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Benchmarks Steel Code Check EN 1993

Introduction

In this document, the results §tia Engineeconcerning the Steel Code Check according
to EN 1993 are compared to benchmark projects.

A total of 43 benchmarkare evaluted for EN 19931-1, EN 19931-2 and EN 1993.-3.
In addition some benchmarks include parts of EN 1B83

An overview of supported articles as well as theoretical background on how specific code
rules have been implemented/supported within Scia Engosebe found in the Steel
Code Check Theoretical Background document, revision 12/2009.

All checks are executed according to the regulations given in the following codes and
correction sheets:

Eurocode 3

Design of steel structures

Part 1- 1 : Generalules and rules for buildings
EN 19931-1:2005

Eurocode 3

Design of steel structures

Part 1- 1 : General rules and rules for buildings
EN 19931-1:2005/AC:2009 Corrigendum

Eurocode 3

Design of steel structures

Part 1- 2 : General rules Structural fre design
EN 19931-2:2005

Eurocode 3

Design of steel structures

Part 1- 2 : General rules Structural fire design
EN 19931-2:2003AC:2009 Corrigendum

Eurocode 3

Design of steel structures

Part £3: General rules

Supplementary rules for cefdrmed members and sheeting
EN 19931-3:2006
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Eurocode 3

Design of steel structures

Part 13: General rules

Supplementary rules for coefdrmed members and sheeting
EN 19931-3:2006AC:2009 Corrigendum

Eurocode 3

Design of steel structures

Part 1.5 : Rited structural elements
EN 19931-5: 2006

Eurocode 3

Design of steel structures

Part 1.5 : Plated structural elements

EN 19931-5 : 2008AC:2009 Corrigendum

The following list gives an overview of the different benchmarks

Benchmarks EN 1993-1-1
Benchmarks 1 to 4 concern manual calculations.

Benchmarks 5 to 15 concern example®d s i g n e r 6EN 1993141 &wocade 3,
The Steel Construction Institute, 2005.

Benchmark 16 concerns an example ®fachweispraxis Biegeknicken und
Biegedrillknicka, Ernst & Sohn, 2002.

Benchmarks 17 to 22 concern example€GICS N°119 Rules for Member Stability in
EN 19931-1, Background documentation and design guidelines, ECU%

Benchmarks 23 to 28oncern examples ohccess Steelwhich can be found orhé
websitehttp://www.accessteel.com/

Benchmarks EN 1993-1-2

Benchmarks 29 to 38oncern examples ohccess Steelwhich can be found on the
websitehttp://www.accessteel.com/

Benchmarks4 to 35concern manual calculations


http://www.access-steel.com/
http://www.access-steel.com/
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Benchmarks EN 1993-1-3

Benchmarks 36 to 3doncern examples@e si gner 60 s G-l Hueocodeo3, EN 19 9.
The Steel Construction Institute, 2005.

Benchmarks 38 to 4toncern examples ohccess Steelwhich can be found on the
websitehttp://www.accessteel.com/

Benchmarksgi2 to 43concern manual calculations

For each Benchmark, the reference results an8d¢feeEngineeoutput are given. Whie
needed, the results are followed by comments.

More background information concerning each benchmark can be found in the specified
references.

For those benchmarks in which the verification is done using both Interaction Method 1
and 2 twoScia Engineeproject files are provided (XXX_1.esa and XXX_2.esa).


http://www.access-steel.com/

Benchmark 1: Global Imperfections

Benchmarks EN 1993-1-1

Benchmark 1: Global Imperfections
Projectfile: EN_BenchmarkO1l.esa

Scia EngineeYersion 10.086

Introduction

In this benchmark, the equivalenway imperfections accordinto EN 19931-1
are checked.

A portal frame is modeled as shown on the following picture. The frame has a
total height of 12nand is loaded on the top side of the columns by 100 kN point
loads. The column bases are taken as fixed, the -beammn conneabns as

hinged.
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Benchmark 1: Global Imperfections

Reference Results
The results are checked by a manual calculation.

0577<g
3

22
" h V2
=«

i

$= -ty -ty = Y900 0577-0816=0,0027217
This results in a leverage amfior the point loads at the top:
e=h-tg(¢) =12-0,0027217= 0,03266m

Due to this leverage arm, the expected moment at the column bases is calculated
as follows:

M = F .-e=100kN-0,03266m = 3,266KNm

Scia Engineer Results

1. Initial deformations

Type Height of structure : | Number of columns per plane : | Basic imp. value @ 1 /| alfa h: |alfa m : Fi @
[m] 3] [ L
according to code 12000 3 200,00 0,67 0,82 | 0,00272165541537106

2. Internal forces on member

Monlinear calculation, Extreme : Global, System @ LCS

Selection : All

Monlinear combinations @ NCH

Member | Case dx N Vz My Member | Case dx N Vz My
[m] [kM] [kN] | [kNm] [m] [kN] [kH] | [kNm]

B7 NC1 0,000 | -100,000| 0,272| -3,263( |B1 NC1 0,000 0,000 | 0,000| 0,000

Comments

The results correspond to the benchmark results.



Benchmark 2: Bow Imperfections

Benchmark 2: Bow Imperfections

Project file:EN_Benchmark02.esa

Scia EngineeYersion10.0.86

Introduction

In this benchmark, the local bow imperfections accordingkb19931-1 are

checked.

A set of six Euler columns is modeletihe columns have length 4m and cross
section IPE240. For each column bow imperfectiomsd normal force loading

are defined as shown in the following table:

Normal Force [KN]

Column | Bow imperfection

Bl According to codé elastic 100
B2 According to codé plastic 100
B3 According to codé elastici only if required | 100
B4 According to codé plastici only if required | 100
B5 According to codé elastici only if required | 1300
B6 According to codé plastici only if required | 1300

BB
—100,00

T

EBZ
—10G0,00

QQ
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@ /e

BES
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Benchmark 2: Bow Imperfections

Reference Results

The results are checked by a manual catewh.

IPE 240=  Buckling curveyy: a
Bucklingcurve zz: b

Elastic analysis: curve a: S_ 1
L 300

curve b: S _ 1

L 250

Plastic analysis: curve a: S_ 1
L 250

curve b: S _ 1

L 200

Fortheimpe f ecti ons o6i f requiredd the critical

7T2E|y _ 7%-210000 38920000

Ncr,y = =504164 kN
y L? 4000 b
= 25% of Ncr,y =1260,41 kN
2 2
NCr, 2= 7 El, 7 210000 2836000: 36737 kN

L2 4000

= 25% of Ncr,z = 91,84 kN

With a length of 4m the imperfection valugan be calculated feeach column

for each direction. Due to these imperfection values, the normal force loading will
cause bending moments My and Mz in the columns. The expected results are
shown in the following table.



Benchmark 2: Bow Imperfections

Column | Buckling e [mm] [ N[KN] | My[kKNm] | Mz [KNm]

axis
Bl y-y 13,33 100 1,33

z-z 16 1,6
B2 y-y 16 100 1,6

Z-Z 20 2
B3 y-y 0 100 0

z-z 16 1,6
B4 y-y 0 100 0

Z-Z 20 2
B5 y-y 13,33 1300 17,33

z-z 16 20,8
B6 y-y 16 1300 20,8

z-z 20 26

For columns B3 and B4 the normal force loading is lowentkthe limit for
buckling around the-y axis so no imperfection has to be applied in that case. For
buckling around the-z axis the imperfection is required.

Scia Engineer Results

2. Internal forces on member
Manlinear calculation, Extreme © Member, Systemn : Prindpal
Selection : All
Monlinear combinations @ MNCH
Member | Case dx My Mz
[m] [kHm] | [kNm]
B1 M1 2000 1,33 -1,60
B2 M1 2,000 1,60 2,00
B3 M1 2000 0,00 -1,60
B4 M1 2000 0,00 2,00
B5 MiC 2000| 17,33 | -20,80
BE M 2,000| 20,80 | 26,00
Comments

The results correspond to the benchmark results.



Benchmark 3: Material Yield Strength

Benchmark 3: Material Yield Strength
Project file:EN_Benchmark03.esa
Scia EngineeYersion10.0.86

Introduction
In this benchmark, two items are checked:

- Reduction of the yield strength in function of the thickness for rolled

sections, according &N 19%B-1-1.
- Calculation of the average yield strength for efmdmed sections

according tdEN 19931-3.

Two sections are modeled: hot rolled HE1000X393 fabricated from S235 and a
cold-formed RHSCF300/100/12.5 fabricated from S275.

z z

A

Reference Results
The results are checked by a manual calculation.
CS1- HE1000X393 S235
tf = 43,9 mm > 40 mm= fy = 215 N/mm?2
With area A = 50020 mm? angho =1,00 the compression capacity will be:

A-fy 50020 215

=107543kN
VMo 1,00

NRd =




Benchmark 3: Material Yield Strength

CS2- RHSCF300/100/12.6 S275

The averageigld strength is calculated as follows:

2
fya= fybs knt . Cu- fyb:s( fu+ fbe
A, 2

With: fyb = 275 N/mm?2
fu= 430 N/mm?
Ag = 8700 mm?
k= 7 for cold rolling
n=  4(90° bends)

t= 12,5 mm
7-4.1252 ~ [ 430+ 275
fya=275+| —— |- €30-275 | ———
y ( 8700 j ¢ ;( J

fya=35295< 3525
= fya = 352,5 N/mm2
With ymo =1,00 the compression capacity will be:

A fy ~8700-3525
7mo 1,00

NRd = =306675kN

Scia Engineer Results

Results for CS1 HE1000X393' S235

Material data
yield strenath fy 21500 |MPa
tension strength fu | 360.00 |MPa
fabrication rolled

Compression check

Section classification is Z.

Table of values
Mc.Rd 1075430 kN
unity check 0.05

according to article EM 1993-1-1 @ 6.24 and formula EM 199311

© (6.9)

10



Benchmark 3: Material Yield Strength

Results for CS2 RHSCF300/100/12.5 S275

Material data

yield strength fy
average yield strength fy.a
k

n

tension strength fu
fabrication

27500
35250

7.00

400

43000

cold formed

MPa
MPa

MPa

Compression check

Section classification is 1.

Table of values

according to article EM 1993-1-3 © 6.1.3. and formula EM 1993-1-3 @ (6.3)

MNe.Rd 306675 (kN
unity check 0.16
Comments

The results correspond to the benchmark results.

11



Benchmark 4: Effective Cross-Section Area

Benchmark 4: Effective Cross-Section Area

Project file:EN_Benchmark04.esa

Scia EngineeYersion10.0.86

Introduction
In this benchmarkthe effective crossection is calculated for a rolled section
with class 4 web. The crosgction is of type IPE 600, fabated from S355 and

loaded by uniform compression.

The classification is done according EN 19931-1, the calculation of the
effective crosssecton area is done accordingfiN 19931-5.

Reference Results

The results are checked by a manual calanati

S355=¢=0,81

IPE600= H= 600 mm
B= 220 mm
tf= 19 mm
tw= 12 mm
r= 24 mm

A= 15600 mm?2
Classification for outstand flanges

C=E—tiv—r =@—1—22—24=80 mm

2 2 2

- .80 4o
19

Limit for class 1: 8 = 7,32
=421<7,32

= The flanges are classified as class 1

12



Benchmark 4: Effective Cross-Section Area

Classification for internal compression parts

c=H-2tf —-2r =600-2-19-2-24=514 mm

= &5 483
tw 12

Limit for class 3: 42 = 34,17
= 42,83 > 34,17

= The web is classified as class 4

Calculation of effetive area

04 02
be‘l be?
poog gt
besr = P E
be1 = 0,5 begr bez = 0,5 ber

A 0,053+ y)
Mo

<10

b=c=514 mm
yv=10
ks =4,0

13



Benchmark 4: Effective Cross-Section Area

__ 54

- /2 _po3p9
P 284.081-/4

~
_ 0,9369—- 0,055¢+l/= 0.8228
0,9369

b,, = 08228 514=422,83 mm

bel =be2 =211,46 mm

r-iZZOﬂ
= |
1 5
T
211
L]t

12— —

Aef =220 x 19 X2 + 211,46 X 12 X 2 + 2 X 24x 12 = 14011,16 mm?

With ymp =1,00 the compression capacity will be:

Ay - Ty 1401116-355
7mo 1,00

NRd =

= 497396kN

14



Benchmark 4: Effective Cross-Section Area

Scia Engineer Results

- SECTION CHECK:...

Width-to-thickness ratio for internal compression parts (EM 1989311 : Tabh5.2. sheet 1)
ratio 42 83 an paosition 0.00 m

ratio
maximum ratio |1 26.85
maximum ratio |2 30.92
maximum_ratio [ 3 3417

=== (lass cross-sedion 4
Width-to-thickness ratio for outstand flanges (EM 198311 : Tab5.2. sheet 2).
ratio 43 an paosition 0.00 m

ratic

maximum ratio |1 7.32
maximum ratio | 2 814
maximum_ratio [ 3 11.39

=== (Zlass cmss-sedion 1

Compression check
according to aricle EMN 1893-1-1 : 6.24 and formula EM 199311 © (6.9)
Section classification is 4.

Table of values

Mc.Rd 4973.96 ke

A eff 1401116 | mmA2

unity check 0.05
Comments

The results correspond to the benchmark results.

15



Benchmar k

5.

Designer ds

Benchmark 5:Desi gner 0s

Project file:EN_BenchmarkO5esa

Scia EngineeYersion10.0.86

Introduction

This benchmarkconcerns Example 5.1 Crosssection classification under
combined bending and compressiof De si gner 6 sEN G@RBld e

Gui

de

Eurocode 3, The Steel Constructimstitute, 2005

A member is to be designed to carry combined bending and axial load. In the
presence of a major axis bending moment and an axial force of 300 kN, the cross
section classification is determined of a 406 x 178 x 54 UB in grade S275 steel.

Reference Results

The reference gives following results:

Classification under pure compression

Flanges | c/tf 6,86
Class 1 limit 8,32

= Flanges Class

Web cltw 46,81
Class 3 limit 38,8
= Web Class 4

Classification under combined loading

Flanges | c/tf 6,86
Class 1 limit 8,32

= Flanges Class

Web cltw 46,81
Class 2 limit 52,33

= Web Class 4

E x .

16
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Benchmar k 5:

Designer ds

Scia Engineer Results

Classification under pure compression

ratio 46.81 an posifion
ratio

maximum ratio |1 30.51

maximum ratio |2 3513

magimum_ratic [ 3 38.83

=== (Zlass cmss-sedion 4

ratio G.80 an posifion
ratio

maximum ratio |1 8.32

maximum ratio | 2 9.24

magimum_ratic [ 3 12.84

=== (Zlass cmss-sedion 1

Width-to-thickness ratio for internal compression parts (EM 199311 © Tab5.2. sheet 1),

0.00

Width-to-thickness ratio for outstand flanges (EM 199311 © Tab5.2. sheet 2).

0.00

m

m

Classification under combined loading

ratio 45.81 an position
ratio

maximum ratic |1 4544

madimum ratio |2 5233

madimum_ratio [ 3 24.11

=== (Class cross-sedion 2

ratio G.86 an position
ratio

maximum ratic |1 8.32

madimum ratio |2 924

madmum ratio [ 3 1273

=== (Class cross-sedion 1

Width-to-thickness ratio for internal compression pats (EM 1993-1-1 © Tah.5.2. sheet 1).

0.00

Width-to-thickness ratio for outstand flanges (EM 1993-1-1 © Tah.5.2. sheet 2).

0.00

m

m

Comments

The results correspond to therlchmark results.

