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Abstract

Up-to-date investigations carried out by the authors of this paper were concerned with the analysis of cross-section re-
sistance utilization ratios (RURs) of statically determinate elements of steel floor construction, assuming that elements
are fully restrained against overall instability. Numerical values of RURs were predicted according to Eurocodes imple-
mented in Poland as standards PN-EN and according to Polish standards PN-B being substituted. For the cross section
resistance according to Eurocodes, partial resistance factors were taken as unity, as it has been recommended in the
Polish National Annex, and their differentiated, modified values according to authors’ own proposal. Hereafter, a discus-
sion on the evaluation of partial factors for the member stability resistance (buckling of columns and lateral-torsional
buckling of beams) is taken place. The proposal for the evaluation of partial factor values in the whole range of element
slenderness is presented together with a statistical analysis of section and member resistances taking into account the
authors’ proposal developed.
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1. Introduction factors (RURs) obtained with reference to the code

The present contribution is a continuation of authors’ PN-90/B-03200 [2] and associated PN-B codes were
investigations presented in Gizejowski and Stachura ~ accounted for together with the code PN-EN 1993-1-1
[1] and referred to the evaluation of cross-section [3] and associated PN-EN codes.
resistance partial factors of statically determinate 2, Methodology and results
structural elements in steel floor constructions. Results
included different sensitivity of cross section to local
buckling, i.e. the effect of section class. This paper
extends the previously undertaken topic of section
resistance analysis of steel floor structural elements
towards their overall stability resistance, considering
the steel grades S235 and S355, the most frequently Y = Mzt v . M za.pv
used in practice. M, v Mp ey

Analysis of safety requirements according to the
same computational model of the steel floor structure - Momeny 21 (7 s F 7o 'V/)
was carried out for main floor structural elements, M. werv Doz (J/G'EN +Yoen W )
and under the condition of resistance utilization ratios
equalization using two different packages of design
codes taken into account. Resistance utilization

Partial factors y,, resulting from the analysis of
safety requirements as described above are as follows:
— in case of elements bent in the plane of greater
cross section moment of inertia and subjected

to lateral-torsional buckling:

Vs =
()

S

— in case of elements axially compressed and
subjected to different modes of buckling:
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where notation adopted is as used in by Gizejowski
and Stachura [1] and furthermore:
@,> X — Stability reduction factors with regard to
lateral-torsional buckling (LT buckling) according to
[2] and [3], respectively;
@; y — stability reduction factors with regard to
buckling under compression (F, T or TF buckling)
according to [2] and [3], respectively.

In Equations. (1) and (2), the relative slenderness
ratios 4

L ey and /1 y according to [2] can be
expressed as functions of corresponding slenderness
ratios 4

i ey and ZEN according to [3] as follows:
— for elements bent about the major axis y-y and
subjected to LT buckling:
1,33-210°
205y, Vs

c Rk.PN Y
ALTen = &

cr,PN

W M,
. y,PN \/ ¢,Rk,EN :ab,LTﬂfLTVEN
Wy,EN Mcr

— for elements axially compressed and subjected
to different modes of buckling:

1,33- 210
chN 205 ]/s

. h Nc,Rk,EN ZabZEN
V AEN u Ncr

where: A, , Ag, — class dependent cross-section area
according to [2] and [3], respectively;

WyF,N , Wy gy — Class dependent cross-section modules
according to [2] and [3], respectively;

M, — critical moment of perfect elastic element
subjected to LT buckling,

N, — critical force of perfect elastic element subjected
to F, T or TF buckling modes,

a, — buckling parameter dependent upon the steel
grade (for 1, 2 or 3 section class) and upon the steel
grade and section class (for sections of class 4) for
elements subjected to axial compression,

a,,, — lateral-buckling parameter dependent upon the
steel grade and section class for elements bent about

the axis of greater moment of inertia.

LRkPN ycr

Aon =

“

b)

Fig. 1. Results presenting values of partial factors for
lateral-torsional buckling of rolled IPE beams:
a) mapped on plane, b) presented as curves of 'y, ,
for chosen values of w.

