ION

VERIFICAT

Design Code Benchmarks

| 2022

SOFiSTi



VERIFiCATiON

VERIiFiCATION Manual, Service Pack 2022-7 Build 23

Copyright © 2022 by SOFiSTiK AG, Nuremberg, Germany.

HQ Nuremberg
FlataustraBe 14
90411 Nurnberg

Germany

T +49 (0)911 39901-0
F +49(0)911 397904

This manual is protected by copyright laws. No part of it may be translated, copied or reproduced, in any form or by
any means, without written permission from SOFiSTiK AG. SOFiSTiK reserves the right to modify or to release
new editions of this manual.

The manual and the program have been thoroughly checked for errors. However, SOFiSTiK does not claim that

SOFiSTiK AG

Office Garching
Parkring 2
85748 Garching bei Miinchen

Germany

T +49 (0)89 315878-0

F +49 (0)89 315878-23
info@sofistik.com
www.sofistik.com

either one is completely error free. Errors and omissions are corrected as soon as they are detected.

The user of the program is solely responsible for the applications. We strongly encourage the user to test the
correctness of all calculations at least by random sampling.

Front Cover

Arnulfsteg, Munich Photo: Hans Gdssing



29

% SOFIiSTIK

Contents S

Contents
Introduction 3
1 About this Manual 3
1.1 Layout and Organization of a Benchmark ..., 3
1.2 Finding the Benchmark of interest............oo i 3
1.3 SYMIDOIS e 5
2  Index by Categories 7
2.1 Design Code BenChmarks. .......oouueiiiii i 7
I SOFiSTiK Software Quality Assurance (SQA) 9
3 SOFiSTiK SQA Policy 11
3.1 L o] =T o 111 11
3.1.1 About SOFISTIK L. e 11
3.1.2 Innovation and Reliability ........ ..o 11
3.2 OrganiSaLION ...ttt e 11
3.2.1 Software Release Schedule ...........coiiiiiiiiii e 11
3.2.2 SQA Modules - Classification ..........cooiieiiiii i 12
3.2.3 Responsibilities .........oeeiii 12
3.2.4 Software Release Procedure .........c.ovviiiiiii i 13
3.3 LTS3 000 0= 0 - 14
3.3.1  CRM Sy Stem .o e 14
3.3.2  Tracking System (internal) ..........ooiiiii i 14
3.3.3 Continuous Integration — Continuous Testing.............oooviiiiiiiieii e, 14
3.4 Additional ProViSiONS ...t 15
R N T =101 1T 15
3.4.2 Academia Network ... e 15
3.5 DS M .. e 16
Il Design Code Benchmarks 17
4 DCE-EN1: Design of Slab for Bending 19
41 Problem DesCription. ... ..o 19
4.2 Reference SolUtioN ... ...oii e 19
4.3 Model and RESUIS ..o e 20
4.4 DESIGN PrOCESS . . ettt 21
4.5 L0 g o 1011 o] o 22
4.6 Y =T = 0= 22
5 DCE-EN2: Design of a Rectangular CS for Bending 23
5.1 Problem DesCription. ... ..o 23
5.2 Reference SolUtioN .......ooirii e 23
5.3 Model and ResUItS ... 24

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks i



<89 SOFISTIK

Contents

54 DESIGN PrOCESS . . ettt et 25

5.5 CONCIUSION et 27

5.6 3 =Y = 0= 27

6 DCE-EN3: Design of a T-section for Bending 29
6.1 Problem DesCription. .. ..o 29

6.2 Reference Solution ........ooiuuiii i e 29

6.3 Model and ResUItS ... 30

6.4 DESIgN PrOCESS . ...ttt 32

6.5 L0703 o 1111 o] o T 34

6.6 (=T = U1 = 34

7 DCE-EN4: Design of a Rectangular CS for Bending and Axial Force 35
7.1 Problem DesCriplion........ooiri i 35

7.2 Reference SOIUtION ........ e 35

7.3 Model and ResUIS ... 36

7.4 DESIgN PrOCESS . ...ttt 37

7.5 (07013 Tor [F1=1 (o] o N 38

7.6 (=T = U1 = 38

8 DCE-EN5: Design of a Rectangular CS for Double Bending and Axial Force 39
8.1 Problem DesCription........ooiri e 39

8.2 Reference SOIUtION .......uu e 39

8.3 Model and ResSUIS ... 40

8.4 DESIgN PrOCESS . ...ttt 42

8.5 L0703 T U111 o] o TP 43

8.6 L EratUIE e e 43

9 DCE-ENG6: Design of a Rectangular CS for Shear Force 45
9.1 Problem DesCriplion........coiuiii e 45

9.2 Reference SolUtION ... 45

9.3 Model and ResSUIS ... 46

9.4 DESIgN PrOCESS . ...ttt 47

9.5 CONCIUSION .. e e 49

9.6 L EratUIE e 49

10 DCE-EN7: Design of a T-section for Shear 51
10.1  Problem DesCription. . ... ... 51

10.2  Reference SOIUtION ... 51

10.3  Model and RESURS ......uuui e 52

10.4  DESIgN PrOCESS . ettt e 54

T o 3 ] 11 T o P 57

10.6 LI erature .o 57

11 DCE-ENS8: Design of a Rectangular CS for Shear and Axial Force 59
111 Problem DesCription. .......ooiiii e 59

11.2  Reference SolUtioN ... 59

11.3  Model and RESUIS ... e e e 60

11,4  DESIgN PrOCESS . ittt 61

TP T o T3 )11 T o 63

116 L erature .o e 63

12 DCE-EN9: Design of a Rectangular CS for Shear and Torsion 65
12,1 Problem DesCriplion. .......ooiiii e 65

122 Reference SOIUtION ... 65

ii VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022



<8 SOFISTIK

Contents
12.3  Model and RESUIS ........uuniii e 66
12,4 DeSIgN ProCESS .. vt 68
B 23R T o T T [ 7= (o o 71
T2.6 L BratUI .o e 71
13 DCE-EN10: Shear between web and flanges of T-sections 73
13.1  Problem DescCription. ... ..o e 73
13.2  Reference SOIULION ..... i 73
18.83  Model and ReSUIS ... e 74
13.4  DeSIgN ProCeSS . ..ot e 76
18,5 CONCIUSION . e e e 79
136 L BrAtUI e 79
14 DCE-EN11: Shear at the interface between concrete cast 81
141 Problem DesCription. ......oooii i e 81
14.2  Reference SOIULION ...t 81
14.3  Model and RESUIS ..o e e 82
14,4 DeSIgN ProCESS ...t 83
T4.5  CONCIUSION . e e e e 86
T4.6 L OratUI oo e e 86
15 DCE-EN12: Crack width calculation of reinforced beam acc. DIN EN 1992-1-1 87
15,1 Problem DesCription. .........ouiie e 87
15.2  Reference SOIULION . ... 87
15.3  Model and RESUIS ... e 88
15,4 DeSIgN ProCESS ...t 90
15,5 CONCIUSION .. e e 95
5.8 L BratUI oo e 95
16 DCE-EN13: Design of a Steel I-section for Bending and Shear 97
16.1  Problem DesCription. .......ooiiiiii i e 97
16.2  Reference SOIULION .....oi it 97
16.3  Model and RESUIS ..o e e 97
16.4  DESIgN PrOCESS ..ttt e 99
16.5  CONCIUSION ..t e e e 102
16.6 LIt Brature oo 103
17 DCE-EN14: Classification of Steel Cross-sections 105
17.1  Problem DesCription. ........ueui e 105
17.2  Reference SolUtiON .....covnii e 105
17.3  Model and RESUIS ... e e 106
17.4  DESIgN PrOCESS . ottt et 108
17.5  CONCIUSION .. e e e e e 109
17.6 LEratUre oo e e 109
18 DCE-EN15: Buckling Resistance of Steel Members 111
18.1  Problem DesCription. ........ueui e 111
18.2  Reference SOIULION ... 111
18.3  Model and RESUIS .....ovrii e e 111
18.4  DESIgN PrOCESS ..ottt 113
18.5  CONCIUSION ..t e e e 114
18.6 LI BratUre oo e 114
19 DCE-EN17: Stress Calculation at a Rectangular Prestressed Concrete CS 115
19.1  Problem DesCription. ........uei e 115
SOFiSTiK 2022 | VERIFiCATION - Design Code Benchmarks iii