17
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Benchmark 6: Desi6@gnerds Gui

Benchmar k 6: Designer 6s Gui de Ex. 6. 2
Project file:EN_BenchmarkOGesa
Scia EngineeYersion10.0.86
Introduction
This benchmark concerisxample &: Crosssection resistance in compression
czn(‘)gse Si gner &S 198311 Huocoded, The Steel Construction Institute,

A 254 x 254 x 73 UC is to be used as a short compression member. The resistance
of the crosssection in compression is calculated assuming grade S355 steel.

Reference Results

The reference gives followgnresults:

Classification

Flanges | c/tf 7,77
Class 2 limit 8,14

= Flanges Class

Web cltw 23,29
Class 1 limit 26,85
— Web Class 1

Compression resistance
Nc,Rd 3305 kN

18



Benchmark 6: Desi6@gnerds Gui

Scia Engineer Results

Width-to-thickness ratio for internal compression parts (EM 199311 ;. Tabh.5.2. sheet 1)
ratio 23.29 an position 0.00 m

ratio
madimum ratic |1 26.85
madmum ratio |2 30.92
madimum_ratio [ 3 3417

=== (lass cross-sedion 1
Width-to-thickness ratio for outstand flanges (EM 199311 : Tab.5.2. sheet 2).
ratio 7T an position 0.00 m

ratio

madimum ratic |1 7.32
madimum ratio |2 8.14
madimum_ratio [ 3 11.39

=== (Zlass cmss-sedion 2

Compression check
according to article EM 199311 © 624 and formula EM 199311 : (6.9)

Section classification is 2.

Table of values

Mc.Rd 2305.05 |kM

unity check 0.00
Comments

The results correspond to thenbamark results.

19



Benchmar k 7:

Designer ds

Benchmar k

7 :

Project file:EN_Benchmark07.esa

Scia EngineeYersion10.0.86

Introduction

This benchmark concerrisxample 64: Shear resistancefDe si gner 6 s

DesigaAaer 0s

Gui

EN 19931-1 Eurocode 3, The Steel Congttion Institute, 2005.

de

E x .

Gui

The shear resistance is determined of a 229 x 89 rolled channel section in grade
S275 steel loaded parallel to the web

Reference Results

The reference gives following results:

Shear resistance

Av

2092 mm3

Vpl,Rd

332 kN

Shearbuckling does not need to be conside

Scia Engineer Results

Shear check (\Vz)
accarding to aricle

EM 199311 : 6.2.6. and formula EM 1993-1-1 © (6.17)

Table of values

Wi, Rd 33213 kN
unity check 0.00
Comments

The results correspond to the benchmark results.

20
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Benchmark 8: Designerdés Gui

Benchmar k 8: Designer 6s Gui de Ex. 6.5
Project file:EN_Benchmark08.esa
Scia EngineeYersion10.0.86
Introduction
This benchmark concernSxample 6.5: Crossection resistance under combined
bending and sheaof De si g n er 06BN 1803l-1dEeroctde 3, The Steel
Construction Institute, 2005.
A short spar(1,4m) simply supported, laterally restrained beam is to be dedig
to carry a central point load of 1050 kN. A 406 x 178 x 74 UB in grade S275 steel
is assessed for its suitability for this application.

Reference Results

The reference gives following results:

Classification

Flanges | c/tf 4,68
Class 1 limit 8,32

= Flanges Class

Web cltw 37,94
Class 1 limit 66,56
— Web Class 1

Bending resistance
Mc,y,Rd 412 kNm

Shear resistance
Av 4184 mm?2

Vpl,Rd 689,2 kN

Shear buckling does not need to be consid

21



Benchmark 8: Designerdés Gui

Resistance to combined bending and shea
My,V,Rd 386,8 kNm

Scia Engineer Results

Width-to-thickness ratio for intermnal compression parts (EM 199311 © Tabh5.2. sheet 1).
ratio 37.94 an position 014 m

ratio
magimum ratio |1 G6.56
magimum ratio |2 f6.73
maximum_ratio [ 3 114.63

=== (lass cross-sedion 1
Width-to-thickness ratio for outstand flanges (EM 1983-1-1 : Tab.5.2. sheet 2).
ratio 4.68 an position 014 m

ratio

magimum ratio |1 8.32
magimum ratio |2 9.24
maximum_ratio [ 3 12.73

=== (Zlass cross-sedion 1

Shear check (Vz)
according to article EM 1993-1-1 : 6.2.6. and formula EM 1993-1-1 : (6.17)

Table of values
Wi, Rd 63925 (kN
unity check 0.76

Bending moment check (My)
according to article EM 1993-1-1 : 6.25. and formula EM 1893-1-1 © (G.12)
Section classification is 1.

Table of values
Mc, Rd 41272  [kNm
unity check 0.89

Combined bending, axial force and shear force check
according to article EM 1893-1-1 © 6.2.9.1. and formula EM 1993-1-1 © (6.31)
Section classification is 1.

Table of values

MMy Rd 38678  [kMNm

MYz Rd 73.42 kMm
Comments

The results correspond to the benchmark results.

22



Benchmark 9: Designeréés

Benchmar k 9: Designer 6s Gui de Ex. 6 .

Project file:EN_Benchmark09.esa

Scia EngineeYersion10.0.86

Introduction
This benchmark concerisample 6.6: Crossection resistance under combined
bending and compressi@fDe s i g n er OEN 1@81i1dEerocdde 3, The
Steel Construction Institute, 2005.
A member is to be designed to carry a combined major axis bending moment and
an axial forceln this example, a crossection check is performed to determine
the maximumbending moment that can be carried by a 457 x 191 x 98 UB in
grade S235 steel in the presence of an axial force of 1400 kN

Reference Results

The reference gives following rdtai

Classification

Flanges | c/tf 4,11
Class 1 limit 9,0

= Flanges Class

Web cltw 35,75
Class 2 limit 38,0

= Web Class 4

Compression resistance
Npl,Rd 2937,5 kN

Bending resistance
Mpl,y,Rd 524,5 kNm

23
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Benchmark 9: Designerdés Gui

Resistance to combined bending ahaxial force
MN,y,Rd 342,2 kNm

Scia Engineer Results

Width-to-thickness ratio for internal compression pats (EM 199311 : Tabh5.2. sheset 1)
ratio 3575 an paosition 0.00 m

ratio
magimum ratic |1 33.00
maximum ratio |2 38.00
maximum_ratio [ 3 4211

=== Class cross-sedion 2
Width-to-thickness ratio for outstand flanges (EM 199311 : Tabh5.2. sheet 2).
ratio 41 an paosition 0.00 m

ratio

magimum ratic |1 9.00
maximum ratio |2 10.00
maximum_ratio [ 3 1377

=== (Zlass crmss-sedion 1

Compression check
according to article EM 199311 © 624 and formula EM 199311 : (6.9)
Section classification is 2.

Table of values
Mec.Rd 2937.50 (kM
unity check 0.48

Bending moment check (My)
according to article EM 1893-1-1 © 6.2.5. and formula EM 1993-1-1 © (6.12)
Section classification is 2.

Table of values
Me, Rd 52452 [kNm
unity check 0.00

Combined bending, axial force and shear force check
according to artice EM 1993-1-1 © 6.2.9.1. and formula EM 1993-1-1 © (6.31)
Section classification is 2.

Table of values

My Rd 34224 |kMm

MYz Rd 8744 kMm
Comments

The results correspond to the benchmark results.
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Benchmar k 10: Designer 6s Gui de Ex.

Project file:EN_Benchmark10.esa

Scia EngineeYersion10.0.86

Introduction
This benbmark concerngEExample 6.7: Buckling resistance of a compression
membernfDe s i g ner OEN 19593141 Ewocade3, The Steel Construction
Institute, 2005.
A circular hollow section member is used as an internal column in a-shordéy
building. The olumn has pinned boundary conditions at each end, and the inter
storey height is 4m. The critical combination of actions results in a design axial

force of 1630 kN. The suitability of a hot rolled 244,5 x 10 CHS in grade S275
steel is assessed for this Apgtion.

Reference Results

The reference gives following results:

Classification
Tube d/t 24,5
Class 1 limit 427

= Tube Class ]

Compression resistance

Nc,Rd 2026,8 kN
Member Buckling resistance in compressior
Ncr 6571 kN
redi 0,56
curve a
o 0,21
% 0,91
Nb,Rd 1836,5 kN
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Scia Engineer Results

Width-to-thickness ratio for tubular sections (EM 1993-11 : Tah.5.2. shest 3).
ratic 24.45 an position 0.00 m

ratio
maximum ratio |1 4273
maximum ratio |2 59.82
maximum_ratio {3 76.91

=== (Zlass cross-sedion 1

Compression check
accarding to article EM 1993-1-1 © 624 and formula EM 199311 © (6.9)
Section classification is 1.

Table of values

Mec.Rd 2026.75 | kM

unity check 0.80

| Buckling parameters ¥y pird

trpe non-sway | non-sway
Slenderness 438.21 48.21
Reduced slendemess | 0.56 0.56

Buckling curve a a

Im perfection 0.21 0.2
Reduction factor 0.91 0.,

Length 4.00 4.00 m
Buckling factor 1.00 1.00

Buckling length 4.00 4.00 m
Critical Euler load G571.82 6571.49 kM

Buckling check
according to article EM 1993-1-1 : 6.3.1.1. and formula EM 1993-1-1 © (G.46)

Table of values

Mb.Rd 1836.54 kN
unity check 0.89
Comments

The results correspond to the benchmark results.
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Benchmar k 11: Designer 6s Gui de Ex. 6 .
Project file:EN_Benchmarkll.esa
Scia EngineeYersion10.0.86
Introduction
This benchmark concerrisxample 6.8: Lateral Torsional Buckling resistarafe
Desi gner OBN 1996l+1cEarocode 3, The Steel Construction Institute,
2005.
A simply supported primary beam is required to span 10,8m and to support two
secondary beam3.he secondary beams are connected through fin plates to the
web of the primary beam, and full lateral restraint may be assumed at these points.

A 762 x 267 x 173 UB section is considered in grade S275 steel.

For Lateral Torsional Buckling the general cesased.

—477,80

— 267,14

2500 2200 5100

Reference Results

The reference gives following results:

Classification

Flanges | c/tf 5,08
Class 1 limit 8,32

= Flanges Class

Web cltw 48,0
Class 1 limit 66,6
= Web Class 1
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Bending resistance

Mc,y,Rd 1704 KNm
Shear resistarce

Av 9813 mm3

Vpl,Rd 1959 kN

Shear buckling does not need to be consid

Resistance to combined bending and shea

My,V,Rd

1704 kNm

Lateral torsional buckling: segment BC

Ci1 1,052

Mcr 5699 kNm
redi t 0,55

oLT 0,34

ALT 0,86
Mb,Rd 1469 kNm

Lateral torsional buckling: segment CD

C1l 1,879

Mcr 4311 KNm
redi t 0,63

ouT 0,34

ALT 0,82
Mb,Rd 1402 kNm
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Scia Engineer Results

Width-to-thickness ratio for internal compression parts (EM 1989311 ;. Tab5.2. sheet 1)
ratio 47 97 an pasition 0.00 m

ratio
maximum ratio |1 G6.56
makimum ratio | 2 7673
maximum_ratio [ 3 114 .63

=== (Class cross-sedion 1
Width-to-thickness ratio for outstand flanges (EM 1993-1-1 © Tabh.5.2. sheet 2).
ratio 5.08 an pasition 0.00 m

ratio

maximum ratio |1 8.32
maximum ratio | 2 924
maximum_ratio [ 3 1273

=== (Zlass cross-sedion 1

Shear check (V1)
according to article EM 1993-11 : 6.2.6. and formula EMN 1929311 : (6.17)

Table of values
Ve, Rd 1958.93 | kN
unity check 0.03

Bending moment check (My)
according to article EM 1993-11 : 6.2.5. and formula EMN 199311 © (6.12)
Section classification is 1.

Table of values
Mc, Rd 1704.36 | kMm
unity check 0.80

Combined bending, axial force and shear force check
accarding to article EM 1993-1-1 © 6.2.91. and formula EM 1993-1-1 © (6.31)
Section classification is 1.

Table of values
MYy .Rd 170436 | kKNm
MYz Rd 22206  |kNm
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LTB for segment BC:

LTE check
according to aricle EM

1993-1-1 ¢ 6.3.21. and formula EM 199311 © (6.54)

load in center of gravity

Table of values
Mhb.Rd 147232 kMm
Wy G197680.00 [ mm*3
re duction 0.86
imperfecton 0.34
reduced slendemess 0.54
method for LTB curve |Ar. 6322
Mer a743.99 kMm
unity _check 0.93

LTB

LTE length 320 |Im
k 1.00
kowv 1.00
1 105
c2 0.00
C3 1.00

LTB for segment CD:

LTE check
according to aricle EM

199311 : 6321, and formula EN 199311 : (6.54)

load in center of gravity

Table of values
Mb.Rd 1403.51 kMm
Wy G197680.00 mm'3
reduction negz
imperfe dion 034
reduced slenderness 0.63
method for LTB curve |An. B.3.22.
Mer 434072 kMm
unity check 0.497
LTB
LTE length 510 |Im
k 1.00
ko 1.00
1 1.88
C2 0.00
iZ3 0.94
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Comments

The results correspond to the benchmasults.

The benchmark gives a wrong moment diagrangdia Engineethe loadinghas
beenadapted to obtain the same diagram since the yvaluthe end moments
influencethe calculation of th€1 factor.

A small difference in the values fdvicr is caused by a differentw section

property: Reference lw = 9390 x 10"9 mmég Scia Engineetw = 9551,7 x
109 mm"6.
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Benchmar k 12: Designer 6s Gui de Ex. 6 . ¢
Project file:EN_Benchmarkl12.esa

Scia EngineeYersion10.0.86

Introduction

This benchmark awerns Example 6.9: Member resistance under combined
major axis bending and axial compressiohDe s i gner OBEN 1@99@8lilde t o
Eurocode 3, The Steel Construction Institute, 2005.

A rectangular hollow section member is to be used as a primary floor difeam

7,2 m span in a muistorey building. Two design point loads of 58 kN are
applied to the primary beam from secondary beams. The secondary beams are
connected through fin plates to the webs of the primary beam, and full lateral and
torsional restraintnay be assumed at these points. The primary beam is also
subjected to a design axial force of 90 kN.

The suitability of a hot rolled 200 x 100 x 16 RHS in grade S355 steel is assessed
for this application.

For Lateral Torsional Buckling the general cesased.

The interaction factorsjkor combined bending and compression are determined
using alternative method 1 (Annex A).

A

D
) : ? —90,00

2400 L 2400 L 2400 7|

== — 55 (0]
Lo

e=——— —55.00
g
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Reference Results

The reference gives following results:

Classification (under pure compression)
Web cltw 9,50
Class Limit 26,85
= Web Class 1
Compression resistance
Nc,Rd 2946,5 kN
Shear resistance
Av 5533,3 mmj3
Vpl,Rd 1134 kN
Shear buckling does not need to be consid

Bending resistance

174,3 kNm

Mc,y,Rd

Resistance to combined bending, shear andcial force

My,NV,Rd 174,3 KNm
Member Buckling resistance in compression

Ncr,y 1470 KN| Ncr,z 4127 kN

redi,y 1,42| red),z 0,84

Oly 0,21] a, 0,21

Xy 0,41| %, 0,77

Nb,y,Rd 1209 kN| Nb,z,Rd 2266 kN
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Member Buckling resistance in bending segment BC

C1 1,0
Mcr 3157 kNm
redi.t 0,23
oLt 0,76
ALT 0,97
Mb,Rd 169,5 kKNm

Verification according to Method 1

redx,0 0,23

Cmy,0 1,01

aLT 0,189

bLT 0

dLT 0

Cmy 1,01

CmLT 1,00

ny 0,96

uz 0,99

wy 1,33

wz 1,27

npl 0,03

Cyy 0,98

Czy 0,95

kyy 1,06

kzy 0,69

eq. (6.61) 0,94

eg. (6.62) 0,61
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Scia Engineer Results

Width-to-thickness ratio for internal compression parts (EM 199311 ;. Tab5.2. sheet 1)
ratio .50 an positon 0.00 m

ratio
makimum ratio |1 26.85
maximum ratio | 2 30.92
magimum_ratic [ 3 3417

=== (Zlass crss-sedion 1

Shear check (V1)
according to article EM 1993-11 : 6.2.6. and formula EM 199311 : (6.17)

Table of values
Ve, Rd 1134.24 | kN
unity check 0.05

Compression check
according to article EM 1993-11 : 6.2.4 and formula EM 199311 © (5.9)
Section classification is 1.

