Ilimit state function has to be evaluaird all elements of size
Au, [Au, O..[Au, the determination of the adverse and desired sufaohs is in no

way systematized but instead performed all acrbssparameter domain and not
focused in the area close to the limit state eqnatSince the check is of fail pass
character it is only interesting to establish tingitl state equation separating the two
states. Waarts (2000)

3.2.2.3 Directional Sampling

Instead of evaluating the structural resistancevast number of values across the
input domain, the effort is focused on the arearwrgs(xl,xz,...,xn) Is close to zero.

This approach is more efficient as it is able ttedaine the limit state equation with
higher accuracy when using the same number of atrahs as in Numerical
Integration. The general procedure of directiormahgling can be summarized in the
following four steps.

* Transform the input parameters x-space into thenabzed u-space

 Find g(xl,xz,. . .,)qq)ZO in different directions with the origin of the
normalized parameter domain as starting point.

* Find g(XlX2 . .,Xn) =0thru extensive testing in the area where

gX %0 %,) =0
» Evaluatep, :”...II(g(xl,xz,...,xn))f(xl,xz,...,xn)d&dxz...dxn.
X X

Below two alternative ways of performing generalqadure given in the four points
are described. First standard directional samgldg) and also Directional Adaptive
Response Surface Sampling (DARS), which is develdqyyeWaarts (2000)

3.2.2.3.1 Standard Directional Sampling

In the Directional Sampling method all stochastialgsis parameters are transformed
into the u-space. The origin of the u-space, whighdefinition corresponds to the
point where all parameters are at their mean valaased as starting point when the
directions are sampled. In each randomly choseectiin a point is chosen. The
structure is evaluated using the parameter valogssponding to the point chosen. If
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the resistance is greater than the considered (i) this point is in the safe part of
the domain and a new point is chosen further away the origin. If the new set of
input parameters renders a resistance exceedde liyniting load, that point is in the
part of the domain representing the adverse sllasdso means that the limit state
function is somewhere between the first and thersggoint. A third point is now
chosen, this one is closer to the origin than gwoisd one but further away than the
first. This iteration is continued until the lim#tate equation is bracketed with
sufficient accuracy in this direction. Each direaticontributes to a more accurate
estimation of the failure probability. The proceelus described in the following
eleven steps, by Waarts (2000):

1. Sample a random direction in the normalized parandgmain.

2. Choose a point in this direction at some distanom fthe origin of the
normalized domain.

Transform this set of normalized parameter valuas fu-space to x-space.
Evaluate the structural resistance for this s@andmeters.

Evaluateg(xl, Xorenn )qq)_

If g(xlxzxn) is less than zero, pick a new point closer tootfigin and

vice versa.

7. Start over from step (2) until the limit state ftina is bracketed with
sufficient accuracy.

8. When the distance from origin to the limit statedtion (4,) is determined in

L

the sampled direction, evaluate the sample vijuel- )(iz(/}iz) and start over

from step (1) until a sufficient number of sampéee performed.)(izis the
squared density function in the direction of thenpke.

N
9. Estimate the probability of failuré, =%ZR
i=1

10.Estimate the standard deviation of the failure ploltty

Uz(Pf ):;_]_)i(e - E(Pf )2)

N(N-1)5
11.Form a confidence interval assuming normal  distidou

E(Pf )_ ZJ(Pf )< P < E(Pf )+ ZO'(Pf )

3.2.2.3.2 Directional Adaptive Response Surface Sampling

The Directional Adaptive Response Surface Samplb®§RS method, is a further
development of DS method, made to reduce the @dloaltime. First the structure is
evaluated for parameter values in the axis dirastid his procedure is called Axis
directional integration (ADI). Once the limit stéftenction is found in these directions
a quadratic response surface is approximated. asisin the regular directional
sampling different directions are sampled, but thme directions with higher
influence on the computed probability of failure @jiven more importance. That is,
the determination of the limit state function isdised in areas where it is close to the
origin. This is sensible since the computed prdighof failure is more sensitive to
changes of the limit state equation in areas wiiergarameter joint density function
assumes higher values. The information about thgorese surface gained during the
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procedure is added to the one from the initial @atdn. The information from the
initial evaluation of the response surface in thxés alirection is used when the
importance sampling is made. Also information gdinehen previously directions
where considered. Once a direction is chosen andhiial guess is made, the
procedures are identical to standard directiomalpiag. Waarts (2000)

1. Find g(xl,xz,...,xn) =0in the directions of the parameters axis.

2. Sample directions where directions where the Igtate equation is chose
to the u-space origin using information from (1) gossibly from
evaluation of other directions.

3. Choose a point in this direction at distance fromarigin based on the
information gained in (1) and possibly from evaioatof other directions.

4. Transform this set of normalized parameter valvas fu-space to x-
space.

5. Evaluate the structural resistance for this s@aodmeters.

6. Evaluateg(Xl,Xz,...,Xn).
7. If g(xl,xz,...,)qq) IS less than zero, pick a new point closer toothgin

and vice versa.

8. Start over from step (2) until the limit state ftino is bracketed with
sufficient accuracy.

9. When the distance from origin to the limit statendtion (1) is
determined in the sampled directipn evaluate the sample value

_1-x7() . .
P —W where h(g)is the importance given the angelthen start

over from step (1) until a sufficient number of sdes are performed.

N
10. Estimate the probability of failure, =%ZR
i=1

11.Estimate the standard deviation of the failure plolity

JZ(Pf)_;i(Pi - E(Pf ))2

"N(N-1)4&
12.Form a confidence intervaE(Pf )— Za'(Pf )< P < E(Pf )+ za(Pf )

One disadvantage of both DS and DARS comparedNmmte Carlo simulation is
that the full distribution of the structural resiste is not obtained. The Monte Carlo
simulation demands more computational effort buteitders the distribution of the
structural resistance which can be used to quic&impute the failure probability for
any given limit state. Figures 3.8, 3.9 and 3.1@sitate different approaches in the
determination of the limit state equation. Figurd8 3hows how the limit sate
evaluations are spread across the domain in the afadlumerical Integration and
Monte Carlo simulation. It is quite clear that mafythe limit state evaluations do not
add information about the limit state equationFlgure 3.9 it is shown how the DS
method evaluates the limit state function in rangoamosen directions and through
iterations in manages to focus the effort in theaarlose to the limit state equation.
Figure 3.10 shows the DARS sampling scheme whichdes the evaluations close to
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the limit state equation the same way DS does lsat gives higher importance to
directions in which the limit state equation issgoto the u-space origin.

=
u
//
P
1
7L
/// el A
/oy \\ \
e \

Figure 3.8  The grid of grey lines illustrates howet structural response is
evaluated across the parameter domain.
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Figure 3.9 lllustration of how the DS method ch@eendom direction in which
the distance from the origin to the limit state apn is determined.
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Figure 3.10 lllustration of how the DARS method ades directions of higher
importance in which the distance from the originthe limit state
equation is determined.

3.2.3 LEVELII
3.2.3.1 FORM

First order reliability methods use the first ordaylor expansion to approximate the
limit state function. Here a FORM method called éTmean value first order’ is
described.

Limit state function evaluated at mean values efglarameters.
Hy = 0l bt (319)

In the case of uncorrelated variables the variatene be computed according to
equation 3.20.

2
n ag
2 _ 2

o; —Z(a—j o;

=\ 0% (3.20)
Once the mean value and standard deviation isrdeted the probability of failure
can be computed as the mass of the distributios tlean zero. The point in the
parameter domain closest to the pqj ,,L/Xz,...,,uxn) is called the design point. The
distance perpendicular to the limit state functioetween the design point and
Mol - My ) is equal to the reliability inde&. If the performance of the structure

is a linear function of the parameters the limittestfunction and limit state equation
will be linear and FORM is in that case correct antlan approximation. The FORM
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method will also perform well if joint probabilitgensity function decays rapidly in
the direction parallel to the limit state equatibialdar and Mahadevan (2000).

3.2.3.2 SORM

In second order reliability methods a second ordeylor series is used to
approximate the limit state function. The limittstdunction is approximated at the

design pom(xlxzxn) The design point is found by minimizing the dista
between the approximated limit state equation hedobint(ﬂxl,ﬂxz,...,ﬂ&) through
iterative procedures.

a(%, X, o) = X X )+ Z(x >s)—+ ZZ(& x N, -x;) 29

i= i=1 ]_1 ax,aX

(3.21)

Given the beta value, which follows from the deteation of the design point, and
the principle curvatures of the limit state funatiat the design point an approximate
value of the failure probability can be computedarding to Breitung (1984) to

N1 }/2
p, = (- /3)” 1+ pk;)
_ (3.22)

3.2.4 LEVELI

Level | methods do not compute the probability afure; instead they check that at
least a target reliability is achieved. The targeliability is represented by its
corresponding reliability indeg . The circle with midpoint at the u-space origirdan

radius equal tog define a domain of parameter sets, if it can béfigdrthat all of

those points renders at least the desired perfarepdhe reliability is at least equal to
the target reliability. This is because the cumwuatvalue of the joint probability
function in the circle is equal t(g). In the general case the limit state function has

to be evaluated in all points on the domain bound#rthe limit state function
assumes positive values in all boundary pointdithi¢ state equation cannot possibly
enter the circle which means all points inside fttiecle renders sufficient
performance. If the ratio between the two paramseterknown the point on the
boundary most likely to fail can be determined.sThiakes the method a lot more
practical when only one point has to be checkedN GEOO4a) is based on the
assumption that the ratio of load and resistanaedsird distribution is known. This
makes it possible to determine weight factarsvglues) that describing the point in
normalized load-resistance domain as seen in Fig@ewhich has to be checked in
order to verify that the reliability is at leasetesired one.
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3.3 Existing and proposed safety formats

For a long time the Eurocode dictated the use did?&afety Factors, CEN(2004a).