<89 SOFISTIK

Contents
19.2  Reference SolUtioN ......oiii i e 115
19.3  Model and ReSUIS ... e e e 116
194 DESIgN PrOCESS . ottt e 118
1S TR T o 3 ] 11 T o 121
19.6 LIterature . oo e 121
20 DCE-EN18: Creep and Shrinkage Calculation of a Rectangular Prestressed Con-
crete CS 123
20.1  Problem DesCription. .. ...ttt 123
20.2  Reference SolUtioN ... ..o 123
20.3  Model and RESUIS ... 124
20.4  DeSIgN PrOCESS ...ttt 125
20.5  CONCIUSION L.ttt e 129
20.6 LItralure ..o 129
21 DCE-EN19: Fatigue of a Rectangular Reinforced Concrete CS 131
21,1 Problem DesCription. ... ..o 131
21.2  Reference SolUtioN ... 131
21.3  Model and RESUIS ... 131
214 DeSIgN PrOCESS .ttt 133
21,5 CONCIUSION Lot e 140
21.6 LIeralure ..o 140
22 DCE-EN20: Design of a Steel I-section for Bending, Shear and Axial Force 141
22.1  Problem DesCription. ... ..o 141
22.2  Reference SolUioN ... 142
22.3  Model and RESUIS ... 142
224  DeSIgN PrOCESS ...ttt 143
22.5  CONCIUSION Lottt 146
22.6 LIErature . ... 147
23 DCE-EN21: Real Creep and Shrinkage Calculation of a T-Beam Prestressed CS 149
23.1  Problem DesCription. ... ... 149
23.2  Reference SolUtioN ... 149
23.3  Model and RESUIS ... 149
23.4  DESIN PrOCESS . ..ttt 152
23.5  CONCIUSION Lot 163
23.6 LIErature ... e 163
24 DCE-EN22: Stress Relaxation of Prestressing Steel - EN 1992-1-1 165
24.1  Problem DesCription. ... ..o 165
24.2  Reference SolUtiON ......oiii 165
24.3  Model and RESUIS ..ot 165
24.4  DESIGN PrOCESS ..ttt ettt 167
24.5  CONCIUSION ..ttt ettt et et ettt ettt et 171
24.6 LIErature . ... 171
25 DCE-EN23: Stress Relaxation of Prestressing Steel - DIN EN 1992-1-1 173
25.1  Problem DesCription. ... ..o 173
25.2  Reference SolUtioN ......ooiiiiiii i 173
25.3  Model and ResUIS ... 173
25.4  DESIGN PrOCESS ..ttt ettt 175
25.5  CONCIUSION ..ttt e 179
25.6 LIEratUre ... s 179
iv VERIFICATION - Design Code Benchmarks | SOFISTIK 2022



"'

Contents ':‘;:::‘ SOFISTIK
26 DCE-EN24: Lateral Torsional Buckling 181
26.1  Problem DesCriplion........coiue i 181

26.2  Reference SolUtioN ... ..cooiiiiii i 181

26.3  Model and RESURS ..o e 182

26.4  DeSIgN PrOCESS . ...ttt 184

26.5  CONCIUSION .ttt e et e e 191

26.6 LIterature ... 191

27 DCE-EN25: Shear between web and flanges of Hollow CS acc. DIN EN 1992-2 193
27.1  Problem DesCriplion........coiui i 193

27.2  Reference SolUtion ... ..o 193

27.3  Model and RESUNS ..o e 194

27.4  DeSIgN PrOCESS ...\ttt 197

27.5  CONCIUSION .ttt et et et 202

27.6  LIErature ... e 203

28 DCE-EN27: Design of Quad Elements - Layer Design and Baumann Method 205
28.1  Problem DesCriplion........coiuii i 205

28.2  Reference SolUtion ... ..o 205

28.3  Model and RESUNS ....oviiiiiiiit s 206

28.4  DeSIgN PrOCESS ...ttt 210

28.5  CONCIUSION .ttt ettt et et 217

28.6 LItBratUre ..o e 217

29 DCE-EN28: Design of a T-section for bending and shear using Design Elements 219
29.1  Problem DesCriplion........coiui i 219

29.2  Reference SolUioN ... 219

29.3  Model and RESURS ....ooiiiiiiii s 219

29.4  DeSIgN PrOCESS .. .ttt 222

29.5  CONCIUSION Lottt 224

29.6 LItBrature ..o 224

30 DCE-EN29: Design of restrained steel column 225
30.1  Problem DesCription. ... ..o 225

30.2  Reference SolUtION ... 226

30.3  Model and RESUIS ....ooii i 226

30.4  DeSIgN PrOCESS ...ttt 228

B0.5  CONCIUSION Lottt e 232

0.6 LIHErature . ... 232

31 DCE-EN30: Steel column with a class 4 cross-section 233
31.1  Problem DesCription. ... ..o 233

31.2  Reference SolUtiON ......oiii 234

31.3  Model and ReSUIS ..o 235

31,4 DeSIgN PrOCESS ...ttt 236

B1.5  CONCIUSION Lottt 244

31.6 LIerature ... 244

32 DCE-EN31: Punching of flat slab acc. DIN EN 1992-1-1 247
32.1  Problem DesCription. ... ..o 247

32.2  Reference SolULION ... ..o 248

32.3  Model and RESUIS ....ooiiiiii e 248

32,4  DESIgN PrOCESS ...ttt 250
B2.4.1 Material ... e 250
SOFISTiK 2022 | VERIFICATION - Design Code Benchmarks v



% SOFiSTiK

bZS
PE >S5
“:‘

Contents

32.4.2 Actions and LOadsS .......ovviiiie e 250
32.4.3 Punching check for inner Column ..o e 250
32.4.4 Punching check for edge column ...... ... 255
32.4.5 Punching check forwall ... e 258
B2.5  CONCIUSION ..ttt e e 263
B2.6 LIerature ..o e 263
33 DCE-EN32: Crack width calculation of reinforced slab acc. DIN EN 1992-1-1 265
33.1  Problem DesCription. ... ... i e 265
33.2  Reference SolUtION ... ..o e 265
33.3  Model and RESUIS ....coiiii e 266
33.4  DeSIgN PrOCESS ...ttt e 269
3341 Material ... 269
33.4.2 Without direct calculation ... e 269
33.4.3 With direct calculation ......... ..o 270
B35 CONCIUSION L. e s 273
B3.6 LI erature ..o 273
34 DCE-EN33: Designing a Reinforced Concrete Column acc. DIN EN 1992-1-1 275
34.1  Problem DesCription. ... ..o e 275
34.2 Reference Solution ... 275
34.3 Modeland ReSURS . ...oooiiiiiii e 276
344 DeSIgN PrOCESS ...ttt et 278
B4.4.1 EXPOSUIE ClassS ..ottt et 278
B4, 2 ACHONS ..t 278
B4.4.3 Materials ..o s 278
34.4.4 Buckling length ... ..o 279
34.4.5 IMPEECHONS . ...ttt 280
34.4.6 Min. and max. required reinforcement ......... .ot 280
34.4.7 Design of longitudinal reinforcement ... 280
34.4.8 Design of shear reinforcement ......... .o 283
B4.5  CONCIUSION Lottt e e 284
B4.6  LIerature ... e 285
35 DCE-EN34: Elastic Critical Plate Buckling Stress 287
35.1  Problem DesCription. ... ...t 287
35.2  Reference SolUtION ... e 288
35.3  Model and RESUIS ....ooiviiiiiii s 288
35.4  DeSIgN PrOCESS ...\ttt e 291
B5.4.1 KIOPPE .o 291
35.4.2 EBPIate .. 291
35.4.3 EN 1993-1-5, ANNEX A 2 .o e 293
35.4.4 ABAQUS ... 296
35.5  CONCIUSION ..uuttite e 297
35.6 LIerature ..o s 297
36 DCE-MC1: Creep and Shrinkage Calculation using the Model Code 2010 299
36.1 Problem DesCription....... ... e 299
36.2  Reference SolUtION ... ..o e 299
36.3  Model and RESUIS ....coiiii e 299
36.4  DeSIgN PrOCESS ...ttt e 301
36.5  CONCIUSION ..uvtttete e e 305
36.6 LI erature ..o s 305
vi VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022



