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Summary

Design of steel cross sections with thin plates has to take in account the effect of local instability
that reduce the ultimate resistance.

Eurocode 3 classifies these cross-sections as Class 4 cross-sections and in part 1-5 it shows two
procedures to take in account local buckling effects in the ULS resistence evaluation:

- Effective cross section method
- Reduced stress method

Scope of this paper is to show the application of the Reduced stress method to a real case (main roof
of High Velocity railway station in Florence, Italy) and some considerations about the relationship
with Effective cross section’s method.

Keywords: Effective cross section method, Reduced stress method, Eurocode 3, Class 4 steel
cross-section.

1. Introduction

Eurocode [1], defines 4 classes of cross-sections according their capacity to develop plastic moment
resistance. For class 4 cross-section design resistance Ry is limited by local buckling resistance and
it is lower than calculated one adopting full-plastic or elastic distribution stresses.

To determine correctly design resistance Ry of class 4 cross-section Eurocode shows 2 methods [2]:

1) Effective cross section’s method;
2) Reduced stress method.

These methods are analyzed and compared with observations on their application field and their
correlations. It is possible find that in same cases Reduced stress method are more conservative than
effective cross-section one.

Finally it is briefly showed an application of Reduced stress method in a real case: the design of
High Velocity Railway Station roof in Florence (Italy) [3].

2. Method description, observations and comparation

Eurocode [1] defines 4 classes of cross-sections according their capacity to develop plastic moment
resistance (this capacity is limitated by local buckling phenomenon).

According this classification Class 4 cross-sections are those in which local buckling occur before
the attainment of yeld stress in one or more parts of cross-section.

The classification of a cross-section depends on:
a) the width to thickness ratio of the parts subjected to compression;
b) the tipology of component plates of cross-section (internal or outstand compression plates);
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c)

the distribution of direct stresses ¢ on each plate;

d) the mechanical characteristics of steel.

On the basis of these infomations it be possible classify each part of cross-section. Cross-section
class will be the highest class of its compression parts.

It is important to observe that the classification depends only on the direct stresses cx. Shear
stresses T and stresses acting parallel to cross-section plane (o) are not considered.

Design resistance Ry of class 4 cross-section is limited by local buckling resistance and it is lower
than calculated one adopting full-plastic or elastic distribution stresses.

To determine correctly design resistance Ry of class 4 cross-section Eurocode shows 2 methods [2]:

3)
4)

Effective cross section’s method;
Reduced stress method.

In effective cross section’s method the portions of plates that are subject to local buckling is
removed from cross-section to obtain a residual cross-section named “effective” cross-section.
Design resistance is determined from this effective cross-sections assuming Class 3 for it.

Some

1)

2)

3)

4)

5)

6)

observations:
As in cross-section classification procedure, effective cross section’s method depends on:
a) the width to thickness ratio of the parts subjected to compression;
b) the tipology of component plates of cross-section (internal or outstand compression
plates);
c) the distribution of direct stresses ¢ on each plate;
d) the mechanical characteristics of steel.
The reduction from gross cross-section to effective cross-section depends only to direct
stresses Gx. Shear stresses T and stresses acting parallel to cross-section plane (c,) and their
influence are treated separately.
Stress distribution necessary to define y parameter would have to be based on:
a) gross cross-section for stress distribution on flange plates;
b) section with effective flange plates for stress distribution on web plates.
The riduction factor does not depend on the real intensity of oy stresses but only from its
distribution. Eurocode allows to take in account stresses intensity for the classification of
cross-section (and not for instability resistance evaluation) (see [1] p. 5.5.2(9)) and for
effective cross-section evaluation (see [2] p. 4.4(4)). In this way the procedure becames
iterative and the heavier computational effort finds giustification only for elements subjected
to low stresses.
Effective cross-section derived from symmetrical gross cross-section can be without
symmetry so in verifications it is necessary take in account an eccentricity ey (distance
between center of mass of gross and effective cross-sections) of axial force and its derived
supplementary bending moment AM = N en.
Effective cross section’s method can be used only when (see [2] p. 2.3(1)):

a) cross-section plates are rectangular;
b) flange plates are parallel;
¢) any unstiffened open holes are little.

