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Abstract

Problems associated with the estimation of partors for structural systems,
subsystems and buckling of individual elements @gealt with in this paper. Aspects
related to resistance factors for the section tasi® and member resistance are in
particular referred to. The Eurocode’s approachiesistance partial factor calibration
assisted by experimental data for subframe sysieaiso summarized.

Keywords: calibration of partial factors, resistanmodel, partial resistance factor,
design resistance, buckling reduction factor

1. INTRODUCTION

Calibration exercise of resistance partial factorshe limit states method of
design may be carried out on the basis of differemqgut assumptions.

Reliability model and general rules for independevdluation of design values
of actions and their combinations as well as des@gnes of resistance with
regard to the adopted target reliability index wpresented in the Eurocode
dealing with design basis, PN-EN 1990 [1]. Aspeaiftpractical interpretation

of Eurocode’s reliability model and calibration mdrtial factors were presented
by Biegus [2] and Gw4dlz et al. [3].
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196 Zbigniew STACHURA, Marian GIZEJOWSKI

2. CALIBRATION OF PARTIAL FACTORS

The Eurocode’s global criterion of structural systeltimate limit state is
formulated with use of the structure load multiplig,, evaluated on the basis
of nonlinear equilibrium path of imperfect sttw@ model and the level
Fq = yeF¢ of the most unfavourable combination of desigrioast and nominal
mechanical properties of steel and geometricalgni@s of member sections:

= Re = R >10
YuFa  YuVeF

where:ay; - structure load multiplier referred to the limpibint on the nonlinear

equilibrium path evaluated for imperfect structuradel that, in elastic design,

corresponds to the ultimate state of the most stespan or support cross
section from finite number of structural elementsefnbers and joints),

Ye = ViV« - 9lobal partial factor for combination of actiofs

(2.1)
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in which the notation according to [1] is adopted,

Ym = VaVee - Partial factor for structural resistance in fimait point on the
equilibrium path.

Partial coefficients are expressed in a multiplieaformat in which the first
factor componeny; includes the randomness of action moggl; the random
character of structural material properties, wiiile second factor component
v« - refers to the accuracy of action model while- to the resistance model.

In Fig. 1 the calibration methodology of partiattars is illustrated. Point A of
coordinates (1,00y:gn) is directly related to the situation recommended
Eurocodes EN and adopted in the basic steel désigocode implemented in
Poland PN-EN 1993-1-1 [4] as well as in the othartgp of PN-EN 1993.
Coefficient ye ey plays the role okubstitute, global coefficient of safety. The
term substitute in reference to the coefficientgy means that it is not the
conventional global safety factor of a constant value indepahdi®m thej-th
combination of |’ variable action components. Its value dependsnutie
permanent and variable load component coefficiemts yq and
simultaneousness action coefficients; for the evaluation of representative

Ve = F
‘ 2.2)
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values of variable action components for the coibam ,j” that is considered
in the ultimate limit state verification criteri@tcording to (2.1).

Point C of coordinatesyf.s; 1,00) is referred to such a calibration rule in
which the most important factors related to ungetiess of both action model
and models are accounted for in gubstitute, global safety factopy o used
for the evaluation of design resistance.
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Fig. 1. Possible approaches for calibration ofipbfactors in semi-probabilistic method
of limit states

Calibration ofsubstitute partial factor at point A in Fig. 1 was carriedt on
Eurocodes assuming that the nominal resist&eauld be of 5% fractile of
probability distribution (and equals to the chaesistic valueRy), while the
design resistandg; would be of 0,1% fractile of the same distributidlational
standardization committees implementing Eurocodeg werify the values of
partial factors recommended in model codes EN deoto account for local
technical and service conditions. In the simplegtraach, statistical analysis of
data for calibration of partial facteyg,. may be carried out with the assumption
that empirical statistics and model coefficients &stions remain at the same
level as adopted in [1], and the calibration exarcis limited only to the
resistance partial factor. Such an approach igregfeto the point B in Fig. 1
and is an approximation the accuracy of which fBadilt or even not possible
to verify without complete probabilistic simulat®ithat combines the effects of
both actions and resistance. If the complete riilialsimulations have been
carried out taking into account the local condisiari production and service, it
might appear that the point B in Fig. 1 is to bdtel to the location of point

B*. Coordinates of the latter poilﬁy:,I loc y,*:’loc) fulfil the following inequality:
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y;,lm < Ve en - Design criteria based on the partial coefficie(u*ﬁvloc; yF'EN)

may therefore be less economical than in case bigue/;,.,mci V;,mc), the

values being optimally calibrated on the basis amplete reliability
simulations.