=
s S

Contents

£ SOFiSTIK

37 DCE-MC2: Creep and Shrinkage Calculation using the Model Code 1990

37.1  Problem DesCriplioN. ...t
37.2  Reference SOlULION ....ooovn s
37.3  Model and RESUIS ... s
7.4 DeSIgN PrOCESS . ...ttt
B7.5  CONCIUSION ..ttt e e s
B7.6 LIOratUI ..o e

38 DCE-SIA1: Punching of flat slabs acc. SIA 262

38.1  Problem DesCriplioN. ...t
38.2  Reference SOIULiON .. ...
38.3  Model and RESUIS .......ouniiiii et
38.4  DeSIgN PrOCESS . ...ttt
R T1 T o Y Vo] [V T o T
B8.6 LI OratUIr ..o

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks

307
307
307
307
309
312
312

313
313
315
315
316
321
321

vii



\
W

N
:“

-3

SOFiSTiK

)
%

)
%

Contents

viii VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022



v/
<

< SOFiSTiK

Contents

Introduction

SOFISTiK 2022 | VERIFICATION - Design Code Benchmarks 1






29

Q

3

\
%

Do

SOFiSTiK

o
“

About this Manual

1 About this Manual

The primary objective of this manual is to verify the capabilities of SOFiSTIK by means of nontrivial
problems which are bound to reference solutions.

To this end, this manual contains a compilation of a number of selected computational benchmarks, each
benchmark focusing on a specific (mechanical/design) topic. The obtained results from the SOFISTiK
analysis are contrasted with corresponding reference solutions.

The tasks covered by SOFiSTiK, address a broad scope of engineering applications and it is therefore
not possible to validate all specific features with known reference solutions in terms of this Verification
Manual. An attempt has been made though, to include most significant features of the software with
respect to common problems of general static and dynamic analysis of structures.

1.1 Layout and Organization of a Benchmark

For the description of each Benchmark, a standard format is employed, where the following topics are
always treated:

+ Problem Description

+ Reference Solution

Model and Results
» Conclusion
* Literature

First, the problem description is given, where the target of the benchmark is stated, followed by the
reference solution, where usually a closed-form analytical solution is presented, when available. The
next section is the description of the model, where its properties, the loading configuration, the analysis
method and assumptions, further information on the finite element model, are presented in detail. Finally,
the results are discussed and evaluated with respect to the reference solution and a final conclusion for
the response of the software to the specific problem is drawn. Last but not least, the textbooks and
references used for the verification examples are listed, which are usually well known and come from
widely acclaimed engineering literature sources.

1.2 Finding the Benchmark of interest

There are several ways of locating a Benchmark that is of interest for the user. For each example a
description table is provided in the beginning of the document, where all corresponding categories, that
are treated by the specific benchmark, are tabulated, as well as the name of the corresponding input
file. Such a description table with some example entries, follows next.

Element Type(s): C2D
Analysis Type(s): STAT, MNL
Procedure(s): LSTP

"Where available, analytical solutions serve as reference. Where this is not feasible, numerical or empirical solutions are
referred to. In any case, the origin of the reference solution is explicitly stated.

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks 3
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Topic(s): SOIL
Module(s): TALPA
Input file(s): passive_earth_pressure.dat

As it can be seen, the available categories are the element type, the analysis type, the procedure, the
topics and the modules. For each category that is provided in the description table, a hyperlink is created,
linking each example to the global categories tables. In this manner, the user has a direct overview of
the attributes involved in each problem, and at the same time is able to browse by category through the
Verification Manual focusing only on the one of his interest. Table 1.1 provides an overview of all the
categories options that are available.

Table 1.1: Categories Overview

Categories Options

Continuum 3D

Continuum 2D (plane strain)
Continuum axisymmetric
Shell

FE beam 3D

Nonlinear FE beam 3D (AQB)
Element Type

Fiber beam 2D
Fiber beam 3D
Truss element

Cable element
Spring element

Damping element

Couplings

Geometrically nonlinear

Physically nonlinear
Analysis Type Dynamic

Static

Potential problem

Buckling analysis

Eigenvalue/ Modal analysis
Procedure

Time stepping

Load stepping

Phi-C reduction

Soil related

Topic Seismic

4 VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022
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Table 1.1: (continued)
Categories Options
Fire design
AQB
AQUA
ASE
Module BDK
BEMESS
CSM
DYNA
SOFILOAD
SOFIMSHC
STAR2
TALPA
TENDON
1.3 Symbols
For the purpose of this manual the following symbols and abbreviations apply.
SOF. SOFiSTIiK
Ref. reference
Tol. tolerance
cs cross-section
sect. section
temp. temperature
homog. homogeneous
Be. benchmark
con. construction
SDOF single degree of freedom
er relative error of the approximate number
ler| absolute relative error of the approximate number
e error of the approximate number
le| absolute error of the approximate number
exp () same as el
SOFISTiK 2022 | VERIFICATION - Design Code Benchmarks 5
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2 Index by Categories

Subsequent tables show all Benchmarks included in this Verification Manual, indexed by category.

2.1 Design Code Benchmarks

DESIGN CODE FAMILY Keyword | Benchmark Examples

Eurocodes EN DCE-EN6, DCE-EN7, DCE-EN13, DCE-EN14,
DCE-EN15, DCE-EN20, DCE-EN21, DCE-EN22,
DCE-EN24

, DCE-EN27, DCE-EN30, DCE-EN34

German Standards DIN DCE-EN1, DCE-EN2, DCE-EN3, DCE-EN4, DCE-
EN5, DCE-EN6, DCE-ENS, DCE-EN9, DCE-EN10,
DCE-EN11, DCE-EN12, DCE-EN17, DCE-EN18,
DCE-EN19, DCE-EN23, DCE-EN25

, DCE-EN28, DCE-EN29, DCE-EN31, DCE-EN32,

DCE-EN33
CEB-FIB Model Code MC DCE-MC1, DCE-MC2
Swiss Standards SIA DCE-SIA1
DESIGN CODE Keyword Benchmark Examples
Eurocode for Design of Concrete | EN 1992-1-1 DCE-EN1, DCE-EN2, DCE-EN3, DCE-EN4,
Structures - General rules and DCE-EN5, DCE-EN6, DCE-EN7, DCE-ENS,
rules for buildings DCE-EN9, DCE-EN10, DCE-EN11, DCE-

EN12, DCE-EN17, DCE-EN18, DCE-EN19,
DCE-EN21, DCE-EN22, DCE-EN23, DCE-
EN25

, DCE-EN27, DCE-EN28, DCE-EN31, DCE-
EN32, DCE-EN33

Eurocode for Design of Concrete | EN 1992-2 DCE-EN25

Structures - Concrete bridges

Eurocode for Design of Steel EN 1993-1-1 DCE-EN13, DCE-EN14, DCE-EN15, DCE-
Structures - General rules and EN20, DCE-EN24

rules for buildings , DCE-EN29, DCE-EN30, DCE-EN34

Table continued on next page.
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DESIGN CODE

Keyword

Benchmark Examples

Eurocode for Design of Concrete
Structures - General rules and
rules for building incl. German
National Annex

DIN EN 1992-1-1

DCE-EN1, DCE-EN2, DCE-EN3, DCE-EN4,
DCE-ENS5, DCE-EN6, DCE-EN7, DCE-ENS,
DCE-EN9, DCE-EN10, DCE-EN11, DCE-
EN12, DCE-EN17, DCE-EN18, DCE-EN19,
DCE-EN21, DCE-EN22, DCE-EN23, DCE-
EN25

, DCE-EN27, DCE-EN28, DCE-EN31, DCE-
EN32, DCE-EN33

Eurocode for Design of Concrete
Structures - Concrete bridges
incl. German National Annex

DIN EN 1992-2

DCE-EN25

Eurocode for Design of Steel
Structures - General rules and
rules for buildings incl. German
National Annex