Alternative method is named as Reduced stress method (see [2] p.10).
The method:

1y
2)

allows to take in account of direct stresses oy, shear stresses T, stresses G, acting parallel to
cross-section plane;

allows to define the acceptability of cross-section stresses distribution from the combined
point of view of resistance and instability by means of the acceptability of stresses
distribution of single cross-section plates;
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3) allows to adopt as reference the stresses distribution derived from gross cross-section
without iterative procedure and without additional eccentricity en;
4) is the generalization of the previous effective cross-sections method.
2.1  Method analytical description

Resistance verification requires that

F
(FEd ] < (1)
Rd sect
and assuming (ﬂj = max i(ﬂJ it is necessary to check for each i-th plate of cross-section that
FRd sect Rd J;
(Fﬂ] <1 Vi )
FRd i

Naming with oy x the minimum load amplifier for the design loads to reach the characteristic value
of resistence of the most critical point of the plate, design resistance can be described as

a i F
ult ,k* Ed (3)

Rd =
Tm

Now it is possible take in account plate buckling adopting a reduction factor p which depends on
plate slenderness A.

P i F,
FRd _ It,k " Ed ( 4)
Ym
The acceptability criteria (2) can be formulated as

Py k
Tm

The minimum load amplifier for the design loads to reach the characteristic value of resistence
(without buckling effects) ok is evaluated from stresses field by applying VonMises criteria:

21 _ (UX,E(] Jz J{Uz,Ed ]2 _(O-x,Ed I O Ed }r :,{TLdT (6)
ault,k fyk fyk fyk fyk fyk

Reduction factor p is evaluated following these steps:

>1 (for each plates of cross-section) &)

- determination of the elastic critical buckling stress for each single stress field:
Ger,x Ocr,z Ter
- determination of the minimum load amplifier for the design loads to reach the elastic critical load
of the plate under the single stress field:
Olcr,x = Ocrx / Ox,Ed Olcr,z = Ocr,z / OzEd Olcr,t = Ter / Ty
- determination of load amplifier for the design loads to reach the elastic critical load of the plate
under the complete stress field:
172

2
1+ 1+ 1+ 1+ 1- 1-
1 _ Iy, Ity Ve 1ty | 1mv, 1-v, 1 7)
acr 4acr,x 4acr,z 40!”,’/{ 40!”,’1 20.’3, X 2(13, Z afr T

Where yy e vy, coefficients take in account the stresses distribution on the plate (with maximum
value G4 g4 € G, g respectively, it is assumed that shear stress t id uniform).

- determination of plate slenderness A :
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rFe au t
7, =[Sk (8)

A

- determination of buckling reduction factors for each stress field and for the complete stress field:

po=p%,)  p.=p.1,)  z.=2.2,) ©)
- determination of buckling reduction factors for the complete stress field:
p= min(an Pz, Xw) (10)

2.2  Elementary cases

Analyzing elementary cases it can be show that from Reduced stress method it is possible to obtain
the Effective cross-section method.

2.2.1 Case 1: Plated subjected to compression direct stresses

Plate (b x t) subjected to compression direct stresses field (cx) only:

Gxed % 0 (=N / A =Ngy/ (bt)) G54 =Tea =0 Otk = fyk / Oxea
Olcrx = Ocrx / Ox,Ed Olcr,z = Ocr,z / GzEd 2> © Olerr = Ter / TEd 2> ©
Gerx = Ks(Y) OF elastic critical plate buckling stress
2 2
w Et

where o, = W Eulerian elastic critical plate buckling stress
12l-v? p?

ks(y) = buckling factor (according to stresses distribution)

from (7)
o o o Oyt ke 235
G = = ) T = )Tk, )2 B
x,Ed Vi - cr o E
auh,k gzault,k

Obtaining the expression of effective cross-section method (see [2] p. 4.4(1))

b

A =—-27™0 that it is used to calculate py (= p)

P 28 4ek, () Pxi=P

o , Apf Agf,
Plurk 4 > A s A s A sk > Ao >

Ym OxEdY M AC gV m Ym
> Ao fya 2 A0y > Ngg 2Ngy

2.2.2 Case 2: Plated subjected to tension direct stress
Plate (b x t) subjected to tension direct stresses field (o) only:
oxea %2 0 (=Nga/ A =N/ (bt)) G54 =Tea =0 Otk = fyk / OxEa
Olerx = Ocrx / OxEa =2 o (tension plate has no buckling) Olerz = Ocrz / OzEd 2 ©
Olcr,t = Ter / TEd 2> ®
from (7)
— (04
Oler > © 2, = /ﬂ =0
aCV

Thus p=px=1 and then

o4 A A
Plurk 4 > Ty s LSNP ok s Ac gy >

Ym OxEdY M AC,ga¥m Tm

> Afyg 2 Ao,y = Ngs > Ng,
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2.2.3 Case 3: Plated subjected to shear stresses

