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Steel Structures — Design using FEM

Steel Structures

Design using FEM
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NUMERICAL SIMULATION | Prof. M. Kraus

Eurocode 3: Design of steel structures

EN 1993-1:
EN 1993-2:
EN 1993-3:
EN 1993-4:
EN 1993-5:

EN 1993-6:
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General rules and rules for buildings
Steel Bridges

Towers, masts and chimneys

Silos and Tanks

Piling

Crane supporting structures

Slide 1/3



MODELLING OF STRUCTURES AND NUMERICAL SIMULATION | Prof. M. Kraus

EN 1993-1-1: General rules and rules for buildings

EN 1993-1-2: Structural fire design

EN 1993-1-3: Supplementary rules for cold-formed members and sheeting
EN 1993-1-4: Supplementary rules for stainless steels

EN 1993-1-5: Plated structural elements

EN 1993-1-6: Strength and stability of shell structures;

EN 1993-1-7: Plated structures subject to out of plane loading

EN 1993-1-8: Design of joints

EN 1993-1-9: Fatigue

EN 1993-1-10: Material toughness and through-thickness properties
EN 1993-1-11: Design of structures with tension components

EN 1993-1-12:  Additional rules for the extension of EN 1993 up to steel grades S700
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Overview
Stability verification
Reduction factors Initial imperfections

- Critical load calculation - Imperfection calculation
- Reduction factors calculation - 2nd order theory calculation

L of internal forces/moments
- Verification S :

regarding initial imperfections
- Verification
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Overview

1. Software presentation for structural analysis

- 7DOF

« 2nd Order analysis (eigenvalues and mode shapes)

» Plastic verification (Partial Internal Force method [1])

2. Reduction factors
« Critical load using software
« Hand verification

3. Initial imperfections

» Eurocode v/s German Annex
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1. Software presentation for structural analysis
« 7 DOF

S

Lehr- und Lernprogramme fr Studium und Weiterbildung
Bauhaus-Universitéat Weimar - Lehrstuhl fur Stahl- und Hybridbau
Prof. Dr.-Ing. M. Kraus

. . P
Program KSTAB written by R. Kindmann and J. Laumann \r,z?;?o?
Ruhr-Universitat Bochum 06/2007
Deformations, Internal forces, Load-carrying capacity (TSV), Eigenvalues and Egenforms
Project: Modelling of structures
Comment: single-span girder with single load
Calculation according to 2nd Order Theory nw calculation?  yes
Elasticity modulus: 21,000 max. iterations 40
Shear modulus: 8,100  kN/cm? Accuracy limit for h;= 1,0E-04
fy = 35.50  kN/cm?
M= 1.10 fur fyx, E, G Na= 2.5918
utilisation
Sections System length: 1200 cm Tv= 40 of cross- 0.855
section:
Section: 1 2 3 4 5 6 7 8 9 10
Length [cm]: 600 600
Elements: 20 20
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1. Software presentation for structural analysis

. 7 DOF

.........
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1. Software presentation for structural analysis

. 7DOF
Supports and single spFings -1=fixed; O=free; value=0: spring; -2 in column 1= all fixed (in the bar)
Position x = 0 | 600 1,200

ug=| -1 0 0

vu=| - 1 1

Vi = 0 0 0

wy=| -1 1 1

Wy = 0 0 0

= 1 1 1

8'= 0 0 0

Standard supp.
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1. Software presentation for structural analysis

« 2nd Order analysis (eigenvalues and mode shapes)

Usa Via 922 Wma Oy 92 =8 Ugy Vi @ Wy, 0y S 9

dug, : 0 ]
Ml M N W
80, | 1 z=~N 1+ =z=-N
BWME _______4_________________5 N MZ! __________________EL _________ N MZ!
80, ym- N ym-N
583 Mrr: Qy ' ¥Yqs My: Mz; Mrr; Qy * Yas
—68; gz " Zq Zu- N ym* N q: " Zg
SUgy, E

BVML'J : N MY’
B(DZh : Zm - N
oW sym N M,,
o 2| ym-N
39, : T
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1. Software presentation for structural analysis

* Plastic verification

Verification conditions (partial internal forces method):

Shear force Vi V, <V, =2-b-t,-f, /3
Shear force V;: V, <V, =h, t, £ /3

Bending moment M,:
. 2 , 2
M, <M, =1 -t b /2. 17(‘VV/VDLY]

Axial force N and bending moment M,:
N<Ng,: M <Ng:;-a+M
or

Ngw <N<Ng o M <(Ng —N)-a,/2

w

Insert all internal forces according to magnitude!