3. CALIBRATION OF PARTIAL RESISTANCE FACTORSFOR
EUROCODESIMPLEMENTATION AT NATIONAL LEVEL

The partial resistance factgs, in the Eurocode’s approach to design is
differentiated according to the type of resistanbeck. In the Polish National
Annex of PN-EN 1993-1-1 [4], the values recommende®dEN 1993-1-1 are
adopted, namelyy, = 1,00 for the section resistance chegk,= 1,00 for the
member buckling resistance check ang = 1,25 for the ultimate strength
resistance check (generally for connections). Augttod this paper carried out a
comprehensive study in [5+7] that led to the eviidunaof partial factors in a
way of ensuring the same safety level in reliapifiredictions according to
Eurocode 3 implemented in Poland as PN-EN 19934} 4and the replaced
Polish National Code PN-90/B-03200:1990 [8], trdatetegrally with other
related codes in both packages. The values ofgpdetitors yielding from this
study are summarized in Table 1 [9].

It is noticeable that both the partial section s&sice factor and member
buckling resistance factor are not of a constahtevaqual to unity. The partial
section resistance factgy, changes value from 1,00 to 1,20 while the partial
member buckling resistangg; from 1,15 to 1,25. One may notice the following
sequence: the lowest value gf, is equal to that recommended in the Polish
National Annex. For the member buckling resistahechighest value of 1,25 is
equal to that recommended for the ultimate stremg#listance in [4]. Since
generallyywo # ym1, there is a need to take a closer look at theuatiah of the
design value of the member buckling resistancetterestimation of which a
variable value of the partial member buckling resise factor is to be
suggested. This is presented in the following.

The partial factoryy; for the evaluation of member buckling resistaisg,
(where for compressioB,rs = Nprs @nd for bending, rs = My ra) is allocated to
the characteristic buckling resistargg at present formulation of EN 1993-1-1
[4]:

S R
=—. 3.1
S Vorr (3.1)

which in turn is related to the characteristic mectesistanc&; g« (understood
hereafter as a nominal value) being reduced bycklimg reduction factog:
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S = XokSepe- (3.2)

Table 1. Partial factors according to authors' psah

Partial resistance factogg
for stocky elementslk < 0,2
(partial cross section resistance factor) Partial resistancg
: factoryy; for
Live to dead Sections of class 4 slender elementg
load ratioy Sections of| Sections with Sections with (paglalkrpember
class 1 slender walls slender walls buc mg
and 2 being supported| being supported resistance factor
and nonslender and slender
supporting walls| supporting walls
w<06 1,10 1,15 1,20 1,25
0,6<y<1,5 1,05 1,10 1,15 1,20
w>15 1,00 1,05 1,10 1,15

) For sections of class 3, resistance partial fagtgrare interpolated between thode
for class 1 and 2, and for class 4.

The buckling reduction factgg, is a function of the nominal slenderness ratio

}k calculation of which involves the nominal valudstlme section resistance
and the nominal value of elastic buckling resistaotcperfect elemer&,:

— S
Ak = ZeRe .
S

cr

(3.3)

The buckling reduction factor is obtained as a tsmtuof the so-called Ayrton-
Perry equation for the nominal buckling resistajidcy:

h_)(bkjikl_)(bk)_”)(bk =0

in which the so-called Maquoi-Rondal geometric infi@etion coordinate taking
the following form:

(3.4)

n= O'b(jk —jko) (3.5)
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is adopted, whileay, is the imperfection factor of the Eurocode’s npiéi
buckling curve formulation, and the slendernesthatstrain hardening region

Ako=0,2.

