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STROBE

A series of 7 numerical examples were prepared which demonstrate the application of
the design recommendations developed in WP2 and 3. The examples illustrate the
design process in clearly explained steps and show the application of the proposed

amendments to Eurocode 3. All the examples are on welded |-sections.

The following examples are included:

No. | Design example

Comments

1 Two span continuous beam with
single concentrated load

Ultimate load that can be supported
by an S690 continuous beam using
plastic analysis

2 Three span continuous beam with a
single concentrated load

Ultimate load that can be supported
by a hybrid (S690/S355) continuous
beam using plastic analysis

3 Column

Flexural buckling resistance of an
S690 homogenous cross-section

4 Beam

Lateral torsional buckling resistance of
an S690 homogenous cross-section

5 Three span continuous beam with two
concentrated loads

Ultimate load that can be supported
by an S690 continuous beam using
advanced inelastic analysis

6 Fixed based portal frame with Hy =
0.1Vqy

Ultimate load that can be supported
by an S690 portal frame using
advanced inelastic analysis

7 Fixed based portal frame with Hy =
0.4Vq4

Ultimate load that can be supported
by an S690 portal frame using
advanced inelastic analysis
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1 Two span continuous beam with a

concentrated load

1.1 Scope

Verify the adequacy of the system shown in Figure 1 using plastic design. The
beam consists of an S690 welded I-section with dimensions as listed in Section 1.3.

lﬁad —— t
a,
& AN A LRk
p L/2 1 L2 L L 1 S | £
b )
Figure 1 continuous beam subjected to concentrated load

The design aspects covered in this example are:
e Cross-section classification
e Verification of moment resistance

e Verification of shear resistance

1.2 Design force and beam length

Design load Frq= 410 kKN
Length L =4m

1.3 Section properties

Depth of section h =249 mm
Width of flange b =120 mm
Flange thickness te =12 mm
Web thickness tw =10mm
Web height hy, =225mm
Weld thickness a,, =3 mm

Plastic modulus about y-y axis Why = 4.6784%x105 mm3

1.4 Cross section classification
In order to apply plastic design, the flanges and the web must be Class 1:

Verify that:

For the flange: % < 8¢

And for the web: % < 60¢
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The steel grade influence ¢ is:

_[s_ f2s_
T E T e

For the flange:

bty 120 10
T VZaw o523

- te B 12

=4.23 < 8: =4.64

S|l 0

For the web:
_hy—-2-v2-a, 225-2-v2-3

tw 10

= 21.56 < 60e = 34.80

S|l 0

The web and the flanges are Class 1. So, the whole section is Class 1. Therefore,

plastic design is possible.

1.4.1 Cross-section resistance

Bending moment resistance:

For a Class 1 cross-section, the bending moment resistance of the cross-section is
given by:

W, 690 - 4.6784 x 10°
Mpira = by Woly 446
YMo 1.0

-107% = 322.81 kNm

Shear resistance:

Verify that:

<72

é‘r |§}

S| M

725 = 720'58 =348
n T 12 7
hy,, 225
—=—=1225<348
tw 10
Therefore, the shear resistance of the cross-section is given by:

hy - tw(fy/V3) 103 22510 (690/v3)
YMo 1.0

Vplrd = 1073 = 896.3 kN
1.4.2 \Verification of cross-section resistance based on plastic
analysis

Verify that:

F
B <10

Fp,analysis B
The load until achievement of My, rq is:

Myra 32281

= 02030 ~0203.4 070N

Fy

6.2.5(2)
Eq. 6.12

6.2.6
Eq. 6.22

6.2.6
Eq. 6.18
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N -~ D
"< 0.203 L= My,

Figure 3 Load resulting in the formation of the first plastic hinge

The Additional load after the appearance of the first plastic hinge is:
' Mpira — F; - L-0.094 ). 322.81 —397.55-4-0.094

F, =2
2 L 4

F, = 86.67 kN

W ol

,LFZ ' v 0.094FAL
[T lelmmh
JANNY AN FAY

-

T~ 0.203AL= M,

Figure 4 Additional load resulting in the formation of the second
plastic hinge
So, the total applied load results to:

Fpanalysis = F1 + F, = 397.55 + 86.67 = 484.22 kN

p
Feq 410

= =0.847<1.0 OK
,analysis 484.22

Fy

Verification of the shear forces:
Vgq = F; - 0.594 + F, = 397.55 - 0.594 + 86.67
Vgq = 322.81 kN

Vea _ 32280 p36<05
Vora 8963 '

Therefore, even at the ultimate load, the shear forces are sufficiently small not to
affect the bending resistance of the cross-section.