It has been used for classic analytical design aggbr but also for non-linear
approach. This format has later been developetidutb improve the response when
it comes to FE-analyses, CEN(2004b). Together withor partial safety factors on
the material parameters this format uses a resistsafety factor to obtain the design
resistance after the structure has been analyzbdreThave been other formats
suggested for FE-analyses and one well known isdfety format by Cervenlet al.
(2007) which is an Estimate Coefficient of VariatiECOV) method. The proposed
safety format by H.Schlunet al (2010) is also using the ECOV concept. These four
safety formats will be explained in this chapter.

3.3.1 CEN(2004a) PSF method — partial safety factors

In the partial safety factor method the resistacae be estimated by using design
values of the materials based on cylinder valuesiaed with safety factors. This
method is commonly used for the classic analytiesign approach. CEN(2004a)

Design resistance according to CEN(2004a):

Ry = R(feg, Frgre) = R(lMJ
Ve Vs (3.23)
where Y. =150  Partial safety factor for concrete
y.=11¢ Partial safety factor for steel
R Resistance from FE software

If the distribution is assumed to be log-normal plaetial safety factors are obtained
from

y.=explanfVvy - 1641V, ) For steel (3.24)

Concrete has shown to give lower in-situ strengéimtthe strength from specimen test
according to CEN(2004a) and therefore an additiciagtor of 1.15 has been
introduced for the concrete. The number 1.64 inaéqn 3.24 is a reliability index
which represents the fifth percentile.

y. =115exp(a BV, - 1641v,) Forconcrete (3.25)

The partial safety factors are based on the urin&gs in the modeV,,, geometricvgy
and material uncertaintidg. Vr is the resistance coefficient of variation, seeadgn
3.27 below. Action effects and resistance are asduto be separated by different
fixed sensitivity factorsgr is the sensitivity factor for resistance relialyiland g is
the reliability index. These parameters are s¢t=t®.8 with a reference period of 50
year anthg=0.8 according to CEN(2002).

This method is built on assumption that the res#d&R and nominal resistand®,
have the relation:

R=XnXcX R, (3.26)
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where Xm Parameter corresponding to the model uncertainty

Xc Parameter corresponding to the geometry unceytaint

X Parameter corresponding to the material unceytaint

With this assumption the coefficient of variatidintioe resistance can be calculated as:

_ 2 2 2
VR—\/Vm Ve +V (3.27)

where vV, Coefficient of variation of the model uncertainty

Vs Coefficient of variation of the geometric uncertg
v, Coefficient of variation of the material uncertgin

These coefficients can be found in JCSS and dependassumed variations of
uncertainties that are calibrated against statistloserting the values of these
coefficients from Table 3.3 into equation 3.24 &@5 leads to the partial factors
1.15 and 1.5 for the steel and concrete parametach are used in CEN(2004a).

Uncertainty | Steel | Concrete

Model \/. | 25% | 5%

Geometric Vi | 5% 5%

Material Vv, 4% 15%

Table 3.3 Coefficients of variation which lead hbe fpartial factors according to
CEN(2004a).

Using design values of materials in non-linear gse8 give material parameters that
are reduced and much lower than in reality. This gi@e unrealistic load distribution
and deviations in the structural response, e.gnw@ilure mode. Therefore, it is
inappropriate to use this safety format for noredinanalyses, Carlssenal.(2008a).
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3.3.2 CEN(2004b) safety format

Instead of using design material parameters as EN(2004a) to calculate the
resistance, CEN(2004b) uses a resistance safetyr facand material parameters
which are modified to be close to mean values. &meaterial parameters will give a
structural response closer to the response usingnnvalues i.e. more realistic

response. After analyses, the design resistancéegiven by reducing the obtained
resistance with a resistance safety fagtor

Design resistance CEN(2004b):
Ry = R(Fyms Fomms Fomren S/ Ve

(3.28)
where
f~ym =11f, Steel yield strength
Fpm =11f, Prestressing steel strength
ch =V fu Concrete compressive strength

v, =11m, Ys =11010 9%3 = 0843
2 :

7s=1.15 andy.=1.5 which are partial safety factors for steel and
concrete. The coefficient, is taking into account for how the
load is applied and long term effects.

When the limit deformation in steel is reachedrmstance safety factgs becomes;
11501.1= 127, when the limit deformation is reached in concrdtB[ 0843= 127.
This shows that it does not matter if the limit atefiation is reached in steel or
concrete, global safety coefficient is the saypel.27.

By using a resistance safety factor to obtain th&gh resistance after the beam has
been analyzed is a great improvement for non-lirsgealysis. The response of the

analysis is better than CEN(2004a) and closereaadhlistic structural response. The

format does still not consider the importance aheaaterial.
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3.3.3 Cervenkaet al. (2007) safety format

The Cervenkeet al. (2007) safety format is a new proposed format kipesl by V.
Cervenka, J. Cervenka and R. Pukl. This methodregfé¢o as an ECOV method, i.e.
estimated coefficient of variation. Cervendtzal. (2007)

This method is based on a random distribution sistance with the assumption that
it is lognormal distributed. This distribution isestribed by the coefficient of
variation,Vg. The coefficient is calculated from mean resisteRg and characteristic
resistancd, which are estimated by two separate non-linealyars using mean and
characteristic material parameters.

Assuming a log-normal distribution of the resis@nihie coefficient of variation can
be computed.

Vg = LR B 1.65 corresponds td"&nd 58" kvantile. (3.29)
165 | R,
R,= R(fm,--) Rm - The structural resistance evaluated for (3.30)

material parameters at their mean values.

Re= R(fk’“) R« — The structural resistance evaluated for (3.31)
material parameters at their characteristiceslu

The method uses a resistance safety fagtorvhich can be calculated according to
equation 3.32. Herer is the sensitivity factor for resistance relialyilandp is the
reliability index. Cervenkaet al. (2007) recommends to uge4.7 andagr=0.8 from
EN.

Yr :eXI(HR'[)V R) Global safety factor (3.32)

The design resistance can then be obtained by #en mesistance, R and the
resistance safety factog:

R
Vr The design resistance (3.3)

This safety format can easily be used, only twdysmes are required to estimate the
resistance and obtain the global safety factors Thi

coefficient of variation of the

format assumes that all uncertainties are captoydatiese two analyses and the major

uncertainty groups are not introduced in an explhicanner. Cervenka et al. (2007)

suggests that the model uncertainty can be cowwdsetvhere.
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3.3.4 Proposed safety format by Schlunet al (2010)

As in the ECOV method by Cervenlat al. (2007) the idée is to estimate the
coefficient of variation of the resistance by calesing the resulting resistance when
the structure is evaluated for input values whiolresponding to different fractiles.
Schluneet al (2010) format is adapted to fit Eurocode, only itieterial uncertainty is
reconsidered otherwise it is identical.

Schluneet al (2010) format estimates the variation of strudtuesistance based on
the distribution and importance of each materiahpeeter. In other words the partial
derivatives of the resistance with respect to athmeters with significance influence
are used to weight the importance of each parameter

If the material parameters are uncorrelated, theanee of the resistance can be
calculated to

o :\/(OR(XPX ""’X”)jzai J{OR(Xl,x ,...,Xn)jza.z +”_+[6R(x1,x ""’X“)JZUE

0% 0%, & 0x, "

(3.34)

wheren is the number of material parameters, and thegpaerivatives are evaluated
numerically as:

0RO, X0 %0) _ RO oo ) ~ R(bL, =X, - fy,)

0%, & (3.35)
For log-normal material distributions;:
In case of normal distributed parameters:
M :lui _ﬂa)q
(3.37)
Number of analysis that has to be performed islequa
nanalysis: ndistributd parameteré-l (338)

The coefficient of variation of the material uneénty of the resistance can then be
calculated with:

— aRf
R(,lel,,le2,...,len) (339)

Rf

Schluneet al (2010) method for concrete

In the case of non-linear concrete structures #séstance concerning the material
parameters depends on:

» f; - Concrete compressive strength

« fi— Concrete tensile strength
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* E.- Concrete Young’'s modulus

* ¢ — Concrete ultimate strain

* v.— Poisons ratio for concrete

* G - Fracture energy

+ fsy— Reinforcement yield strength

« fsu— Reinforcement ultimate strength
* Es— Reinforcement Young's modulus
* vs— Poisons ratio for reinforcement

* ¢&su— Reinforcement ultimate strain

Every material parameter that is added requiresadditional analysis where the
parameter in question is the only one being altesed equation 3.34. To minimize
the computational effort only the material parameteith importance should be
selected. Some of the material parameters haveleergdispersion and can therefore
be set as deterministic with no effect on the te@sylresistance. The influence of the
material parameters are in some cases of lessentf®u and importance, they can
therefore also be set as deterministic.

In the case of bending failure the design resigaiscgoverned by two material
parameters, concrete compressive strerfgtind the reinforcement yield strendih
The distribution of other material parameters haggligible influence and can be set
deterministically.

The coefficient of the variation of the resistatioen becomes:

(R ) =R =0, 1)), (R, ) =R Y, iy =B
Ogi = Ot gy
Afc Afy

(3.40)

When calculatingtf, and 4fy, Schluneet al (2010) suggests to uge2.15 and log-
normal distribution of the material parameters.

The coefficient of variation of the structural gance can be computed in the same
way as in Eurocode, see equation:

Vi = Ve +Vo +Vi (3.41)

where

URf

T R(Uy Hye)

Rf
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4 Comparison of safety formats

The first step in the comparison of safety formaatd verification with probabilistic
analyzes is to make sure that the probabilistidyara are sufficiently accurate. The
software which was intended to be used for the agivdistic analyzes is called
PROBAB. PROBAB is a module for the FE software DI®Nwhich is a not fully
developed. In the first part of the chapter a linetastic beam is used to test
PROBAB; and later the safety formats are compareti\eerified with PROBAB in
the case of a nonlinear concrete beam both in Uk $L.S and in the case of a
nonlinear shear panel in ULS.