Results of stability resistance partial factors may be
expressed as function dependent upon two arguments:
relative slenderness ratio according to [3] and the
load parameter . Exemplary results are mapped and
shown graphically in Figure 1. In Figure 1a the results
referred to lateral-torsional buckling of rolled IPE
beams, the buckling of which is assessed with use of
the general PN-EN code method are presented. Four
lines in the above figure are associated with four values
of the load parameter w, namely y = 0.4; w = 1.0;
w = 1.6 and y = 2.0 that correspond approximately
to imposed load values 1.7; 4.2; 6.8 and 8.5 kN/m?,
respectively. Four levels of the load factor are in
line with boundaries for the description of changes
in the prediction of design load combinations as it
has been considered by Gizejowski and Stachura [1]
in their detailed analysis of cross section resistance
partial factors. In Fig. 1b), the curves of slenderness
dependent member stability resistance factor y,,
for chosen four values of the load parameter y are
presented as a result of four respective vertical cuts of
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the surface mapped in Figure 1a. A rapid drop in the
values of partial factor is observed with the increase
of slenderness below it takes approximately the value
of 1.0. Furthermore, above the slenderness of being
equal to unity, there is a monotonic increase of the
partial factor y,,, to its certain asymptotic value.

a)

b)

Fig. 2. Values of partial factors for lateral-torsional
buckling of welded plate girders: a) with slender walls
being supported and compact supporting walls, b) with

slender walls being supported and slender supporting walls

Figure 2 shows the results of lateral-torsional
buckling of welded class 4 I-section plate girders. In
case of plate girder sections with compact supporting
walls (Fig. 2a) and larger load factor, Eurocodes
approach ensures a greater safety level than that
yielding from PN-B codes approach, noting that the
practical range of relative slenderness ratio of up
to 3.0 is considered. In case of plate girder sections
with slender supporting walls (Fig. 2b), larger values
exceeding unity of the partial factor y,,, are observed
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in the range of girder low relative slenderness ratios.
For larger girder slenderness ratios, the tendency
is the same as for the girder sections with compact
supporting walls. It clearly shows that the overall
instability phenomenon of slender elements is
practically independent from factors that are decisive
in the evaluation of cross section resistance.

In case of section wide flange I-section rolled
profiles of HEA type, analysis results referred to
flexural buckling about y-y are show in Figure 3a. A
decrease of the partial factor is observed in course of
increase of the compressed member slenderness ratio
but in a narrower range than in case of girders. For
buckling about the axis of weaker section moment
of inertia (axis z-z), values of y,, are for practical
range of load factors above unity and are generally
decreasing with a subjection to slight fluctuations
in course of the slenderness ratio increase, and then
increase towards asymptotic values in the same way
as in case of buckling about y-y axis (see Fig. 3b).

a)

b)

Fig. 3. Values of partial factors for compressed columns
made of rolled HEA profile of steel S235/S355:
a) buckling about axis y-y, b) buckling about axis z-z
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Results for buckling about both axes of narrow
flange I-section rolled profiles of IPE type and columns
of box welded sections, as well as for buckling about
y-y axis of welded class 4 I-section plated columns
are similar to those of rolled HEA profiles buckling
about y-y axis. Furthermore, results for welded class
4 I-section plated columns buckling about the weaker
section moment of inertia are similar to those of rolled
HEA profiles buckling about z-z axis.

a)

b)

Fig. 4. Values of partial factors for compressed columns
made of welded plate and box sections with slender
supporting walls: a) buckling about axis z-z,

b) buckling about axis y-y and z-z

Results for buckling of welded class 4 I-section and
box section plated columns with slender supporting
walls are show in Figure 4. Practically in the whole
range of column relative slenderness ratios, the
Eurocodes approach gives a lower safety level than
that of national codes PN-B being substituted by
PN-EN codes. Lower values of the resistance factor
7y, fOr box section columns that those corresponding
to I-section columns in the range of small relative
slenderness ratios results from the fact that the

national PN-B steel code recommendations allow for
a the critical state of local buckling of web supporting
wall (more slender wall that is restrained at both
edges by neighbouring wall segments) that reduces
the ultimate section resistance to a lesser extent than
the flange cantilever-like supporting wall in case of
I-section plated column.