Calculation values:
, 2
Ngr‘f =t b fy 1= (Vy/VpLy) 1= |V1Z/l\/'|p|,z,T Ngr =2- Ngr,]c + Ngr‘w
2 . 2
Ngr,w - tw 'hw : fy : \ﬂ - (Vz/vp\,z] IVIw = (1 - (‘N/Ngr:w) ) ' Ngr:w : hw/4

Cross-sectional load-carrying capacity acc. to the partial internal forces method TSV

Mumber of failed points: 2.00 max. utilization: 1.164
200 Utilization TSV x/l
— __.----""’“"‘---—-.__ i
0.00
0.00 0.20 0.40 0.60 0.80 1.00

SH without  limitation of o, =1.25 acc. to DIN 18800 issue 11790
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2. Reduction factors

Procedure:
1. Calculation of critical load N =? M, =?
2. Calculation of slenderness — [Ny M
A= |—= T = |—p!
Ny LT M.,
3. Calculation of reduction factor
O — ) PLT w—  XIT
4. Verification
X Npl XLT * Mpl
Np ra = Mypg =——
M1 YMm1
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2. Reduction factors

U

\/
A /

=K

a) >

HEB 360

Jq : 150 KN/m

L 16 m

f, : 35.5 kN/cm?
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2. Reduction factors

Hand calculation

2
Mcr,yO = CO . NCT',Z . CO . 04 . Zq + \/(50 . 04‘ . Zq) + C2

1, +0.039- 121y
I,

Co:

q;
Ma 3 7 7 7 3Me
\V4 \/

A A
qz 1>
Myo = —o—
maxl

malecr,yl = Mcr,yO M

H "
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vy or 1y Mya =0 [Mya= Mys/2 | Mya = Myg Eigenmodes
0 112 1.12 1.12
01 119 1.22 126 th:ir;?‘lléol;siogg\ buckling tdL.Je to
03 1.34 1.49 1.67 functions and have equal signs.
-04 1.43 1.67 2.00
Myg
v==——1-05 1.53 1.90 2.46
Myo

06 1.64 219 3.17
-0.7 1.76 2.57 4.30
08 1.91 3.09 5.61 Transition area:
09 2.06 378 515 In the area of max Zo v(x) or 9(x)
-1.0 2.24 4.43 410 change the sign. The course of v(x) is
09 242 419 312 partly multi-waved.
-0.8 2.66 3.42 2.31
-0.7 2.78 2.63 1.68

1 My 0.6 2.38 1.93 1.21 Lateral torsional buckling due to

oMo -0.5 1.80 1.35 0.87 negative bending moments:

VM 04 126 0.91 0.60 |v(x) and S(x) are single-waved
03 0.82 058 0.40 functions and have unequal signs.
-0.2 0.47 0.33 0.24
-0.1 0.20 0.14 0.11

Myo — 0:  C according to Table 9.15, system 4
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2. Reduction factors

Hand calculation

. yor 1y Mya =0 |Mya = Mye/2 | Mya = Mys Eigenmodes
(0- 0 112 1.12 1.12
01 119 1.22 1.26 Lateral torsional buckling due to
M _ 0 02 196 134 144 positive bending moments.
_'YA —_— 03 1734 1.49 167 V(x) and 8(x) are smgle-wayed
e . : : functions and have equal signs.
Mg -0.4 143 1.67 2.00
y
— y=——1-05 153 1.90 2.46
= — . M
MyB 675kN - m Y| 06 | 164 2.19 3.17
1 50 62 -0.7 1.76 257 4.30
* 0.8 1.91 3.09 5.61 Transition area:
y0 - = 675 kN m 09 | 2.06 3.78 5.15  |In the area of max &y v(x) or $(x)
8 -1.0 2.24 4.43 4.10 change the sign. The course of v(x) is
09| 242 419 3.12  |partly multi-waved.
-0.8 2.66 3.42 2.31
-0.7 2.78 2.63 1.68
1 M, |06 238 1.93 1.21 |Lateral torsional buckling due to
( — 2 24 —=——-05 1.80 1.35 0.87 |negative bending moments:
0o — . v Mg )
04 1.26 0.91 0.60 v(x) and $(x) are single-waved
0.3 0.82 0.58 040 |functions and have unequal signs.
-0.2 0.47 0.33 0.24
-0.1 0.20 0.14 0.11
Myo — 0:  according to Table 9.15, system 4
2
, 2829300+ 0.039-600°-297.9 5
cc = = 691.43 cm

10 141

Meryo = 2.24-5838 - 2.24- 0.4 - (—18) + \/(2.24 0.4 - (—18))2 4+ 691.432 | = 1924.98kN - m

max|—675|
SH max|Mey y| = 1924.98 - ———— = 192498 kN - m
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2. Reduction factors

Hand calculation

/ 952.4
- Slenderness Mt = |Toozog = 0703

- Reduction factors xir = 0.868 K. =091 f =0.956

_ 0868 _
XLT,mOd - 0956 - '

- Verification 952.4 - 0.908
My rp = = 786.16 kN - m
' 1.1
My _ 675 — 0.86 < 1.00
Myrp 78616 '
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2. Reduction factors

Software calculation

max|Mcm,| = Ner * max|My|
max|Mc,,,| = 2.852-675kN-m

max|Mc, | = 1924.97 kN - m

Verification procedure is as in previous slide

What happens when: The load is in a different position?

Only one span is loaded?