4.1 Testing of PROBAB on a linear elastic beam

4.1.1 Calibration of PROBAB parameters

To make sure that PROBAB delivers accurate reguhe probability of failureP;, a
number of analysis parameters have to be calibratddonte Carlo (MC) simulation
is used as reference when comparing failure préibakiith PROBAB. Given that
the number of samples used in the Monte Carlo siimn is high enough it will
generate values of high accuracy. The structuegtufe considered in the limit state
function is the deflection at mid span. MC resalts based on analytical computation
while PROBAB results are based on numerical methddsmake a fair comparison
between the two probabilistic methods, the analt@nd the numerical computation
of the deflection must be equal.

To make sure that the PROBAB analysis is performaith sufficient accuracy,
parameters concerning the analysis such as cagftiof variation of the probability
of failure, COV, and the iteration convergence criteanv, are studied. Analysis
methods DS and DARS are also studied. The evatuaifoanalysis settings are
illustrated in Figure 4.1.

Comparision of
PROBAB and MC P
results

PROBAB P;results MC P;results
. Numerical N Analytical
FREEE a;\alysw computation of the ee computation of the
parameters deflection in DIANA (Number of samples) deflection
Conv
cov
. Analysis method
Coefficient of (Convergence criteria
(Coefficie when performing LSF (DS or DARS)

variation of P;) evaluations)
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Figure 4.1 Dependency scheme over the differerdnpaters the comparison is
sensitive to.

4.1.2 Model description

The model used in the analysis is a linear-elastnply supported steel beam, with a
span of 4 meters. It is subjected to a point loadha middle of the span. Both
Young’'s modulusks and the loadP, are lognormal distributed, other parameters are
set constant. This is a static structural 2-dimamai problem which does not depend
on the number of elements. It is therefore enooglse only two beam elements.

pa -

Figure 4.2 Beam model used in test of PROBAB.

Cross-section [mm?] 100x100

Length [mm] 4000

Load P [kN] Mean: 100; std: 15

Youngs modulus E, [GPa] Mean: 200; std: 10

Poison ratio 0.3

Element type L7BEN (2D - Beam elements)
Number of elements 2

Table 4.1 Model and material parameters

4.1.3 Comparison between numerical and analytical defleains
The maximum deflectiony, can be calculated analytically as:

pL3

Umax = I8El (4.1)
Using mean values &; and the mean lodd gives:
Ugnalytical = 0.080m (4.2)

The deflection from numerical computation gives:
uDIANA = 0080 i 5 X 10_4m (43)
The results show that the deflection is equalireving the two methods to be equal.
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4.1.4 Settings for Monte Carlo simulation

A Monte Carlo simulation was done in MATLAB to calate the probability of
failure with the same limit state and material pagters as in PROBAB. Cases with
higher values of deflection limit states and hetioe lowestP; requires 10 billion
samples according to equation 4.4 where @@V is set to 0.01. The Monte Carlo
simulations gives very reliable values for the @obty of failure and therefore the
MC is used as a reference in this analysis.

The number of samples for MC simulation can be wated according to Waarts
(2000) :

1 1
Nsamp = cov(ps)” (P_f B 1) (4.4)

4.1.5 Sensitivity of P to COV and conv

The probability of failureP;, has been calculated for a number of analysesewhil
changing the&eonvandCOVfor both DS and DARS method.

The limit state function is defined by the deflectiof the beam. The limit state is
deterministic and set to 100 mm while running alalgises, which is a bit over the
mean deflection of the beam 80 mm. This is to @airesults concerning the altered
PROBAB parameters without taking the limit stat¢oiraccount. A limit state
corresponding to lower reliability will increaseetmumber of calculation before
PROBAB reach results i.e. longer calculation tifkerefore the limit state is set to
100 mm and not higher.

As seen in a Figure 4.3 and 4.4 both DS and DAR®odegives higheP; than MC.
The result is sensitive to botlonvandCOV. If COV andconvare decreased both DS
and DARS results approaches MC values. As seeigird-4.3, the accuracy of DS
is decreasing a€QV is altered from 0.3 to 0.2 this indicates that #walysis is
unreliable for higher values @OV, on the other hand large values@DV are not
interesting in most cases.

DS

04 Lo E
0-08\__4_4.4.4_4_4_.:.4
£ 005

008 .

002

Cony cov
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Figure4.3 R using DS Method. The blue surface is the res
the MC simulation.

012\
0.1 ~
008\ |
& 005

0.04

002

Cony L 0 cov

Figure4.4 R using DARS Method'he blue surface is the res
of the MC simulation.

For both DS and DARS method tbenvseems to have converged at 0.01 wbiaV
still tributes to aP; difference. Figure 4.5 below takes a closer looktla
development inCOV direction atconv equal to 0.01. It can be seen that DARS
method follows DS method very closely@®V decreases.

Pf - COV - conv: 0.01
0,1
________ — 0,09
= —"'"u--‘.,_‘ 0,08 Y = == DARS
= 0,07
0,06 MC
0,05 = - =DS
0,3 0,25 0,2 0,15 0,1 0,05 0
cov

Figure 4.5 R plotted against COV at conv: 0.01.

The difference irP; between DS and DARS method is illustrated in Fegdi6. As
can be seen, DS has better accuracy for all valtiesnvand COV. However, this
difference is negligible for higher convergence dads. In Figure 4.7 and 4.8 the
computation time for DS and DARS is plotted whileangingCOV values. DARS
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method is almost twice as efficient as DS methotth \elmost the same accuracy at
low COVandconvvalues and therefore the DARS method is preferred.

DARS & D

A2~

01 o

Pf

0.09 4

0.08

006 i 3

0.4

0.02
Conv cov

Figure4.6 DARS & DS method. DARS is the upper surface ar
is the lower surface.

COV - Time - conv: 0.01

0,15
> 0,1 '\\
o N
© 005 —emwsacoo— === DS
------ DARS
0
0 1000 2000 3000 4000

Time [s]

Figure 4.7  COV plotted against computation Timeatv 0.01.
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Pf - Time

0,08
0,075 = —
& 0,07 - = - = DS
0,065
0,06
0 1000 2000 3000 4000 5000
Time [s]

Figure 4.8 R plotted against computation times correspondinglifeerent COV

values at conv 0.01.

The relative error of DARS is shown in Figure 4l9can be seen that thg is
converging with respect t6OV values lower than 0.05. Whether the valueB;adre
good enough or not are difficult to tell in abselmanner. However, the overall trend
seems to be that th& value is converging in bottonvandCOV direction, definitely

in conv direction. The behavior €OV direction is perhaps less convincing. The
relative error is around 2.9 % f@OV 0.02 with conv 0.01 which should not be
neglected, see Figure 4.10. With even low#DV the P; error is expected to be
smaller but considering how much computation time tequires it is not feasible.

Rel diff DARS

(==}

o

!
-

D
o
L

Rel diff Pf [%]
N
o

20 .-

002

Conv cov

Figure4.9 Relative differences between D/
and MC.
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COV - Relative error - DARS - conv: 0.01

35

30
—

N 20

N
\\ 15
 — 10

Relative error %

0,35 0,3 0,25 0,2 0,15 0,1 0,05 0
cov

Figure 4.10 Relative error of DARS at conv 0.01
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4.1.6 Sensitivity of B to limit state

Figure 4.11 shows that tHg with PROBAB follows MC for different values limit
states. The results form PROBAB are performed W@V 0.05 andconv0.01. As
can be seen in figure 4.12 the relative error oOBRB results are in ranges from
22% to —8%. Concerning the deviation of the twaultssat different limit states,
PROBAB should deliver less accurate results foritlistates close to the mean
deflection and for limit states extremely far awBiC is very accurate for limit states
close to mean values and even less accurate farsiates further away where the P
is significantly low. But having in mind that a t&n relative error for a limit state
further away corresponds to a smaller error in hibsovalues than the same relative
error in a limit state closer to mean values.the.relative error of 22% at limit state
170 mm corresponds to a absolute error of justB-@A For better results the values
of COVandconvshould be set lower.

P, PROBAB & MC

04

——— PROBAB(DARS; COV:0.05; Conv:0.01)
—— MC(N___-5x10%) H

samp

1 1 1

1 1
0.09 0.1 0.1 012 013 014 015 016 017

Figure4.11 R from PROBAB using DARS method with C
0.05 and conv 0.0land MC simulation wit
Nsamples: 10xI0plotted against deflection limit.
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Realtive error of PROBAB results
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Figure4.12
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Relative error of Fcomputed by PROBA#ottec
against deflection limits.
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4.1.7 Conclusion

This study of PROBAB parameters was made in ordegain understanding about
how the results will be affected and how PROBABuWtidoe used with reasonable
settings for sufficient accuracy. This is very impot for analyses that are more
complex, for example non-linear concrete beamsven garger structures like whole
bridges because the computation time will be tretoas. This analysis of a simple
linear steel beam only takes approximately onersmkdo perform one FE-analysis.
This is of course not even close to how long a noomplex FE-analysis will take.
By choosingCOV and conv with a better judgment the computation time can be
reduced a lot, also reduced by choosing DARS idstédS. It is important to have
knowledge about how the PROBAB output is sensitovgparameters governing the
analysis.

This report proposes a valueainvto 0.01. The value c€OV is harder to propose
but at least a value below 0.05 is needed for ¢ketive error to be below 10%,0V
0.02 gives 2.9% relative error but this would iras®e the computation time a lot with
reservations of this particular case not beingerfagal validity.

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2010:145 37



4.2 Test of safety formats on a nonlinear concrete beam

To be able to compare the performance of the diffiesafety formats they were
tested on a nonlinear concrete beam. The test was dsing both numerical and
analytical methods. In the test a simple staticd#yermined structure was used, i.e.
simply supported reinforced concrete beam with iatdoad acting in the middle of
the span, the beam is governed by failure modeentling. The numerical analyses
were made with FE software DIANA. The safety formatere also compared with a
probabilistic analysis using PROBAB as a refererilee evaluation of different
safety formats are carried out against both ULSS8 criteria.