The cross-section is therefore adequate.
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2 Three span continuous beam with a
concentrated load

2.1 Scope

Verify the adequacy of the system shown in Figure 1. The beam consists of an
hybrid welded I-section with dimensions as listed in Section 2.3. The flanges are
made from S690 and the web is made from S355.

t
| .
e h, |h
in o = =
L LR L L2 L2 L2 o, L2 L2 IT &

Figure 1 continuous beam subjected to concentrated load

The design aspects covered in this example are:
e Cross-section classification
e Verification of moment resistance

e Verification of shear resistance

2.2 Design force and beam dimensions
Design load Frq= 460 kN
Length L =7m

2.3 Design using hybrid section
2.3.1 Section and material properties

Yield strength of the flange fyg =690 MPa
Yield strength of the web fyw =355MPa
Depth of section h =270 mm
Width of flange b =150 mm
Flange thickness te =15 mm

Web thickness tw =15mm

Web height hy =240mm

Weld thickness ay =4mm

Plastic modulus of the flanges about y-y axis Woigy = 5.74%x105 mm3

Plastic modulus of the web about y-y axis Wolwy= 2.16X105 mm3
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2.3.2 Cross section classification

In order to apply plastic design, both sections must be class 1:

Verify that:

For the flange: % < 8¢
And for the web: % < 72¢

The steel grade influence ¢ of the flanges is:

_[ms_ f2s_
SN R [T A

The steel grade influence € of the web is:

_[ess_ s
NN T KT

For the flange:

bty 150 15
c_zp Veaw Tpop o
t Lt 15
c
E:4.12S8£:4.64
For the web:
c _hy—2-\2-a, 240-2-Y2-4
c
?=15.25372£=58.32

The web and the flanges are Class 1. So, the whole section is Class 1. Therefore,
plastic design is possible.

2.3.3 Cross-section resistance

Bending moment resistance:

For a Class 1 cross-section, the bending moment resistance of the cross-section is
given by:

(fy,f ' Wpl,f,y + fy,w ' Wpl,W,y) .10-6

Mpira =
YMmo
(690 - 5.74 x 10° + 355 - 2.16 x 10%)
= -107% = 472.57 kNm
1.0
Shear resistance:
Verify that:
h
w o gpf
tw n
72—=72 081 _ 48.6
n 712
h, 24
—=—=16<48.6
tw 15

6.2.6
Eq. 6.22
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Therefore, the shear resistance of the cross-section is given by:

hy - t V3 240 -15 - (355/v/3 6.2.6
Vplrd = ha - (/V3) x 1073 = (355/3) 1073 = 737.85 kN

2.3.4 \Verification of cross-section resistance based on plastic
analysis

Verify that:

_Fea 10

Fp,analysis

The load until achievement of My, rq is:

Mpira _ 472.57

F, = = = 385.77 kN
17 0175L ~ 0.175-7 385
lFl _0.075FL
AN JAY ! o JAY
20.175FAL = My

Figure 2 Load resulting in the formation of the first plastic hinge

The Additional load after the appearance of the first plastic hinge is:
' My ra — F1 - L-0.075 5. 472.57 —385.77 -7 - 0.075

F2:2

L 7
F, = 77.15kN
i 2 0.25F,L

Figure 3 Additional load resulting in the formation of the second

plastic hinge
So, the total applied load results to:
Fp analysis = F1 + F, = 385.77 + 77.15 = 462.92 kN
fre _ %0 _99<10 ok
Fp analysis ~ 462.92 ' '

p
Verification of the shear forces:

Vgq = F, - 0.50 + F, = 385.77 - 0.50 + 77.15

Vgq = 270.04 kN
Vea _ 270.04

= =037 <05
Vora  737.85

Therefore, even at the ultimate load, the shear forces are sufficiently small not to
affect the bending resistance of the cross-section.

The cross-section is therefore adequate.
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3

Buckling of uniform member in
compression

3.1 Scope

Verify the adequacy of a pin-ended column subjected to an axial compressive load
Ng4, as shown in Figure 1. The column consists of an S690 welded I-section, with

dimensions very similar to those of an HEA 140.

lNEd
o g or

3000 mm

L ooy L

I

Figure 1 Pin-ended column subjected to axial compression
The design aspects covered in this example are:

e Flexural buckling resistance of member in axial compression

3.2

Design axial force:

Design force for ultimate limit state
N,y = 650 kN

3.3 Section and material properties

For a welded I-section with the same dimensions as an HEA 140 in S690 steel
Depth of section h =133 mm

Width of section b =140 mm

Flange thickness t = 8.5 mm

Web thickness tv  =55mm
Cross-sectional area A = 3307 mm?

Second moment of area about y-y axis L =1.08x107 mm*
Second moment of area about z-z axis L = 3.90x106 mm*
Radius of gyration about y-y axis Iy =,/ I,/A=57.14 mm
Radius of gyration about z-z axis I =./1,/A =34.34 mm
Member length L = 3000 mm

Weld throat thickness tn =85mm

References are to
EN 1993-1-1:2005
unless otherwise
stated.

EN 10025-1/2
Euronorm 53-62

HE section table
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l Ngs=650 kN l Ngy =650 kN
185 unit: mm
T 4 T
8.5 y e
55 133 H i
s y -
A-A B-B
§ LS Al 1A BI™ 1B
140 7
Figure 2 Column cross-sectional dimensions and boundary
conditions
For S690 QL steel EN 1993-1-12:
Yield strength (£< 50 mm) £ =R, =690 N/mm? 2007 (E)
3.1(2) Table 1
Ultimate tensile strength (£< 50mm) £, =R, =770 N/mm?