Sl
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3. Initial imperfections

» Eurocode v/s German Annex

Table 5.1: Design values of initial local bow imperfection ey/L (in EN1993)

Buckling curve | €lasticanalysis | plastic analysis
acc. to Table 6.1 e/l e/l
a, 1/350 1/300
a 1/300 1/250
b 1/250 1/200
C 1/200 1/150
d 1/150 1/100

(3) For a second order analysis taking account of lateral torsional buckling of a member in bending the imperfections may be
adopted as ke, 4 , where g 4 is the equivalent initial bow imperfection of the weak axis of the profile considered. In general an
additional torsional imperfection need not to be allowed for.

NOTE The National Annex may choose the value of k. The value k = 0.5 is recommended.
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3. Initial imperfections

» Eurocode v/s German Annex

Cross section utilization
Cross _ _ Elastic plastic
. Dimensions
section e,/L e,/L
rolled h/b<2.0 1/250 1/200
I-profiles h/b > 2.0 1/200 1/150
welded h/b<2.0 1/200 1/150
I-profiles h/b > 2.0 1/150 1/100
For lateral torsional buckling v, 4= €, 4 hast to be applied.
For A, < 0.7 and A, > 1.3 values may be divided in halves

Equivalent bow imperfection for members according to DIN EN 1993-1-1 NA
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3. Initial imperfections

Software calculation
« Determination of eigenmodes
» Calculation of initial imperfection
 Introduction of imperfection in the software

» 2nd order theory calculation of internal forces/moments regarding initial
imperfections

» Verification using PIF method
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3. Initial imperfections

U

\/
A /

=K

a) >

HEB 360

Jq : 150 KN/m

L 16 m

f, : 35.5 kN/cm?
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3. Initial imperfections

« Determination of eigenmodes

Displacement v x/

0,00 0,10 0,20 0,30 0,40 0,50 , 0,70 0,80 0,90 1,00

Displacement 8 x/l

0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90 1,00

\ I I I I I I I I

Displacement w x/l
0,000 0,100 0,200 0,300 0,400 0,500 0,600 0,700 0,800 0,900 1,000
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3. Initial imperfections

« Calculation of initial imperfection

HEB 360 (Rolled profile) A7 = 0.703
h =360 [cm]

b =300 [cm]

h/b=12<2.0

Plastic analysis e,/L = 1/200 — e, = 600/200 = 3 [cm]
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3. Initial imperfections

 Introduce imperfection into the software

Predeformations/ Type:
Geometrical substitutional imperfections

streight line + parabola

from x to x Wo A Wo e Wo,um Voa VoE Vom S04 S0 YoM
[cm] [cm] [cm] [cm] [cm] [cm] [cm] [cm] [rad] [rad] [rad]
0 600 3.00
600 1,200 -3.00
Predeformation v, x/l
5,0000
010 0,2 0,4 1,0
O,OOOOJ : ‘ ‘
5,0000

What happens with the internal forces?
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3. Initial imperfections

Sal
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Verification

Utilization TSV

x/l

1,00

0,80

AN

0,60

/

N

0,40 >~

0,20

0,00

0,00

0,20

0,40

0,60

0,80

1,00

max. utilization 0.855
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4. More examples

HEENEENNEENEENEEEE

\/ \/
AN AN
|

| /1 %.

| |
L, : 1000 [cm] f, . 23.5
L, : 400 [cm] dq : 10 [KN/m]

IPE300
Distributed rotational spring : 9 [KN-m/m]
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4. More examples

Span-1 IPE300 (rolled profile)
h/b=300/150=2.0
bow imperfection e, = 1000/200 = 5 [cm]
Span-2 sway imperfection e, = 400/200 = 2 [cm]
bow imperfection e, = 400/200 = 2 [cm]

Predeformation v,

xl/

1,0

A 148 1.14 0 0,2 0,4 0,6 0,8
= |— = 1. -5,0000 , , , :
LT 113 8,000007 ‘ ‘ ‘ ‘
5,0000 ﬁ
10,0000
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4. More examples

y
\

| 4

| |
L, : 600 [cm] f, . 23.5
Py : 30 [kN]

IPE400
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4. More examples

0,00

0,10

0,20

0,30

0,40

0,50

0,60

0,70

0,80

0,90

Displacement v x/
0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90 1,00
Displacement 3 x/l

1,00
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4. More examples

Span-1 IPE400 (rolled profile)
sway imperfection e, = 600/200 = 3 [cm]

Predeformation v, x/l
0,0 0,2 0,4 0,6 0,8 1,0
0’0000 | L L L L |
2,0000
4,0000
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4. More examples

| 4

| |
L, : 600 [cm] f, . 23.5
o : 10 [KN/m]

IPE400
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4. More examples

Span-1 IPE400 (rolled profile)
sway imperfection e, = 600/200 = 3 [cm]

Predeformation v, x/l
0,0 0,2 0.4 0,6 0,8 1.0
0'0000 | | | | | ]
2,0000
4,0000
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4. More examples

y
\

| 4

| |
L, : 600 [cm] f, . 23.5
My : 600*30 [KN cm]

IPE400
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4. More examples

0,00

0,10

0,20

0,30

0,40

0,50

0,60

0,70

0,80

0,90

Displacement v x/
0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90 1,00
Displacement 3 x/l

1,00
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