Note: The publications CEN(2004a) and CEN(2004l¢rred to describes safety
formats EN1992-1-1 and EN1992-2 respectively. k figure and plot legends the
name of the safety format is used instead of thdigation.

4.2.1 Point-loaded concrete beam

The concrete beam is modeled using element typeBEL®hich is a curved 3 node
2D beam element with embedded reinforcement. Tioengly and specification of
the beam can be seen in Table 4.2. For the nurhealkzulations a step size of 100 N
has been chosen to ensure accurate resultsmpiriant to reduce the computational
time for the FE analysis when performing probabdisanalysis with PROBAB,
therefore a convergence study on the element siasscarried out to reduce the
number of elements while ensuring sufficient accyrand stability of the analysis.
The built up with a fine mesh in the mid-span where deformation hinge can be
expected and coarse mesh in the rest of the beaumddry conditions and loads are
applied in accordance with Figure 4.13.

d h
P
4
+ 00000 e 7@;
~ L »
w
Mesh
05 T T T T T T T T T T T
05 1 | 1 | | | | | | | |
0 05 1 15 2 25 3 35 4 45 5
Length
Figure 4.13 Point-loaded concrete beam model.

a) Cross-section b) Boundary conditions ¢) Meshssiz
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Ecm fctk 1:ctm fck fcm GF CrackB

[GPa] | [MPa] | [MPa] | [MPa] | (MPa] | INm/m?] | [m] | POO"

Concrete 30/37 - ¢yl 33 2.0 2,9 30 38 75 0.200 0.2
Standard deviation o 1.47 - 0.55 - 4.86 6.9
Es o %% | poison

[GPa] | [MPa] | [MPa]
Reinforcement B500B 200 500 30 0,3

h w d L A,
[mm] | [mm] | [mm] | [mm] [mmz]
Geometry 400 | 250 | 360 | 5000 | 1005
Table 4.2 Properties of the analyzed concretarbea

4.2.2 Material parameters

Both CEN(2004a,b) safety formats consider the diffiee between concrete material
parameters in-situ and the cylinder values. Theesihce is caused due to different
curing conditions and results in a greater dispergor in-situ test. CEN(2004a,b)
considers this uncertainty through their partidfesafactors and therefore cylinder
values should be used as input. Hence also Scleluag2010) safety format should
consider this uncertainty. This is done by conwertthe concrete material input
parameters to in-situ values according to JCSS1@0and Thelandersson, Carlsson
et al. (2008b). Cervenkat al. (2007) safety format uses cylinder values as input
without any in-situ considerations.

In-situ material parameters are obtained using thdollowing formulas:
The in-situ concrete strengixs is related to the cylinder concrete strength,; see
to equation 4.5, where, is based on tests and set to 0.85 according t@3191.

lufc,is = IUK lufc,cyl (45)

According to (2001a)x is lognormal distributed with mean valug and with
coefficient of variationV, = 0.06. The in-situ relation can then be descrittth
equation 4.6.

Vfc,is = ‘\/Vfi,cyl +VK2 (46)

The mean value of the concrete tensile strength, and the mean characteristic
modulus of elasticity in-situecis can according to CEN(2004a) be calculated
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according to equation 4.7 and 4.8. Whdigis is the characteristic concrete
compressive strength in-situ apdsis the mean value of the concrete strength in-
situ.

2
3
ck,

lufct,is = O3f Jis (47)

/,[ 03
_ fcis
:quis - 2200% 10 J

(4.8)

Reinforcement material parameters, &nd f, can according to (2001la) be
approximated with lognormal distribution and a si@al deviation of 30 MPa.sks
considered to be constant. Reinforcement parametersnot affected by in-situ
conditions.
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The resistance of the structure depends on thaattic material parameters. In order
to evaluate the sensitivity of the resistance @f structure with respect to material
parameters with a significant stochastic distridmitia parameter study is performed.
This is done through changing of the material patans with stochastic distribution

to values corresponding to certain fractiles wkigéeping other constant according to
Table 4.4.

Material Concrete Steel

Parameter Ec,is fc,is fct,is GF,is fy,is

Concrete: mean ; Steel: Beta 1.65 | mean | mean | mean | mean | 1.65
Concrete: mean ; Steel; Beta 2.15 | mean | mean | mean | mean | B2.15
Concrete: mean ; Steel: Beta 3.04 | mean | mean | mean | mean | 33.04
Concrete: mean ; Steel: Beta 3.76 | mean | mean | mean | mean | B3.76

Steel: mean ; Concrete: Beta 1.65 | B1.65 | 1.65 | 1.65 | B1.65 | Mean
Steel: mean ; Concrete: Beta 2.15 | $2.15 | $2.15 | B2.15 | B2.15 | Mean
Steel: mean ; Concrete: Beta 3.04 | $3.04 | $3.04 | $3.04 | B3.04 | Mean
Steel: mean ; Concrete: Beta3.76 | B3.76 | $3.76 | B3.76 | B3.76 | Mean

All: mean ; f.: Beta 1.65 mean | B1.65 | mean | mean | Mean
All: mean ; f.: Beta 2.15 mean | B2.15 | mean | mean | Mean
All: mean ; f.: Beta 3.04 mean | B3.04 | mean | mean | Mean
All: mean ; f.: Beta 3.76 mean | B3.76 | mean | mean | Mean
Figure 4.4 Table of performed analyses and thegut values. Note that

in-situ values are used.

The parameter study is conducted using valuesatetcorresponding to certath
index. Thes index chosen for the fractiles here are:

0.00 (mean)

1.65 (characteristic)

2.15 (Proposed value for Schlueieal (2010) safety format)
3.04

3.76

The mean value gives the most realistic responfigecdtructure.

4.2.3 Comparison with only the material uncertainty

The difference between CEN(2004a,b) safety format Schlunest al (2010) safety
format is the way the material uncertainty is dedivgeometric and model uncertainty
is accounted for identically in the same way. Tdkena clear comparison between
CEN(2004a,b) and Schlure al (2010) one part of the comparison is focused en th
material uncertaintyX,. The probabilistic analysis with PROBAB can theref be
simplified and much faster with only material paedars set as stochastic.
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In the following part the material uncertainty weaslated from the resistance
uncertainty.

4.2.3.1 CEN(2004a)

By only taking the material uncertainty into accobwien deriving the partial safety
factors it is possible to calculate the designstasice with considerations of the
material uncertainty only, see equation 4.9. Theffament of variation of the material

uncertainty for steel and concrete is 4% and 158pectively according to JCSS
(2001b).

Ve =V (4.9)

According to CEN(2004a) the partial safety factoasm be calculated with equation
4.10, and 4.11. The partial safety factors wheny otwnsidering the material
uncertainty become:

For steel:

y.=explasBVy - 1641V, )= exp(0.8B.810.04 - 1.64 [0.04)= 1058 (4.10)

For concrete:
y. = 1.15 [exp (aRﬂVR - 1641V, ): 1.15exp (0.8 (8.8 10.15 - 1.64 [0.15) = 1419

(4.11)

4.2.3.2 CEN(2004b)

CEN(2004b) is based on the partial safety factoiSEN(2004a). By using the safety
factors from CEN(2004a) when only considering thatamal uncertainty, new
material parameters and a new resistance safdty feen be calculated as:

v, =110, Ys =11000228 = 0820

Y. 1419 (4.12)
When the limit deformation is reached in steel:
Ve =V [11=105811=116¢ (4.13)
When the limit deformation is reached in concrete:
Ve = V. W, = 1419.0820= 1163 (4.14)

The resistance safety factor becomes identicalwioichever limit deformation is
reached.

4.2.3.3 Schluneet al (2010)

The safety format derives the material uncertaimginly and adds both the
geometrical and model uncertainty as parametetiset@oefficient of variation of the
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resistance; this makes it easy to separate theialatacertainty and neglect the other
uncertainties.

Ve =V, (4.15)

4.2.3.4 Cervenkaet al. (2007)

Cervenkaet al. (2007) safety format is calculating the coeffi¢ien variation of the
resistance according to equation 4.16. It is nadsjbe to separate the material
uncertainty or any uncertainty from Cerverdtaal. (2007) method. Th¥r is directly
based on the analyses using mean and charactenaterial parameters. Therefore
this safety format cannot be compared with the rotfadety formats when only the
material uncertainty is considered.

V. = Lm(&J
165 ( R, (4.16)
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4.2.4 Evaluation of structural sensitivity to material parameters

The difference of structural resistance when thecste in-situ strength and cylinder
strength is used can be seen in Figure 4.14. Th&taace when using in-situ values is
lower than the one obtained when using cylindeneslas expected. The difference is
too great to be neglected and influence the straktasistance to some extent.

Resistance with in-situ and cylinder values

140
130
120
110
100
90
80
70
60
50
40
30
20
10 . . . . .
0
0 5 10 15 20 25 30

Resistance [kN]

Displacement [mm]

Mean
Mean (insitu)

Beta 1.645

- Beta 1.645

(insitu)

Figure 4.14 Comparison of the structural resis@anwith in-situ and cylinder

values on the material parameters.
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Figure 4.15 shows the response of the structursisteence when all material
parameters are altered. The resistance is decgeasnthe reliability index is
increasing as expected.