34 Partial factors for resistance
Structural Steel

wo = 1.0 (resistance of cross-sections)
= 1.0 (resistance of members to instability)
3.5 Cross-section classification

Flange slendernesss ratio c/tr&r (subjected to compression)

140 — 5.5 — 2 X 8.5v2

’235
2 X 8.5 X m

Web slenderness ratio ¢/twew (subjected to compression)

133 —-85x%x 2 —2 X 8.5V2

’235
5.5 X m

Therefore, the cross-section is Class 3 in compression

=11.13< 14 ->Class 3

= 28.65 <38 —>C(Class?2

3.6 Cross-section resistance
For a Class 3 cross-section, the cross-section resistance is given by:

Af, 3307 x 690

N = _
cRd ¥YMo 1.0

Ngg 650
Nerq  2281.83

= 2281.83 kN

=028<1.0 ~OK

6.1(1)

prEN 1993-1-1:
2019, Clause 7.6,
Table 7.3

and STROBE
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3.7 Buckling resistance of the column

The buckling resistance of a compression member is verified as follows:

Nggq
Np,rd

<1.0

where:
NEgq is the design value of the compression force

Afy . : : : .
NpRrd = 24k is the design buckling resistance of the compression member.
’ Ym1

The value of y for the appropriate non-dimensional slenderness A is determined
from the relevant buckling curve according to:

1

X=—" —-=
D+ VP2 — 22

where:
® = 0.5[1+ a2 —0.2) + 27

but y < 1.0

A= /z—fy for Class 1, 2 and 3 cross-sections

o is an imperfection factor
N¢, is the elastic critical force for the relevant buckling mode based on the
gross cross-sectional properties

Since the column is pinned at both ends, the effective buckling length L., about the
y-y axis and the z-z axis is equal to the column length L. Since the effective length
about both axes is the same, it is evident that buckling about the minor axis will be
critical. However, for illustrative purposes calculations are presented for buckling
about both axes.

For buckling about the major axis:

The non-dimensional slenderness A_y 1s calculated as follow:

o Af, Ly 1 1x3000 1 _ 0058
¥ (Ne iy A 5714 939../235/690

According to prEN 1993-1-1:2019, buckling curve b applies to HSS welded I-section
columns buckling about the major axis. The proposed STROBE buckling curve
selection table is given below, where curve a is recommended for HSS welded I-

sections buckling about the major axis.
Buckling curve
Buckling S235
Cross-section Limits ) S275 S460to
about axis $355
S700
S420
z = z < y-y b a
| —= ;<40 mm
Welded | | zz c b
A et A |
I-sections
i i y-y c b
— t>40 mm
z 2 z-Z d c

6.3.1.1 (1)
Eq. 6.46

6.3.1.1 (3)
Eq. 6.47

6.3.1.2 (1)
Eq. 6.49

6.3.1.3(1)
Eq. 6.50

prEN 1993-1-1:
2019, Clause
8.3.1.3, Table 8.3
and STROBE
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Using the buckling curve proposed in STROBE (curve a), the imperfection factor «
is 0.21.

Therefore:

® =0.5[1+a(2—0.2) + 22] = 0.5 x [1 + 0.21 x (0.958 — 0.2) + 0.958?]
= 1.038

X= ! ! = 0.696 < 1.0

o 4+Jd2_ 32 1.038+1.038Z — 0.9582

XAfy _0.696 x 3307 x 690

x 1073 = 1588.2 kN
YMm1 1.0

Npyrd =

Neq 650

= =0.41 < 1.0 - OK
Npyra 1588.2

For buckling about the minor axis:

_ Af, Ly 1 1x3000 1
A= |——=—"—= . = 1.594
Nee i, A4 3434  93.9-./235/690

According to prEN 1993-1-1:2019, buckling curve ¢ applies to HSS welded I-section
columns buckling about the minor axis. The STROBE recommended buckling curve
is buckling curve b, with an imperfection factor a = 0.34.

Therefore:
® =0.5[1+a(2—0.2) + 22] = 0.5 x [1 + 0.34 x (1.594 — 0.2) + 1.5947]
=2.007
! ! 0.310 < 1.0
X = = = U. .
® ++/d2— 12 2.007 ++2.0072 — 1.5942
A 0.310 x 3307 x 690
Nozrd = ALy _ X 1073 = 707.2 kN
)/Ml 10
Nea _ 650 _ h92<10 » OK
Npzra 7072 ' N

Therefore, the buckling resistance of the chosen cross-section is adequate.

If the buckling resistance of the column is determined using the buckling curves
specified in prEN 1993-1-1:2019 (i.e. curve b with a = 0.34 for buckling about the
major axis, and curve ¢ with a = 0.49 for buckling about the minor axis), then:

For buckling about the major axis:
Npyra = 1423.5kN

For buckling about the minor axis:
Np,rd = 652.4 kN

Therefore, by using the buckling curves proposed in STROBE, the buckling
resistance of the column about the major axis is increased by 12%, while the buckling
resistance about the minor axis is increased by 8%.

prEN 1993-1-1:
2019, Clause
8.3.1.3, Table 8.2

and STROBE
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Made by ICL Date Feb 2021
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4 Buckling of uniform member in bending

4.1 Scope

Verify the adequacy of a simply-supported laterally unrestrained beam subjected to
a uniformly distributed load ggq4, as shown in Figure 1. The beam consists of an
S690 welded I-section, with dimensions very similar to those of an IPE 220.