Table of values
Me.Rd 2946.86 | kM
unity check 0.03

Bending moment check (My)
according to article EM 1993-1-1 : 6.25. and formula EM 1993-1-1 © (6.12)
Section classification is 1.

Table of values
Mc, Rd 17431 | kMm
unity check 0.80

Combined bending, axial force and shear force check
according to article EM 1993-1-1 © 6.2.9.1. and formula EM 1993-1-1 © (6.31)
Section classification is 1.

Table of values
MM Yy.Rd 17431 [kNm
MM Yz.Rd 10295  |kMNm
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Buckling parameters Wy i

type nan-sway | non-sway
Slenderness 108.13 64.43
Reduced slenderness 1.42 0.84

BucHing curve a a
Imperfection 0.21 0.21
Reduction factor 0.41 1

Length 7.20 240 m
BucKing facor 1.00 1.00

BucKing length 7.20 2.40 m
Critical Euler load 1471.38 4138.04 ki

Buckling check
according to aricle

Table of values

EM 199314 © 6311, and formula EM 1993-1-1 © (6.46)

Mb.Rd 1209.85 | kN
unity check 0.07
LTB check
according to aricle EM 1993-1-1 : 6.3.21. and formula EM 1993-1-1 © (G.54)
Table of values
Mb. Rd 174.31 kMm
Wy 491000.00 mm'3
reduction 1.00
imperfe dion 0.76
reduced slenderness 0.23
method for LTB curve [Arn. 6.3.2.2.
Mer 3174.68 kMm
unity check 0.80
LTEB
LTE length 240 |Im
k 1.00
ko 1.00
Z1 1.00
C2 0.00
23 1.00

load in center of gravity
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Compression and bending check
according to article EM 199311 © 6.3.3. and formula EM 1993-1-1 :© (6.61) (B.62)
Interaction Method 1

Table of values
kyy 1.049
kyz 0.614
kzy 0.686
kzz 1.043
Delta My 0.00 kMM
Delta Mz 0.00 kMM
A a8301.00 mm'2
Wy 491000.00 | mm*3
Wz 29000000 | mm*3
MRk 2946.86 kel
My, Rk 174 .31 kMm
Mz, Rk 102.95 km
My, Ed 13820 km
Mz, Ed 0.00 km
Interadion Method A
Mer 317468 km
reduced slenderness 0 |0.23
Cmy.0 1.002
Cmz0 1.005
cmy 1.001
cmz 1.005
CmLT 1.000
muy 0.963
muz 0.995
wy 1.334
WZ 1.266
npl 0.031
aLT 0.180
bLT 0.000
LT 0.015
dLT 0.000
elLT 0.100
Cyy 0.879
Cyz 0.841
Czy 0.853
Czz 0.880
unity check = 007 + 084 + 000 = 091
unity check = 004 + 055 + 0.00 = 059

Comments

The results correspond to the benchmark results.

In Scia Engineean RRW section was used to obtain the sd/pé.

There is a slight differenceniMcr due to the fact the reference ignores the

warping contribution.
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According to EN 1993-1 art. 6.3.2.1(4) the effect of latestalrsional buckling
may be ignoredy t = 1,00) in case:

ZLT < ZLT,O with ZLT,OZ 0,40 by default
0,23 <0,40=>y.t = 1,00
The reference does not take this into account and thyg Has0,97.

The critical check is at 2,4m. To obtain the shear check and classification for pure
compressionmember data are used for checking the position at Om.
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Benchmar k 13: Designer 6s Gui de Ex. 6 .
Project file:EN_Benchmark13.esa

Scia EngineeYersion10.0.86

Introduction

This benchmark concerrisxample 6.10: Member resistance under combined bi
axial bending and axial compressioof Desi gner 0 sSEN G931de t o
Eurocode 3, The Steel Construction Institute, 2005.

An H section member of length 4,2m is to be designed as a ground floor column
in a multistorey building. The frame is moment resistinglane and pinned out
of-plane, with diagonal bracing provided in both directions. The column is
subjected to majeaxis bending due to horizontal forces and minor axis bending
due to eccentric loading from the floor bearfgom the structural analyside
design effects are shown in following figufigne suitability of a hot rolled 305 x

305 x 240 H section in grade S275 steel is assessed for this application.

M, gg = 420 KN m M.es=TIOKN M

el S 71 7237

\ |
| \ |
[ \ |
| \ /
| A |
| \ ’
| |
i) |\ /
i

-"l'_f:‘_, 3440 kN l.u‘r gq = —420 kKN m :q."’_v' Ed = 0

For Lateral Torsional Buckling the general case is used.
The interaction factorsjkfor combined bending and compression are determined
using alternative method 2 (Annex B).

Reference Results

The reference gives following results:

Classification
Flanges | c/tf 3,51
Class 1 limit 8,32

= Flanges Class
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Web cltw 10,73

Class 1 limit 3051

= Web Class 1

Compression resistance
Nc,Rd 8415 kN
Bending resistance
Mc,y,Rd 1168 kNm
Mc,z,Rd 536,5 kNm
Shear resistance

Av,z 8605,82 mmj
Vpl,z,Rd 1366,36 kN
Av,y 24227 mm3
Vpl,y,Rd 3847 kN
Shear buckling does not need to be consdl

Resistance to combined bending, shear and axial forc

My,NV,Rd 773,8 KNm
Mz,NV,Rd 503,9 kNm
o 2
B 2,04

Member Buckling resistance in compression

Ncr,y 153943 kN| Ncr,z 23863 kN
red,y 0,23 | redA,z 0,59
oy 0,34 o, 0,49
Ly 0,99 y, 0,79
Nb,y,Rd 8314 kN| Nb,z,Rd 6640 kN
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Member Buckling resistance in bending

C1 2,752
Mcr 17114 KNm
I’ed7\,|_'|' 0,26
ALT 0,99
Mb,Rd 1152 kNm

Verification according to Method 2
Cmy 0,40
Cmz 0,60
CmLT 0,40
kyy 0,41
kzz 0,78
kyz 0,47
kzy 0,79
eg. 6.61) 0,66
eq. (6.62) 0,97

Scia Engineer Results

Width-to-thickness ratio for internal compression parts (EM 199311 © Tab.5.2. sheet 1)
0.00 m

ratio 1073

ratio

madimum ratic |1 30.51
maximum ratio |2 3513
maimum_ratio [ 3 53.61

=== (Zlass cmss-sedion

Width-to-thickness ratio for outstand flanges (EM 1993-1-1 : Tabh.5.2. sheet 2).
0.00 m

ratio 3.51

ratio

madimum ratic |1 8.32
maximum ratio |2 9.24
maimum_ratio [ 3 1273

=== (Zlass cmss-sedion

an position

1

an position
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Compression check
according to article

EM 1993-11

Section classification is 1.

Table of values

Mc.Rd
unity check

8415.00 | kN
0.41

Shear check (Vy)

according to article EM 1993-1-1 :
Table of values

Ve, Rd 384650 | kM
unity check 0.0

Shear check (\Vz)

according to article EM 1893-1-1
Table of values

Ve, Rd 1366.36 | kM
unity check 0.15

G.24 and formula EM 1993-1-1

6.2.6. and formula EM 1993-1-1 : (6.17)

G.2.6. and formula EM 1993-1-1 : (6.17)

(5.9)

Bending moment check (My)

according to article

EM 199311

Section classification is 1.

Table of values

Mc,Rd
unity check

1167.95
0.36

kMm

cB.25. and formula EM 1993-1-1 © (B.12)

Combined bending, axial force and shear force check

according to article

Section classification is 1.

EM 199311 @ 6.2.971. and formula EM 1993-1-1 © (6.31)

| Table of values

MEy Rd 77386 |kMNm

MMz .Rd 503.83 | kMNm

alfa 2.00 heta 204
Buckling parameters ¥y i

type nan-sway | non-sway
Slenderness 20.30 51.55
Reduced slenderness [ 0.23 0.54a

BucHing curve b C

Imperfection 034 0.49
Reduction factor 0.99 0.79

Length 420 420 m
BucKing fador 070 1.00

BucKing length 294 420 m
Critical Euler load 153955.09 | 23869.95  |kN

Buckling check
according to aricle

Table of values

Mb.Rd
unity check

664015 | kN
0.52

EM 199311 @ 6311, and formula EM 1993-1-1 © (6.46)
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LTE check
according to aricle

EM 199311 :

6.3.21. and formula EM 19983-1-1 . (6.54)

Table of values
Mb.Rd 1167.95 kMm
Wy 4247073.50 mm*3
reduction 1.00
imperfe cion 0.21
reduced slenderness 0.26
method for LTE curve [Arf. 6.3.22.
Mer 1678224 kMm
unity check 0.36
LTE
LTE length 420 |m
k 1.00
kowe 1.00
C1 270
C2 0.00
C3 0.68
load in center of gravity

Compression and bending check

according to article
Interaction Method 2

EM 199311 @ 633 and formula EM 1993-1-1 @ (6.61) (6.62)

Table of values
koyy 0.406
kyz 0.470
kzy 0.243
bzz 0.733
Delta My 0.00 kMm
Delta Mz 0.00 kMM
A 30600.00 mm'e
Wy 4247073.50 mm"3
Wz 1950586.28 mm"3
MRk 3415.00 kM
My, Rk 1167.95 kMm
Mz, Rk h36.41 kMm
Ky, Ed -420.00 kMm
Mz, Ed 110.00 kM
Interaction Method 2
cmy 0.400
Cmz 0.600
CmLT 0.400
unity check =041 + 015 + 010 = D66
unity check =052 + 009 + 016 = 077
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Comments

The reference applies a wrong formulaAw;z in the shear resistance chedke
results shown above foAv,z and Vpl,z,Rd are those corrected by manual
calculation.

There is a slight difference iNcr due to a differenC1 factor. Reference C1 =
2,752< Scia Enginee€1 = 2,70.

In Scia Engineethe C1 factor for endmoment loading is calculated according to
the approximate formula (F.3) of informative annex fFE®NNV 1993-1-1:1992.
This formula is limited to 2,70.

According to EN 1993-1 art. 6.3.2.1(4) the effect of lateftalrsional buckling
may be ignoredy t = 1,00) in case:

e < Auro With 2,70= 0,40 by default

0,26 < 0,40 =3t =100
The reference does not take this into account and thyg Has0,99.
To determinetlte interaction factork; using alternative method 2 (Annex B)
distinction is made between members not susceptible to torsional deformations

(Table B.1) and membgisusceptible to torsional deformations (Table B.2).

The reference concludes that the member is susceptible to torsional deformations
and uses Table B.2 leading t&zy value of0,79

However, due to the previous point, singe = 1,00 the member is nsidered
within Scia Engineer as being nsnsceptible to LIbuckling and thus Table B.1
is appliedeading to &zy value of0,6 kyy= 0,6 * 0,406 =0,2436
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Benchmar k 14: Designer 6s Gui de Ex. 13.
Project file:EN_Benchmarkl14.esa

Scia EngineeYersion10.0.86

Introduction

This benchmark concerrixample 13.1: Calculation of section properties for
local bucklingof Desi gner 6 €N 931-8l €urotode 3, The Steel
Construction Institute, 2005.

The effective area and the horizontal shift in néwtkés due to local buckling are
calculated for a 200 x 65 x 1,6 lipped channel in -doated steel with a nominal
yield strength of 280 N/mmz. The section is subjected to pure compression.

The properties are calculated from the idealized section givire ireference.

63.4 29.16 29.16
| oo

x '—.———17142
: - Wi 36.93

198.4 ‘ X
Iy =16.46
le—2

L
*

; l 36.QSI E l
Reference Results

The reference gives following results:

Effective section properties

Aeff 341,5 mm?2
eN 8,66 mm
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Calculation effective area properies with dired method.

Properties
sedional area A eff 3415 mm®*2
Shear area Wy eff 18148 mm*2 Yz eff 1585 mm*z
radius of gyration iy eff 939 mm iz eff 293 mrm
mament of inertia ly eff 33383857 |mm*d [Iz eff 2937448  [mm™d
elastc section modulus Wy eff |[336531 mm*3 | Wz eff |G257.8 mm*3
Eccenfricity eny 0.0 mm EnzZ a7 mm

Comments

The results correspond to the benchmark results.
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Benchmar k 15: e EX. Xx8B83er 6s Gu

Project file:EN_Benchmarkl15.esa

Scia EngineeYersion10.0.86

Introduction
This benchmark concernExample 13.3: Member resistance in compression
(checking flexural, torsional and torsiorfiéxural bucklinglofDe si gner 0's
to EN 1998-1-1 Eurocode 3, The Steel Construction Institute, 2005.
The member resistance of a 100 x 50 x 3 plain channel section column subjected
to compression is calculated. The column length is 1,5m, with pinned end
conditions, so the effective length is assdrequal to the system length. The steel
has yield strength 280 N/mm?2.

Reference Results

The reference gives following results:

Member resistance in compression

A 555 mm?
Ncr,y 787 kN
Ncr,z 127 kN
Ncr, T 121 kN
= Sigma,cr,T 218 N/mm?2

Ncr, TF 114 kN
= Sigma,cr,TF 205 N/mm2

red 1,16
o 0,49
Y 0,45
Nb,Rd 69,17 kN
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Scia Engineer Results

Table of values

Mhb.Rd G9.84 kI
Reduced slendemess 1.7

Reduction factor 0.45

sigma.cr.T 21703 Mimm*2
sigma,cr, TF 20833 MHimm*2
Torsional buckling length [1.50 m

unity _check 0.01

Comments

| Buckling parameters ¥y Iz

type non-sway | non-sway
Slenderness 38.24 9526
Reduced slendemess | 0.44 1.1

Buckling curve C C

Im perfection 0.49 0.49
Reduction factor 0.87 0.43

Length 1.50 1.50 m
Buckling factor 1.00 1.00

Buckling length 1.50 1.50 m
Critical Euler load 786.80 12676 kI

accarding to aricle

Torsional-flexural buckling check
EM 1983-1-1 : 6.3.1.1. and formula EN 1983-1-1 © (6.4E6)

The results correspond to the benchmark results.

The reference calculates a wrong formulaNidx;Rd. The result shown above for
Nb,Rd is that orrected by manual calculation.
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Benchmark 16: Nachweispraxis Beispiel 1

Project file:EN_Benchmarkl16.esa

Scia EngineeYersion10.0.86

Introduction
This benchmark concernsBeispiel 1. Schnittgrossenberechnung und
Spannungsberechnung bei zweiachsiBegung mit Torsiorof Nachweispraxis
Biegeknicken und Biegedrillknicken, Ernst & Sohn, 2002.
A member with forked end supports is loaded in axial compressieaxiddi
bending and torsion. The member concerns an IPE 200 of steel grade S235. A

direct stess check is performed accordingBb 19931-3 in the middle of the
member which includes the direct stress due to warping.