Resistance with different B-values

140
130
120
110
100
90
80
70
60
50
40
30
20
10

Mean (insitu)

--------- Beta 1.645 (insitu)

----- Beta 2.15 (insitu)

= = = Beta 3.04 (insitu)

Beta 3.76 (insitu)

EN1992-2

Resistance [kN]

0 5 10 15 20 25 30

Displacement [mm]

Figure 4.15 The structural resistance is given fanaterial parameters
corresponding to different Beta values.
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Figure 4.16 shows the sensitivity of structuralistesice against altering &f. The
resistance of the structure decreases when charthmgreinforcement strength
corresponding to fractiles further away. The oribchastic steel material parameter is
fy, Es is set constant, distribution & is neglected. The stiffness of the beam is not
affected by the steel strength and this can be asdhe response with all different
fractiles is the same until yielding. The diagrafeady shows that the ultimate
resistance is very much dependent on the reinfagoésteel, i.e. the yield strendh

Sensitivity of the resistance when changing f,

140 Mean (insitu)
130
--------- Concrete: Mean;
120 Steel: Beta 1.645
110
Concrete: Mean;
100 Steel: Beta 2.15
90 // = = = Concrete: Mean;
80 / : Steel: Beta 3.04

70 / = = Concrete: Mean;

: I: B 7
60 / ; Steel: Beta 3.76
50 » i EN1992-2
40 / -

Resistance [kN]

30 s
0 |/
10 _
0 : . : : :
0 5 10 15 20 25 30

Displacement [mm)]

Figure 4.16 The structural resistance when the oetec parameters are held at
mean with reinforcement parameters corresponding different
fractiles.
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The result when looking at the sensitivity of theistural resistance whdpis altered
can be seen in Figure 4.17 and with a closer ladkigure 4.18, the figures show the
dependence of the concrete when the reinforcenanbéen set to mean values. The
result shows that the stiffness is deviating whsingidifferent concrete compressive
strengths. As can be seen in Figure 4.17, accotditige FE simulation the structure
has the same ultimate resistance even if all comqgarameters are altered or if only
the concrete compressive strenftis altered.

Resistance [kN]

140
130
120
110
100
90
80
70
60
50
40
30
20
10

Sensitivity of the resistance when changing f,

i i i

15 20 25 30

Displacement [mm]

Mean (insitu)

All: Mean; fc: Beta
1.645

----- Concrete: Beta 1.645;
Steel: Mean

= = = All: Mean; fc: Beta
2.15

Concrete: Beta 2.15;
Steel: Mean

All: Mean; fc: Beta
3.04

— . = Concrete: Beta 3.04;
Steel: Mean

All: Mean; fc: Beta
3.76

Concrete: Beta 3.76;
Steel: Mean

EN1992-2

Figure 4.17 The structural response is comparednmtiganging all the concrete
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compressive strength.
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Studied carefully, it can be seen that the curvedsrapairs of two for the same value
of . The change of resistance is governing by the rebecompressive strength
other concrete parameters have minor influence.\beking at the response it is
clear that the stiffness when moving all concreaeameters is decreasing more than
when only changing: but this is not influencing the ultimate resistance

Closer look at the sensitivity the in f_ direction

Mean (insitu)

All: Mean; fc: Beta
1.645

----- Concrete: Beta 1.645;
Steel: Mean

= = = All: Mean; fc: Beta 2.15

135

Concrete: Beta 2.15;
Steel: Mean
All: Mean; fc: Beta 3.04
125
« . = Concrete: Beta 3.04;
Steel: Mean
All: Mean; fc: Beta 3.76

Resistance [kN]

Concrete: Beta 3.76;
Steel: Mean

115 | — EN1992-2

105

17 19 21 23 25 27
Displacement [mm]

Figure 4.18 A closer look on the design resistantke concrete compressive
strength is compared with all concrete parameters.
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4.2.5 Results of the safety format comparison
4.2.5.1 EN safety formats

It can be seen in Figure 4.19 that both CEN(2004a#&fety formats give
approximately the same design resistance. CEN(2084a been analyzed both
numerically and analytically in order to be complr&heir design resistances are
almost equal and this confirms that the accurachefFE analysis is sufficient. The
basic idea of CEN(2004b) is to use input valueshef material parameters close to
mean values to get a response close to the reaksiponse and to be able to use the
ultimate resistance with a resistance safety factget the design resistance. But still
there is a difference in response compared withntiean response, even if it is
relatively close. The difference in response appeaore in the beginning and when
reaching closer the ultimate resistance. Compaidd ®EN(2004a) the response is a
great improvement in CEN(2004b). However, the desigsistances of both
CEN(2004a,b) safety formats coincide very well vatth other.

Resistance according to EN safety formats

140
130
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90
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70 : !
50 | ?
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20
10 | : : :
0 ; i | i |
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Displacement [mm)]

Mean (insitu)
EN1992-2 (before
reduction)
EN1992-1
EN1992-1 Analytical

EN1992-2 Analytical

EN1992-2

Resistance [kN]

Figure 4.19 Comparison of the structural resistarmmeording to CEN(2004a,b).
CEN(2004a,b) safety formats have been performel aoalytically
and numerically.
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4.2.5.2 Cervenkaet al. (2007) safety format

Cervenkaet al. (2007) safety format clearly overestimates theigiesesistance
compared with CEN(2004b).

Resistance according to Cervenka safety format

140 Mean (insitu)

130 EN1992-2

120 { ; : Cervenka: Mean -
110 : ; | Characteristic

100
90
80
70
60
50
40
30
20
10

Resistance [kN]

0 5 10 15 20 25 30
Displacement [mm]

Figure 4.20 Comparison of the structural resistanoetween Cervenka et al.
(2007) and CEN(2004b) safety format.
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4.2.5.3 Schluneet al (2010) safety format

The resistance according to the safety format byudeet al (2010) can be seen in
Figure 4.21. CEN(2004b) is compared with Schlahal (2010) safety format using
numerically partial derivatives based on simulatiomhere inputs of differeng-
values have been used. Schl@teal (2010) suggests /@ value of 2.15 but othes-
values does also show to give similar results. @ifeerence of the structural
resistance when compared with both CEN(2004b) #rdifeerent partial derivatives
are negligible.

Resistance according to H.Schlune safety format

140 o == .o — + =Mean (insitu)
; : ; /S
130 X ; ya ; EN1992-2
120 : : 7 ﬁ
; | ; /- ‘ Schlune: Mean -
110 : N : Beta 1.645
100 KA L Schlune: Mean -
§ D ; Beta 2.15
;Z_“ 90 ; / : Schlune: Mean -
5 80 4 Beta 3.04
g ; : ./ ; : Schlune: Mean -
E 60 . / ? ;
50 ! Ao
o |/
30 e
v B
20 /
10 |+ ; : : ‘
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0 5 10 15 20 25 30

Displacement [mm)]

Figure 4.21 The structural resistance accordingtiie proposed safety format by
Schluneet al (2010).
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Figure 4.22 reveals that the design resistancésdifferents-values are almost
equal. Figure 4.23 shows that the relative diffeesis small. Schlunet al (2010)
suggests the use 62.15 which give a design resistance closest to @&0¢b).

Design resistance of safety formats

—_ 100000
2
= 80000
[J]
e
s 60000
7
a 40000
<
20000
0
Schlune: Schlune: Schlune: Schlune:
EN1992-2 Mean - Beta | Mean-Beta | Mean - Beta Mean - Beta
1.645 2.15 3.04 3.76
| m Safety format 106693 106840 106729 106325 105733

Figure 4.22 The design resistance of Schlune €G&l0) safety format for different
values off and CEN(2004b).

Relative differance between safety formats

0,20%
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§ _0120% .
©
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K] -1,00%
e Schlune: Schlune: Schlune: Schlune:
EN1992-2 Mean - Beta | Mean - Beta | Mean-Beta | Mean - Beta
1.645 2.15 3.04 3.76
| m Safety format 0,00% 0,14% 0,03% -0,34% -0,90%

Figure 4.23 The relative difference between thegmeresistance of Schluret al
(2010)safety format for different values @find CEN(2004b).
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If making the same comparison as above when okiggahe material uncertainis
into account the results are still in the same eaiipe relative difference is only 1 %
or 2 %, see Figure 4.24 and 4.25. The derivatigasg 2.15 do not give the most
accurate result in this case. Blvalues in this test give resistances that ardigio.

The Schluneet al (2010) design resistance is approaching CEN(200ébistance as
thep-value is increased.

Design resistance - material uncertainty only

100000
= 80000
=
[J]
e
s 60000
2
(7.}
(]
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Schlune: Schlune: Schlune: Schlune:
EN1992-2 Mean - Mean - Mean - Mean -
Beta 1.645 Beta 2.15 Beta 3.04 Beta 3.76
| m Safety format 116301 118838 118633 117908 116874

Figure 4.24 The structural resistance when onlynsidering the material

uncertainty. CEN(2004b) is compared with Schlunal €2010) safety
format using differeng-values.
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Design resistance - material uncertainty only
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EN1992-2 Mean - Mean - Mean - Mean -
Beta 1.645 Beta 2.15 Beta 3.04 Beta 3.76
| m Safety format 0,00% 2,18% 2,01% 1,38% 0,49%

Figure 4.25 The relative difference in the struelurresistance when only
considering the material uncertainty. CEN(2004b)c@mpared with
Schlune et al (2010) safety format using diffefenalues.

4.2.5.4 Comparison of safety formats

When studying all design resistances obtained @oraance with the different safety
formats, see Figure 4.26, it can be seen thatdhegyjve a design resistance within the

range of a few percent. According to this compariie relative difference of all
safety formats perform within 1 % with exception @&rvenkaet al. (2007) format

which gives higher deviation of 5.5 %, see Figur274 In this test CEN(2004b) is

regarded as a reference.
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Safety format comparison
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Figure 4.26  The design resistance of all testedtgdbrmats, both analytically and
nummerically.
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Safety format comparison
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Figure 4.27 The relative difference of structuraksistance of the safety formats,
CEN(2004b) is used as a reference.
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4.2.6 Probabilistic comparison of safety formats with ony
consideration of the material uncertainty

4.2.6.1 Probabilistic analysis with PROBAB

A probabilistic analysis has to be performed totbetactual design resistance of the
concrete beam and be able to evaluate responsetimdifferent safety formats. This
is achieved by using PROBAB. The settings for PR@Bxarameters should be used
according to Chapter 4.1, whecenv and COV should be set to 0.02 and 0.10 or
better. The beam in this analysis is relativelyt fas compute numerically and
therefore it can be feasible to use even tougber and COV for the probabilistic
analyze, i.e. more accurate results. Also the DARShod should be used instead of
DS to save computation time.