3. Summary and concluding remarks

In Fig. 5, results of statistical analysis of cross-
section resistance partial factors calculated according
to the National Annex in [3] and taking into
consideration the authors’ proposal. The proposed
section resistance partial factors were developed in
[1]. A slight correction of these values is made for
sections with slender walls being supported and
nonslender supporting walls.

In case of rolled beams (see Fig. 5a), the mean value
of resistance partial factor is 1,08 and the coefficient
of variation is 5.5%. When values of partial factors
from Table 1 are used, an equalization of safety
requirements according to PN-B and PN-EN standard
packages is achieved. Mean value becomes then 1.03
with the coefficient of variation of 3.3%. Similar
tendency is observed in case of welded plate girders.
The mean value is lowered from 1.11 to 0.99 and the
coefficient of variation is reduced from 7.4% to 5.9%.
On average, the resistances calculated according to
the Polish code [2] and according to [3] but with
proposed values of partial factors are about 5% closer
to each other, and there is about 2% reduction in the
value of coefficient of variation.

Thanks to introduction of slenderness dependent
stability resistance partial factor y, .. that plays
the role of constant factor y,,, in the code [3], there
is a possibility to fulfil the boundary conditions for
design value of member resistance, i.e. to obtain the
following factors: y,, for resistance of stocky elements
(equal to the cross-section resistance) and asymptotic
Ywer for resistance of slender elements. Taking into
consideration the results presented in presented earlier
figures, Figure 1 to Figure 4, as well as results of a
wider analysis carried out for elements with different
rolled and welded sections, the following formulas
are proposed:

— buckling of compressed elements (reduction
factor y) and lateral-buckling of bending
elements according to the alternative method
from [3] (for rolled I-profiles and their welded
counterparts, for which the reduction factor y,;
replaces y):
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Table 1. Partial factors according to authors’ proposal

Partial factors y,, for resistance of cross-section”
) Resistance partial
for sections of class 4
Load parameter i factory,,  for slender
Vyfor Tand 2 section class Sections with slender walls being Sections with slender walls being supported elements
supported and nonslender supporting walls and slender supporting walls
<06 1.10 1.15 1.20 1.25
0.6<y <15 1.05 1.10 1.15 1.20
Y>15 1.00 1.05 1.10 1.15
7 For sections of class 3, resistance partial factors y, are interpolated between y,, listed for class 1and 2, and y,,, for class 4

22050 Yy =7m
2<050 Ymu =Ime +2°2-('m —Vme )21

— lateral buckling of bending elements of different
sections made by rolling or welding, assessed
by the general method from [3]:

P :2.(7/’\4 +7M,cr _2’)ZLT2+
+(4_}/M _37M,cr)}(LT +}/M,cr >1

)

(6)

where: 7, — partial factors for resistance of cross-
section according to Table 1,

Ywer — Tesistance partial factor for slender elements
taken as the value being dependent upon a certain
range of the load parameter y according to Table 1.

Similarly to Figure 5, the results of statistical
analysis of resistance partial factors, but in relation
to member resistance, are presented in Figure 6 and
Figure 7. In case of bending and lateral-torsional
buckling of rolled beams made of IPE profiles (Fig.
6a), the mean value of partial factor corresponding
to RURs calculated according to PN-B and PN-EN
codes is 1.05 with the coefficient of variation of 5.7%.
Equalization of safety levels according to both above
stated packages of codes, made with use of authors’
proposal for partial factors according to Equation (5),
leads to the decrease of mean value to 0.98 with the
coefficient of variation of 4.0%. In case of lateral-
torsional buckling of welded plate girders with
compact supporting walls (see Fig. 6b), Eurocodes
approach ensures a greater safety than PN-B codes
being replaced by PN-EN ones, giving the mean
value of 0.93 with the coefficient of variation of 5.8%.
When partial factor according to authors’ proposal
is applied, see Equation (6), the mean value is only
slightly affected (decreased to the level of 0.88) while
a substantial reduction of the coefficient of variation
is observed (of about 2.5%).
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a)

b)