3000 3000

3

-

Reference Results

The reference gives following results:

Ay Tz lo
~126 1170 270 62478 KN
220 0 10 + 20 (5 + 92270 (L 470) = —183 KN
7= 85 T10a0 1O+ 14 (D +5gg0 (479 =183
o= -442-6031-9507—2304= 18284
mnY

With ymo =1,00 the Stress check according=td 19931-3 formula (6.11a) is:

fya
O-tot,Ed <
MO

18284 < E’ = Unity check: 0,78
1,00
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Scia Engineer Results

Stress check (incl. warping and torsional moment)
according to article EM 1993-1-3 © 6.1.6

Warping free at begin beam 1

Warping free at end beam 1

xm) | Mxpietdm) | WMes(kimd | wikiNma2)
0.00 0.07 0.00 0.00
0.60 0.07 0.00 0.00
0.60 0.07 0.00 0.00
1.20 0.07 0.m 0.00
1.20 0.07 0.m 0.00
1.80 0.06 0.02 0.01
1.80 0.06 0.02 0.01
2.40 0.04 0.04 002
240 |0.04 0.04 002
.00 [-0.01 0.08 0.06
300 [-0.01 0.08 006
3.60 [-0.06 -0.04 0.0:2
360 [-0.06 -0.04 0.0z
420 [-0.08 -0.02 0.01
420 [-0.08 -0.02 0.01
480 |-0.09 -0.01 0.00
430 [-0.09 -0.01 0.00
540 [-0.09 -0.00 0.00
540 [-0.09 -0.00 0.00
6.00 [-0.09 -0.00 0.00

Table of values

Mxp (StVWenant Torque) (-0.01 | kMM

Mxs (warping torque) 0.09 [kMNm

Mw (birmorment) 006 |kMNmMZ2

unity check Wi

Direct stress check EN 1993-1-3 : (6.11a)

sigma M 442 MPa

sigma Myy 6022 MFa

sigma Mz 9484 MFa

sigma Warping 2254 MFa

total stress 13202 |MPa

unity check i
Comments

The results correspond to the benchmark results.
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Benchmark 17: ECCS N°119 Worked Example 1
Project file:EN_Benchmarkl1l7 l.esa & EN_Benchmarkl7_2.esa
Scia EngineeYersion10.0.86
Introduction
This benchmark concern¥orked Example b&f ECCS N°119 Rules for Member

Stability in EN 19931-1, Background documentatioand design guidelines,
ECCS, 2006.

This first worked example deals with the basic case gflame behaviour. The
beamcolumn is subjected to compression and triangular major axis bending
moment. The member is so restrained that both lateral andllatesional
displacements are prevented.

The interaction factorsjkor combined bending and compression are determined
using both alternative method 1 (Annex A) and alternative method 2 (Annex B).

M, Eq

IPE 200~ L = 3,500 m AN i

|53 TSN

/——//‘] M, 50 =43 kNm

NEd=210kN

Reference Results

The reference gives followingsults:

Classification

Flanges | c/tf 4,1
Class 1 limit 9,0

= Flanges Class

Web c/tw 28,39
Class 1 limit 33,00
= Web Class 1
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Compression resistance

Nc,Rd

669 kN

Bending resistance

Mc,y,Rd

51,8 kNm

Shear resistance

Av,z

1400 mm?

Vpl,z,Rd

190 kN

Shear buckling does not need to be consid

Resistance to combined bending, shear and axial forc

My,NV,Rd

44,7 KNm

Member Buckling resistance in compression

Ncr,y 3287 kN
reda,y 0,451
oLy 0,21
Ay 0,939
Verification according to Method 1
Cmy,0 0,782
bLT 0
Cmy 0,782
ny 0,996
wy 1,135
Cyy 1,061
eq. (6.61) 0,985
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Benchmark 17: ECCS N°119 Worked Example 1

Verification according to Method 2
Cmy 0,6
kyy 0,65
eg. (6.61) 0,874

Scia Engineer Results

Width-to-thickness ratio for internal compression parts (EM 1993-1-1 : Tab 5.2, sheet 1)
ratio 28.39 on posifion 0.00 m

ratio
magimum ratio |1 33.00
magimum ratio |2 38.00
magimum ratio |3 42 00

=== (lass cross-sedion 1
Width-to-thickness ratio for outstand flanges (EM 1993-1-1 : Tab.5.2. sheet 2).
ratio 414 on posifion 0.00 m

ratio

madmum ratio |1 9.00
madmum ratio |2 10.00
madmum ratio |3 14.00

=== (Class cross-sedion 1

Compression check
according to aricle EM 19893-1-1 : 624 and formula EM 1993-1-1 © (6.9)
Section classification is 1.

Table of values
MNe.Rd B69.75 kN
unity check 0.3

Shear check (\Vz)
according to aricle EM 1993-1-1 © 6.26. and formula EM 18993-1-1 © (6.17)

Table of values
Ve, Rd 19017 | kN
unity check 0.06

Bending moment check (My)
according to aricle EM 1993-1-1 : 6.25. and formula EM 1893-1-1 © (6.12)
Section classification is 1.

Table of values
Mc, Rd 51.84 |kNm
unity check 0.83

Combined bending, axial force and shear force check
according to aricle EM 19893-1-1 : 6291 and formula EM 1993-1-1 : (6.31)
Section classification is 1.

Table of values
MMy Rd 44 58 | kNm
MMYVz.Rd 10.48 | kNm
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| Buckling parameters ¥y Z

type non-sway | non-sway

Slenderness 4239 0.00

Reduced slendemess | 0.45 0.00

Buckling curve a b

Im perfection 0.21 0.34

Reduction factor 094 1.00

Length 3.50 380 m
Buckling factor 1.00 0.00

Buckling length 3.50 0.00 m
Critical Euler load 3287.59 2409311428654.50 kM

Verification according to Method 1

Compression and bending check
according to article EM 1993-1-1 © 6.3.3. and formula EM 1993-1-1 ¢ (6.61) (6.62)
Interaction Method 1

Table of values
kyy 0785
kyz 0.547
kzy 0.417
kzz 0831
Delta My 0.00 kMm
Delta Mz 0.00 kMm
A 2850.00 mrm2
Wy 22060000 mm'3
Wz 44610.00 mm®3
MRk G69.75 kM
My Rk 51.84 kMm
Mz.Rk 10.48 km
My, Ed 43.00 kMm
Mz Ed 0.00 kM
Interaction Method 1
Mcrd 230102935584098 |kKNm
reduced slendemess 0 | 0.00
Crmy.0 0782
Cmz0 1.000
cmy 0782
Cmz 1.000
CmLT 1.000
muy 0.996
muz 1.000
Wy 1.135
WZ 1.500
npl 0314
aLT 0.996
bLT 0.000
cLT 0.000
dLT 0.000
elLT 0.000
Cyy 1.061
Cyz 1.255
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Verification according to Method 2

Compression and bending check

according to article EM 1993-11 : 6.3.3. and formula EMN 199311 : (6.61) (6.62)

Interaction Method 2

Table of values

by 0.650

kyz 0.4a87

kzy 0.390

kzz 0.812

Delta My 0.00 kMM

Delta Mz 0.00 kMM

A 2850.00 mim*z

Wy 22060000 | mm*3

Wz 4461000 | mm*3

MRk B69.75 ke

My Rk 51.84 kMm

Mz. Rk 10.48 kMm

My Ed 43.00 kMm

Mz Ed 0.00 kMm

Interaction Method 2

cmy 0.600

cmz 1.000

CmLT 0.600

unity check =033 + 0584 + 000 = 087

unity check =031 + 032 + 000 = 0564
Comments

- The results correspond to the benchmark results.

- The reference calculates a wrovaguefor c in the classification of the wellhe
result shown above faris that corrected by manual calculation.

- The reference calilates a wrong value fétv,z in theshear resistanagheck The
result shown above f@kv,z is that corrected by manual calculation.
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Benchmark 18: ECCS N°119 Worked Example 2
Project file:EN_Benchmark18 l.esa & EN_Benchmarkl1l8 2.esa
Scia EngineeVersion10.0.86
Introduction
This benchmark concernr¥orked Example 8f ECCS N°119 Rules for Member

Stability in EN 19931-1, Background documentation and design guidelines,
ECCS, 2006.

This second worked example deals with spatial behaviour. #as&olumn is
subjected to compression, transverse forces and major axis end moments. the
transverse load is assumed to act at the shear centre. Lateral torsional buckling is
not prevented, and may therefore occur.

The interaction factorsjkor combinedbending and compression are determined
using both alternative method 1 (Annex A) and alternative method 2 (Annex B).

q. = 30 kN/m

Nea=800RN I TITTTTITTIT T J—J—L\Myﬁd
@ IPE 500 - L =3,500 m L% J Nea

The reference gives following results:

Reference Results

Classification

Flanges | c/tf 4,6
Class 1 limit 9,0

= Flanges Class

Web cltw 41,8
Class 2 limit 43,00

= Web Class 4
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Compression resistance

Nc,Rd 2714 kN

Bending resistance

Mc,y,Rd 516 kNm

Shear resistance

Av,z 5990 mm?2

Vpl,z,Rd 819 kN

Shear buckling does not need to be consid

Resistance to combined énding, shear and axial force

My,NV,Rd

468 KNm

Member Buckling resistance in compression
Ncr,y 81549 kN| Ncr,z 3624 kN
reda,y 0,182| redi,z 0,865
Oy 021 o, 0,34
Ly 1,00| 4, 0,683
Member Buckling resistance in bending (General)

C1l 2,15
Mcr 2179kNm
redi.r 0,486
oT 0,34
ALT 0,89
kc 0,653
f 0,861
LT, mod 1,00
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Member Buckling resistance in bending (Rolled)

redi.r 0,473
ouT 0,49
ALT 0,959
kc 0,653
f 0,864
ALT,mod 1,00

Verification according to Method 1

ny 1,00
wy 1,138
uz 0,918
wz 1,5
Cmy,0 0,789
McrO 1014 kNm
red A0 0,713
aLT 0,998
bLT 0
dLT 0
Cmy 0,919
Cyy 1,003
Czy 0,893
eq. (6.61) 0,936
eg. (6.62) 0,777
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Verification according to Method 2
Cmy 0,495
Cm,LT 0,495
kyy 0,492
kzy 0,847
eq. (6.61) 0,628
eq. (6.62) 1,006

Scia Engineer Results

ratio 4176
ratio

magimum ratic |1 37.34

maximum ratio |2 43.05

maximum_ratio [ 3 7412

=== Class cross-sedion
Width-to-thickness ratio for outstand flanges (EM 199311 © Tabh.5.2. sheet 2).

ratio 4 62
ratio

magimum ratic |1 9.00

maximum ratio | 2 10.00

maximum_ratio [ 3 1377

=== (Zlass cross-sedion

Width-to-thickness ratio for internal compression parts (EM 1993-1-1 © Tab.5.2. sheet 1)

an pasition 3.15 m
2
an pasition 3.15 m
.1

Compression check
according to article

EM 199311 : 624 and formula EM 1993141 © (6.9)

Section classification is 2.
Table of values

Mec.Rd 2T26.00 | kM
unity check 0.29

Shear check (\Vz)
according to aricle

EM 199311 : 6.2.6. and formula EN 1993-1-1 © (6.17)

Table of values

Y, Rd 818.84
unity check 019

kM
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according to article

Bending moment check (My)
EM 1993-1-1 : 6.2.5. and formula EM 1993-11 : (6.12)
Section classification is 2.

Table of values

Mc, Rd

51559 |kMm
unity check 0.68

accarding to article

Table of values

MYy .Rd
MYz Rd

46952 | kNm
78.94 kMNm

Combined bending, axial force and shear force check
EM 1993-1-1 : 6.2.91. and formula EMN 1883-1-1 © (6.31)
Section classification is 2.

|_Buckling parameters ¥y prd

type non-sway | non-sway
Slenderness 177 31.45
Reduced slendemess | 0.18 0.8v7

Buckling curve a b

Im perfection 0.21 0.34
Reduction factor 1.00 0.63

Length 350 350 I
Buckling factor 1.00 1.00

Buckling length 3.50 3.50 m
Critical Euler load 81555.21 362412 kM

Verification according to Method 1

LTE check
according to article

EM 1993-1-1 © 6.3.21. and formula EN 199311 : (6.54)

Table of values

Mhb.Rd

Wy

re duction

imperfection

reduced slendemess
method for LTB curve
Mer

Lnity check

515.59
219400000
1.00

034

047

Art. 6322
2310.41
D.68

kM
mm®3

kMm (according to FRILO LTB solver)
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Compression and bending check

according to aricle EM 1893-1-1 : 6.3.3. and formula EMN 1993-1-1 © (6.671) (6.62)

Interaction Method 1

Table of values

by 1.225

kyz 1.228

kzv 0677

kzz 1.482

Delta My 0.00 kMM
Celta Mz 0.00 kMM
A 11600.00 mm*2
Wy 219400000 [ mm*3
Wz 335900.00 mm*3
MRk 2726.00 kM
My Rk 515.549 kMm
Mz Rk 78.94 kMm
My Ed -350.00 kM
Mz Ed 0.00 kMm
Interaction Method 1

Mcrd 1013.48 kMm
reduced slendemess 0 [0.71

Cmy.0 0.985

cmz,0 1.053

Cmy 0.993

Ccmz 1.053

CmLT 1.202

muy 1.000

muz 0.917

Wy 1.138

WZ 1.500

npl 0.283

aLT 0.883

bLT 0.000

cLT 0621

dLT 0.000

elLT 1.236

Cyy 0.8ag84

Cyz 0757

Cry 0.558

Crz 0.831

unity check = 029 + 083 + 000 = 113
unity check = 043 + 046 + 0.00 = 089
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Verification according to Method 2

LTE check
according to article

EM 1993-1-1 © 6.3.21. and formula EN 199311 : (6.54)

Table of values

Mhb.Rd 515.59 kMm

Wy 219400000 [ mm*3

re duction 1.00

correction factor kc 0.81

correction factor f 0.96

madified reduction 1.00

Beta 0.75

reference slendemess | 0.40

im perfection 0.49

reduced slendemess 0.47

method for LTEB curve |Ar. 6323

fcr 231041 kMm (according to FRILO LTB solver)

unity check 0.68

Compression and bending check

according to article EM 1993-1-1 © 6.3.3. and formula EM 1993-1-1 ¢ (6.61) (6.62)

Interaction Method 2

Table of values

kyy 0.493

kyz 0.893

kzy 0.294

kzz 1.438

Delta My 0.00 kMm

Delta Mz 0.00 kMm

A 11600.00 mim*z

Wy 219400000 | mm*3

Wz 335900.00 mim*3

MRk 2T26.00 kM

My Rk 515.59 kMm

Mz Rk 73.94 kMm

My Ed -350.00 kMm

Mz Ed 0.00 kMm

Interaction Method 2

Cmy 0.495

cmz 1.000

cmLT 0.495

unity check = 029 + 033 + 000 = 063

unity check = 043 + 020 + 0.00 = 063
Comments

- The reference calculates a wrong valueAw)z in the shear resistance check. The
result showrabove forAv,z is that corrected by manual calculation.

- Since it concerns a sa of combined loading, the FOLLTB solver is used to
calculate the exad¥icr through an eigenvalue solutiolmhe reference uses an
approximate graphic for determini@i (and thusMcr).

ReferenceMcr = 2179 kNm< Scia EngineeMcr =2310,41kNm.
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According to EN 1993-1 art. 6.3.2.1(4) the effect of latestalrsional buckling
may be ignoredy t = 1,00) in case:

e < Juro- With Zir,0= 0,40 by default

350/2310,41 =0,1515< 0,16 g»r = 1,00
The reference does not take this into account and thyg Has0,89.