Plate (hy, x t) subjected to shear stresses field (t) only:

23

Using the two methods, the verification of a single plate subjected to a direct stresses field (ox # 0,
o, = 1 = 0) leads to the same results. This may be not more true when the methods are applied to a

Iy

— _ _ _ vk
Ted # 0 (= Vga/ A =Vgq/ (hy 1)) Oxgd = OEd =0 Ay =
3Ty
Olcrx = Ocrx / Ox,Ed 2> © Olcrz = Ocrz / Gz Ed 2> © Olerr = Ter / TEd
Ter = K: OF elastic critical plate buckling shear stress

2.2
7°Et . . ... .
where o = e Eulerian elastic critical plate buckling stress

k.(hy/t) = buckling factor (according to height to thickness ratio)
from (7)
o o o a 235
=k ~E _ kr E — kr E Zz _ ult k _
TEd fyk 1 235 ! Ay \/EkTO'EgZ

f Al e \/ggzaun,k

Obtaining the expression of shear design resistance (see [2] (5.5))

hW
A,, =———— that it is used to calculate (= p)
37,45k, "
o Apf. A
Pk > A M s A s >Ary, =
"m \/grEd}/M \EA TEdY M N/EJ’M

-> Vra 2V

Stress reduction method vs. Effective cross section method

section (= set of more plates).

While Effective cross-section method reduces the geometrical cross-section and then gets the
stresses field from the given strains field, Reduced stress method first gets the stresses field from

the given strains field and then gets the reduction buckling factor p.

As example it is possible to assume a square hollow section made by 4 plates: 2 horizontal plates (b¢
x tr = 500x20mm) and two vertical plates (by x ty = 500x10mm) and subjected to compression axial

force. Steel class: S355 (fyx = 355 N/mm2, € = 0.81).

According the Eurocode 3 cross-section classification method, horizontal plates have class < 4 (b¢/t¢
= 500/20 = 25 < 42¢ = 34) and vertical plates have classe 4 (by/ty, = 500/10 = 50 > 42¢ = 34)

therefore the cross-section has class 4.

Using Effective cross-section method:

Gross cross-section area: A =2 x (500 x 10 + 500 x 20) = 30000 mm?2
Uniform stresses distribution = y=12k;=4

b, 500

Vertical plate slenderness: 4, L = 10 =1,087

r- 284sfk, () 284x0814

Y- A, =0,0553+y) _ 1,087-0.055(3+1)

72 2
2 1,087

Vertical plate effective cross-section area: (p bw) tw =
= (0,734 x 500) x 10 =367 x 10 = 3670mm2

Plate reduction factor p:

=0,734
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Effective cross-section area A, =2 x 3670 + 2 x 500 x 20 = 27340 mm?2
Cross-section design resistance axial force (named Nggr rg for the used method):
NErr rd = fya An =y / ymo An =355/ 1,05 x 27340 mm?2 = 9243 kN

Using Reduced stress method:

Assuming Ngq = Ngpr ra = 9243 kN the design stress is

Ord = Nea/ A =9243000 / 30000 = 308 N/mm?2 (uniform on all plates)

Following the method procedure:

Horizontal plate | Vertical plate

Dimensions b x t [mm)] 500 x 20 500x 10
Steel fyx [N/mm?2] 355 355
™ 1,05 1,05
Ogd [N/mm2] 308 308
Oiik = fyk / OxEd 1,15 1,15

2 Et? 304 76
v, Ko(w) 1, 4 1, 4
Ocrx = Ko(W) op [N/mm?2] 1216 304
Oler = Oler,x = Ocrx / Ox,Ed 3’95 0’99
_ Ay 0,540 1,08
Z, = /—

aCV
p=p.1,) 1,00 0,74
o PP 1,10 0,81

Y > 1 - verified < 1 = not verified

Cross-section is not verified. In fact, according Reduced

stress method cross-section design

resistance axial force is only Nrgp rg = 7470 kN (with uniform stress ogg = 249 N/mm?2). Vertical
plates I ratio is 1,00 and horizontal plates I" ratio is only 1,36 (they are not fully employed):