Fig. 5. Comparison of cross section resistance utilization
ratios: a) rolled beams of I-profile, b) welded plate girders
under axial compression made of slender walls being
supported and compact supporting walls
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b)

a)

Fig. 6. Comparison of member resistance utilization
ratios: a) rolled beams of I-profile under bending,
b) welded plate girders under bending made of slender
walls being supported and compact supporting walls

b)

Fig. 7. Comparison of member resistance utilization
ratios: a) welded plate girders under bending (with slender
supporting walls), b) compressed columns made of rolled
HEA profile

In case of lateral-buckling of class 4 I-section plate
girders with slender supporting walls (see Fig. 7a), the
safety level evaluated according to National Annex
of PN-EN steel code diverges the most from that of
replaced codes PN-B. Using the proposed member
resistance partial factor according to Equation (6), a
decrease of mean value is observed from 1.16 to 1.07,
and also a decrease of the coefficient of variation
from 7.1% to 3.8%.

For buckling of compressed members of I-section
rolled columns of HEA type (Fig. 7b), the application
of partial factor according to Equation (5) leads also
to better adjustment of safety levels according to
Eurocodes implemented in Poland and PN-B codes
being substituted by Eurocodes. Analysis shows the
decrease of mean value from 1.10 to 1.03 and also
the reduction of the coefficient of variation from
4.1% to 3.0%.
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Wspotczynniki czeSciowe w ocenie statecznosci
elementow konstrukcji stalowych

1. Wprowadzenie

Niniejsze opracowanie stanowi kontynuacj¢ pracy
Gizejowskiego 1 Stachury [1] dotyczacej dyskus;ji
sposobu przyjecia wartosci wspotczynnikow czg-
Sciowych do nosnosci przekroju statycznie wyzna-
czalnych elementow konstrukcji stropow stalowych.
Niniejsza praca obejmuje zagadnienia statecznosci
ogolnej tych elementow.

Analize bezpieczenstwa elementow stropow sta-
lowych przeprowadzono z uwzglednieniem warun-
ku réwnosci wskaznikow wykorzystania nosnosci
(WWN) otrzymanych dla tego samego obliczenio-
wego modelu konstrukcji, ale po przyjeciu dwoch
réznych pakietow norm. Uwzgledniono wskazni-
ki otrzymane z projektowania na podstawie normy
PN-90/B-03200 [2] i zwigzanych z nig norm PN-B
oraz odpowiadajace im wskazniki wykorzystania no-
$nosci otrzymane z obliczen przeprowadzonych na
podstawie normy PN-EN 1993-1-1 [3] i zwigzanych
z nig norm PN-EN.

2. Metodologia i rezultaty

Wspotczynniki czgSciowe p,, do nosnosci elemen-
tow ulegajacych niestateczno$ci ogolnej, wynikajace
z analizy bezpieczenstwa na podstawie wyzej wymie-
nionego podejscia maja postac:

— w przypadku elementow zginanych w ptlasz-
czyznie wickszej bezwladnos$ci przekroju i ule-
gajacych zwichrzeniu jak przedstawia wzor (1),

— w przypadku elementow S$ciskanych osiowo
i ulegajacych réoznym formom wyboczenia jak
przedstawia wzor (2).