DIN EN 1993-1-1

DCE-EN13, DCE-EN14, DCE-EN15, DCE-
EN20, DCE-EN24
, DCE-EN29, DCE-EN30, DCE-EN34

CEB-FIP Model Code for MC 1990 DCE-MC2

Concrete Structures 1990

CEB-FIP Model Code for MC 2010 DCE-MCH1

Concrete Structures 2010

Swiss Standard for Concrete SIA 262 DCE-SIA1

Structures

MODULE Keyword | Benchmark Examples

Design of Cross Sections and of | AQB DCE-EN1, DCE-EN2, DCE-EN3, DCE-EN4, DCE-

Prestressed Concrete and EN5, DCE-EN6, DCE-EN7, DCE-EN8, DCE-EN9,

Composite Cross Sections DCE-EN10, DCE-EN11, DCE-EN12, DCE-EN13,
DCE-EN14, DCE-EN17, DCE-EN18, DCE-EN19,
DCE-EN20, DCE-EN22, DCE-EN23, DCE-EN25
, DCE-EN28, DCE-EN30, DCE-MC1, DCE-MC2

Lateral Torsional Buckling Check | BDK DCE-EN15, DCE-EN24

for Steel Cross Sections , DCE-EN29, DCE-EN30

Design of Plates and Shells BEMESS | DCE-EN27, DCE-EN31, DCE-EN32DCE-SIA1

Geometry of Prestressing TENDON | DCE-EN17

Tendons

Construction Stage Manager CSM DCE-EN18, DCE-EN21

, DCE-MC1, DCE-MC2

VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022
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3 SOFiSTiK SQA Policy

3.1 Obijectives
3.1.1 About SOFiSTiK

SOFiSTIK finite element software has been continuously developed since 1981. It is currently used
by more than 10000 customers worldwide. SOFiSTiK is a multipurpose tool with extensive capabilities
which fall into a wide spectrum of engineering analyses such as static and dynamic structural analysis,
modal and buckling eigenvalue problems, nonlinearities and higher order effects, geotechnics and tunnel
analysis, heat transfer and fire analysis, as well as numerous types of other applications.

3.1.2 Innovation and Reliability

As a provider of cutting-edge engineering software, confidence in robustness and reliability of the product
is an issue of outstanding relevance for SOFiSTiK. To some degree, however, innovation and reliability
are conflicting targets, since every change introduces new possible sources of uncertainty and error.
To meet both demands on a sustainable basis, SOFiSTIiK has installed a comprehensive quality assur-
ance system. The involved organizational procedures and instruments are documented in the following
Sections.

3.2 Organisation

3.2.1 Software Release Schedule

SOFiSTiK is now switching to a yearly release cycle for all SOFiSTiK products (incl. current OEMs) with
a service period of 3 years. Meaning the next release 2023 will not only be a BIM App and compatibility
release for SOFICAD and SOFiPLUS, but also a release of the FEA products including latest OEM
versions: e.g. SOFiSTIK — 2023.

The first customer shipment (FCS) of a SOFiSTiK major release is preceded by an extensive testing
period. The maijor release cycle is supplemented by a two-month service pack cycle. Service packs
are quality assured, which means they have passed both the continuous testing procedures and the
functional tests. They are available for download via the SOFiSTiK update tool SOFiSTiK Application
Manager (SAM).

[ 2019 [ 2020 [ 2021 [ 2022 | 2023 | 2024 [ 2025 | 2026 | 2027 | 2027 |
FCS Discontinuation of Software-Service
101.08.2019 130.09.2023
SOFiSTiK 2020
TSummer 2021

Start of Transition Phase

FCS Discontinuation of Software-Service
106.08.2021 1

| _SOF
1 Planned: Summer 2022
Start of Transition Phase

FCS Discontinuation of Software-Service
L Planned: Summer 2022 1

Figure 3.1: SOFiSTiK Release Schedule
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Software updates for the current version (service packs) include bug-fixes and minor new features. Major
new developments with increased potential regarding side- effects are reserved for major releases with
an obligatory extensive testing period.

3.2.2 SQA Modules - Classification

Figure 3.2 depicts the "three pillars” of the SOFiSTiK SQA procedure. Preventive and analytic provisions
can be differentiated.

Preventive provisions essentially concern the organization of the development process. They aim at
minimizing human errors by a high degree of automatism and by avoiding error-prone stress situations.
These provisions comprise:

+ A thoroughly planned feature map and release schedule.

« Strict phase differentiation: Prior to any software release (also for service packs), the development
phase is followed up by a consolidation phase . This phase is characterized by extensive functional
testing. No new features are implemented, only test feedback is incorporated. For major releases,
an additional BETA test phase is scheduled.

+ Fully automated build and publishing mechanisms.

Analytic provisions provide for the actual testing of the software products. Continuous Testing directly
accompanies the development process: Automated and modular regression tests assure feedback at a
very early stage of the development (Section 3.3.3: Continuous Testing). Functional Testing is carried
out in particular during the consolidation phases. These tests essentially involve manual testing; they
focus on comprehensive workflow tests and product oriented semantic tests.

SQA

(Software Quality Assurance)

Development Process . .
- Continuous Testing

Phase differentiation, build- and Functional Testing

ST mseemen Automated, modular and

continuous regression testing

Focus: workflow tests, product
oriented semantic tests

Organizational Provision
(preventive)

Instruments (analytic)

Figure 3.2: SQA Modules

3.2.3 Responsibilities

The consistent implementation of quality assurance procedures is responsibly coordinated by the man-
aging board executive for products.

The development divisions are in authority for:
» The establishment, maintenance and checking of continuous testing procedures.

» The implementation of corresponding feedback.

12 VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022
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The product management is responsible for:

+ The coordination and execution of functional testing.

+ The integration of customer feedback into the QA process.
As a corporate activity is carried out:

 Continuous review of processes.

» The identification of supplemental objectives.

« Identification and implementation of possible optimizations.

Product
Management
Functional testing
Integrating customer

feedback

Development
Continuous Integration
Continuous Testing
Implementing feedback

Corporate Activity
Adaption of processes
Definition of objectives
Coordinated by managing board

Figure 3.3: SQA Responsibilities

3.2.4 Software Release Procedure

The defined minimum requirements for software releases of type Hotfix, Service Pack and Major Release
are illustrated by Figure 3.4. Approval of individual products is accomplished by the respective person
in charge; the overall approval is in authority of the managing board executive for products.

SOFiSTIK 2022 | VERiFICATION - Design Code Benchmarks 13



SOFISTiK SQA Policy

Release
Requirements

Hotfix

Continuous Testing

Passed

Service Pack

Continuous Testing
Passed

Functional Testing
Passed

Major Release

Continuous Testing
Passed

Functional Testing
Passed

BETA Test Phase
Passed

Figure 3.4: Software Release Requirements

3.3 Instruments

3.3.1 CRM System

Each request from our customers is traced by means of a Customer Relation Management (CRM)
System assuring that no case will be lost. Detailed feedback to the customer is provided via this system.

Possible bug fixes or enhancements of the software are documented with version number and date
in corresponding log files. These log files are published via RSS-feed to our customers. In this way,
announcement of available software updates (service-pack or hotfix) is featured proactively. Moreover,
information is provided independent of and prior to the actual software update procedure.

Further sources of information are the electronic newsletter/ newsfeeds and the internet forum
(www.sofistik.de / www.sofistik.com).

3.3.2 Tracking System (internal)

For SOFiSTiK-internal management and coordination of the software development process - both re-
garding implementation of features and the fixing of detected bugs - a web-based tracking system is
adopted.

3.3.3 Continuous Integration — Continuous Testing

As mentioned above, the production chain is characterized by a high degree of automation. An important
concern is the realization of prompt feedback cycles featuring an immediate response regarding quality
of the current development state.

14 VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022
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Automated Automated
Continuous Testing Continuous Integration
procedure procedure

Development/ PM
Assessing feedback
Committing modifications

Figure 3.5: Feedback cycle: Continuous Integration — Continuous Testing

Continuous integration denotes the automated process, assuring that all executed and committed mod-
ifications of the program’s code basis are directly integrated via rebuild into the internal testing environ-
ment.

Upon completion of the integration, the continuous testing procedure is triggered automatically. This
procedure executes a standardized testing scenario using the newly updated software. Test results are
prepared in form of compact test protocols allowing for quick assessment.

The executed tests are so-called regression tests. Regression tests examine by means of associated
reference solutions wether the conducted modifications of the code basis cause undesired performance
in other already tested parts of the program.

Together, continuous integration and continuous testing form the basis for a quality control that directly
accompanies the development process. This way, possibly required corrections can be initiated promptly.
SOFiSTiK has successfully implemented this procedure. Currently, the continuous test database com-
prises more than 3000 tests.