Concrete parameters are correlated which shouldodnsidered in a probabilistic
analysis. The correlation is not explicitly statedthe JCSS model code. Instead
formulas to compute all input parameters given rcoete compressive strength. The
correlation between the parameters can be obtdipete following equations from
JCSS (2001a)

The concrete compressive strenfytis given by the following expression:
foy =at D) (fooy) " Vo, (4.18)
where

Yij = a log-normal variable representing adddl variations due to
the special placing, curing and hardening condgioh in-situ
concrete at job |, see table 4.6.

A = lognormal variable with mean 0.96 apéfficient of variation
0.005
a(t,r) = is a deterministic function which takes intwaunt the concrete

age at the loading time[days] and the duration of loading
[days];

at,r)=a,(r)a,(t)

ai(t) = 0.8 can be used in most applications

a,(t) =a+bin(t)

a=0.6 and b = 0.12 can be used for normal cromdit
feojj = lognormal variable, independent ofYsee equation 4.19

The functionfc, j depends on parameters which are given in TableleSarameters

are student t-distributed. The concrete used mtidst is C30/37 and by interpolation
it can easily be seen that the strength paramatetse table becomes; m'=3.75,
n'=3.0, s’=0.105 and v'= 10.

fooi =€xpm’+ tvs"(1+$) %) [MPa] (4.19)
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10
0

Concrete type | Concrete grade Parameters
m' n' s' V'
Ready mixed | C25 3.65 3.0 0.12
C35 3.85 3.0 0.09 1
Table 4.5 Prior parameters for concrete strengtstritbution (Part of table from

JCSS)

The concrete tensile strendthand E-modulug. can be calculated by the following

equations:

foy = 03F5°Y,, (4.20)

E., =105f%Y,, @+ B,8(t.7))™ (4.21)

Distribution Coefficient of

Variable |type Mean| variation Related to
Y, LN 1.0 ]0.06 compression
Y2, LN 1.0 ]0.30 tension

Y3, LN 1.0 ]0.15 E-modulus
Ya, LN 1.0 ]0.15 ultimate strain
Table 4.6 Data for parameters YTable from JCSS)

With help of Matlab it is possible to calculate tbhencrete parameters and their
distribution and also the correlation between tloetsastic concrete parameters. The
resulting correlation can be seen in table 4.7.

Parameter f, fet E.
fe 1 0.3121] 0.3157
foi 0.3121 1 -
Ec 0.3157 - 1
Table 4.7 Resulting correlation between the comcpatrameters:f f;; and E.

According to the JCSS formulas above the correfaticthe material parameters is
nonlinear; in PROBAB it is only possible to intragtulinear correlations.

The material parameters of preeminent importancéherstructural resistance dee
and f, when it comes to beams subjected to bending. Oshmshastic material
parameters have shown to be negligible and caretbdeterministically (Which has
also been confirmed by results in the previous wapTherefore, only these two
were sampled and should give results with enougiuracy. When onlyf; is a
stochastic parameter in the concrete there is ed fa correlation and there is no

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2010:145 59



correlation betweef, andfy. In-situ values of the material parameters werdus
order to make a fair comparison between the sdéetyiats which also take in-situ
conditions into consideration. Settings for theunparameters can be seen in Table
4.8.

Material o Standard
parameter Value Distribution deviation
Esm 200 GPa Deterministic -
fym 552 MPa Lognormal 30 MPa

Ecm,is 31 GPa Deterministic -
femis 32 MPa Lognormal 5.03 MPa
fetmis 2.6 MPa Deterministic -
GF,is 68 Nm/m? Deterministic -

Table 4.8 Input parameters for PROBAB.

Limit state:

The limit state should be defined by a parametat torresponds to the collapse in
the pertinent failure mode. The most straightfodvwaray of achieving this is to assign
distributions to the material parameters of impaeea and a limit state based on
sudden increase of deflection or stain, whateveresents the collapse, this approach
is illustrated in Figure 4.2.6.1. In this simulatiovhere the failure mode is bending,
there are two occupancies are possible, crushintpeoiconcrete or yielding of the
reinforcement. Both these possibilities should dmanted for by limit states.

Instead of distributing the yield strength as aemnat parameter, the condition of
collapse at yielding is equivalently captured tlgylowistribution of the pertinent limit
state and a deterministic material parameter. Dinerete compressive strength is still
distributed as a material parameter as illustratédgure 4.2.6.2.
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Distribution of input parameter Distribution of limit state

i limit

fc L fc

fy limit
fy L fy
Figure 4.2.6.1 Traditional approach of limit staftamulation with distributed

input parameters and deterministic limit states.

Distribution of input parameter Distribution of limit state

fe limit

fc l fc

fy limit

Figure 4.2.6.2 Formulation of limit states usedhis simulation.

Reliability target:

The aim of the probabilistic analyze in this test to obtain the resistance
corresponding to a reliability indegkof 3.04.
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4.2.6.2 Results comparison against probabilistic analysis

The result shows the resistance regarding only fagerial uncertaintyX;. As
mentioned earlier this was done in order to isotheematerial uncertainty which is
the focus of this investigation. Also Schlueeal (2010) safety format exclusively
concernsX;. The probabilistic analyze using PROBAB was takenreference. The
design resistances according to CEN(2004a,b) ahtliszet al (2010) safety format
performs well and render results close to the giblstic results see Figure 4.28.
When taking a closer look it can be seen that $ehkt al (2010) method is
overestimating the design resistance with 1.5%.

Safety format comparison - material uncertainty

only
100000 -
80000 -
g
= 60000 -
3
c
S 40000 -
2
(7]
(]
& 20000 -
0 4
1
W EN1992-1 116400
EN1992-2 116301
B PROBAB Beta 3.04 (ref) 116850
B SCHLUNE 118633

Figure 4.28 The structural resistance with regaadnbaterial uncertainty Xonly.
PROBAB is used as a reference.
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Safety format comparison - material uncertainty

only
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o
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& -0,5%
-1,0%
1
mEN1992-1 -0,4%
EN1992-2 -0,5%
m PROBAB Beta 3.04 (ref) 0,0%
B SCHLUNE 1,5%

Figure 4.29 The relative difference between CEN{g200) safety formats, Schlune
et al (2010) safety format and a probabilistic arra using PROBAB.
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4.2.7 Schlune et al (2010) format with altered reinforcement
amount

To investigate the general validity of the compamidetween Schlunet al (2010)
and CEN(2004b) safety format, over and under redeid beams where tested with
both safety formats. PROBAB analyses where usedatculate the probability of
failure P; and thep-value for both cases. To be able to compare theltseof the
safety formats with the probabilistic analyses ome material uncertainty is
considered.

The concrete beam studied so far in the test haseording to Eurocode adequate
amount of reinforcement which is ~1005 fmfor a beam of this geometrics. Another
under reinforced beam with 500 rand an over reinforced beam with 2000 mm
reinforcement are also tested.

The limit state is formulated through the reinforant yield strength and the vertical
deflection of the beam at mid-span.

The resistance of the beam is calculated for baetlety formats with different
amounts of reinforcement and these resistancesisa@ to calculate the reliability
index with PROBAB.

The results show that both CEN(2004b) and Schkinal (2010) overestimate the
capacity when the beam is strongly under reinforaed underestimates when the
beam is over reinforced. Schluatal (2010) safety format is then less conservative
than CEN(2004b).

B Vs Reinforcement amount

w
[0, Y

s e o em o

:

(-8

3

T 2,5

2 2 EN1992-2
E 1,5 H.Schlune
2

= . =Target (Beta 3.04)

[y

o
w

o

500 1000 1500 2000
Reinforcement amount [mm?]

Figure 4.30 Results using PROBAB to calculate fhealue when changing
reinforcement amount.
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4.2.8 Test of safety formats in SLS

Schluneet al (2010) safety formats is compared with CEN(200#bPerviceability
Limit State (SLS) using the same concrete beamnadLiS testing. CEN(2004b)
requirements in SLS concerns limiting crack widtlad @eflection. Here the deflection
criterion is considered. Eurocode states that thgimum deflection limit isL/400
with reliability indexg of 1.5. In SLS there are no safety factors cowadmg to the
ones in ULS that are fitted to achieve the targbalbility. Instead CEN(2004b) states
that the limiting deflection is not to be exceed®éden using characteristic material
parameters. With a beam length of 5 meters thec&h limit becomes 12.5 mm.

A sensitivity study of the material parameters veheairried out in order to determine
which stochastic parameters are of importanceherstructural deflection. The study
showed thak,, f;, f.: and G influenced the deflection and should be used fer t
safety format.

Schluneet al (2010) suggests that the partial derivatives asduated at reliability
index of 0.85 however the test is also performedguseliability index 2.15 as in ULS
tests. Again the in-situ material parameters whesed in the test. For the same
reasons as in the ULS testing the comparison s @saducted where the model and
geometric uncertainties are excluded. This in ortterenable verification by
PROBAB, it is not possible to run PROBAB with respéo all uncertainties. As
explained above the resistance according to CEM20B not governed by safety
factors based on the target reliability, this mak@spossible to separate the material
uncertainty.

When conducting the probabilistic analysis the eargeliability is f 1.2. The
probabilistic analysis is again using PROBAB’s DARSthod with setting€OV 0.1
and Conv 0.01. As in the previous test the stochastic nat@arameters are in
accordance with JCSS guidelines. Unfortunatelyctbreelation feature of PROBAB
is out of order. The results from PROBAB where doanging as the feature where
used. Therefore the analysis is carried out usimegpuelated material parameters. The
parameters used are stated bellow in Table 4.9.

Table 4.9 Stochastic material parameters accordmdCSS
p';/lrztr:::ai:;r Value Distribution jz?:t?;:
Esm 200 GPa Deterministic -
fym 552 MPa Deterministic -
Ecm)is 31 GPa Lognormal 4.69 GPa
femis 32 MPa Lognormal 5.03 MPa
fetmis 2.6 MPa Lognormal 0.77 MPa
GFm,is 68 Nm/m? Lognormal 7.98 Nm/m?
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4.2.8.1 Results in serviceable limit state

Results of CEN(2004b) and Schlunet al (2010) safety format:

Table 4.10  Resulting resistance with all uncertemtand with the material
uncertainty Xonly.