Wyniki analizy wspotczynnika czesciowego do no-
$nosci elementu mozna wyrazi¢, jako funkcje dwoch
argumentow: smukiosci wzglednej okreslonej wg
normy [3] oraz parametru . Przykladowe wyniki
analizy w postaci warstwicowej przedstawiono gra-
ficznie na Rysunku 1. Rysunku la przedstawia wy-
niki dotyczace zwichrzenia zginanych belek walco-
wanych typu IPE, ocenianego wg normy [3] metoda
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0g6lng. Wyrdzniono cztery poziomy parametru y do
zilustrowania przebiegu wspotczynnika czgsciowe-
go do nosnosci elementu: w = 0,4; w = 1,0; y = 1,6
i = 2,0; odpowiadajace w przyblizeniu wartoSciom
obcigzenia uzytkowego: 1,7; 4,2; 6,8 oraz 8,5 kKN/m?.
Wartosci te odpowiadaja zmianom warto$ci wspot-
czynnika do kombinacji obcigzen zmiennych, analo-
gicznie jak w pracy [1] dotyczacej wspotczynnikdw
czegsciowych do no$nosci przekroju. Na rysunku 1b
przedstawiono krzywe ilustrujace przebieg wspot-
czynnika czesciowego y,, dla wybranych czterech
warto$ci parametru y jako wynik przecigcia pionowa
plaszczyzna powierzchni, ktorej warstwice przedsta-
wiono na rysunku la. Mozna zaobserwowa¢ bardzo
szybki spadek wartosci wspotczynnika czeSciowego
ponizej 1,0 wraz ze wzrostem smuktosci, a nastep-
nie od smuktosci wzglednej ok. 1,0 wzrost wartosci
wspétezynnika y,,, do odpowiednich warto$ci asymp-
totycznych.

Wykresy z analizy zwichrzenia dwuteowych bla-
chownic spawanych klasy 4 pokazano na rysunku 2.
W przypadku blachownicy z krgpymi $ciankami
podpierajacymi (rys. 2a) w zakresie praktycznych
smuktosci, Eurokod zapewnia wigkszy poziom bez-
pieczenstwa od zastgpowanych norm krajowych PN-
B. W przypadku blachownic ze smuklymi §ciankami
podpierajacymi (rys. 2b) duze wartosci wspotczynni-
ka y,,, zwigzane z no$noscig przekroju malejg wraz
ze wzrostem smuktosci, a nastgpnie rosng asympto-
tycznie do tych samych wartosci, jak dla przekrojow
z krepymi pasami.

W przypadku Sciskania stupéw o przekroju typu
HEA, przy wyboczeniu wzgledem osi y-y (rys. 3a)
obserwuje si¢ rowniez obnizenie warto$ci wspotczyn-
nika czeSciowego wraz ze wzrostem smuklosci, ale
W mniejszym stopniu niz przy zwichrzeniu. Przy wybo-
czeniu wzglgdem osi z-z (rys. 3b) w zakresie smuktosci
wzglednej do ok. 3,0 warto$ci wspotczynnika ulegaja
niewielkim wahaniom, a nastgpnie rosng asymptotycz-
nie do wartosci jak przy wyboczeniu wzglgdem osi y-y.
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Podobne wyniki do otrzymanych przy wyboczeniu
elementéw o przekroju typu HEA wzgledem osi y-y,
uzyskuje si¢ dla stupow z ksztaltownikéw IPE przy
wyboczeniu wzgledem obu osi oraz w przypadku
dwuteowych shupéw spawanych klasy 4 z krepymi
Sciankami podpierajagcymi przy wyboczeniu wzgle-
dem osi y-y oraz skrzynkowym przy wyboczeniu
wzgledem obu osi. Wyniki dla spawanych dwuteow-
nikéw klasy 4 z krepymi $ciankami podpierajacymi
przy wyboczeniu wzgledem osi mniejszej bezwtad-
nosci sa zblizone do uzyskanych przy wyboczeniu
ksztaltownikéw HEA wzgledem osi z-z.

Przy wyboczeniu stupdéw blachownicowych o prze-
kroju klasy 4 ze smuklymi §ciankami podpierajacymi,
dlaktoérych wyniki analizy przedstawiono narysunku 4,
Eurokod wykazuje mniejszy poziom bezpieczenstwa
niz zastgpowane normy krajowe PN-B praktycznie
w calym zakresie smuktosci wzgledne;.