3.4 Additional Provisions

3.4.1 Training

As a special service to our customers, SOFiSTiK provides for comprehensive and individually tailored
training to support a qualified and responsible use of the software. This is complemented by offering a
variety of thematic workshops which are dedicated to specific engineering topics.

Itis the credo of SOFiSTiK that a high-quality product can only be created and maintained by highly qual-
ified personnel. Continuing education of the staff members is required by SOFiSTiK and it is supported
by an education program which involves both in- house trainings and provisions of external trainings on
a regular basis.

3.4.2 Academia Network

Arising questions are treated by an intense discussion with customers, authorities and scientists to find
the best interpretation.

SOFISTiK 2022 | VERIFICATION - Design Code Benchmarks 15
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3.5 Disclaimer

Despite all efforts to achieve the highest possible degree of reliability, SOFiSTiK cannot assure that the
provided software is bug-free or that it will solve a particular problem in a way which is implied with the
opinion of the user in all details. Engineering skill is required when assessing the software results.
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4 DCE-EN1: Design of Slab for Bending

Overview

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1

Module(s): AQB

Input file(s): slab_bending.dat
4.1 Problem Description

The problem consists of a slab section of depth h, as shown in Fig. 4.1. The cross-section is designed
for an ultimate moment mgq and the required reinforcement is determined.

Figure 4.1: Problem Description

4.2 Reference Solution

This example is concerned with the design of sections for ULS, subject to pure flexure, such as beams
or slabs. The content of this problem is covered by the following parts of DIN EN 1992-1-1:2004 [1]:

+ Design stress-strain curves for concrete and reinforcement (Section 3.1.7, 3.2.7)
+ Basic assumptions for section design (Section 6.1)

* Reinforcement (Section 9.3.1.1,9.2.1.1)

Figure 4.2: Stress and Strain Distributions in the Design of Cross-sections

In singly reinforced beams and slabs, the conditions in the cross-section at the ultimate limit state, are

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks 19
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assumed to be as shown in Fig. 4.2. The design stress-strain diagram for reinforcing steel considered
in this example, consists of an inclined top branch, as presented in Fig. 4.3 and as defined in DIN EN
1992-1-1:2004 [1] (Section 3.2.7).

oA ftk.cat = 525N/mm?

-
- -
—_—-—
-

- -
—
-
-

fyk """"" r
fyad =fyk/ Vs |-

B Idealised
Design

€

>

€ud =25 %00

Figure 4.3: Idealised and Design Stress-Strain Diagram for Reinforcing Steel

4.3 Model and Results

The rectangular slab section, with properties as defined in Table 4.1, is to be designed, with respect to
DIN EN 1992-1-1:2004 (German National Annex) [1] [2], to carry an ultimate moment of 25 kNm. The
calculation steps with different design methods [3] [4] [5] are presented below and the results are given
in Table 4.2. Here, it has to be mentioned that these standard methods employed in order to calculate
the reinforcement are approximate, and therefore deviations often occur.

Table 4.1: Model Properties

Material Properties Geometric Properties Loading
C25/30 h=20.0cm Mmeg =25 kNm/m
B500A d=17.0cm

b=1.0m

Table 4.2: Results

SOF. General Chart [3] w—Table [3] kg—Table [3]

as1 [cm2/m] 3.334 3.328 3.334 3.333

20 VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022
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4.4 Design Process'

Design with respect to DIN EN 1992-1-1:2004 (NA) [1] [2]:?

Material:

Concrete: Y =1.50 (NDP) 2.4.2.4: (1), Tab. 2.1DE: Partial

Steel: ys=1.15 factors for materials

fck =25 MPa Tab. 3.1: Strength for concrete

fed =0Accfek/Ye =0.85-25/1.5=14.17 MPa 3.1.6: (1)P, Eq. (3.15): acc = 0.85 con-

sidering long term effects

fyk =500 MPa 3.2.2: (3)P: yield strength f,x = 500
= =500/1.15=434.78 MPa MPa

fyd =fyk/¥s / 3.2.7: (2), Fig. 3.8

Design Load:

Megg =megqg+-b =25 kNm; Neg=0

Mggs = Meg— Ngg-zs1 = 25 kNm

Design with respect to General Design Chart Bending with axial
force for rectangular cross-sections:

Megs 25.1073
Heds = r ro = 1.0.0172. 1417 000!
) fed U ) ’ Tab. 9.1 [3]: General Chart for up to
€=25.10"3: Z=0.97 — Os14 = 456.52 MPa C50/60 - Cross-section without com-
1 ,MEds pression reinforcement
as1 = . ( + N,_:d) =3.328 cm?*/m
Os1d g-d

Design with respect to w— (or us— ) Design Table for rectangular
cross-sections:
MEegs 25-1073

= =0.061
b-d?-foq 1.0-0.172.14.17

MEds =

Tab. 9.2 [3]: w—Table for up to C50/60

w = 0.0632 (interpolated) and 0sq = 456.52 MPa - Rectangular section without compres-
sion reinforcement

1
asy = 0_.(w.b.d-fcd+ NEeqg) = 3.334 cm?/m
sd

Design with respect to k;— Design Table for rectangular cross-

sections:
d 17
\/MEds/b \/25/1'0 Tab. 9.3 [3]: kg—Table for up to
C50/60 - Rectangular section without
ks = 2.381, ks = 0.952 (interpolated values) compression reinforcement
Megs  Neg
as1 = (ks- 4 )-Ks =3.333cm?/m
d Os1d

The tools used in the design process are based on steel stress-strain diagrams, as
defined in [1] 3.2.7:(2), Fig. 3.8, which can be seen in Fig. 4.3.

2The sections mentioned in the margins refer to DIN EN 1992-1-1:2004 (German Na-
tional Annex) [1], [2], unless otherwise specified.
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4.5 Conclusion

This example shows the calculation of the required reinforcement for a slab section under bending.
Various different reference solutions are employed in order to compare the SOFiSTIK results to. It has
been shown that the results are reproduced with excellent accuracy.

4.6 Literature

[1] DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
flir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.

[3] K. Holschemacher, T. Mlller, and F. Lobisch. Bemessungshilfsmittel flir Betonbauteile nach Eu-
rocode 2 Bauingenieure. 3rd. Ernst & Sohn, 2012.

[4] Beispiele zur Bemessung nach Eurocode 2 - Band 1: Hochbau. Ernst & Sohn. Deutschen Beton-
und Bautechnik-Verein E.V. 2011.

[5] R.S. Narayanan and A. W. Beeby. Designers’ Guide to EN 1992-1-1 and EN 1992-1-2 - Eurocode
2: Design of Concrete Structures. Thomas Telford, 2005.
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5 DCE-EN2: Design of a Rectangular CS for Bending

Overview

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1

Module(s): AQB

Input file(s): rectangular_bending.dat
5.1 Problem Description

The problem consists of a rectangular section, as shown in Fig. 5.1. The cross-section is designed for
an ultimate moment Mgy and the required reinforcement is determined.

Figure 5.1: Problem Description

5.2 Reference Solution

This example is concerned with the design of doubly reinforced sections for ULS, subject to pure flexure,
such as beams. The content of this problem is covered by the following parts of DIN EN 1992-1-1:2004

[1]:
+ Design stress-strain curves for concrete and reinforcement (Section 3.1.7, 3.2.7)
+ Basic assumptions for section design (Section 6.1)

* Reinforcement (Section 9.3.1.1,9.2.1.1)

- €c Ocd
Y D -0 - F
...... ‘_._._‘r_.g._._._._. R, e mimim e Os2d ‘i
A52 X 652 FC “
d |zs2
Y V4
Zs1
As1
s Y _ _ . > Y
01 €s1 Os1d Fs1d

Figure 5.2: Stress and Strain Distributions in the Design of Doubly Reinforced Cross-sections
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In doubly reinforced rectangular beams, the conditions in the cross-section at the ultimate limit state, are
assumed to be as shown in Fig. 5.2. The design stress-strain diagram for reinforcing steel considered
in this example, consists of an inclined top branch, as presented in Fig. 5.3 and as defined in DIN EN
1992-1-1:2004 [1] (Section 3.2.7).