In the determination o€my,0 for method 1the reference assws the moment
diagram to be linear which is not the case. The reference thus uses the linear
approximation whereScia Engineeruses the correct general method for
calculatingCmy,0. The reference is thus not consistent: @it the combined
loading is takemnto account, but fo€my,0 not.

I n the verification according to method
for LTB. However, the reference also applies the reduction fédimrcalculate
YLT.mod IN this case. INEN 19931-1 this reduction is onlspecified for the

ORol |l ed sections and equivalent wel ded s
Casebo.

Due to thedifferences in the LTB reduction factoand in theCmy,0 factor, the
eventual wverification formulads have diff
In the verificatonaccor di ng to method 2, the refere

and equival ent wel ded sectionskc @eased f or
reference uses specific tables according to BS 5958cim Engineethe default

table according to EN 199B1 is u&d.

Reference&c = 0,653« Scia Engineekc = 0,91

To determinetlte interaction factork; using alternative method 2 (Annex B)
distinction is made between members not susceptible to torsional deformations
(Table B.1) and members susceptible to togicleformations (Table B.2).

The reference concludes that the member is susceptible to torsional deformations
and uses Table B.2 leading t@zy value 0f0,847.

However, sincey.r = 1,00 the member is considered within Scia Engineer as

being nonsuscepble to LT-buckling and thus Table B.1 is applieghading to a
kzy value 0of0,6 kyy= 0,6 * 0,492= 0,2952
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Benchmark 19: ECCS N°119 Worked Example 3
Project file:EN_Benchmark19 1.esa& EN_Benchmarkl9 2.esa
Scia EngineeYersion10.0.86

Introduction

This benchmark concern&orked Example 8f ECCS N°119 Rules for Member
Stability in EN 19931-1, Background documentation and design guidelines,
ECCS, 2006.

This third worked example deals with spatial behaviour. The lEdomn is
subjected tocompression and transverse forces causing major axis bending.
Lateral torsional buckling is not a potential mode of failure because of the shape
of the crosssection.

The interaction factorsjkor combined bending and compression are determined
using oth alternative method 1 (Annex A) and alternative method 2 (Annex B).

g. = 7,50 kN/m

N£d=300"N‘l-HHHHHﬂlHHHi

NEa
A RHS200x100x10 —L=4,000m [\
T

\/ MJ"rEd =15 kNm

Reference Results

The reference gives following results:

Classification
Web cltw 14,0
Class 1 limit 33,00
= Web Class 1

Compression resistance
Nc,Rd 1316 kN
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Bending resistance

Mc,y,Rd 82,7 kNm
Shear resistance

Av,z 3600 mm?2

Vpl,z,Rd 488 kN

Shear buckling does not need to be consid

Member Buckling resistance in compression

Ncr,y 3600 kN| Ncr,z 1161 kN
red\,y 0,605| redA,z 1,065
Oly 0,21 o, 0,21
Ay 0,888 0,62

Verification according to Method 1

ny 0,969
wy 1,266
uz 0,543
wz 1,184
Cmy,0 1,007
bLT 0
dLT 0
Cmy 1,007
Cyy 0,868
Czy 0,524
eq. (6.61) 0,946
eg. (6.62) 1,131
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Verification according to Method 2
Cmy 0,95
kyy 1,213
kzy 0,728
eq. (6.61) 0,904
eg. (6.62) 1,112

Scia Engineer Results

Width-to-thickness ratio for internal compression parts (EM 199311 ;. Tab.5.2. sheet 1)
ratio 17.00 on position 0.00 m

ratio
madimum ratioc |1 33.00
madimum ratio |2 38.00
madimum_ratio [ 3 42.00

=== (Zlass cmss-sedion 1

Compression check

accarding to article EM 1993-1-1 © 624 and formula EM 199311 © (6.9)
Section classification is 1.

Table of values
Mc.Rd 128015 | kN
unity check 0.62

Shear check (V1)
according to article EM 1993-1-1 © 6.2.6. and formula EMN 1993-1-1 © (6.17)

Table of values

Wi, Rd 49658 | kM

unity _check 0.03

Buckling parameters ¥y i

type non-sway | non-sway
Slenderness 57.42 10054
Reduced slendemess | 0.61 1.07

Buckling curve a a

Im perfection 0.21 0.21
Reduction factor 0.89 0.62

Lenath 400 4.00 m
Buckling factor 1.00 1.00

Buckling length 4.00 4.00 m
Critical Euler load 3451.08 1125.69 kI
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Verification according to Method 1

Compression and bending check
according to article EM 1993-1-1 © 6.3.3. and formula EM 1993-1-1 ;. (6.61) (6.62)
Interaction Method 1

Table of values
kyy 1.469
kyz 4 585
kzy 0.845
kzz 2442
Delta My 0.00 kMm
Delta Mz 0.00 kMm
A 5490.00 mrm2
Wy 33524031 mm'3
Wz 203824 44 mm®3
MRk 1280.15 kM
My Rk Fa7a kMm
Mz.Rk 47.90 km
My Ed 15.00 kMm
Mz Ed 0.00 kM
Interaction Method 1
Mcrd B5383428525850 |kKMNm
reduced slendemess 0 | 0.00
Crmy.0 1.007
cmz,0 1.171
cmy 1.007
Cmz 1.171
CmLT 1.000
muy 0.967
muz 0.515
Wy 1.260
WZ 1.171
nel 0.620
aLT 0.191
bLT 0.000
cLT 0.000
dLT 0.000
elLT 0.000
Cyy 0.862
Cyz 0.494
Czy 0.497
Czz 0.854
unity check =070 + 028 + 000 = 0898
unity check =101 + 016 + 0.00 = 117
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Compression and bending check

according to article EM 1993-11 : 6.3.3. and formula EMN 199311 : (6.61) (6.62)

Interaction Metod 2

Table of values

kyy 1.224

kyz 1.083

kzy 0.734

kzz 1.805

Delta My 0.00 kMM

DCelta Mz 0.00 kMm

A 5490.00 mm’2

Wy 33524031 | mm*3

Wz 20382444 | mm*3

MREE 128015 kM

My Rk 7878 kMm

Mz Rk 47.90 km

My Ed 15.00 kMm

Mz, Ed 0.00 kMm

Interaction Method 2

cmy 0.950

Cmz 1.000

CmLT 0.850

unity check =070 + 023 + 000 = 083

unity check =101 + 014 + 000 = 115
Comments

Verification according to Method 2

The results correspond to the benchmark results.

The reference uses an RHS200x100x10ctvinas different properties than the
same section according to British Standard, Stahlbau Zentrum Schweiz or Voest
Alpine Krems. InScia Engineetthe section according to British Standard has

been used. Due to differences in the ciemstion propertiesmall differences in
theclassification anderification occur.
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Benchmark 20: ECCS N°119 Worked Example 4
Project file:EN_Benchmark20_1.esa & EN_Benchmark20 2.esa
Scia EngineeYersion10.0.86
Introduction
This benchmark concern&¥orked Exampld of ECCS N°119 Rules for Member

Stability in EN 19931-1, Background documentation and design guidelines,
ECCS, 2006.

This fourth worked example deals with spatial behaviour. The {oedumn is
subjected to compression and biaxial bending. Latersiotmal buckling is not a
potential mode of failure because of the shape of the-ssxt®on.

The interaction factorsjkor combined bending and compression are determined
using both alternative method 1 (Annex A) and alternative method 2 (Annex B).

M, q. =20 kN/m -
s / seswsnssennnnunensfi Nl
é RHS200x100x10 — L = 4,000 m A J
e —— 1AMy pa=—10 kNm

M= 30 kNm

»

‘////—] M:,,Ed =20 kNm

Reference Results

The reference gives following results:

Classification
Web cltw 14,0
Class 1 limit 33,00
= Web Class 1

Compression resistance
Nc,Rd 1316 kN
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Bending resistance
Mc,y,Rd 82,7 KNm
Mc,z,Rd 49,8 kNm
Shear resistance
Av,z 3600mm?
Vpl,z,Rd 488 kN
Av,y 2000 mm?
Vpl,y,Rd 271 kN
Shear buckling does not need to be consid

Resistance to combined bending, shear and axial forc

My,NV,Rd 82,7 kNm
Mz,NV,Rd 44,9 kNm
a 1,763
B 1,763

Member Buckling resistance in compressio

Ncr,y 3600 kN| Ncr,z 1161 kN
redi,y 0,605/ redi,z 1,065
oy 0,21| o, 0,21
Ay 0,888| 7, 0,620

Verification according to Method 1

ny 0,990
wy 1,266
uz 0,883
wz 1,184
Cmy,0 0,998
Cmy 0,998
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Cmz,0 0,759
Cmz 0,759
bLT 0
dLT 0
Cyy 0,954
Cyz 0,919
Czy 0,827
Czz 1,012
eq. (6.61) 0,923
eq. (6.62) 0,988

Verification according to Method 2

Cmy 0,933
Cmz 0,6
kyy 1,030
kyz 0,466
kzy 0,618
kzz 0,777
eg. (6.61) 0,817
eq. (6.62) 0,903

Scia Engineer Results

Width-to-thickness ratio for internal compression pats (EM 199311 © Tab.5.2. sheet 1)
ratio 17.00 an pasition 0.00 m

ratio
maximum ratio |1 33.00
magimum ratio |2 38.00
maximum_ratio | 3 55.50

=== (Zlass crnss-sedion 1
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Compression check
according to article EM 1993-1-1 : 6.2.4 and formula EM 199311 : (6.9)
Section classification is 1.

Table of values
Me.Rd 129015 | kM
unity check 0.23

Shear check (Vy)
according to article EM 1993-1-1 : 6.26. and formula EMN 1993-1-1 © (6.17)

Table of values
Ve, Rd 248329 |kM
unity _check 0.02

Shear check (\Vz)
according to article EM 1993-1-1 © 6.2.6. and formula EM 1993-1-1 © (6.17)

Table of values
Vo, Rd 49658 |kN
unity check 0.08

Bending moment check (My)

according to article EM 1993-11 . 6.2.5. and formula EM 1993-1-1 © (6.12)
Section classification is 1.

Table of values
Mc,Rd 78.78 [kKNm
unity check 0.13

Bending moment check {Mz}

according to article EM 1993-1-1 © 6.25. and formula EN 1993-1-1 : (6.12)
Section classification is 1.

Table of values
Mc,Rd 47.90 |kNm
unity check 0.42

Combined bending, axial force and shear force check
according to article EM 199311 : 6.2.91. and formula EM 1893-1-1 :© (6.41)
Section classification is 1.

Table of values
MYy .Rd 78.78 |kNm
MMVzZ.Rd 4253 |kNm
alfa 177 beta 177

unity check 0.29
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Buckling parameters Yy i

type non-sway | non-sway
Slenderness 57 .42 100.54
Reduced slenderness 0.61 1.07

BucKing curve a a
Imperection 0.21 0.21
Reduction factor (.89 0.62

Lenagth 4.00 4.00 m
BucKing fador 1.00 1.00

BucKing length 4.00 4.00 m
Critical Euler load 3451.08 1125.75 kM

Verification accoding to Method 1

Compression and bending check
according to aricle EM 1993-1-1 : 6.3.3. and formula EM 1993-1-1 : (6.61) (6.62)
Interaction Method 1

Table of values
kyy 1.136
kyz 0.648
kzy 0.731
kzz 0.298
Delta My 0.00 kMm
Delta Mz 0.00 kMm
A 5490.00 M2
Wy 335240.31 mm'3
Wz 203824 44 mm'3
MRk 128015 kM
My, Rk 78.78 kMm
Mz, Rk 47.90 km
My, Ed 20.00 kMm
Mz, Ed -20.00 kMm
Interacdtion Method 1
Mcri 85383428525850 | kMNm
reduced slenderness 0 | 0.00
Crmy, 0 0.993
Cmz.0 0.758
cmy 0.998
Cmz 0.758
CmLT 1.000
iy 0.939
muz 0.878
Wy 1.260
WZ 1.171
npl 0.233
aLT 0.191
bLT 0.000
cLT 0.000
dLT 0.000
elLT 0.000
Cyy 0.951
Cyz 0.913
Czy 0.817
Czz 1.010
unity check = 026 + 043 + 027 = 087
unity check =038 + 028 + 0.38 = 103
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Compression and bending check

according to article EM 1993-1-1 . 6.3.3. and formula EN 1993-1-1 : (6.61) (6.62)

Interaction Method 2

Table of values

by 1.034

kvz 0.469

kzy 0.620

kzz 0.781

Delta My 0.00 kMm

Delta Mz 0.00 kMm

A 5490.00 mm*2

Wy 33524031 | mm*3

Wz 20382444 | mm*3

MRk 128015 ke

Wy Rk Ta.78 kMm

Mz, Rk 47.90 kMm

My Ed 20.00 kMM

Mz.Ed -20.00 km

Interaction Method 2

Cmy 0.933

Cmz 0.600

CmLT 0.933

unity check =026 + 039 + 020 =085

unity check =038 + 024 + 033 =084
Comments

Verification according to Method 2

The results correspond to the benchmark results.

The reference uses an RHS200x100x10 which has different properties than the
same section according to British Standard, Stahlbauuearfichweiz or Voest
Alpine Krems. InScia Engineethe section according to British Standard has
been used. Due to differences in the ciession properties, small differences in

the classification and verification occur.

A small difference in shear risgance occurs due to the fact that the reference uses
a fornmula to calculate the shear anghich is differentthanthe formula given in

EN 19931-1.
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Benchmark 21: ECCS N°119 Worked Example 5

Project file:EN_Benchmark21l 1.esa& EN_Benchmark2l 2.ea

Scia EngineeYersion10.0.86

Introduction
This benchmark concern¥orked Example 6f ECCS N°119 Rules for Member
Stability in EN 19931-1, Background documentation and design guidelines,
ECCS, 2006.
This fifth worked exampledeals with spatial Beviour. The bearsolumn is
subjected to compression and biaxial bending. The transverse loading is assumed
to act through the shear center. Lateral torsional buckling is a potential mode of

failure according to the shape of the cresstion.

The interation factors k for combined bending and compression are determined
using both alternative method 1 (Annex A) and alternative method 2 (Annex B).

g. =170 kN/m
M, k4 My.kq

f}HHHHHHHHHL\

Nga= 500 kN NEa
" NYAN IPE 500 -L=3,750m I
SRR paea
~ _—\ Myza=—100 kNm

M, 54 = 200 kNm

//"‘/—] M_za=25 kNm

Reference Results

The reference gives following results:

Classification
Flanges | c/tf 4,6
Class 1 Iinit 9

= Flanges Class

Web cltw 41.8
Class 1 limit 45.6
= Web Class 1
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Compression resistance

Nc,Rd 2715 kN
Bending resistance
Mc,y,Rd 516 kNm
Mc,z,Rd 78,9 KNm
Shear resistance
Av,z 5990 mm?2
Vpl,z,Rd 814 kN
Av,y 6718 mm3
Vpl,y,Rd 912 KN

Shear buckling does not need to be consid

Resistance to combined bending, shear and axial forc

My,NV,Rd 516 kNm
Mz,NV,Rd 78,9 KNm
o 2
B 1

Member Buckling resistance in compression

Ncr,y 71038 kN| Ncr,z 3157 kN
redi,y 0,195| redi,z 0,927
Oy 0,21| a, 0,34
Ay 1,00| %, 0,644
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Member Buckling resistance in bending (General)

C1 1,2
Mcr 1079kNm
redi.r 0,691
ouT 0,34
ALT 0,789
kc 0,907
f 0,955
ALT,mod 0,826

Member Buckling resistance in bending (Rolled)

redi.r 0,697
oT 0,49
LT 0,827
kc 0,907
f 0,954
ALT,mod 0,867

Verification according to Method 1
Y 1,00
wy 1,138
uz 0,937
wz 15
Cmy,0 0,999
Cmy 1,00
Cmz,0 0,771
Cmz 0,771
McrO 899 kNm

77



Benchmark 21: ECCS N°119 Worked Example 5

red10 0,757
aLT 0,998
bLT 0,043
cLT 0,468
dLT 0,347
eLT 0,719
Cyy 0,981
Cyz 0,863
Czy 0,843
Czz 1,014
eq. (6.61) 0,964
eq. (6.62) 0,870

Verification according to Method 2

Cmy 0,925
Cm,LT 0,925
Cmz 0,6
kyy 0,924
kyz 0,489
kzy 0,961
kzz 0,815
eq. (6.61) 0,752
eg. (6.62) 0,974
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Scia Engineer Results

Width-to-thickness ratio for internal compression parts (EM 1993-1-1 © Tab.5.2. sheet 1)
ratio 4176 an pasition 1.87 m

ratio
makimum ratio |1 45 61
maximum ratio |2 5252
maximum_ratio [ 3 75.37

=== (lass cross-sedion 1
Width-to-thickness ratio for outstand flanges (EM 1993-1-1 : Tabh.5.2. sheet 2).
ratio 4 62 an pasition 1.87 m

ratio

makimum ratio |1 9.00
maximum ratio | 2 10.00
maximum_ratio [ 3 14.11

=== Zlass cross-sedion 1

Compression check
according to article EM 1993-11 : 6.2.4 and formula EM 1993-1-1 © (6.9)
Section classification is 1.