Safety format Resistance [N]
CEN(2004b) 74323
All uncertainties Schlune B 0.85 70258
Schlune B 2.15 70229
Schlune 3 0.85 73167
X¢ only
Schlune 8 2.15 73294

Schluneet al (2010) safety format give a lower resistance inSStompared to
CEN(2004b) for botl# 0.85 angs 2.15 with all uncertainties in consideration.

Results from the probabilistic analyze:

Table 4.11  Results from PROBAB compared with Sehkinal (2010) safety
format

Resistance [kN] | Difference [%]
PROBAB [3 1.20 (ref) 70.500 0.00%
Schlune 3 0.85 73.167 3.78%
Schlune 3 2.15 73.294 3.96%

Compared with the results from the probabilistialgsis the resistances according to
Schluneet al (2010) format are roughly 4 % higher. Bgil0.85 ands 2.15 renders
almost no difference i.e. this value does not ddpmm where the partial derivatives
are evaluated. Note that the obtained probabilrsstlts can only be compared with
safety formats where only the material uncertaistyonsidered, CEN(2004b) cannot
be compared with the probabilistic results.
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4.2.9 Conclusion

The intention with the test of the non-linear caterbeam was to evaluate Schlghe
al (2010) safety format.

When comparing all safety formats with consideraid all uncertainties, the design
resistances agree well with each other except éovéhkaet al. (2007) safety format
which overestimates the design resistance by 5s8%Figure 4.27.

When only considering material uncertainty, theigiesesistance with Schluret al
(2010) safety format is 1.5 % higher than the phbilistic analyses and CEN(2004b)
0.5 % lower than the probabilistic analyses, seeré 4.29.

When the reinforcement amount is increased both (@&Nib) and Schlunet al
(2010) tends to give higher reliability index. Adimforcement amount adequate to
Eurocode recommendations, the reliability of CENY&) coincides with the target
value better than Schluret al (2010) safety format. Overall, when looking at the
reinforcement amount CEN(2004b) is more consergatinan Schlunet al (2010)
safety format.

In SLS Schluneet al (2010) format is conservative compared to CEN(2004
according to table 4.10. In turn Schluee al (2010) overestimates the resistance
according to the probabilistic analysis. Hencs rjuite clear that CEN(2004b) is non-
conservative. All safety formats could not be coregawith probabilistic results, but
the resistance according to Schlwel (2010) safety format was roughly 4 % higher
than the probabilistic results.

The safety format according to CEN(2004b) and Sehkt al (2010) lead to quite
similar resistances when all uncertainties areushetl. In the ULS CEN(2004b)
agrees better with the full probabilistic analysisen only the material uncertainty is
considered. However, the strength of the safetyn&raccording to Schlunet al
(2010) is to account more properly for the modetartainty which has not been
included in this study. There is reason to beliévat the nature of Schluret al
(2010) format suggests that it will perform beitemore complex situations
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4.2.10 Discussion of non-linear concrete beam test
Parameter study in ULS

According to Chapter 4.2.4 the concrete compresstinength and reinforcement steel
yield strength are the two parameters with infleermn the structural resistance
superior to others. That is, they are the two nmogiortant parameters in relation to
their coefficient of variation. The parameter stymrformed in Chapter 4.2.4 does
not guarantee that the structural resistance ensi8ve to all other parameters. For
example, if the steel modulus of elasticity is setzero it will have a tremendous
impact on the results. On the other hand, the evkstich a value of the modulus of
elasticity is well beyond highly unlikely. In a giabilistic analysis it is only
meaningful to describe a parameter as distributédhas importance in an absolute
way and in addition has a coefficient of variatluigh enough to cause the resulting
structural capacity to be distributed. What isssdared as output in the sensitivity
analysis in Chapter 4.2.4 is the ultimate strudtueaistance. If instead the ultimate
deflection was considered the conclusion may hasenbdifferent. In terms of
ultimate deflection the difference is in fact salgrercent when comparing the result
from the analysis using a concrete compressivengtineat a certain fractile to the
result received when all concrete parameters quoregs to that same fractile, this is
because of the altered modulus of elasticity. We@mparing the ultimate resistance
in the same way the relative difference is per aodths. So have in mind that this is
a result valid in the case of ultimate bending capa If for example ultimate
shearing-load or crack-load is considered the itapoe of the different material
parameters may be different.

ULS results:

The results from the test of the nonlinear concbet@m show that both CEN(2004b)
and Schluneet al (2010) safety format works well according to résutom the
probabilistic analysis. CEN(2004b) safety formagimate in CEN(2004a) which has
been developed under a long period of time andbessn composed on years of
testing and experience from many different research.e. empiric based safety
format. This format has in that way more or lessrbadapted for common cases as
beams in bending with adequate amount of reinfoec#nand therefore it is no
surprise that CEN(2004b) gives good agreement whth probabilistic analysis.
Schluneet al (2010) safety format also gives good agreement disgimilar to
CEN(2004a,b) is based on theory, this is very edgtng and shows that theory
coincides well with the empiric based safety forrfat the studied structure. How
they perform in a more complex structure is hardagp, whether a theory or empiric
based safety format will result in a more accucdksign resistance.

The theory behind Schlunet al (2010) safety format seems reasonable, it takes
consideration to the importance of the stochastrameters with significant influence
of the resistance, and therefore this format shawdd only work with adequate
amount of reinforcement but also for all amountehforcement. This theory yields
also for other parameters with different importafarehe resistance.

Schluneet al (2010) suggests estimating the importance of stmthastic parameter
by changing the parameter with theof 2.15 to get a good estimation. In this case
with a concrete beam in bending with adequate amoiureinforcement this choice
works well, othey values do not give much difference and could bisased.
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The Cervenkaet al. (2007) safety format is built up on the idea tdireate the
coefficient of variation of the resistance. Onle thatio between characteristic and
mean resistance has been taken into consideratien wstimating the coefficient of
variation Vg which then is used to calculate the resistancetydfactor for the
resistance with reliability indeg andagr of 4.7 and 0.8, respectively, see Table 3.2.
For information about reference periods see Chapter Cervenkaet al. (2007)
dictates 4.7 as a value pbut why this is taken is not clear, Eurocode ssgg@8.8 in
the ultimate limit state which corresponds to feelyprobability of 50 in a million.
Instead iff of 3.8 is used with Cervenket al. (2007) safety format the design
resistance would be grossly overestimated. In EiguB1l, the design resistance is
plotted againsf which clearly shows the difference between CENg)QCervenka

p 3.8 and Cervenk@é4.7.

Cervenka safety format

120
118
116 Beta 3.8 +Cervenka
114 118 Beta 4.7
112 Beta 4.7 —&—Beta 3.8

110 113 ——EN1992-2
108

106
104 EN1992-2
102 6,0

107
100

Design resistance [kN]

3,0 3,2 3,4 3,6 3,8 40 4,2 44 4,6 48 50 5,2 54 56 58 6,0
Reliability index B

Figure 4.31 The resistance for Cervenka et al. @Gafety format Vs reliability
index 5. The horizontal line is the design resistance &aditg to
CEN(2004b).

When it comes to geometric and model uncertaintygihidance today in this subject
is diffuse. The geometric uncertainty is often drbat the model uncertainty can be
of great significance. It can in many cases be hardestimate how big the

uncertainties are, especially for the model unaggtaFor more complex structures
this becomes even harder, for these structuresngpertance of the model uncertainty
can be essential and much larger than the matenakrtainty. If the model

uncertainty is much larger than the material urdety, the uncertainty of the

structure becomes almost solely dependent on thdelmoncertainty while the

material uncertainty becomes negligible. Reseabtuamodel uncertainty and better
guidance is important and needed in the futurestalide to improve the evaluation of
the structure design resistance. This is the reagyy in this comparison of safety
formats it was decided to separate the model amingiic uncertainty from the

results and focused only on the material uncestaint

PROBAB is still under development and far from lgeiimished probabilistic FE
software. There is almost no guidance or help ableut the software and even the
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error messages do not give much help. In the e, kmowledge based on trial and
error, which is extremely time consuming becausepmfbabilistic analysis, the
software works fine and the results were very aamteuwhen they are compared with
Monte Carlo simulations. By only considering the tem@al uncertainty many
stochastic parameters can be neglected and thispgeeded up the probabilistic
analyses a lot. This has not only made it possiblhe matter of time to perform
probabilistic analyzes but also leads to less tiemanding analyses and therefore the
opportunity to run convergence criterions of highecuracy of the analyses that was
performed. Neglecting the geometric and model uagey also reduces the risk of
choosing wrong input or setting for each probatidianalysis i.e. reduces the error in
results.

It is of importance that safety formats are feasible. easy to accomplish and
understand, and not too time consuming. This mighthe reason why the safety
format by Cervenka&t al. (2007) has been well know and suggested in a gleoidd

of time. The Cervenkat al. (2007) format only requires two analyses and some
simple calculation to obtain the design resistahogever this design resistance does
not seem to be accurate but the safety formaillisety feasible. Schlunet al (2010)
format is still under development which shall bketainto consideration but as we
speak the safety format uses three analyzes fosahmee case where Cervenddaal.
(2007) uses two and CEN(2004b) uses only one. Asbduld be noted that also the
stochastic parameters with significant influencesthe recognized and analyzed with
parameters corresponding to fractilesd?.15. This might not be a problem to find
the parameters with significant influence with soex@erience for simple structures
like bending beams for example, but for more comleuctures they are harder to
recognize. It is of course possible to use all lststic parameters but for each
parameter added another analysis is required. fHs&u consideration can also be
tricky. Instead of converting the cylinder values ih-situ values according to
Carlssonet al. (2008b) and JCSS (2001a) an easier way of takiegir-situ into
consideration would be great, maybe by some cotsstarsimple formulas. However
Schluneet al (2010) safety format works very well in this tefstrther test of other
structures is needed to verify that this is thed¢aother tests.