Horizontal plate | Vertical plate
Dimensions b x t [mm)] 500 x 20 500x 10
Steel fyx [N/mm?2] 355 355
M 1,05 1,05
Ogd [N/mm2] 249 249
Oyl k = fyk / OxEd 1,43 1,43
72 Et? 304 76
\|I9 kG(\lj) 1’ 4 1’ 4
Oerx = Ko(W) o [N/mm2] 1216 304
Oler = Oler,x = Ocrx / Ox,Ed 4’88 1’22
_ Qs a 0,541 1,08
Z, = / :
aCV
p=p.%,) 1,00 0,74
= PP 1,36 1,00
Y > 1 - verified > 1 - verified
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To have Nrep ra = Nepr ra = 9243 kN it is necessary to assume a stresses field with oy gq = cost. =
291 N/mm?2 on vertical plates and oy _gq = cost. = fyq = 338 N/mm2 on horizontal plates but this
stresses distribution has no congruence-acceptability.

Horizontal plate | Vertical plate
Dimensions b x t [mm)] 500 x 20 500x 10
Steel fyx [N/mm?2] 355 355
Y™ 1,05 1,05
Ogd [N/mm2] 338 249
Olult,k = fyk / OxEd 1,05 1,43
72 Et? 304 76
\ll9 kG(\ll) 1’ 4 1’ 4
Ocrx = Ko(W) op [N/mm?2] 1216 304
Oler = Olerx = Ocrx / Ox,Ed 3’60 1’22
_ Qi 0,541 1,08
Z, = /—
aCV
p=r,7,) 1,00 0,74
= PP 1,00 1,00
Y > 1 => verified > 1 => verified

This example shows that, when both methods are applicable, there are cases where Reduced stress
method is more conservative than Effective cross-section method.
3. A real case: High Velocity Railway Station in Florence (Italy)

Reduced stress method has been adopted for the verification of steel member of the High Velocity
Railway Roof in Florence.

The roof structure is thought as a cylindric vault with 350m length and 52m width. At each end the
roof goes on with a cantilever “nail” with 50m span. The structure is formed by a romboidal grid of
plane arches.Arch vertical planes are inclined respect to roof longitudinal axe.

B o ——a ——— — . =
~ = RD><

X
»