Table of values
Me.Rd 2726.00 | kN
unity check 0.18

Shear check (\Vy)
according to article EM 1993-1-1 © 6.2.6. and formula EM 1993-1-1 © (6.17)

Table of values
Yo, Rd 92619 |EkN
unity check 0.01

Shear check (V1)
according to article EM 1993-11 : 6.2.6. and formula EM 199311 : (6.17)

Table of values

Ve, Rd 81884 |kN
unity check 0.00
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Bending moment check (My)
according to article EM 199311 © 6.25. and formula EM 1993-1-1 © (B.12)
Section classification is 1.

Table of values

Mec, Rd 51559 | kMNm
unity check 0.39

Bending moment check (Mz)
according to article EM 1993-1-1 : 6.25. and formula EM 1993-1-1 © (6.12)
Section classification is 1.

Table of values

Mc,Rd 78.94 | kKNm
unity check 0.16

Combined bending, axial force and shear force check
according to article EM 199311 © 6.2.81. and formula EM 1983-1-1 © (6.41)
Section classification is 1.

| Table of values

My Rd 51559 | kNm

MMz Rd 78.94 kMm

alfa 2.00 beta 1.00
| Buckling parameters ¥y =

type nan-sway | non-sway
Slenderness 18.40 8726
Reduced slenderness [ 0.20 0.83

BucHing curve a b

Imperfection 0.21 0.34
Reduction factor 1.00 0.64

Length 375 375 m
BucHing fador 1.00 1.00

Bucking length 375 375 m
Critical Euler load 7104365 57T kI

Verification according to Method 1

LTE check

according to aricle EM 1993-1-1 © 6.3.21. and formula EM 1993-1-1 © (6.54)
Table of values

Mb.Rd 406.10 krm

Wy 2194000.00 mim*3

reduction 0.7a

imperfedion 0.34

reduced slenderness 0.69

method for LTE curve |Ar. 6.3.22.

Mer 1073.56 kMm (according to FRILO LTB solver)

unity check 0.49
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Compression and bending check

according to aricle EM 1993-1-1 . 6.3.3. and formula EM 1993-1-1 :© (6.61) (6.62)

Interaction Method 1

Table of values
kyy 1.167
kyz 0.740
kzy 0.667
kzz 0.5849
Delta My 0.00 kMm
Delta Mz 0.00 kMM
A 11600.00 mm'2
Wy 2194000.00 mm*3
Wz 335900.00 mmt3
MRk 2726.00 kM
My, Rk 515.549 kMm
Mz, Bk 78.94 kMm
My, Ed 198.83 kM
Mz, Ed -25.00 kMm
Inferadion Method 1
Mer 0 g99.32 kMm
reduced slenderness 0 |0.76
Crmy. 0 0.889
Cmz 0 0771
Crmy 1.000
Ccmz 0.771
CmLT 1.137
iy 1.000
muz 0.937
wy 1.138
WZ 1.500
npl 0.183
aLT 0.888
bLT 0.044
cLT 0.488
dLT 0.360
elLT 0744
Cyy 0.8931
Cyz 0.853
Czy 0.841
Czz 1.011
unity check =018 + 057 + 023 = 0.89
unity check =029 + 033+ 027 = 0.88
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Verification according to Method 2

LTE check
according to aricle

EM 199311 @ 6.3.21. and formula EM 1993-1-1 © (6.54)

Table of values
Mb. Rd 44993 kMm
Wy 2194000.00 mm'3
reduction 0.83
correction factor kc 0.90
correcion factor f 0.495
madified reduction 0.87
Beta 075
reference slendemess | 0.40
imperfe dion 0.49
reduced slenderness (.69
method for LTB curve [Ar. 6.3.2.3.
Mer 1073.56 kMm (according to FRILO LTB solver)
unity check 0.44

LTB

LTB length [375 |m

Interaction Method 2

Compression and bending check
according to aricle EM 1993-1-1

6.3.3. and formula EM 1993-1-1 @ (6.61) (6.62)

Table of values
kyy 0.az24
kyz 0489
kzy 0.861
kzz 05816
Delta My 0.00 kMm
Delta Mz 0.00 kMm
A 11600.00 mm"z
Wy 2194000.00 mm"3
Wz 335900.00 mmt3
MRk 2726.00 kM
My, Rk 515.549 kMm
Mz, Rk 78.94 kMm
My, Ed 198.83 kM
Mz, Ed -25.00 kMm
Interaction Method 2
Cmy 0.925
cmz 0.600
CmLT 0.825
unity check =018 + 041 + 015 = 0.75
unity check = 029 + 042 + 0.26 = 0.87
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Comments
- The results correspond to the benchmark results.

- There are some small rowodf differences between the cressction properties.
In Scia Engineerthe crosssection according to the Arcelor catalogue has been
used.

- The reference calculates a wrong value for the shear area in the shear resistance
check. The result shown above for the shear area is that corrected by manual
calculation.

- Sinceit concerns a &® of combined loading, the FAOLLTB solver is used to
calculate the exact Mcr through an eigenvalue solution.

- In the verification according to method
for LTB. However, the reference also appltes reduction factof to calculate
XLT.mod 1IN this case. In EN 199B-1 this reduction is only specified for the
ORol |l ed sections and equivalent wel ded s
Casebo.
Due to the differences in the LTB reduction factor, thentual verification
formul ads have differences.

- In the verification according to method Hgth the referencend Scia Engineer

use themodified formula for calculation ofCzz.as given in correction sheet EN
19931-1:2005/AC:20009.
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Benchmark 22: ECCS N°119 Members in building frames

Project file:EN_Benchmark22_1.esa& EN_Benchmark22 2.esa

Scia EngineeYersion10.0.86

Introduction

This benchmark concerns the examplembers in building framesf ECCS
N°119 Rules for Member Stability BN 19931-1, Background documentation
and design guidelines, ECCS, 2006.

In this example, a three bdythree storey building is analysed. The building is
loaded by permanent loads, different cases of imposed loads and wind loading. A
2" order analysis is camil out taking into account sway imperfections. The

verification is done for one of the inner columns.

The interaction factorsjkor combined bending and compression are determined
using both alternative method 1 (Annex A) and alternative method 2 (Aj)nex

3500

3500

£

3500 |

A A

Roof

2nd floor

1st floor

Reference Results

The reference gives following results:

Sway imperfection
Olm 0,791
O 2/3
o 0,00264
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Buckling ratio for in -plane buckling
ly/ Le 0,777
Classification
Flanges | c/tf 5,77
Class 1 limit 9,0
= Flanges Class
Web cltw 17,7
Class 1 limit 33,00
— Web Class 1
Compression resistance
Nc,Rd 2782 kN
Bending resistance
Mc,y,Rd 302 kNm
Shear resistance
Av,z 3755 mm?2
Vpl,z,Rd 509,5 kN

Shear buckling does not need to be consid

Resistance to combined bendinghear and axial force

My,NV,Rd

232,5 kNm

Member Buckling resistance in compression

redi.,y 0,258| redx,z 0,566
ay 0,34 a, 0,49
Ty 0,979| %, 0,805
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Member Buckling resistance in bending (General)

Ci1 1,77
Mcr 2488 KNm
redi.t 0,348
oLt 0,21
ALt 0,966
kc 0,752
f 0,927
XLT,mod 1,00

Member Buckling resistance in bending (Rolled)

redi.t 0,339
ouT 0,34
ALt 1,00
kc 0,752
f 0,929
ALT,mod 1,00
Verification according to Method 1
ny 1,00
uz 0,978
wy 1,118
wz 15
Cmy,0 0,787
Cmy 0,8%
McrO 1406 kNm
red A0 0,463
aLT 0,992
bLT 0
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dLT 0
Cyy 1,037
Czy 0,998
eq. (6.61) 0,588
eq. (6.62) 0,534

Verification according to Method 2

Cmy 0,6
CmLT 0,6
kyy 0,612
kzy 0,936
eg. (6.61) 0,508
eq. (6.62) 0,674
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Scia Engineer Results

1. Initial deformations

Name Type Basic imperfection value : 1 /| Height of structure : | Number of columns per Fi : alfa h : |alfa m :
S [m] plane : S S
Func_X |according 20000 10,000 4(0,00263523147441447 0,67 0,79
to code

Width-to-thickness ratio for internal compression parts (EM 199311 © Tab.5.2. sheet 1)
ratio 17.70 an position 3.50 m

ratio
madimum ratic |1 33.00
maximum ratio |2 33.00
maimum_ratio [ 3 57.93

=== (Glass cross-sedion 1
Width-to-thickness ratio for outstand flanges (EM 1993-1-1 : Tabh.5.2. sheet 2).
ratio 8T an position 3.50 m

ratio

madimum ratic |1 Q.00
maximum ratio |2 10.00
madimum ratio [ 3 1377

=== (Zlass cmss-sedion 1

Compression check
according to article EM 1993-1-1 : 624 and formula EM 1983-1-1 : (6.9)
Section classification is 1.

Table of values
Mo Rd 278240 | kN
unity check 0.32

Shear check (Vz)
according to article EM 199311 © 6.2.6. and formula EM 1993-1-1 © (B17)

Table of values
Vi, Rd 50947 | kN
unity check 0.05

Bending moment check (My)
according to article EM 1993-1-1 : 6.25. and formula EM 1993-1-1 © (6.12)
Section classification is 1.

Table of values
Mc, Rd 30127 | kNm
unity check 0.30

Combined bending, axial force and shear force check

according to article EM 199311 © 6.2.81. and formula EM 1983-1-1 © (6.31)
Section classification is 1.

Table of values
MYy .Rd 23220 | kNm
MMVzZ.Rd 14012 [kNm
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Buckling parameters ¥y i

type non-sway | non-sway
Slenderness 24.08 53.15
Feduced slenderness 0.26 0.57

BucKing curve b C
Imperfection 0.34 0.49
Reduction factor 0.98 0.81

Length 3.50 3.50 m
BucKing fador 07T 1.00

BucHing length 2.70 350 m
Critical Euler load 42304.08 B8688.07 kM

Verification according to Method 1

LTB check

Table of values
Mb. Rd 30127 kMm
Wy 1282000.00 mm'3
reduction 1.00
imperfedion 0.21
reduced slenderness 034
method for LTB curve |Ar. B.3.22.
Mir 2645.20 kMm
unity check 0.30

LTEB

LTB length 3.50
I 1.00
ko 1.00
1 1.88
C2 0.00
iZ3 0.94

load in center of gravity

according to article EM 1993-1-1 : 6.3.21. and formula EM 1993-1-1 :© (G.54)
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Compression and bending check
according to aricle EM 1993-1-1

Interaction Method 1

6.3.3. and formula EM 1993-1-1 @ (6.61) (6.62)

Table of values
by 0.8581
kyz 0.690
kzy 0.464
bzz. 1.168
Delta My 0.00 kMm
Celta Mz 0.00 kMm
A 11840.00 mm'2
Wy 1282000.00 mmt3
Wz G04000.00 mm3
MRE 278240 ke
My, Rk 301.27 kMm
Mz, Rk 141.94 kM
My, Ed 90.10 kMm
Mz, Ed 0.00 kMm
Interadion Method 1
Mer0 1407.02 kMm
reduced slenderness 0 |0.46
Crmy, 0 0.733
Cmz. 0 1.025
Crmy 0.895
cmz 1.025
CmLT 1.000
muy 1.000
Mmuz 0.497a
Wy 1.117
WZ 1.500
npl 0.318
aLT 0.992
bLT 0.000
cLT 0.139
dLT 0.000
eLT 1.287
Cyy 1.037
Cyz 1.150
Czy 0.993
Czz 0.955
unity check = 032 + 026 + 000 = 059
unity check = 040 + 014 + 0.00 = 0.53
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Verification according to Method 2

LTB check

according to aricle EM

199311 ¢

G.3.21. and formula EM 1993-1-1 ;. (6.54)

Table of values
Mb. Rd 301.27 kMm
Wy 1282000.00 mm'3
reduction 1.00
correcion factor ko 0.75
correction factor f 0.93
madified reduction 1.00
Beta 0.75
reference slendemess |[0.40
imperfe dion 0.34
reduced slenderness 034
method for LTB curve [Ar. 6.3.2.3.
Mer 264520 kMm
unity check 0.30

LTB
LTE length 3580 |Im
k 1.00
ko 1.00
1 1.88
c2 0.00
i3 0.94

load in center of gravity

Compression and bending check

according to aricle EM
Interaction Method 2

1993-141

© 6.33. and formula EM 1993-1-1 @ (6.61) (6.62)

Table of values
kyy 0611
kyz 0726
kzy 0367
kzz 1.210
Delta My 0.00 kMm
Delta Mz 0.00 kMm
A 11840.00 mm"z
Wy 1282000.00 mm"3
Wz G04000.00 mm"3
MRk 2782.40 kM
My, Rk 301.27 kMm
Mz, Rk 141.84 kMm
My, Ed a0.10 kMm
Mz. Ed 0.00 kMm
Interadion Method 2
Cmy 0.600
cmz 1.000
CmLT 0.600
unity check =032 + 018 + 000 = 0.51
unity check = 040 + 011 + 0.00 = 0.51
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Comments
- The results correspond to the benchmark results.

- The reference assumes that, durifj @rder analysis, the bending moment
remains linear. Arxact 3% order analysis bgcia Engineeshows that this is not
the case. As a result, different calculation methods will be used€Ioand
Cmy,0. In order to perform the verification using the same moment diagram, the
moment diagram from the referenaas inputted inScia Engineethrough the
use of norcalculated internal forces.

- In Scia Engineethe C1 factor for LTB is calculated according to the formula for
end moment loading given in ENV 19931:1992. This formula results in a value
of 1,88in case of a triangular moment diagram. The reference uses a similar
formula which results in a value bf77.
This slight difference ifC1 results in a difference iNcr.
ReferenceMicr = 2488kNm<« Scia EngineeMcr = 2645kNm

- In the verification according tMethod 1, he r ef erence uses the
for LTB. However, the reference also applies the reduction fédimrcalculate
XLT.mod 1IN this case. INEN 19931-1 this reduction is only specified for the
ORol Il ed sections and aesqeud vaan e ntotwefl @lredt Is

Cased.