3. Podsumowanie i uwagi koricowe

Na rysunku 5 przedstawiono wyniki analizy staty-
stycznej wspolczynnikow czesciowych do nos$nosci
przekroju, na podstawie Zatacznika krajowego w [3]
oraz propozycji autorow podanej w tabeli 1.

W przypadku belek walcowanych, warto$¢ $rednia
wspotczynnika czesciowego do nosnosci przekroju
wynosi 1,08, za§ wspotczynnik zmiennosci 5,5%. Po
uwzglednieniu warto$ci wspotczynnikow czgscio-
wych ujetych w tabeli 1, nastepuje zblizenie poziomu
bezpieczenstwa ocenianego wg pakietow norm PN-B
i PN-EN. Wartos¢ $rednia wynosi wowczas 1,03,
wspotczynnik zmiennosci za$ 3,3%. Podobna ten-
dencja jest widoczna w przypadku blachownic spa-
wanych. Uzyskuje si¢ zmniejszenie wartosci $redniej
z 1,11 do 0,99, oraz redukcj¢ wspotczynnika zmien-
nosci z 7,4% do 5,9%. Mozna zauwazy¢ $rednio ok.
5% zblizenie no$nosci oraz ok. 2% zmniejszenie roz-
rzutu wynikow nosnosci ocenianych wg obu pakie-
tow norm.

Analizujac wyniki przedstawione na rysunkach
1 do 4, a takze wyniki szerszych analiz dotycza-
cych elementéw o innych przekrojach walcowanych
i spawanych, zaproponowano zalezne od smuktosci
zaleznosci (5) i (6) na wspotczynnik czesciowy do
no$nosci elementu y,,  narazonego na niestatecznos$¢
0g6lna.

Podobnie jak na rysunku 5, na rysunkach 6 i 7
przedstawiono wyniki analizy wskaznikow wykorzy-
stania no$no$ci, ale w odniesieniu do nos$nosci ele-
mentu. W przypadku zwichrzenia belek o przekrojach
walcowanych typu IPE (rys. 6a), po zastosowaniu

wspotczynnika czesciowego ze wzoru (5), uzyskuje
si¢ zmniejszenie wartosci Sredniej z 1,05 do 0,98 oraz
wspotczynnika zmiennosci z 5,7% do 4,0%. Przy
zwichrzeniu przekrojow klasy 4 z krepymi $ciankami
podpierajagcymi (rys. 6b), Eurokod zapewnia wigkszy
poziom bezpieczenstwa w porownaniu do zastepo-
wanych norm krajowych PN-B, przy czym wartos¢
srednia wynosi 0,93; wspotczynnik zmiennos$ci zas
5,8%. Po zastosowaniu wspotczynnika cze$ciowego
wg wzoru (6) uzyskuje si¢ znaczne zmniejszenie roz-
rzutu wynikow o ok. 2,5% i tylko nieznaczne zmniej-
szenie warto$ci sredniej z 0,93 do 0,88.

W przypadku zwichrzenia blachownic o przekro-
jach klasy 4 ze smuklymi Sciankami podpierajacy-
mi (rys. 7a), gdzie poziom bezpieczenstwa Euroko-
du najbardziej odbiega od poziomu zastepowanych
norm krajowych PN-B, po zastosowaniu wspotczyn-
nika czeSciowego wg (6) obserwuje si¢ najwicksze
zmniejszenie wartosci sredniej z 1,16 do 1,07 i re-
dukcje wspotczynnika zmiennosci z 7,1% do 3,8%.
Przy wyboczeniu stupéw o przekrojach typu HEA
(rys. 7b), po zastosowaniu wspotczynnika czgsciowe-
go wg wzoru (5) uzyskuje si¢ rowniez zmniejszenie
wartosci sredniej z 1,10 do 1,03 oraz redukcje wspot-
czynnika zmiennosci z 4,1% do 3,0%.
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