Since the partial factomy; is not generally of a constant value and dependent
upon the nominal slenderness ratio, the design raeimickling resistance may
be written down in a following symbolic way:

_ ok (jk )Sc,Rk
Shra = W (3.6)

whereF(X) is referred to the functiof dependent upon the argumet
The slenderness dependent partial member buckésigtance factor has to
fulfill the following boundary conditions:

Y (ﬁk) - Yo for Ak - 02 (3.7a)
Y (jk) S VY for Ak o o, (3.7)
that are equivalent to the following relationshiipsthe resistance:
Sch By
SD,Rd — - for Ak — 0,2 (38a)
Ywo
SCT B}
Sri for A - o, (3.8)
Vw1

Instead of finding an interpolation function thatlfils the above stated
boundary conditions, let us go back to the origiwaiton-Perry equation (3.4).
This equation was developed for the Euler casangblg supported imperfect
compression member having a sinusoidal initial lamd by assuming that the
second-order force state in the most stressed mesaiséion would reach the
limit state described by a linear interaction cymegardless of the section class.
Keeping up the Eurocode’s format, see equation),(2Bo for checking the
design member buckling resistance, gives the fafigwotation:

Sord = XoaSer (3.9)

Introducing the partial factors in the original Agm-Perry equation (3.4), yields
the following modified equation:

—2
(1_VM1de/1kX1_VMOde)_yMO’v(bd =0 (3.10)

Solution of the above equation is written down aermg below:
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1 1 1
<

> <
Broa T qﬂrznod_(jk yMlJ Ywo  Puo (3.11)
yMO
2
MO

Let us modify the obtained solution (3.11) in ortiee design member buckling
resistance (3.6) to be to expressed as:

- for members sensitive to overall instabili@k(> 02):
_ Aok (/]If)SQ,Rk _ X mod(/]k)sc,Rk

= A , 3.13
Sk v (/h() Voo (3.13a)

Xod =

where:

- for members insensitive to overall instabilit)_}'k(s 02):

ka (jk)sc Rk Sc Rk
= —t— =——=8 3.13b
Sk v (/h() Yoo R ( )

where in the latter case, the design member bugkbsistance coinsides with
the design section resistarggy.
The modified buckling reduction factor takes therefthe following form:

1 yMl<yMl

Xbd mod = 5 =
_ Ymo  Vwo 3.14
¢m0d+\/¢nz10d_(Ak yMl] ( )
\ Vo

The slenderness dependent partial member buckdisigtance factowy,, (jk)
may now be evaluated as follows:
_ S Aok (j ) .

Ywm (/]k)— S :yMledmod(jk) (3.15)

where yy is the buckling reduction factggqma according to (3.14) evaluated
for ymo = ym1 = 1,00.
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Figure 2 illustrates the modification of the originEurocode’s formulation
proposed in this paper and represents values oferdiilonless member
resistances corresponding to multiple buckling eufermulation, for partial
factors chosen values from Table 1. The valuegof 1,10 andy, = 1,25 are
selected. The characteristic dimensionless res:'et:anSD’Rk/SC’Fek are

represented for all the buckling curves by dashegblas functions OSD,Rk/Scr
while the design dimensionless resistc'aln%gd/SC’Fek (according to authors'

proposal) by dotted lines as functions&Bz)fRd/SCr . It can be noted that all the

characteristic dimensionless resistances are phagtbth a square bounded by
the horizontal 1,0 and vertical 1,0 while the dasdimensionless resistances are

within a rectangle bounded by the horizonl;z;‘tj/,\,IO = 091 and the vertical
Y ¥y = 080.