- To determine le interaction factorg using alternative method 2 (Annex B)
distinction is made between members not susceptible to torsional deformations
(Table B.1) and members susceptible to torsional defornsaficable B.2).

The reference concludes that the member is susceptible to torsional deformations
and uses Table B.2 leading t&zy value 0f0,936

However, sincey.r = 1,00 the member is considered within Scia Engineer as
being nonsusceptible to LIbudkling and thus Table B.1 is applidglading to a
kzy value of0,6 kyy= 0,6 * 0,611= 0,367
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Benchmark 23: Access Steel Document SX002a-EN-EU

Project file:EN_Benchmark23.esa

Scia EngineeYersion10.0.86

Introduction

This benchmark concerns theagxple SX002aEN-EU Buckling resistance of a
pinned column with intermediate restraira$ Access Steehttp://www.access
steel.com/2005.

This worked example concerns the procedure to determine the buckisigmes
of a pinned column with intermediate restraints.

10,50

e

}_[_|.z

¥

Reference Results

The reference gives following results:

3,50

3,50

3,50

NEd

Member Buckling resistance in compression
Ncr,y 1964,5 kN| Ncr,z 6206,0 kN
reda,y 1,019| redA,z 0,573
Oly 0,34| o, 0,49
Ay 0,585] v, 0,801
Nb,Rd 1193 kN
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Scia Engineer Results

Buckling parameters ¥y ZZ

type nan-sway | non-sway
Slenderness 95 46 53.83
Reduced slenderness 1.02 0.57

BucHing curve b C
Imperfection 0.34 0.49
Reduction factor 0.59 0.80

Length 10.50 3.50 m
BucKing fador 1.00 1.00

BucHing length 10.50 3.50 m
Critical Euler load 1974.02 G209.39 kM

Buckling check

according to article EM 1993-1-1 © 6.3.1.1. and formula EM 1983-1-1 . (6.46)

Table of values

Mb.Rd 1196.49 | kN

unity check 0.84
Comments

- The results correspond to the benchmark results.
- There are some small rowadf differences between the cressction properties.

In Scia Engineetthe crosssection according to the Arbed catalogues been
used.
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Benchmark 24: Access Steel Document SX00l1la-EN-EU

Project file:EN_Benchmark24.esa

Scia EngineeYersion10.0.86

Introduction

This benchmark concerns the exam®k¥001aEN-EU Simply supported laterally

unrestrained bearof Access Steghttp://www.accessteel.com/2004.

This example gives the details for the verification of a simple-aaonposite
beam under uniform loading. The beam is laterally restrained at the supports only.

The loadingis acting at the top flange (destabilizing). For Lateral Torsional
ng the O6Roll ed

Buckl

Sect i

1
A

y

¥ ¥y ¥y ¥y ¥y v vy

\J\A

/\

1 : Lateral restraint

Reference Results

The reference gives following results:

Classification
Flanges | c/tf 5,07
Class 1 limit 9,0
= Flanges Class
Web cltw 36,1
Class 1 limit 72,00
= Web Class 1
Bending resistance
Mc,y,Rd 189,01 kNm

ons

or

Equi val e
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Shear resistance
Av,z 3080 mm?2
Vpl,z,Rd 417,9 kN
Shear buckling does not need to be consid

Member Buckling resistance in bending (Rolld)

Ci1 1,127
C2 0,454
Mcr 113,9 kNm
redi.r 1,288
ouT 0,49
ALT 0,48
kc 0,94
f 0,984
ALT,mod 0,488
Mb,Rd 92,24 KNm

Scia Engineer Results

Width-to-thickness ratio for internal compression parts (EM 199311 © Tab.5.2. sheet 1)
ratio 36.13 an position 0.57 m

ratio
madimum ratic |1 72.00
maximum ratio |2 83.00
maimum_ratio [ 3 124.00

=== (Glass cross-sedion 1
Width-to-thickness ratio for outstand flanges (EM 1993-1-1 : Tabh.5.2. sheet 2).
ratio 5.07 an position 0.57 m

ratio

madimum ratic |1 Q.00
maximum ratio |2 10.00
maimum_ratio [ 3 13.77

=== (Zlass cmss-sedion 1
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Shear check (V1)
according to article EM 1993-11 : 6.2.6. and formula EM 1893-1-1 : (6.17)

Table of values
Ve, Rd 41792 |kM
unity check 0.15

Bending moment check (My)
according to article EM 1993-1-1 : 6.25. and formula EM 1993-1-1 © (6.12)
Section classification is 1.

Table of values

Mc Rd 18901  |kMm
unity check 0.48
LTB check

accarding to article EM 1993-1-1 © 6.3.21. and formula EM 1983-1-1 . (6.54)

Table of values
Mb. Rd 9253 kMm
Wy 304300.00 mm'3
reduction 0.48
correction factor kc 0.94
correction factor f 0.93
madified reduction 0.49
Beta 0.75
reference slendemess |0.40
imperfe ction 0.49
reduced slenderness 1.29
method for LTEB curve [Ar. 6.3.2.3.
Mer 114.43 kMm
unity check 0.83

LTB

LTE length 570 |Im
k 1.00
kow 1.00
1 1.13
2 0.45
3 0.53

negative influence of load position

Comments

The results correspond to the benchmark results.
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Benchmark 25: Access Steel Document SX007a-EN-EU
Project file:EN_Benchmark25esa
Scia EngineeYersion10.0.86
Introduction
This benchmark concerns the examg8k007aEN-EU Simply supported beam

with lateral restraint at load application poimtf Access Steehttp://www.access
steel.com/2005.

This worked example deals with a simply supported beam with lateral restraints at
supports and at load application point.

For Lateral Torsional Buck!l i nge dtdh ec asRo | |
is used.

1 : Lateral restraint
Reference Results

The reference gives following results:

Classification

Flanges | c/tf 4,63
Class 1 limit 7,29

= Flanges Class

Web cltw 52,45
Class 1 limit 58,32
= Web Class 1

Bending resistance
Mc,y,Rd 1115 kNm
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Shear resistance

Av,z

7011,5 mm3

Vpl,z,Rd

1437 kN

Shear buckling does not need to be consid

Member Buckling resistance in bending (Rolled)

Ci1 1,77
Mcr 1590 kNm
redi.r 0,837
ouT 0,49
ALT 0,74
kc 0,752
f 0,876
ALT,mod 0,845
Mb,Rd 942,22 kNm

Scia Engineer Results

ratio

52.45

ratio

madimum ratic |1
madmum ratio |2
madimum_ratio [ 3

58.58
67.53
100.89

=== (Zlass cross-se

ratio

dian

463

ratio

madimum ratic |1
madimum ratio |2
madimum_ratio [ 3

7.32
8.14
11.20

=== (Zlass crss-se

dian

on position 1.00
-1
an position 1.00
1

Width-to-thickness ratio for internal compression parts (EM 199311 ;. Tab.5.2. sheet 1)

m

Width-to-thickness ratio for outstand flanges (EM 199311 : Tab.5.2. sheet 2).

m

Shear check {\Vz)
according to aricle

EM 199311 : 6.2.6. and formula EM 1993-1-1 © (6.17)

Table of values

Ve, Rd
unity check

1437.07
0.2

kM
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Bending moment check (My)
according to article EM 1993-11 : 6.2.5. and formula EM 1893-1-1 : (6.12)
Section classification is 1.

Table of values

Mc, Rd 1115.06 | kMM
unity check 0.61
LTB check

according to article EM 1993-1-1 © 6.3.2.1. and formula EM 1993-1-1 ¢ (6.54)

Table of values
Mhb.Rd a05.42 krm
Wy 314100000 [ mm*3
re duction 076
correction factor kc 0.86
carrection factor f 083
madified reduction 0.81
Beta 075
reference slendemess | 0.40
imperfection 0.49
reduced slendemess 0.81
method for LTE curve A, 63.2.3.
Mer 1684.58 ki
unity check 075

LTB

LTE length 500 |m
k 1.00
ko 1.00
A 188
C2 Q.00
C3 na4

load in center of gravity

Comments

The results correspond to the benchmark results.

The reference assumes a linear bending moment diagram which is not the case
since the beam is loaded by both point loads anitheaload As a result, a
difference is obtained in th@1 andkc factors.

In Scia Engineerthe actual moment diagram is used instead of a linear
approximation.This difference inC1 and kc results in aslight difference in
XLT.mod- Reference( tmoad = 0,845< Scia Engineeg Lt mod = 0,81
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Benchmark 26: Access Steel Document SX030a-EN-EU
Project file:EN_Benchmark26.esa
Scia EngineeYersion10.0.86
Introduction
This benchmark concerns the exampk030aEN-EU Elasticdesign of a single

bay portal frame made of fabricated profilef Access Steehttp://www.access
steel.com/2006.

A single bay portal frame made of welded profiles is designed according to EN
19931-1. This worked example includes the elastic analysis of the frame using
the T' Order theory, and all the verifications of the members based on the
effective properties of the craesectiongclass4)

For Lateral Torsional Buckling the 6Gener
kij for combined bending and compressiore atetermined using alternative
method 1 (Annex A).

3.00

Ao ____

1 : Restraints by struts
Reference Results

The reference gives following results:

Buckling amplification factor
Oler 29,98

101


http://www.access-steel.com/
http://www.access-steel.com/

Benchmark 26: Access Steel Document SX030a-EN-EU

Sway imperfection

Om 0,866
Oth 0,74
) 0,0032

Column Verification

Classification

Flanges | c/tf 9,8
Class 3 limit 11,3
= Flanges Class
Web cltw 131,9
Class 3 limit 92,3
= Web Class 4

Effective crosssection properties

Aeff 7586 mm?
ly,eff 1215420000 mth
Weffy 2867400 mmj
Shear Buckling
Etal 0,721
kt 5,34
oE 10,7 N/mm?
TCr 57,14 N/mm?
rediw 1,894
Aw 0,438
Vbw,Rd 430,9 kN
Eta 3 0,26
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Member Buckling resistance in compression

Ncr,y 71920 kN| Ncr,z 7199 kN
redi,y 0,1935| red A,z 0,6116
Oly 0,34| o, 0,49
Ay 1,00] y, 0,778
Nby,Rd 2693 kKN| Nbz,Rd 2095 kN
Member Buckling resistance in bending (General)
C1 1,31
Mcr 3873 kNm
redi,t 0,5127
oLt 0,76
ALT 0,7705
Mb,Rd 784,3 KNm
Verification according to Method 1
ny 1,0
uz 0,995
Cmy,0 0,79
McrO 2957 KNm
red10 0,587
aLT 1,00
Cmy 0,951
CmLT 1,00
kyy 0,953
kzy 0,948
eq. (6.61) 0,877
eq. (6.62) 0,890
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Rafter Verification

Classification

Flanges | c/tf 9,4
Class 3 limit 11,3

= Flanges Class

Web cltw 131,9
Class 3 limit 93,9
= Web Class 4

Effective crosssection properties

Aeff 7346 mm?
ly,eff 1175820000 mrh
Weffy 2772100 mms
Shear Buckling
Etal 0,729
kt 5,34
oE 10,7 N/mm?
TCr 57,14 N/mm?
rediw 1,894
AW 0,438
Vbw,Rd 430,9 kN
Eta 3 0,349

Determination of buckling length around yy-axis

ocr 76,43
Ncr,y 9546 kN
Lcr,y 16180 mm
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Member Buckling resistance in compression

Ncr,y 9546 kN| Ncr,z 6370 kN
reda,y 0,5228| red A,z 0,6398
oy 0,34 o, 0,49
Ay 0,874| y, 0,7619
Nby,Rd 2279 kKN | Nbz,Rd 1987 kN
Member Buckling resistance in bending (General)

Cil 1,39
Mcr 3640 KNm
redi.t 0,52
ot 0,76
ALT 0,7653
Mb,Rd 753,1 KNm

Verification according to Method 1

ny 0,9983
nz 0,9953
Cmy,0 0,9927
McrO 2619 kNm
redA0 0,613
aLT 1,00
Cmy 0,9985
CmLT 1,014
kyy 1,024
kzy 1,021
eq. (6.61) 0,967
eg. (6.62) 0,972
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Scia Engineer Results

Critical load coefficients
Critical load coefficients
M f
= 1
Stability combination : C101
1 29 38
2 80,16
3 158,28
4 24174

1. Initial deformations

Name Type Basic imperfecion value : 1 /| Height of structure : | Number of columns per Fi : alfa h : |alfa m :
- [m] plane : [-] -
Func_X |according 200,00 7,000 2 (0,00327326846309006 0,76 0,87
to code

Column Verification

ratio 13333 an
ratio

maximum ratio |1 271

makimum ratio | 2 60.69

maximum_ratio |3 89.18

=== (Zlass crnss-sedion 4

ratio 1017 an
ratio

maximum ratio |1 7.32

makimum ratio |2 814

maximum ratio | 3 11.20

=== (Zlass crnss-sedion 3

posifon

posifon

6.00 m

6.00 m

Width-to-thickness ratio for internal compression pats (EM 199311 © Tab.5.2. sheet 1)

Width-to-thickness ratio for outstand flanges (EM 1993-1-1 : Tah.5.2. sheet 2).

Compression check
accarding to article
Section classification is 4.

Table of values

Me.Rd 267557 | kN

A eff T536.82 | mm"2
unity check 0.06

EM 199311 : 624 and formula EM 199311 @ (6.9)
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Bending moment check (My)
according to article EM 1993-1-1 : 6.2.5. and formula EM 1893-1-1 : (6.12)
Section classification is 4.

Table of values
M, Rd 1014.74 [kMNm
unity check .65

Combined bending, axial force and shear force check
according to article EM 1993-1-1 6293 & 6.210 and formula EM 199311 (6.43)
Section classification is 4.

Table of values

Sigma 25052 MPa

A eff T536.82 mm?*z

Wy eff -2858416.09 [ mm"3

ey 0.00 mm

Wz eff -250115.20 mm#*3

ez 0.00 mm

ro 0.00 place ]

unity check 0.71

Calculation effective area properies with dired method.