Ged

bl vl v il

Nelel

|
1

5000 mm

Simply-supported beam subjected to a uniformly
distributed load

Figure 1

The design aspects covered in this example are:

e Lateral torsional buckling resistance of member in bending about major axis

4.2 Design force for ultimate limit state
Dead load Gi: 1.0 kN/m
Imposed load Qk: 5.0 kN/m

Design uniformly distributed load:
Design maximum bending moment:

4.3 Section and material properties
Welded I-section with the same dimensions as an IPE 220 in S690 steel

gq = 1.35G +1.50, = 8.85kN/m
Miq = 27.66 KNm

Depth of section h =220 mm

Width of section b =110 mm

Flange thickness t = 9.2 mm

Web thickness tvw =59mm
Cross-sectional area A = 3552 mm?2
Second moment of area about y-y axis L = 2.97x107 mm*
Second moment of area about z-z axis Y = 2.06X106 mm*
Radius of gyration about y-y axis Iy =, L,/A=91.4 mm
Radius of gyration about z-z axis I =I1,/A=241mm
Member length L = 5000 mm

Weld throat thickness tn  =9.2mm

Warping constant Ly = 2.28x101° mm®
Torsional constant h =9.03x104 mm*

Plastic modulus

Way = 3.06x10° mm3

References are to
EN 1993-1-1:2005
unless otherwise
stated.

EN 1990: 2002
Eq. 6.10

EN 10025-1/2
Euronorm 89

IPE section table
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|59 BN EY

Figure 2 Beam cross-sectional dimensions and loading

For S690 QL steel
Yield strength (£< 50 mm) £ = R, =690 N/mm?
Ultimate tensile strength (£< 50mm) 1 =R, =770 N/mm?

4.4  Partial factors for resistance
Structural Steel
o = 1.0 (resistance of cross-sections)

nn = 1.0 (resistance of members to instability)

4.5 Cross-section classification

Flange slendernesss ratio c/tr&r (subjected to compression)
110 — 5.9 — 2 x 9.22
’235
2X9.2 X %90
Web slenderness ratio c/twew (subjected to bending)

220—92X2—2X9.2v2

’235
5.9 x m

Therefore, the cross-section is Class 1 in bending.

=73<8 —>C(Class 1

=51.0< 60 —>Class1

4.6 Cross-section resistance

For a Class 1 cross-section, the bending resistance is given by:

Wuf, 3.06 x 10° x 690

Mgy =M jrq = = 211.1 kNm
c,Rd pLRd VMO 1.0

Mea _ 2766 _ 13 <10 - OK

M.pg 2111 ' h

4.7 Buckling resistance of the beam

A laterally unrestrained member subjected to major axis bending should be verified

against lateral-torsional buckling as follows:

b

EN 1993-1-12:
2007 (E)

3.1(2) Table 1

6.1 (1)

prEN 1993-1-1:
2019, Clause 7.6
Table 7.3

and STROBE

6.3.2.1(1) Eq.6.54
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The buckling resistance moment My rq is defined as:

xueWo f,
Mpga = —22

M1

where:
XLt  is the reduction factor for lateral torsional buckling

W, is the major axis section modulus — Wy, , (plastic section modulus) for
the selected profile, i.e. Wy = 3.06 X 10° mm?3

ym1  1s the partial safety factor for member buckling

For the general case, the value of yir for the appropriate non-dimensional
slenderness A, is determined from:

1
XLt = but XLt < 1.0
, .
dpr+ | Prr’ — At

where:

= = 2
CDLT =0.5 [1 + aLT(ALT - 02) + }\LT ]
ot 1is the imperfection factor

Wyfy

cr

A = is the nondimensional slenderness of the beam

M., is the elastic critical moment determined by the following expression
for non-uniform bending and differing degrees of end restraint against
rotation on plan:

M. =C n,/EI Gly |1+ mEly
e T g VT (kL)2G Iy
where:

C; isthe equivalent uniform moment factor that accounts for the shape
of the bending moment diagram; C; is taken as 1.13 according to
the designed bending moment diagram.

k  is an effective length parameter; in this case k is taken as 1.0 given
the type of restraint.

I, is the minor (z-z) axis second moment of area of the section
It is the torsional constant of the section

I, s the warping constant of the section

L is the length of the beam

Therefore, the elastic critical bending moment M, of the selected profile is:

M, =113 -\/210000 -2.06 X 10%-81000-9.03 x 10*

T
1.0-5000
\/ 2 +-210000 - 2.28 x 1010

= 44.8 kNm

* (5000)? -81000-9.03 x 10*

And the nondimensional slenderness of the beam is:

_ Woif. 3.06 X 105 X 690
A = / VY = = 2.17
LT M., 44.8 x 106

6.3.2.1(3) Eq.6.55

6.3.2.2(1) Eq.6.56

SCI P360
2.2.1Eq.2.13

SCI P360
2.4 Table 2.5

SCI P360
3.1 Table 3.1
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Case 1: EN 1993-1-1 LTB curves
According to EN 1993-1-1:2005, for a welded I-section beam with h/b =220/110 =| EN 1993-1-1:

2, buckling curve ¢ applies. However, the buckling curve specified in EN 1993-1-
1:2005 was derived for steel grades of less than or equal to S460. In STROBE the
proposed buckling curves for HSS welded I-sections are given in the table below,
where curve b is recommended for an S690 welded I-sections with h/b =2.
Therefore, the imperfection factor a is 0.34.