Shrd  Shrk
By B Sp.ie/Se.ne
1,00 L&t et .. —-—forn:()

1 7&13?_ - == =for a, =0,13
_0 éO i (curve“ao“)
’ - — —for ¢, =0,76
0,60 - (curve”d")

Sp.ra/Se.rk
0.40 - — .= forn=0
vensnnmfor ¢ =0,13
0.20 - (curve“ao")
.......... for oy = 0576
0,00 T T R Sprd Shrx (curve d )
0.0 0.2 0.4 0.6  1/7,,,=08 Lo S, S,

Fig. 2. Dimensionless member resistances corredpgha multiple buckling curve
formulation

In Figure 3, the values of slenderness dependetiapeesistance facton, are
shown for the same set of partial factors usedejaresent dimensionless

resistances in Fig. 2. Besides the slenderaesshanging from zero to infinity,
the slenderness index changing from zero to unity is used that is in the
following relation to the slenderness:

1

B=—1 .
o 10
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From the results shown in Fig. 3 one can concludg &lthough there are
differences in the value of partial factgy, (/h<) in the intermediate values of

the member slendernesk for different buckling curves, they vanish for the
low values of slenderness and large values of skereds. In the former case,
the partial resistance factor approachgs= 1,10 while in the latter case the
same factor approachgg = 1,25.

Varp = 1.25 i for , =0,13 “‘___.--.----.-..-:.'.,'.?-'..-.4--3
yM (IH) : (curvenaou) "¢‘ e :
1.20 E e 5
' ! S \[for a, =0,76
i S (curve"d") i
1.15 T - ,
i .-‘0"" i
Voo = 110 e i
1.0 | 5
1.00 - : : . 7
0.0 0.2 04 0.6 0.8 1.0
| ] i
0.0 0.2 s

Fig. 3. Slenderness dependent partial resistamter fg,

4. BASISFOR THE CALIBRATION OF RESISTANCE PARTIAL
FACTOR WITH USE OF EXPERIMENTAL STATISTICS

In order to evaluate resistance partial factor$ wge of resistance model based
on experimental investigations of the subsystentopype load-displacement
characteristics, it is assumed that the load appletests is a deterministic
quantity while parameters of the resistance modelrandom variables. One
can adopt the calibration procedure of randomnésssistance model that is
summarized in Appendix D of code [1] and referredthe calculation of
characteristic and design resistances. In proced@@mmended by the code,
the following considerations for resistance modeladopted:

» Ultimate limit state function is the function nfoasic random variables .

» Experimental investigations of random resistance tedted subsystem
prototypes are of a sufficient number and they reygesentative for the
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range of resistance model parameters met in peadiicg. range of
deterministically understood slendernesses of stbsyelements).

» Availability of data concerned with random charactd basic model
variables (i.e. geometric properties of structstakel products and material
properties of structural steel) that may have apoiant impact on the
random resistance of tested prototypes.

* Random variables accounted for the ultimate lin#tes function are
statistically independent (no correlation of theadables).

» All the random variables concerned are of normdbgfnormal probability
distribution.

On the basis of above stated code procedure, thborheof its practical

application was implemented in [11] for the evalomtof partial factor for steel

I-beams lateral-torsional buckling and in [12] fbe evaluation of partial factor

for steel plate girders with an account for resiséa statistics from test in

technical scale. It encompasses the following steps

1. Setting the computational model of theoretiealstance.

2. Conducting laboratory tests for the evaluatibexperimental resistancg

3. Comparison of obtained experimental resistamgewith their theoretical

counterpartsr; in their representation on plang;,(r4) wherei =1,..m, as

indicated in Fig. 4.

T o r,.=br,

Fig. 4. Comparison values- r,

The systematic deviations from the line r. constitute an average error of test
procedure or adopted resistance function.

4. Evaluation of correction coefficiebt(best fit coefficient) with use of least
square method as well as presentation of probtbitissistance modelas the
ultimate limit state function dependent upon deteistic parameters, r; and
random measure of errafs

5. Evaluation of error measure coefficient of sianv;.
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6. Estimation of conformability of populations ekperimental results and
theoretical results of computational resistance eh@dolmogorov-Smirnov test
of the normality of error distribution).