9 ftk,cal = 525N/I’7’7m2

fyk
fya =fyk/¥s -

B |A| Idealised

Design

S

€ud = 25 0/00

Figure 5.3: Idealised and Design Stress-Strain Diagram for Reinforcing Steel

5.3 Model and Results

The rectangular cross- section, with properties as defined in Table 5.1, is to be designed, with respect to
DIN EN 1992-1-1:2004 (German National Annex) [1], [2], to carry an ultimate moment of 135 kNm. The
calculation steps with different design methods [3] [4] [5] are presented below and the results are given
in Table 5.2. Here, it has to be mentioned that these standard methods employed in order to calculate
the reinforcement are approximate, and therefore deviations often occur.

Table 5.1: Model Properties

Material Properties Geometric Properties Loading
C20/25 h=40.0cm Mgg =135 kNm
B500A d=35.0cm

d =5.0cm

b=25cm

Table 5.2: Results

SOF. General Chart [3] w—Table [3] kg—Table [3]
As1 [cm?/m] 10.73 10.73 10.77 10.79
Asz [cm2/m] 2.47 2.47 2.52 2.43
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5.4 Design Process'

Design with respect to DIN EN 1992-1-1:2004 (NA) [1] [2]:?
Material:

Concrete: Y =1.50
Steel: ys =1.15

fek =20 MPa
fed =Qccfek/Yc = 0.85-20/1.5=11.33 MPa

fyk =500 MPa
fyd =fyk/¥s = 500/1.15 = 434.78 MPa
Design Load:

Neg=0
Mggs = Meg— Ngg-zs1 =135 kNm

Design with respect to General Design Chart Bending with axial
force for rectangular cross-sections:

MEeqgs 135-1073
b-d?-foq 0.25-0.352-.11.33
UEds > MEds,lim = 0.296

=0.389

MEds =

— compression reinforcement required

from design chart for Lggs,1im = 0.296 and d>/d = 0.143 :
€s1=4.30-10"3; €5 =-2.35-10"3; Z=2z/d=0.813

for €s1 = 4.30-1073 — 0514 = 436.8 MPa
foresp) =—2.35-10"3 — 0514 = —434.9 MPa

Meds, lim = MEds,lim * b - d% - fca = 102.7 kNm
AMEegs = Megs — MEgs, iim = 135—102.7 =32.3 kKNm

1 MEgs, i AMEgq4
As1 = ( > S+N5d)=10.73 cm?
Os1d ¢-d d—d;
1 AMgg
Aso ® =2.47 cm?

 |os2dl d—d

Design with respect to w— (or us— )Table for rectangular cross-
sections:
Mgds 135-1073

= =0.389
b-d?-f.g 0.25-0.352.11.33

MEds =

Because the internal force determination is done on the basis of a linear

"The tools used in the design process are based on steel stress-strain diagrams, as
defined in [1] 3.2.7:(2), Fig. 3.8, which can be seen in Fig. 5.3.

2The sections mentioned in the margins refer to DIN EN 1992-1-1:2004 (German Na-
tional Annex) [1], [2], unless otherwise specified.
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(NDP) 2.4.2.4: (1), Tab. 2.1DE: Partial
factors for materials

Tab. 3.1: Strength for concrete

3.1.6: (1)P, Eq. (3.15): acc = 0.85 con-
sidering long term effects

3.2.2: (3)P: yield strength fyx = 500
MPa
3.2.7: (2), Fig. 3.8

5.4: (NA.5): Linear elastic analysis

& = height of comression zone x/d <
0.45 for C12/15—C50/60

Tab. 9.1 [3]: General Chart for up to
C50/60 - Section with compression re-
inforcement

5.4: (NA.5): Linear elastic analysis

& = height of comression zone x/d <
0.45 for C12/15—C50/60
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Tab. 9.2 [3]: w—Table for up to C50/60
- Rectangular section with compression
reinforcement

Tab. 9.3 [3]: kg—Table for up to
C50/60 - Rectangular section with
compression reinforcement

5.4: (NA.5): Linear elastic analysis

& = height of comression zone x/d <
0.45 for C12/15—C50/60

26

elastic calculation, then &§;m = 0.45 is chosen. Referring to the design
table with compression reinforcement and for d>/d = 0.15:

w1 =0.4726; w1=0.1104

1
ASl — _.(wl.b-dofcd+NEd)= 10.77 sz
fyd

A52=;Ld-(w2-b-d)=2.52 cm?

yd
Design with respect to ky— Design Table for rectangular cross-
sections:
d 35
= = =1.51
VMeqgs/b /135/0.25

Kd

Not able to read values from kgy—table for simply reinforced rectangular
cross-sections
— compression reinforcement is required

Because the internal force determination is done on the basis of a lin-
ear elastic calculation, then §;;; = 0.45 is chosen. Referring to the
k4—table with compression reinforcement:

ks1 =2.740; ks2 =0.575
(interpolated values for kg = 1.51)

p1=1.021; p=1.097
(interpolated values for d>/d = 0.143 and ks1 = 2.740)

Megs  Neg
+
d Os1d

As1 =p1-Ks1- =10.79 cm?

M
Eds .43 cm?

As2 =p2-ks2 -
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5.5 Conclusion

This example shows the calculation of the required reinforcement for a rectangular beam cross-section
under bending. Various different reference solutions are employed in order to compare the SOFiSTiK
results to. It has been shown that the results are reproduced with excellent accuracy.

5.6 Literature

[1] DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
flir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.

[3] K. Holschemacher, T. Mlller, and F. Lobisch. Bemessungshilfsmittel flir Betonbauteile nach Eu-
rocode 2 Bauingenieure. 3rd. Ernst & Sohn, 2012.

[4] Beispiele zur Bemessung nach Eurocode 2 - Band 1: Hochbau. Ernst & Sohn. Deutschen Beton-
und Bautechnik-Verein E.V. 2011.

[5] R.S. Narayanan and A. W. Beeby. Designers’ Guide to EN 1992-1-1 and EN 1992-1-2 - Eurocode
2: Design of Concrete Structures. Thomas Telford, 2005.
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6 DCE-EN3: Design of a T-section for Bending

Overview

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1

Module(s): AQB

Input file(s): t-beam_bending.dat
6.1 Problem Description

The problem consists of a T-beam section, as shown in Fig. 6.1. The cross-section is designed for an
ultimate moment Mgy and the required reinforcement is determined.

k L
1 1
B ESNNNNNE
AN St NS I
h|d
2 |
As1 i As1
L A d1:: — :
i bw i |

Figure 6.1: Problem Description

6.2 Reference Solution

This example is concerned with the design of sections for ULS, subject to pure flexure. The content of
this problem is covered by the following parts of DIN EN 1992-1-1:2004 [1]:

+ Design stress-strain curves for concrete and reinforcement (Section 3.1.7, 3.2.7)
+ Basic assumptions for section design (Section 6.1)

+ Reinforcement (Section 9.3.1.1, 9.2.1.1)
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Figure 6.2: Stress and Strain Distributions in the Design of T-beams

In doubly reinforced rectangular beams, the conditions in the cross-section at the ultimate limit state, are
assumed to be as shown in Fig. 6.2. The design stress-strain diagram for reinforcing steel considered
in this example, consists of an inclined top branch, as presented in Fig. 6.3 and as defined in DIN EN
1992-1-1:2004 [1] (Section 3.2.7).

—_ -

fyk """"" r
fyd =fyk/Y5 ........

B Idealised
Design

€

€ud =25 %00

Figure 6.3: Idealised and Design Stress-Strain Diagram for Reinforcing Steel

6.3 Model and Results

The T-beam, with properties as defined in Table 6.1, is to be designed, with respect to DIN EN 1992-
1-1:2004 (German National Annex) [1], [2], to carry an ultimate moment of 425 kNm. The calculation
steps with different design methods [3] [4] [5] are presented below and the results are given in Table
6.2. Here, it has to be mentioned that these standard methods employed in order to calculate the
reinforcement are approximate, and therefore deviations often occur.