SLS results:

According to the results, Schlunet al (2010) overestimates the capacity and
CEN(2004b) gives a higher resistance than Schétraé (2010) when considering all
uncertainties. Meaning that Schlueteal (2010) is closer to the obtained probabilistic
results, hence, the comparison may not be compléel since CEN(2004b) cannot
be compared directly with the probabilistic analymeg anyway shows that it is very
likely that Schlunest al (2010) performs more accurate than CEN(2004b).

Unfortunately it was not possible to correlate #techastic material parameters, if
this had worked the dispersion of the result wdwd@le been greater as the concrete
parameters are positively correlated and all hagesitive influence of the structural
resistance. Again, PROBAB is a software under dgraknt and it is not clear why
the analysis did not work when using the correfafemature.
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Simplifications of the probabilistic model:

In reality the concrete compressive capacity aedctincrete modulus of elasticity are
correlated quite strongly, the same goes for th@aeement yield strength and it’s
modulus of elasticity. These correlations are ept@sented in the probabilistic model
due to the fact that only. fand { are considered to be distributed in ULS.
Furthermore, in this probabilistic simulation theatjty of both the reinforcement and
concrete is assumed to be the same in the enturetwste. A more realistic model
would be to divide the geometry into a certain nambf elements and given the
material assign each element values of its matpaahmeters. Naturally this sub-
division of the geometry should coincide with the-mesh. If this is done the FE-
analysis can be run with a more realistic variatidnthe material throughout the
geometry. Although the parameter values shouldoeagampled randomly according
to the distributions specified in Table 4.2 as life tdifferent elements where
completely independent of each other. The quafith® material in adjacent elements
are correlated and the variation along a reinfoer@niar is considerably less than
what stated in Eurocode where distributions aredas tests on reinforcement bars
out of different batches from different manufacturtf the quality of reinforcement
bars would vary within a batch to the same extsnit does globally the element of
chance would be eliminated as the number of banscigased in a section and the
average capacity would approach the global mearev&low this is not the case, the
variation within a batch is smaller than, and bikiserelation to the global one. In this
probabilistic model the variation steel and coremuality is assumed to be zero and
based to the global average as an individual sample
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4.3 Test of safety formats on a non-linear shear panel

To gain further insight in the functionality of abtished and newly proposed formats
other structures than simple beams should be oceresid A commonly used
constructing element is the shear panel and hasefore a suitable object of testing
when verifying the general validity of the safetyrhats.

The different stages of this test are performetthénsame order as in the previous one
with a non-linear concrete beam. First a sensjtistudy is performed to recognize
the sensitivity of each material parameter withpees$ to the structural resistance.
After that, the safety formats are compared andllfinthe safety formats are
evaluated with probabilistic analyses. Only CEN@®0and Schlunet al (2010)
safety format are compared in this test.

4.3.1 Model description

The shear panel is an orthogonally reinforced sipaael where the reinforcement
mesh is rotated 45 degrees in relation to the bamiesl The panel is subjected to
loads perpendicular to the edges, this in comhlonatwith the reinforcement
arrangement simulates a shearing action, see Fg8& This shear panel is known
as a so called ‘Houston shear panel’ describedrao Bt al. (2008), a panel that has
been built and tested in reality. The panel is nextievith 4 node 2D curved shell
elements with embedded reinforcement which are tbldescribe shear response.
The same material properties are applied as intédbe of the non-linear concrete
beam, see Chapter 4.2.2 for the material propedies again, in-situ parameters are
used. The panel is subjected to 3 uniformly disteld loads with a total step-size of
100N per load. Load and boundary conditions caselea in Figure 4.32.

4

A A A A A A AAAAALANLALNDLN
/7 00 00 00 00 00 00 00 00 00 00 00 00 00 00

Figure 4.32 Houston shear panel. The reinforcemesntotated 45 degrees, see
right upper corner, and the panel is loaded witlstdbuted loads in
the directions indicated by the arrows.
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4.3.2 Results from test of shear panel

By studying the deflection in the y-direction whesducing each stochastic material
parameters one by one with the distancg @&.15 it can be seen that the response
when decreasing. ff. p 2.15’ is almost the same as when decreasing akrmah
parameters at the same time ‘Bli2.15’, see Figure 4.33. The ultimate resistance is
almost only influenced by,fhowever, § shows to give some influence, all the other
material parameters have minor influence.

Houston shear panel - deflection y-direction
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Z o GF B
=, 1500 - i
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0,00E+00 2,00E-04 4,00E-04 6,00E-04 8,00E-04 1,00E-03 1,20E-03
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Figure 4.33  Sensitivity of the structural resportfeHouston shear panel when

altering. . p 2.15" and ‘All  2.15’ are the two bottom graphs, the
others are above.

As shown in previous tests it can be seen thastifuetural response of CEN(2004b)
deviates from the response with mean values, sped-#.34. The deviation is about
20 % in this test and about 7 % in the previous tes
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Houston shear panel - deflection y-direction
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Figure 4.34 The structural response of CEN(2004dety format. (Note that the
ultimate resistance should be divided by the rasis# safety factor to
obtain the design resistance.)

Schluneet al (2010) design resistance has been calculated megpect to the
sensitivity in f-and f-direction. Again as in precious test, both safetynats have
been considered with only respect to the matenakttainty X. This was done to be
able to verify the results later with probabilisticalyses using PROBAB.

Resistance, material
Safety format Design resistance [kN] uncertainty only [kN]
Schlune et al 1249 1305
CEN(2004b) 1437 1599
Table 4.9 Results of the Houston shear panel. Tésgd resistance and the

resistance when only considering material uncettafor Schlune et al
(2010)and CEN(2004b) safety format.

These resulting resistances have to be compardd negults from probabilistic
analyses to determine which one who is closedtddttue’ resistance. Unfortunately

the PROBAB analysis was not successful, see disrusd.3.3 for further
information.
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4.3.3 Discussion and conclusion

Several attempts of probabilistic analyses were enathe reason why the
probabilistic analyses were not successful is te# known problem of numerically
defining a collapse (limit state) with FE analysogyether with limitations in the
software PROBAB. This is very unfortunate since #iear panel study is quite
interesting because the resulting design resistabtz@ned using Schluret al (2010)
deviates from CEN(2004b). But without a referenedug of the design resistance
which should have been computed with PROBAB itaskmown which safety format
is the more accurate one. As mentioned before, PRBOB not a fully developed
software and the reasons why certain analyses deglsnot always explained in the
error messages. Therefore it can be hard to uratelsvhy the analyses did not run
successfully. The method of ‘trial and error’ canvery time consuming. However,
the problem with defining the limit state using PBRAB is explained in more detall
bellow:

Deformation limit

It is not possible to formulate collapse critetieough a deformation limit state. This
iIs because the deformation associated with theams#l varies when material
parameters are sampled and it is not possiblet ta general limit defining a collapse.
Another idea is to choose a deformation limit wedlyond the collapse. This will not
work either since the PROBAB iteration techniquelatpes the guess based on the
previous error. Using this approach there will ifiatilties converging in a case of
this nature where the errors suddenly becomes tréous, see Figure 4.35.

Shear panel

N

u1

o

o
|

O T T T T 1
0,00E+00 5,00E-03 1,00E-02 1,50E-02 2,00E-02 2,50E-02

Deformation [m]

Figure 4.35 Load Vs deformation for a reinforcedeah panel. Note the
deformation of the last load step is much largaanthn the previous
step, next load step results in even larger detiact
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Strain limit

PROBAB allows strain formulation of limit state. &hstrain corresponds to the
deformation in such a way that the problem encoedtevhen trying to set the
deformation as limit state is the same for strain.

Reinforcement yield limit

A limit state defined by yielding is not possibléher. PROBAB does not allow
formulating a criterion when all the reinforceméuais yielded in every reinforcement
element i.e. collapse of the shear panel. The oy to set a limit in PROBAB is
choosing one or several elements/nodes and dehrellapse as the event of one of
these elements/nodes is exceeding the limit. Was possible to demand that all of
these reinforcement elements are yielding this didse&l a way to define a collapse of
the shear panel.

Concrete stress limit

It is not possible to define a stress limit becaokéhe multi-axial stress state. For
example, the concrete compressive strength is eglatdster when the concrete is
subjected to tension force at the same time. Tlatioaship between equivalent stress
at collapse and the concrete compressive streagtiffusely, this cannot be predicted
using Von Mises formula because of cracking.
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5 Conclusion

One objective of this master’'s thesis was to ewallRROBAB as a tool to verify

safety formats. However, the usefulness of the qarmogor this was found to be very
limited. The reason for this is that there are t@gaipossibilities to formulate collapse
criterions in the version used. The software isyveowerful in its structure but

PROBAB will be a lot more useful if more options neeavailable in the user

interface. It seems to be the first version of Huftware and there is almost no
information or guidance on how to use PROBAB prbpédfrror messages were few
and difficult to interpret. A big concern was thad information about how the

DIANA analysis has to be performed was given. Thés figured out by ‘trial and

error’ which was very time consuming. The overginion is that PROBAB is not

ready for use in general cases.

The Schluneet al (2010) concept seems accurate enough accorditige toon-linear
beam test and was not proven wrong. The safetydbmgrees well with that of
CEN(2004b) and with the probabilistic results. Bwe tnature of the Schluret al
(2010) safety format, there are reasons to belieaethis format will perform better
than that of CEN(2004b) for other failure modes atdictures than beams in
bending. The test performed on the shear panel shbat the CEN(2004b) and
Schluneet al (2010) does not agree. This is interesting anol épected as the safety
format of Schluneet al (2010) is able to adapt to general situationsointrast to the
format of CEN(2004b). It could not be proven thahlaneet al (2010) format gives a
higher accuracy due to the fact that the probaigilsnalysis failed. Other ways to
perform probabilistic analyzes should be invesédaso that CEN(2004b) and
Schluneet al (2010) safety format can be tested in cases airghanels and other
structures.
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