7. Assignation of the coefficient of variation wab of Basic variables; where

i =1,...n (e.g. using available statistics from investigasiof quality tests of
steel strength and structural steel product dinoerssi

8. Evaluation of characteristic resistamgand corresponding design resistance
rq including the effect of numbers, if appropriate.

9. Estimation of resistance partial facggras the quotient af/ry, corrected by

a coefficient being a quotieng/r, wherer, is the nominal resistance evaluated
on the basis of nominal values of geometric an nat@roperties of basic
variables.

5. CONCLUDING REMARKS

In calibration of partial factors for National Antess to Eurocodes one has to
take into consideration not only the random paranseinfluencing both action
and resistance of computational model but alsoldleal tradition in design
procedures. Important difference in Eurocode’s aaph and the approach used
in replaced national codes in Poland is concernégd walculation of class
dependent cross section resistances [5].

In addition, clear explanation is needed for défdration of resistance partial
factors in case of application of different resista models. In traditional
approach, the ultimate limit state is based onctiterion of weakest chain link
and related to the load effects evaluated fromvegletype of analysis. In such a
case, calibration of resistance partial factorccasried out on the basis of
reliability analysis of single structural elementhgmber or joint). Steel
Eurocode [4] introduced design rules based on roongplex resistance models
than postulated in [8], since the limit state ifereed to divergence stability
conditions of subsystem or in general, as indicdigdelationship (2.1) - is
referred to the limit point on the equilibrium pathentire imperfect model of
the system. Question appears whether in desigrdlmasenore complex models
of structural mechanics one may use the same amsstpartial factors as in
case of traditional design where they are specfiedingle structural elements,
or not, and whether such an approach is safe, tol.atier aspects are planned
to be the subject of investigations conducted witlhie doctoral thesis of the
first author.
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WSPOLCZYNNIKI CZESCIOWE W EUROKODOWYM MODELU
NIEZAWODNOSCI KONSTRUKCJI STALOWYCH

Streszczenie

Stan graniczny nmosci konstrukcji, projektowanej w tradycyjnym poéEp na
podstawie efektéw oddziatyda jest oceniany z niezawodémiowego modelu
szeregowego. Kalibragjwspotczynnikéw cgsciowych do nénaosci przeprowadza si
wowczas na podstawie analizy niezawaangojedynczego elementu konstrukcji gfar
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lub wezta). Eurokod stalowy [4] wprowadzit zasady profekénia bazujce na bardziej
zlozonych modelach rsmosci niz w [8], gdyz stan graniczny mima oceni na podstawie
warunku stateczrioi technicznej poduktadu konstrukcji lub w ogdlop jak
przedstawia to warunek (2.1) - na podstawie pugkéunicznego ndciezce réwnowagi
wyznaczonej dla nieidealnego modelu catej konsfiukeojawia s¢ pytanie, czy
stosowanie do rfmosci wyznaczonej na podstawie bardziejzzioych modeli mechaniki
konstrukcji wspoétczynnikbw eZciowych wyspecyfikowanych do oceny dmoici
pojedynczych elementéw prowadzi do bezpiecznych acasza. Kalibracja
wspotczynnikéw czsciowych w metodzie stanéw granicznych zady¢ dokonana przy
réznych zatgeniach wygciowych. Model niezawodrci i ogdlne zasady przgtego w
eurokodach rozdziatu docelowego wahika niezawodngi na sktadowe odnosee sé
do ustalenia obliczeniowych oddziatyfiva ich kombinacji oraz do ustalania dmmsci
obliczeniowej zostaly podane w eurokodzie [1]. Wylaule przedstawiono zagadnienia
dotyczce przygcia wspotczynnikdw agciowych do nénoici uktadu lub poduktadu
konstrukcyjnego. Opisano eurokodpwprocedug wykorzystupca wyniki bada
doswiadczalnych do kalibracji wspotczynnikdwegziowych do nénaosci.

Stowa kluczowe: kalibracja  wspolczynnikéw eéziowych, model nénoici,
wspotczynnik czsciowy do naénosci, nasnos¢ obliczeniowa,
wspotczynnik wyboczenia
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