Cross-section Limits Steel Grade | Buckling curve o
S460-S500 0.34
h/b<2 b
Welded I- S690 0.34
sections Wb >2 $460-8500 0.49
c
S690 0.49

by = 05[1+ oyr(Rur — 0.2) + Aur |

= 0.5[1 + 0.34 x (2.17 — 0.2) + 2.172] = 3.19
1 1

X — — —
L . - 2z 319+V3192-2172
Opp+ [ Prr” — At

_xuWfy 0.18x 2111

0.18

My pg = = 38.00 kNm
b.Rd YMmi 1.0

Mea _ 2766 _ 10310 . OK

Mpgrq 3800 ' -

Case 2: prEN 1993-1-1:2019 LTB curves
According to prEN 1993-1-1:2019, since t; = 9.2 mm < 40 mm, the imperfection

factor for an HSS welded I-section beam is given by a;r = 0.21 /Wel,y/ Welz <
0.64, while the imperfection factors proposed in STROBE for an HSS welded I-

section beam is given by ayr = 0.16 ’Wel,y/ We), < 0.49, as shown in the table

below.

a

Cross-section Limits t;
prEN 1993-1-1:2019 ‘ STROBE
;<40 mm 0.21 W,y /We, < 0.64 0.16 W,y /Wey, < 0.49
Welded
S460to S700
I-sections

(>40mm  0.25 (W, /W,y < 0.76

0.21 (W, /W, < 0.64

Using the expression recommended in STROBE, the imperfection factor ay is:

a;r = 0.16 /Wel,y/WeLZ =0.16 X 4/2.52 x 105/3.73 x 10* = 0.416 < 0.49

2005 Clause

6.3.2.2, Table 6.4

and STROBE

prEN 1993-1-
1:2019(E),

Clause 8.3.2.3,
Table 8.5

and STROBE
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Therefore:

by = 05[1+ or(Ryr — 0.2) + Apr”|

= 0.5[1 + 0.416 x (2.17 — 0.2) + 2.172] = 3.26

1 1

X — —
L . - 2 326+V3262—2172
Oy + [ Prr” — At

XLTVI/;/fy _ 0.175 x 211.1

=0.175

My rg = = 36.94 kNm
b.Rd YM1 1.0

Mea _27:56 _ 405 <10 . OK

Mpgrq 3694 ' -

Therefore, the lateral torsional buckling resistance of the designed beam with
an HSS welded I-section is adequate.

If the buckling curve specified in prEN 1993-1-1:2019 is used, the buckling
resistance moment of the beam is:

Mb,Rd = 35.19 kNm

Therefore, in this case the buckling curve recommended in STROBE for HSS
welded I-section beams leads to an increase in the buckling resistance moment of
5% compared the provisions in prEN 1993-1-1:2019.
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5 Beam subjected to four-point bending

5.1 Scope

Verify the adequacy of a S690 welded I-section simply-supported beam of 3.0 m
span subjected to two equal loads /3 = 240 kN applied at the third points along the
beam length, as shown in Figure 1. The beam is fully laterally restrained and has
stiffeners at the points of the applied loads to prevent local failure under the
concentrated transverse forces.

Fy Fy
¥ |
| /II/ I/ 12
1000 mm 1000 mm 1000 mm

Figure 1 Beam subjected to four-point bending

5.2 Design force for ultimate limit state
Design axial force: Fy =240kN

5.3 Section and material properties
For the S690 welded I-section considered.

Depth of section h =200 mm
Width of section b =100 mm
Flange thickness t =15 mm
Web thickness tw =9 mm
Cross-sectional area A = 4530 mm?2
Second moment of area about y-y axis L = 2.94x107 mm*
Second moment of area about z-z axis A = 2.51x106 mm#*
Plastic modulus about y-y axis Wiy = 3.42%105 mm3
M N U
1
| =
yo i y
~i=
;Z;_J R
s

Figure 2 Cross-section notation

References are to
prEN 1993-1-
14:2020 unless
otherwise stated.
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For S690 QL steel EN 1993-1-12:
Yield strength (£< 50 mm) £, = R,= 690 N/mm? 2007 (E)

_ _ 3.1(2) Table 1
Ultimate tensile strength (£< 50mm) f,=R_ =770N/mm?2

%an = 1.0 (resistance of members to instability)
Elastic bending moment about y-y axis My =202.93 kNm
Plastic bending moment about y-y axis My =236.34 kNm

This is a Class 1 cross-section in bending.