Table 6.1: Model Properties

Material Properties Geometric Properties Loading
C20/25 h=65.0cm Mgg =425 kNm
B500A d=60.0cm

di=5.0cm

b=30cm

befr =258 cm
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Table 6.1: (continued)

Material Properties Geometric Properties Loading

hf=18cm

Table 6.2: Results

SOF. w—Table [3] ky—Table [3]

As1 [cm?2/m] 15.90 15.74 15.85
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(NDP) 2.4.2.4: (1), Tab. 2.1DE: Partial
factors for materials

Tab. 3.1: Strength for concrete

3.1.6: (1)P, Eq. (3.15): acc = 0.85 con-
sidering long term effects

3.2.2: (3)P: yield strength fyx = 500
MPa
3.2.7: (2), Fig. 3.8

Tab. 9.4 [3]: w—Table for up to C50/60
- T-beam

Tab. 9.3 [3]: kg—Table for up to
C50/60 - Rectangular section without
compression reinforcement

kq—Table is applicable since the neutral
line lies inside the flange

32

6.4

Design with respect to DIN EN 1992-1-1:2004 (NA) [1] [2]:®

Design Process'

Material:

Concrete: Y =1.50
Steel: ys=1.15

fek =20 MPa
fed =Acc *fek/Ye =0.85-20/1.5 =11.33 MPa

fyk =500 MPa
fyd =fyk/vs =500/1.15 = 434,78 MPa
Design Load:

Neg=0
MEegs = Meg— Ngg-2s1 =425 kNm

Design with respect to w— (or us— )Table for T-beams:

Meds 425.1073
beff-d? -fog  2.58-0.602-11.33

UEds = =0.040

Referring to the design table for T-beams for:

HEgs = 0.040 and

h 0.18 b 2.58
o030 22" g6
d 0.60 byw  0.30

— w1 =0.039

1
As1 = e (w1 - beff - d+fed+ Neg) = 15.74 cm?
yd

Design with respect to kq— Design Table for T-beams:

Alternatively, the kg— Tables can be applied, demonstrated that the neu-
tral line lies inside the flange.

d 60

kg = = =4.67
VMEggs/b  +/425/2.58

Referring to the table for kg = 4.67 and after interpolation

— ks =2.351; §=0.060; ks=0.952

x=&-d=0.060-60=3.6cmjhf=18cm

MEgq NEgg
A51=(k5- L )-/<5=15.85cm2

Os1d

"The tools used in the design process are based on steel stress-strain diagrams, as
defined in [1] 3.2.7:(2), Fig. 3.8, which can be seen in Fig. 6.3.

2The sections mentioned in the margins refer to DIN EN 1992-1-1:2004 (German Na-
tional Annex) [1], [2], unless otherwise specified.
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6.5 Conclusion

This example shows the calculation of the required reinforcement for a T-beam under bending. Two
different reference solutions are employed in order to compare the SOFiSTIK results to. It has been
shown that the results are reproduced with excellent accuracy.

6.6 Literature

[1] DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
flir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.

[3] K. Holschemacher, T. Mlller, and F. Lobisch. Bemessungshilfsmittel flir Betonbauteile nach Eu-
rocode 2 Bauingenieure. 3rd. Ernst & Sohn, 2012.

[4] Beispiele zur Bemessung nach Eurocode 2 - Band 1: Hochbau. Ernst & Sohn. Deutschen Beton-
und Bautechnik-Verein E.V. 2011.

[5] R.S. Narayanan and A. W. Beeby. Designers’ Guide to EN 1992-1-1 and EN 1992-1-2 - Eurocode
2: Design of Concrete Structures. Thomas Telford, 2005.
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Axial Force

Design Code Family(s):
Design Code(s):

DIN
DIN EN 1992-1-1

DCE-EN4: Design of a Rectangular CS for Bending and

Module(s): AQB
Input file(s): rectangular_bending_axial.dat
7.1 Problem Description

The problem consists of a rectangular section, as shown in Fig. 7.1. The cross-section is designed for

an ultimate moment Mgy and a compressive force Neg and the required reinforcement is determined.

= —

7.2

e o ©o
As,tot/2

Figure 7.1: Problem Description

Reference Solution

; Mgq
N

Ed

This example is concerned with the design of sections for ULS, subject to bending with axial force. The
content of this problem is covered by the following parts of DIN EN 1992-1-1:2004 [1]:

+ Design stress-strain curves for concrete and reinforcement (Section 3.1.7, 3.2.7)

+ Basic assumptions for section design (Section 6.1)

* Reinforcement (Section 9.3.1.1, 9.2.1.1)

As2

Asl

€s1
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Figure 7.2: Stress and Strain Distributions in the Design of Doubly Reinforced Cross-sections
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In doubly reinforced rectangular beams, the conditions in the cross-section at the ultimate limit state, are
assumed to be as shown in Fig. 7.2. The design stress-strain diagram for reinforcing steel considered
in this example, consists of an horizontal top branch, as presented in Fig. 7.3 and as defined in DIN EN
1992-1-1:2004 [1] (Section 3.2.7).

ftk,cal

fyk """ r
fyd =fyk/ Vs }----

|A| Idealised

Design

Figure 7.3: Idealised and Design Stress-Strain Diagram for Reinforcing Steel

7.3 Model and Results

The rectangular cross- section, with properties as defined in Table 7.1, is to be designed, with respect to
DIN EN 1992-1-1:2004 (German National Annex) [1], [2], to carry an ultimate moment of 382 kNm with
an axial compressive force of 1785 kN. The calculation steps with a commonly used design method
[3] [4] are presented below and the results are given in Table 7.2. Here, it has to be mentioned that
the standard methods employed in order to calculate the reinforcement are approximate, and therefore
deviations often occur.

Table 7.1: Model Properties

Material Properties Geometric Properties Loading
C30/37 h=50.0cm Mgqg =382 kNm
B500A d=45.0cm Neg =—1785 kN

di=d>=5.0cm
b=30cm

Table 7.2: Results

SOF. Interaction Diagram [3]

As tor [cm?2/m] 35.03 35.19
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7.4 Design Process'

Design with respect to DIN EN 1992-1-1:2004 (NA) [1] [2]:?

Material:

Concrete: Y =1.50 (NDP) 2.4.2.4: (1), Tab. 2.1DE: Partial

Steel: ys=1.15 factors for materials

fck = 30 MPa Tab. 3.1: Strength for concrete

feda =0Acc fek/Ye =0.85-30/1.5=17.0 MPa 3.1.6: (1)P, Eq. (3.15): acc = 0.85 con-

sidering long term effects

fyk =500 MPa 3.2.2: (3)P: yield strength f,x = 500
= =500/1.15=434.78 MPa MPa

fyd =fyk/¥s / 3.2.7: (2), Fig. 3.8

Design Load:

Neg =—1785 kN
Mgqg =382 kNm

Meg ‘ 382
Neg-h| |—1785-0.50

€q

h

‘= 0.428 < 3.5

— Axial force dominant — Design with respect to U — VvV interaction
diagram is suggested

Design with respect to Interaction diagram for Bending with axial
force for rectangular cross-sections:

Megq 382-1073
MEd = > = 2 =0.30 Tab. 9.6 [3]: 4 — V Interaction diagram
b-hé-feg 0.30-0.504-17.0 for concrete C12/15— C50/60 - Rect-
angular cross-section with double sym-
NEgqg —1785-1073 metric reinforcement.
VEq = =—-0.70

b-h?-frg  0.30-0.50-17.0

from design chart for d1/h = 0.05/0.5 = 0.10:

wtot=0.60
A P 3519 cm?
Jtot = Wtot* ——— = . cm
> ° fyd/fcd
A
As1 =As2 = St 17.6 cm?

The tools used in the design process are based on steel stress-strain diagrams, as
defined in [1] 3.2.7:(2), Fig. 3.8, which can be seen in Fig. 7.3.

2The sections mentioned in the margins refer to DIN EN 1992-1-1:2004 (German Na-
tional Annex) [1], [2], unless otherwise specified.
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7.5 Conclusion

This example shows the calculation of the required reinforcement for a rectangular beam cross-section
under bending with axial force. It has been shown that the results are reproduced with excellent accu-
racy.

7.6 Literature

[1] DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
flir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.

[3] K. Holschemacher, T. Mlller, and F. Lobisch. Bemessungshilfsmittel flir Betonbauteile nach Eu-
rocode 2 Bauingenieure. 3rd. Ernst & Sohn, 2012.

[4] Beispiele zur Bemessung nach Eurocode 2 - Band 1: Hochbau. Ernst & Sohn. Deutschen Beton-
und Bautechnik-Verein E.V. 2011.
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8 DCE-EN5: Design of a Rectangular CS for Double
Bending and Axial Force

Overview

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1

Module(s): AQB

Input file(s): rectangular_double_bending_axial.dat
8.1 Problem Description

The problem consists of a rectangular section, as shown in Fig. 8.1. The cross-section is designed for
double axially bending moments Mgqy,, Mgq, and a compressive force Neg.