Properties
sedional area A eff 75368 mm*z
Shear area Wy eff 60000 mm"2 | Vz eff 1536.8 mim®*2
radius of gyration iy eff 4013 mm iz eff G4.4 mm
moment of inertia Iy eff 12134743045 mm* |1z eff 312644000 mim®4
elastic section modulus Wy eff | 28584161 mm®3 [ Wz eff [250115.2 mm®*3
Eccentricity eny 0.0 mm enz 0.0 mm
|_Buckling parameters ¥y prd
type sway nan-sway
Slenderness 17.67 576
Reduced slendemess [ 0.19 0.61
Buckling curve b C
Im perfection 034 0.49
Reduction factor 1.00 0.7a
Length 6.00 2.00 m
Buckling factor 1.00 1.00
Buckling lenath 6.00 3.00 m
Critical Euler load 71683.07 | 7199.80 kM

Buckling check
according to article EM 1993-1-1 © 6.3.1.1. and formula EM 1993-1-1 © (6.486)

Table of values
Mhb.Rd 2086.09 |kN
unity check 0.08
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LTB check
according to aricle EN

1993-1-1

© 6.3.21. and formula EM 1993-1-1 : (6.54)

load in center of gravity

Table of values
Mb.Rd 785.10 fm
Wy 285841609 | mm*3
reduction 077
im perfection 076
reduced slendemess 0.51
method for LTB curve [Ar. 6322
Mer 383192 km
unity check 0.83

LTB

LTE length 300 |m
k 1.00
lew 100
C1 131
cz2 000
c3 099

Compression and bending check

according to article
Interaction Method 1

EM 1993-141 : 6.3.3. and formula EN 1993-1-1 @ (6.61) (6.62)

Table of values
kyy 0.953
kyz 1.028
kzy 0.943
kzz 1.023
Delta My 0.00 kMm
Delta Mz 0.00 kMm
A 7H36.82 mm2
Wy 2858416.09 | mm3
Wz 250115.20 mm3
MRk 2675.57 kM
My, Rk 101474 kMm
Mz, Rk a8.749 kMm
Wy, Ed -661.75 kMm
Mz, Ed -0.00 kMm
Inferadion Method 1
Mer 0 3001.41 kMm
reduced slenderness 0 [0.58
Crmy, 0 0.790
Cmz 0 1.005
cmy 0.951
cmz 1.005
CmLT 1.000
muy 1.000
MUz 0.995
Wy 1124
WEZ 1.500
npl 0.060
aLT 1.000
BLT 0.000
cLT 0.491
dLT 0.000
elLT 3.096
Cyy 1.005
Cyz 0.794
Czy 0.995
Czz 0.8935
unity check = 006 + 080 + 0.00 = 086
unity check = 008 + 080 + 0.00 = 088
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Shear buckling check

in buckling field 1

according to article EM 199316 - 5 & 7.1, and formula EM 1983156 . (510) & (71)
| Table of values

a 6.00 m
hw a00.00 mim
t 6.00 mim
fiyw 355.00 |MPa
Meta 1.20

k tau 534

Sigma E 10.68 MFa
tau cr 57.01 MFa
Chi w 0.44

bf 25000 |mm
ff 12.00 mim
a 1.59 m
M, Rd 798 51 kMm
Chi t 0.00

Chi v 0.44

Vb, Rd 43322 | kN
Meta 3 0.25

Meta 1 0.71

Mpl Rd 1205.58 [ kMNm
unity check =0.25 (5.10)

Rafter Verification

ratio 133.33 an position 29.9a

ratio
maximum ratio |1 53.94
maximum ratio |2 62.11
maximum ratio |3 91.29

=== (Class cross-section 4

Width-to-thicknes s ratio for outstand flanges (EM 1993-1-1

ratio 975 an paosition 20.96
ratio

maximum ratio |1 7.32
maximum ratio |2 3.14
maximum ratio |3 11.20

=== (Zlass cross-secton 3

Width-to-thickness ratio for internal compression parts (EM 1993-1-1 © Tah.5.2. sheet 1).

m

. Tab.5.2. sheet 2).
m
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Compression check
according to aricle

| Table of values

Mo Rd 289037 | kN

A eff T296.82 | mm"2
unity check 0.05

EM 1993-11 : 6.2.4 and formula EM 188311 : (6.9)
Section classification is 4.

Bending moment check (My)

according to aricle

EM 1993-1-1 :
Section classification is 4.

Table of values

Me, Rd 980.93
unity check 0.68

kM

G.25. and formula EM 1993-1-1 . (6.12)

Combined bending, axal force and shear force check

according to article

| Table of values

Sigma 208.86 MPa
A eff T2086.82 mrm2
Wy eff -2TR3T477  [mm*3
ey 0.00 mim
Wz eff 230520.00 rmm®3
(=4 0.00 mm
ro 0.00 place

unity check 073

EM 1993-1-1: 6.2.9.3.& 6.210 and formula EM 1993-1-1. (5.43)
Section classification is 4.

Calculation effective area properties with direct method.

Properties

sectional area A eff
Shear area Wy eff

Eccentricity eny

radius of gyration iy eff
mament of inertia ly eff
elastic section modulus Wy eff 27631748

72968
5760.0

4011
1173872219.9

0.0

mm'z
mim'2
mm
mim'4
mimt3
mim

Wz eff
iz eff
|z eff
Wz eff
ENZ

1536.8
61.6
276624000
2305200
0.0

mim®*2
mm
mimd
mm*3
mm
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Buckling shape for determination of Ncr,y:

i

N o

%9 o JAN
Buckling parameters Yy i

type sway non-sway

Slenderness 4713 58.83

Reduced slenderness | 0.51 0.64

BuckKing curve b C

Imperection 034 0.49

Reduction factor 0.88 0.76

Length 3011 301 m

BucKing fador 0.53 1.00

BucKing length 15.92 3.01 m

Critical Euler load 935247 |6322.90 kM

Buckling check

accarding to article EM 1993-1-1 © 6.3.1.1. and formula EM 1983-1-1 . (6.46)
Table of values

Mb.Rd 197229 | kN

unity check 0.06

LTE check

according to article EM 1993-1-1 © 68.3.21. and formula EM 1993-1-1 . (6.54)

Table of values

Mb.Rd 755.80 kMm
Wy 276317477 mmt3
reduction 077

imperfedion 076

reduced slenderness 0.51
method for LTE curve |Ar. B.3.22.

Mcr 373555 krMm
unity check 0.88
LTB
LTE length 3017 |Im
k 1.00
ko 1.00
C1 1.42
C2 0.01
C3 0.99

load in center of gravity
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Compression and bending check

according to article EM 1993-1-1 . 6.3.3. and formula EM 1993-1-1 :© (6.61) (6.62)

Interaction Method 1

Table of values
koyy 1.026
kyz 1.023
kzy 1.023
kzz 1.020
Celta My 0.00 kMm
Delta Mz 0.00 kMm
A T296.82 mm'2
Wy 2TB31T4.77 mm*3
Wz 230520.00 mm'3
MRk 2590.37 kM
My, Rk 980.93 kMm
Mz, Rk 81.83 kMm
My, Ed -G68.19 kM
Mz, Ed -0.00 kMm
Inferacion Method 1
Merd 2638.71 kMm
reduced slenderness 0 | 0.61
Cry, 0 0.9583
Cmz.0 1.005
Crmy 0.889
cmz 1.005
CmLT 1.017
iy 0.998
muz 0.995
Wy 1127
WZ 1.500
npl 0.048
aLT 1.000
bLT 0.000
cLT 0.533
dLT 0.000
elLT 2.869
Cyy 1.003
Cyz 0763
Czy 0.883
Czz 0.952
unity check = 005 + 091+ 000 = 0.86
unity check = 0.06 + 090 + 0.00 = 0.87
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Shear buckling check

in buckling field 1

according to article EM 199316 - 5 & 7.1, and formula EM 199315 : (510) & (71)

| Table of values

a 2011 m

hw a00.00 mim

t 6.00 mim

fiw 355.00 |MPa

Meta 1.20

k tau 5.34

Sigma E 10.68 MFa

tau cr 57.01 MFa

Chi w 0.44

bf 24000 | mm

ff 12.00 mim

a 7.96 m

M Rd 778972 | kMNm

Chi t 0.00

Chi v 0.44

Vb, Rd 43098 | kN

Meta 3 0.35

Meta 1 0.73

Mpl Rd 1170.99 [kNm

unity check =0.35 (5.10)
Comments

- The results correspond to the benchmark results.

- There is a sligt difference in the classification slenderness due to the weld throat
which is not accounted for i&cia Engineer

- For calculating the Hplane buckling resistance of the rafter, the reference
assumes the frame to be restrained against horizontal @isgatScia Engineer
takes into account the actual frame without this assumption.

- In the calculation ofCmy,0 the reference approximates the rafter as one straight
member of 30mScia Engineeuses the actual geometry of the rafter.
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Benchmark 27: Access Steel Document SX029a-EN-EU
Project file:EN_Benchmark27.esa

Scia EngineeYersion10.0.86

Introduction

This benchmark concerns the exampk029aEN-EU Elastic design foa single
bay portal frameof Access Steehttp://www.accessteel.com/2006.

A single bay portal frame made of rolled profiles is designed according to EN
19931-1. This worked example includes the elastic analysis of the frame using
the T' Order theory, and all the verifications of tmeembers under ULS
combinations.

For Later al T o r sRoled aection8 and leduivategt weldede 06
sectoné case is used. Tj foe combinedebereding and n f act
compression are determined using alternative method 1 (Annex A).

3.00 3.00 3.00 3,00 3,00

[« ! | | |

1 : Torsional restraints
Reference Results

The reference gives following results:

Buckling amplification factor
Oler 14,57
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Sway imperfection
Om 0,866
Oth 0,74
) 0,0032

Column Verification

Classification
Flanges | c/tf 421
Class Limit 8,28
= Flanges Clas$
Web cltw 42,83
Class limit 59,49
— Web Class 1

Compression resistance
Nc,Rd 4290 kN

Bending resistance
Mc,y,Rd 965,8 KNm

Shear resistance
Av,z 8380 mm?

Vpl,z,Rd 1330 kN
Shear buckling does not need to be consid

115



Benchmark 27: Access Steel Document SX029a-EN-EU

Member Buckling resistance in compression

Ncr,y 53190kN | Ncr,z 1956kN
reda,y 0,284 | redi,z 1,481
Oly 0,21| o, 0,34
Ay 0,9813| y, 0,3495
Member Buckling resistance in bending (Rolled)
C1l 1,77
Mcr 1351kNm
redi.r 0,8455
ot 0,49
ALT 0,7352
kc 0,7519
f 0,8765
XLT,mod 0,8388
Verification according to Method 1
uy 0,9999
uz 0,9447
wy 1,144
wz 1,5
McrO 763,3kNm
redA0 1,125
aLT 0,9982
Cmy,0 0,7896
Cmy 0,9641
CmLT 1,00
npl 0,03765
Cyy 0,9849
Czy 0,9318
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Kyy 0,9818
kzy 0,5138
eq. (6.61) 0,9534
eq. (662) 0,5867

Rafter Verification

Classification

Flanges | c/tf 4,62
Class 1 limit 8,28

= Flanges Class

Web cltw 41,76
Class 1 limit 58,38
= Web Class 1

Compression resistance

Nc,Rd 3176kN

Bending resistance

Mc,y,Rd 603,4kNm

Shearresistance

Av,z 5985mm?

Vpl,z,Rd 950,3kN

Shear buckling does not need to be consid
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Member Buckling resistance in compression

Ncr,y 5082kN | Ncr,z 1233kN
reda,y 0,7906| red A,z 1,605
Oly 0,21] o, 0,34
Ay 0,8011] y, 0,3063
Member Buckling resistance in bending (Rolled)
C1l 2,75
Mcr 1159kNm
redi.r 0,7215
ot 0,49
ALT 0,8125
kc 0,91
f 0,9556
%LT,mod 0,8503
Verification according to Method 1
ny 0,9946
uz 0,9208
wy 1,138
wz 1,5
McrO 421,5kNm
redA0 1,196
aLT 0,9981
Cmy,0 0,9803
Cmy 0,996
CmLT 1,072
npl 0,0428
Cyy 0,9774
Czy 0,9011
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Kyy 1,116
kzy 0,5859
eq. (6.61) 0,8131
eq. (6.62) 0,5385

Scia Engineer Results

1. Initial deformations

Name Type Basic imperfection value : 1 /| Height of structure : | Number of columns per Fi : alfa h : |alfa m :
] [m] plane : 8] S
Func_X |according 20000 7,000 2(0,00327326846309006 0,76 0,87
to code

Critical load coefficients

Critical load coefficients

I f
- I
Stability combination : 51
1 14,43
2 39,58
3 80,39
4 118,57

Column Verification

ratio 4283 on position 6.00 m

ratio
madimum ratic |1 2976
madimum ratio |2 G8.82
maximum_ratio |3 104.61

=== (lass cross-sedion 1
Width-to-thickness ratio for outstand flanges (EM 199311 : Tab.5.2. sheet 2).
ratio 421 on position 6.00 m

ratio

madimum ratic |1 8.32
madimum ratio |2 924
madimum ratio |3 1273

=== (Zlass cmss-sedion 1

Width-to-thickness ratio for internal compression parts (EM 199311 . Tab.5.2. sheet 1)
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Compression check

according to aricle EM 1993-1-1 : 624 and formula EM 199311 © (6.8)
Section classification is 1.
Table of values
Mc.Rd 4290.00 (kM
unity check 0.04
Shear check (Vi)
according to article EM 1993-1-1 : 6.26. and formula EMN 1993-1-1 : (6.17)

Table of values

Ve, Rd
unity check

0.09

1330.50

ke

Bending moment check (My)

according to aricle EM

Section classification is 1.

1993-1-1 : 6.25. and formula EN 1993-1-1 : (6.12)

Table of values

Me, Rd 96580 | kMNm

unity check 0.78

| Buckling parameters ¥y pr

ype non-sway | non-sway
Slenderness 2470 12877
Reduced slendemess | 0.28 1.43

Buckling curve a b

Imperfection 0.21 0.34
Reduction factor 0.98 0.35

Length 6.00 G.00 m
Buckling factor 1.00 1.00

Buckling length 6.00 5.00 m
Critical Euler load 5301294 [1949.99 kM

LTE check

according to article EMN 1993-1-1 : 6.3.2.1. and formula EM 1993-1-1 : (6.54)
Table of values
Wb .Rd 82718 kM m
Wy 351200000 | mmt3
reduction 075
carrection factor ko 0.75
correction factor T 0.88
modified reducton 0.86
Beta 0.75
reference slendemess | 0.40
imperfection 0.49
reduced slendemess 0.8z
method for LTB curve |Ar. 6323
Mer 1431.73 kMm
unity check 0.91
LTB
LTE length 600 |m
k 1.00
Gty 1.00
1 188
c2 0.00
C3 094

load in center of gravity
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Compression and bending check

according to aricle EM 1993-1-1 . 6.3.3. and formula EM 1993-1-1 :© (6.61) (B.62)

Interaction Method 1

Table of values
kyy n.og2
kyz 1.756
kzy 0514
kzz 1.104
Delta My 0.00 kMm
Delta Mz 0.00 kMM
A 15600.00 mm'2
Wy 3512000.00 mm*3
Wz 485600.00 mmt3
MRk 4290.00 kM
My, Rk 46580 kMm
Mz, Rk 133.54 kMm
My, Ed TE7.25 kMm
Mz. Ed -0.00 kMm
Inferadion Method 1
Mer 0 T61.56 kMm
reduced slenderness 0 ]1.13
Crmy, 0 0.780
Cmz 0 1.020
Crmy 0.964
cmz 1.020
CmLT 1.000
iy 1.000
muz 0.944
Wy 1.144
WZ 1.500
npl 0.038
aLT 0.088
bLT 0.000
cLT 1.385
dLT 0.000
elLT 0.419
Cyy 0.885
Cyz 0.436
Czy 0.831
Czz 0.852
unity check = 004 + 090 + 000 = 094
unity check = 011 + 047 + 0.00 = 0.58
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Rafter Verification

Width-to-thicknes s ratio for internal compression parts (EM 1993-1-1 © Tab.5.2. sheet 1)

Section classification is 1.

Table of values
Mo Rd 319000 | kN
unity check 0.04

Shear check (Vz)
according to article EM 1993-141

Table of values
Vi, Rd 958.22 | kN
unity check 0.12

Bending moment check (My)

according to aricle
Section classification is 1.

EM 199311

ratio 4176 an pasition 24.09 m
ratio
maximum ratio |1 RB.YY9
maximum ratic |2 67.70
maximum ratio [ 3 f5.18
=== (lass cross-secton 1
Width-to-thicknes s ratio for outstand flanges (EM 199311 : Tab.5.2. sheet 2).
ratio 4 62 an pasition 24.09 m
ratio
maximum ratio |1 8.32
maximum ratio |2 924
maximum ratio |3 1273
=== (Class cross-secton 1
Compression check
according to article EM 1993-1-1 : 624 and formula EM 1983-1-1 : (6.9)

CB.26. and formula EM 1993-1-1 ¢ (B17)

©6.25 and formula EM 1993-1-1 @ (B.12)

Table of values
Mc, Rd 603.35 | kNm
unity check 0.58
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