5.4 Advanced inelastic analysis using beam elements
with CSM strain limits

Following this design approach, it is first necessary to calculate the cross-section

slenderness A, and the local buckling half-wavelength L s using the finite strip
software CUFSM (step 1a). Then the CSM strain limit ¢

A second order inelastic analysis is then carried out under the design loading (step 2
and 3). Member imperfections are not included because the beam is fully laterally
restrained and therefore not susceptible to member instability. Finally, the CSM
strain limit is evaluated against the averaged strains from the beam FE model at the
critical cross-sections (step 4 and 5), and the resistance verification under the applied
loading is performed (step 6).

is calculated (step 1b).

csm

Step la: calculation of the elastic local cross-section non-dimensional slenderness

Ap for the critical cross-section

The full cross-section elastic local buckling stress ocr,cs and the local buckling half-
wavelength Ly s at the critical cross-section are first calculated using the finite strip
analysis software CUFSM. Note that ocrcs and Lps are calculated based on the first
order stress distribution.

Ocrcs = 8824 MPa
Lpes =200 mm

The local cross-section slenderness Xp for the critical cross-section can be
calculated using the following equation:

Ap = Sy 1999 _ 28
oo\ 8824

Step 1b: calculation of CSM strain limit €

For the critical cross-section, where A,=0.28, the CSM strain limit Eesm /€, 18 given

by the following equation (with an upper limit of 10 for HSS structures).
€ 0.25

csm

=24.44>10

— 36

8y 7\4p

Therefore, a value of 10 is utilized as the CSM strain limit for the critical cross-
section.
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Step 2 and 3: beam FE analysis

The FE model using beam elements is developed to perform the second order
inelastic analysis. In this design example, a member length L of 3000 mm is
considered with 100 elements used to discretise the member length and, therefore, 7
whole elements lie within the local buckling half-wavelength (Lpcs/(L/100) =
200/(3000/100) = 7). A bilinear plus nonlinear hardening material model, proposed
by Yun and Gardner [1], was utilized to represent the stress-strain properties of the
S690 steels, with the key material properties taken as E = 210,000 N/mm?, f, =690

N/mm? and f, = 770 N/mm”.

Step 4 and 5: verification against CSM strain limits
Figure 3 shows the results of the beam from the second order inelastic analysis.

The cross-section resistance is verified by applying the CSM strain limit to the outer
fibre compressive strains output from the beam FE analysis. The beam is under four-
point bending and therefore the location of the critical cross-section is within the
central part of the beam between the two loading points. The characteristic resistance
of the member (i.e. Frk) is given by the peak load factor obtained from the analysis
or the load at which the average strain over the local buckling half-wavelength
reaches the CSM strain limit, whichever occurs first.

1.2
Fry= Frg=1.03
F,=1.01

0.8 Beam FE + CSM strain limit failure
= 08 |
= le le
£ - |
Q

0.6
& i i

k- L 3 s
= " 1000mm  1000mm  1000mm
S 04 |
— Beam: I-100 x200 x15 x9
Steel grade: S690
0.2
Eesml€y = 10
0'0 1 1 1 1
0 5 10 15 20 25 30
ele,

Figure 3 Design of an S690 Grade steel welded I-section beam
under four-point bending.
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Step 6: resistance verification against applied loading

Since there is no peak load in the analysed simply-supported beam FE model, the
load level at which the average strain over the local buckling half-wavelength for
each cross-section first reaches the CSM strain limit denotes the characteristic value
of the resistance of the member. It is necessary to apply the partial safety factor to
obtain the design resistance, as given by the following equation. The CSM strain
limit is reached at a normalised load factor a of 1.04 (i.e. Frk/Fa = 1.04). The design
resistance Frq is given by:

FRd=ﬂ
Y
Therefore:
Fa_ 10 _96<1.0 - OK
F,, 1.04/1.0

Note that if an EN 1993-1-1:2005 cross-section check, where the cross-section is
limited to the plastic bending moment capacity M = 236.34 kNm that corresponds
to a vertical load of 236.34 kN, is applied and used to calculate the resistance of the
member, the member would fail.
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Verify the adequacy of the portal frame shown in Figure 1. The frame is made of steel
S690, and is subjected to a design vertical loading Vg = 1100 kN (i.e. two vertical
loads Va/2 = 550 kN are applied equally at the top ends of the frame columns) and a
design horizontal loading Hy = 0.1 Vg = 110 kN applied at the left-hand beam-to-
column connection, as shown in the figure. The loading points are fully restrained
against out-of-plane buckling.

|2 Val2 |
H=0.1V,
g
I\
L J—
b,cs
5m |

|«
[

Figure 1 Fixed based portal frame with H;=0.1V;

6.2 Section and material properties

The same S690 welded I-section is used for both the columns and beam.

Depth of section h =200 mm

Width of section b =100 mm

Flange thickness t = 7.5 mm

Web thickness tw = 4.5 mm

Cross-sectional area A = 2332.5 mm?

Second moment of area about y-y axis L = 1.63x107 mm*

Second moment of area about z-z axis L = 1.25%106 mm*

Plastic modulus about y-y axis Why = 1.83%x105 mm3

For S690 QL steel

Yield strength (£< 50 mm) £ = 690 N/mm? EN 1993-1-12:
2007 (E)

Ultimate tensile strength (£< 50mm) 1, =770 N/mm?