Longitudinal view

Arches are differentiate by primary and secondary arches. Their cross-sections have trapezoidal
hollow shapes with height variable respectively from 900mm and 600mm at mid span to 1600mm
and 1200mm at the supports. These box are composed by welding plate with thickness variable
from 10mm to 50mm. Except to the joints at the intersection of arches, no internal ribs are planned
for these plates. The 3D iperstaticity of the structure causes the presence of all six components of
internal action and the use of slender plates moved the Designers to adopt the Reduced stress
method for the arch verification ([3]). The constructive phase of design ([4]) has also adopted the
method with the implementation of electronic sheets for the detailed analysis of check steps on
single elements and of C++ routines for structural software (see following pictures).
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[VERIFICA PANNELLO AB - EUROCODICE 3 parte 1-5 (Reduiced stress method) oora= 1216 Nimm2 = Kt oEx
Verifica Fuoco 0 ap= 0541 = b1/ 284! (30.5)
1 = 1.05 Mimm2 _ coeficiente di sicLrezza A= 0505 =p EC31-6pta 10(5)
fr= 355 Nimm?2 _ tensione di snenvamento acciaio px= 100 =10 584 <= 0673, (-0.055 man(0;3+)) | ()2 se A > 1673
fy_funco = nd. Nimm2 tensione oi snevamento actiaio (R15)
E= 208000 Nimm2  modulo di Young delfacciaio ac= 2267 = &l 7'0 5)(93.%) COLUMN TYPE BUCKLING BEHAVIOUR
o= 0814 (2351705 a= 021 coeficiente relativa alle imperfezioni per piatl non imgidlt (EC3 1-5 pi &.5.3(5)
v= 03 coefliciente di Poisson o= 250,85
1= 20mm  spessore del pannello 1= 0002 fattore di riduzione
b= 500 larghezza del pannello
S 10000/mm  lunghezza del pannella COLUMN AND PLATE BUCKLING INTERACTION
(a= distanza tra due imigidimenti rasversal) otri= 069 dajc=(fylatr 05 aforzo elastico enticn di colanna per piatt non imoidi (4.5.3(2)
R= 38,000 m raggio i curatura arco otrp= 1216 = aerx= Kox ofx
- 1.00 = otrp four,c-1) compreso tra 0 e 1 £C3 150 454
a= 6666667 mmd  momento dinerzia del piatio la= 1/12 a3 po= 1000 = (px-r0) 8 (28 3¢ (ECI15p10454)
Nera= 5354 kN a2ione normale criica Nera = #2 E 142
Aa= 200000 mm2  area del piatto in direzione longitudinale Afa=a t acri= 488 = oorx/onEd = aurd maK(oi)
b= 333333 mmé4___ momento dinereia del piatio Io= 1112 b '3 o= - w1 /Ed
Nerb= 7k azione normale criica Ner = #2 E b/ 22 1cr= 0.3048 EC31-6 pio 10(6)
b= 10000 mm2 area del piatto in direzione trasversale AT = bt
acr= 4.9 minimo amplificatore di carico per instahilia’
olx= 249.00 Nmm2  tensione nel punto 1 del pannello (+compressione,- razione) ap= 051 srellezza del piatto = (ultk_Clacn™/2
o= 249.00 Mmm2 _ tensione nel pnto 2 del pannello (+compressione, - razione) b= 1.00 EC3, 16 pio 10(5)
olz= 61.43 Nimm?2 _tensione massimalungo z estiemo 1 del pannella olz= 3ox_medio b2 (4RY
olz= 61.43 Nimm2 _ tensione massima lung z estremo 2 del pannello cxz=olz CONTROLLO COMPRESSIONE
<Ed= 0.00 Mmm2 _ tensione massima tangenziale totale
aEx= 304 Mimm2  tensiane eriica lungo 07 3040 oEx = MAX (Nor b / A7, 190000 (¢h)"2) oxEd= 249.00 tensione massima di compressione Iungo x se presente (+ compr. - trazione)
ofz= 270 Nimm2  tensione riica lungo z 269.8 08 oEz = MAX (Nor,a / Af,a, 190000 Va)'2) o2Ed= -81.43 tensione massima lungo z (valore massimo tra ozi & s72) (segno opposto a oxEd)
Jullk_Cp2= 064 = (0 EA2+ oz, EQIA2 (o EIR) oz, EIF) +3CE A2
FATTORE DI INSTABILITA PER TAGLIO aultk c= 125 minimo ampliicatore di carico per i caso df compressione
Ke= 535 5.30+4.00(/2)'2 e alb >=1_4.00+5.34(bi)'2 5e a1 rc= 1187 = paulk /i
e = 1626 Nimm2  wore= KeoBx
n= 12 5.1(2) Fatlore per sezioni nan iigidite GONTROLLO TRAZIONE
W= 0355 parametia di snellezza = 0.76 (/e *0.5 (110 5.3 (5.3)
= 05605 oEd= 0.00 tensione massima di traziane lunga x se presente (+ compr - iazione)
= 120 fattore per i cotributa dellanima alla resistenza iataglio (Tab,. 5.1 Colonna "Non rigid end post) czEd= 61.43 tensione massima lungo 2 (valore massimo i3 ozl & oz2) (2600 oppostn & ok Ed)
af= 0 fattore per il contributo delle flange alla resistenza al taglio (ipofesi = 0) /@ultk T¥2= 0.03 = (0 EdINA2+ (o2, QU2 (o E) oz, EIR) +3CE A2
w= 1200 —aw () autk T= 578 minimo amplficatore di carico per i caso i trazione
FATTORE DINSTABILITA FER COMPRESSIONE rT= 5504 = pouulc /M1
Piatto teso O FLATE TYPE BEHAVIOUR VERIFICA FINALE
= 1.000 w=(rminoi) f (max oi)
Kox= 400 Table 4.1: Internal compression elements Triin = 1187 »= 1.0 Pannells verifcats

Electronic sheets for detailed step by step plate verification

al o2 Trax taglio | rmax tors THot
Nfmm2 Nfmm2 Mmm2 Mfmm2 Mmm2 r Werifica Check
AB -154.0 -43.0 0.00 0.00 0.00 2.0 >=10 Pannello verificato
BC -48.0 60.4 0.00 0.00 0.00 4.23 ==1.0 Pannello verificato
co B80.4 268 0.00 0.00 0.00 3.85 >=10 Pannello verificato
DA 268 -154.0 0.00 0.00 0.00 218 >=1.0 Pannello verificato
201 >=1.0 Sezione verificata

Cross-section shape and summarizing check results table

4. Conclusions

The methods to evaluate the ULS resistence of class 4 steel cross-section according Eurocode 3 are
compared with some observations about their application field and their correlation. When both of
them are applicable Reduced stress method may leads to more conservative result than Effective
cross-section method. Reduced stress method has found a real application in the design of High
Velocity Railway Station roof in Florence (Italy).
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