3.1(2) Table 1

Elastic bending moment about y-y axis My =112.31 kNm
Plastic bending moment about y-y axis Mpy =126.19 kNm

This is a Class 3 cross-section in bending.
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6.3 Advanced inelastic analysis using beam elements
with CSM strain limits

Following this design approach, it is first necessary to calculate the full cross-section

slenderness A, and the local buckling half-wavelength Ly s using the finite strip
software CUFSM (step 1a). Then the CSM strain limit ¢__ is calculated (step 1b). A

second order inelastic analysis with equivalent bow imperfections is then carried out
under the design loading (step 2 and 3). Finally, the CSM strain limit is evaluated
against the averaged strains from the beam FE model at the critical cross-sections
(step 4 and 5), and the applied loading is assessed against the calculated resistance

(step 6).

csm

Step la: calculation of the elastic local cross-section non-dimensional slenderness
Ap for the critical cross-section
The full cross-section elastic local buckling stress ocrcs and the local buckling half-
wavelength Ly s at the critical cross-section (at the base of the right hand column) are
first calculated using the finite strip analysis software CUFSM. Note that ocrcs and
Lcs are calculated based on the first order stress distribution.

Ocres = 2280 MPa

Lb‘cs = 210 mm

The local cross-section slenderness Xp in the case of the critical cross-section can be
calculated using the following equation:

Ao = L: ﬂ=0.55
R \ 2280

Step 1b: calculation of CSM strain limit €csm

For the critical cross-section, where Ap = 0.55, the CSM strain limit Eesm /€, 18 given

by the following equation (with an upper limit of Q = 10 for HSS structures),
Eem 025 025

csm

g - Xp&b - 0'553.6

y

=2.15<10

Step 2 and 3: beam FE analysis

An FE model using beam elements is developed to perform the second order inelastic
analysis. In the beam FE model, each flange and web plate was assigned 41 section
points along their width, while each frame member was discretised into 100 elements,
to ensure that the spread of plasticity at both the cross-sectional and structural levels
could be accurately captured. A bilinear plus nonlinear hardening material model,
proposed by Yun and Gardner [1], was utilized to represent the stress-strain properties
of the S690 steels, with the key material properties taken as £= 210,000 N/mm? (a
reduced £= 200,000 N/mm? is recommended in the application of the proposed design
method to stability-dominated sections, but is not considered necessary in this
example owing to the relatively high horizontal loading), £ = 690 N/mm?® and £, = 770

N/mm?.

An equivalent bow imperfection in the shape of a half-sine wave and with a magnitude
equal to ey = aL/150 was included in the FE model, where a is the imperfection factor
for the relevant buckling curve; @ = 0.34 (curve b) for HSS welded I-sections buckling
about the major axis.

5.4.4(5)
STROBE
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Step 4 and 5: verification against CSM strain limits
Figure 2 shows the results of the frame from the second order inelastic analysis.

The cross-section resistance is verified by applying the CSM strain limit to the outer
fibre compressive strains output from the beam FE analysis. By employing strain
averaging, the beneficial effects of local moment gradients are captured. In this design
case, while the analysis does exhibit a peak load, the CSM strain limit is reached at a
lower load level and therefore governs. The element that reaches the CSM strain limit
first defines the critical cross-section and the characteristic resistance of the frame (i.e.
Jrk); in this example, the critical element is at the base of the right hand column, see
Figure 2.

1.4
12
Fr = Fra=1.1
L T A S N
Fy=1.0 TR
3 Beam FE + CSM strain limit failure
I
g 0.8
L‘(S ll(,/z Vy2 l
, Yy
-8 0.6 Hy=0.1Vs|  Beam and columns:
=] 1-100%200%7.5%4.5 s
— 04 Steel grade: S690 A
’ h.mL v
Tkt
I Sm .
02 r
ey = 211
0.0 . . .
0 2 4 6 8 10
ele.

y

Figure 2 Design of an $S690 frame with H;=0.11;

Step 6: resistance verification against applied loading

The load level at which the first cross-section reaches the CSM strain limit gives the
characteristic value of the resistance of the structure. It is necessary to apply the partial
safety factor to obtain the design resistance, as given by the following equation. In this
worked example, the CSM strain limit is reached at a load factor o of 1.1 (i.e. Fre/Fa
=1.1).

Frg _&
Ymi
Therefore:
F .
Fo o 10 491410 - 0K
Fy 1.10/1.0

Note that if the resistance of the frame was calculated using an EN 1993-1-1:2005
linear elastic cross-section check applied to the results of a second order plastic
analysis, the frame would fail.
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Verify the adequacy of the portal frame shown in Figure 1. The frame is made of steel
S690, and is subjected to a design vertical loading Vg =380 kN (i.e. two vertical loads
Va/2 = 190 kN are applied equally at the top ends of the frame columns) and a design
horizontal loading Hy = 0.4V = 152 kN applied at the left-hand beam-to-column
connection, as shown in the figure. The loading points are fully restrained against out-
of-plane buckling.

) v
H,=0.4V, f
=
wv
Lb,cs _L
7777 T
Sm

Figure 1 Fixed based portal frame with H; = 0.4V}

7.2 Section and material properties

The same S690 welded I-section is used for both the columns and beam.

Depth of section h =200 mm

Width of section b =100 mm

Flange thickness & =14 mm

Web thickness tvw =84 mm

Cross-sectional area A = 4244.8 mm?2

Second moment of area about y-y axis L = 2.78X107 mm*

Second moment of area about z-z axis L = 2.34x10¢ mm*

Plastic modulus about y-y axis Why = 3.22X105 mm3

For S690 QL steel

Yield strength (£< 50 mm) £, = 690 N/mm? EN 1993-1-12:
2007 (E)

Ultimate tensile strength (£< 50mm) £, = 770 N/mm?

3.1(2) Table 1

Elastic bending moment about y-y axis My = 191.99 kNm
Plastic bending moment about y-y axis My = 222.54 kKNm

This is a Class 1 cross-section in bending.
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7.3 Advanced inelastic analysis using beam elements
with CSM strain limits

Following this design approach, it is first necessary to calculate the full cross-section
slenderness A, and the local buckling half-wavelength Ly s using the finite strip
software CUFSM (step 1a). Then the CSM strain limit ¢__ is calculated (step 1b). A

second order inelastic analysis with equivalent bow imperfections is then carried out
under the design loading (step 2 and 3). Finally, the CSM strain limit is evaluated
against the averaged strains from the beam FE model at the critical cross-sections
(step 4 and 5), and the applied loading is assessed against the calculated resistance
(step 6).

Step la: calculation of the elastic local cross-section non-dimensional slenderness

csm

Ap for the critical cross-section

The full cross-section elastic local buckling stress ocrcs and the local buckling half-
wavelength Ly at the critical cross-section (at the base of the right hand column) are
first calculated using the finite strip analysis software CUFSM. Note that o¢rcs and
Ly s are calculated based on the first order stress distribution.

Ocrcs — 7666 MPa
Lb,cs = 225 mm

The local cross-section slenderness Xp for the critical cross-section can be calculated
using the following equation:

hp = /y =/fﬂl=o3o
e V7666

Step 1b: calculation of CSM strain limit €csm

For the critical cross-section, where A, = 0.30, the CSM strain limit Eesm /€, 18 given

by the following equation (with an upper limit of Q = 10 for HSS structures),
Eqm 025 0.25

csm

€ - XpS.G - 03036

y

=19.07>10

Therefore, ¢, /¢, =10.

Step 2 and 3: beam FE analysis

The FE model using beam elements is developed to perform the second order inelastic
analysis. In the beam FE model, each flange and web plate was assigned 41 section
points along their width, while each frame member was discretised into 100 elements,
to ensure that the spread of plasticity at both the cross-sectional and structural levels
could be accurately captured. A bilinear plus nonlinear hardening material model,
proposed by Yun and Gardner [1], was utilized to represent the stress-strain properties
of the S690 steels, with the key material properties taken as E = 210,000 N/mm? (note
that a reduced £'is not required since the frame behaviour is not stability-dominated
owing the high level of horizontal loading), £ = 690 N/mm? and £, = 770 N/mm>.

An equivalent bow imperfection in the shape of a half-sine wave and with a magnitude
equal to ep = aL/150 was included in the FE model, where ais the imperfection factor
for the relevant buckling curve; @ = 0.34 (curve b) for HSS welded I-sections buckling
about the major axis.

5.4.4(5)
STROBE
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Step 4 and 5: verification against CSM strain limits
Figure 2 shows the results of the frame from the second order inelastic analysis.

The cross-section resistance is verified by applying the CSM strain limit to the outer
fibre compressive strains output from the beam FE analysis. By employing strain
averaging, the beneficial effects of local moment gradients are captured. In this design
case, the analysis exhibits a peak load before the CSM strain limit is reached at the
post ultimate range. The characteristic resistance of the frame (i.e. Frk) is thus taken
as the peak load from the inelastic analysis.

1.2

Peak load
Fri = Frq=1.03
1.0 [nizimiiiiizs '/‘4 N - - T TTTTTTTITTInInInInInInInd
F4=1.0
Beam FE + CSM strain limit failure
S 0.8
g
+ Hy047|
15} =04V
S 06
) Beam and columns:
8 1-100%x200%14x8.4 E
— 04 | Steel grade: S690
Lbu#
02 L
Eesm/€y= 10
0.0
0 5 10 15 20 25 30
ele

y
Figure 2 Design of an S690 frame with H;=0.4T7;
Step 6: resistance verification against applied loading

The peak load level gives the characteristic value of the resistance of the structure. It
is necessary to apply the partial safety factor to obtain the design resistance, as given
by the following equation. In this worked example, the peak load is reached at a load
factor @ of 1.03 (i.e. Frx/Fa=1.03).

FRd:£
Ywmi
Therefore:
Fo o 10 _h97<10 - 0K
Fy 1.03/1.0

Note that if the resistance of the frame was calculated using an EN 1993-1-1:2005
linear elastic cross-section check applied to the results of a second order plastic
analysis, the frame would fail.
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