LMEdz

M each As tot/4
T

1- @!< (=t - 4— Mggy

_Lir

Figure 8.1: Problem Description

54

8.2 Reference Solution

This example is concerned with the design of sections for ULS, subject to double bending with axial
force. The content of the problem is covered by the following parts of DIN EN 1992-1-1:2004 [1]:

+ Design stress-strain curves for concrete and reinforcement (Section 3.1.7, 3.2.7)
+ Basic assumptions for section design (Section 6.1)

+ Reinforcement (Section 9.3.1.1, 9.2.1.1)
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Figure 8.2: Stress and Strain Distributions in the Design of Doubly Reinforced Cross-sections

The design stress-strain diagram for reinforcing steel considered in this example, consists of an inclined
top branch, as presented in Fig. 8.3 and as defined in DIN EN 1992-1-1:2004 [1] (Section 3.2.7).

ftk,cal

-

--

- -
-
-
-
-
-
-

-

-
-
-
-
-
-

fyk
fyd =fyk/Ys

Idealised
Design

Figure 8.3: Idealised and Design Stress-Strain Diagram for Reinforcing Steel

8.3

The rectangular cross- section, with properties as defined in Table 8.1, is to be designed, with respect
to DIN EN 1992-1-1:2004 (German National Annex) [1], [2], under double axial bending and an axial
compressive force of 1600 kN. The calculation steps with a commonly used design method [3] [4] are
presented below and the results are given in Table 8.2. Here, it has to be mentioned that the standard
methods employed in order to calculate the reinforcement are approximate, and therefore deviations
often occur.

Model and Results

Table 8.1: Model Properties

Material Properties

Geometric Properties

Loading

C 35/45
B 500A

h=50.0cm

b1 =b>=5.0cm
di=d>=5.0cm
b=40cm

Medy = 500 kNm

Megz =450 kNm
Neg =—1600 kN

40
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Table 8.2: Results

SOF.

Interaction Diagram [3]

As tot [cm?/m] 115.9

113.1

SOFISTiK 2022 | VERIFICATION - Design Code Benchmarks
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8.4 Design Process'

Design with respect to DIN EN 1992-1-1:2004 (NA) [1] [2]:®
Material:

(NDP) 2.4.2.4: (1), Tab. 2.1DE: Partial Concrete: Y =1.50

factors for materials
Steel: ys=1.15

Tab. 3.1: Strength for concrete fck = 30 MPa
3.1.6: (1)P, Eq. (3.15): acc = 0.85 con- fed =0Qcc fek/Ye =0.85:35/1.5=19.8 MPa

sidering long term effects

3.2.2: (3)P: yield strength f,x = 500 fyk =500 MPa

MPa = = =
3.2.7: (2), Fig. 3.6 fyd =fyk/vs =500/1.15=434.78 MPa

Design Load:

Negg=—1600 kN
Mgqy =500 kNm
Mgy, =450 kNm

Design with respect to Interaction diagram for Double Bending
with axial force for rectangular cross-sections:

Megg 500-103 0,252
HEdy = Th? foq ~ 0.40-0.502-19.8
Megg 450-1073 0.284
HEdz = 2 7, T 0.40.0.502.19.8
Neg —1600-103
Ved —_0.403

“b-h?-fog  0.40-0.50-19.8
Tab. 9.7 [3]: u— V Interaction diagram from design chart — Wtot = 1.24 for:

for concrete C12/15—C50/60 - Rect-
angular cross-section with all-round . dl/h = dz/h = 0_05/0.5 =0.10

symmetric reinforcement.
* b1/b=b3/b=0.05/0.4=0.08=~0.10
cv=-0.4
* p1 = max|ledy; Hedz | = 0.284

* U2 = min|ledy; Hedz ] = 0.252

=113.1 cm?

As, tot = Wtot *

fya/fed

As tot/a = 28.28 cm?

"The tools used in the design process are based on steel stress-strain diagrams, as
defined in [1] 3.2.7:(2), Fig. 3.8, which can be seen in Fig. 8.3.

2The sections mentioned in the margins refer to DIN EN 1992-1-1:2004 (German Na-
tional Annex) [1], [2], unless otherwise specified.
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8.5 Conclusion

This example shows the calculation of the required reinforcement for a rectangular beam cross-section
under double axial bending with compressive axial force. It has been shown that the results are repro-
duced with excellent accuracy.

8.6 Literature

[1] DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
flir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.

[3] K. Holschemacher, T. Mlller, and F. Lobisch. Bemessungshilfsmittel flir Betonbauteile nach Eu-
rocode 2 Bauingenieure. 3rd. Ernst & Sohn, 2012.

[4] Beispiele zur Bemessung nach Eurocode 2 - Band 1: Hochbau. Ernst & Sohn. Deutschen Beton-
und Bautechnik-Verein E.V. 2011.
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9 DCE-ENG6: Design of a Rectangular CS for Shear Force

Design Code Family(s): EN, DIN
Design Code(s): DIN EN 1992-1-1, EN 1992-1-1
Module(s): AQB
Input file(s): rectangular_shear.dat
9.1 Problem Description

The problem consists of a rectangular section, symmetrically reinforced for bending, as shown in Fig.
9.1. The cross-section is designed for shear force Vgq and the required shear reinforcement is deter-

mined.
b
| | A

— <~ %
As,tot/2
h d z
R BRI R R — CoBE I R R B R B R R R R — l VEd
As,tot/2
A R *
N

Figure 9.1: Problem Description

9.2 Reference Solution

This example is concerned with the design of sections for ULS, subject to shear force. The content of
this problem is covered by the following parts of DIN EN 1992-1-1:2004 [1] [2]:

» Design stress-strain curves for concrete and reinforcement (Section 3.1.7, 3.2.7)
+ Guidelines for shear design (Section 6.2)

+ Reinforcement (Section 9.2.2)

7 : d Fca
T -1 v
A : N
AN, ™
TV V(cot6—cota) M
: Y \ . — e

shear reinforcement

Figure 9.2: Shear Reinforced Members

The design stress-strain diagram for reinforcing steel considered in this example, consists of an inclined
top branch, as presented in Fig. 9.3 and as defined in DIN EN 1992-1-1:2004 [1] (Section 3.2.7).
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Figure 9.3: Idealised and Design Stress-Strain Diagram for Reinforcing Steel

9.3 Model and Results

The rectangular section, with properties as defined in Table 9.1, is to be designed, with respect to DIN
EN 1992-1-1:2004 (German National Annex) [1], [2], under shear force of 343.25 kN. The reference
calculation steps are presented below and the results are given in Table 9.2. Then, the same section is
designed with repsect to EN 1992-1-1:2004 [6]. The same angle 8(= 1.60) is chosen, as calculated
with respect to DIN EN 1992-1-1:2004, in order to compare the results. If no 6 value is input, then the
calculation starts with the upper limit cot & = 2.5 and through an optimization process the right angle is
selected. In this case, the reinforcement is determined with cot 6 = 2.5, giving a shear reinforcement of
7.80 cm?/m. Also in order to demonstrate that the correct value of VRd,max = 734.4 kN (reference
value) with repsect to DIN EN 1992-1-1:2004 is calculated in SOFiSTiK, we input a design shear force of
734.3 delivering a shear reinforcement, but when a value of 734.4 is input then AQB gives the warning
of ’no shear design possible’ showing that the maximum shear resistance is exceeded.

Table 9.1: Model Properties

Material Properties Geometric Properties Loading
C 30/37 h=50.0cm VEeq = 343.25 kN
B 500A b=30cm

d=45.0cm

As tot = 38.67 cm?

Table 9.2: Results

As totlcm?/m] Design Code SOF. Ref.
DIN EN [1] 12.84 12.84
EN [6] 12.18 12.18

46 VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022



DCE-EN6: Design of a Rectangular CS for Shear Force

<8 SOFISTIK

9.4 Design Process'
Material:

Concrete: Yy =1.50

Steel: ys =1.15

fek = 30 MPa
fed = Qcc  fek/Ye = 0.85-30/1.5=17.0 MPa

fyk =500 MPa
fyd =fyk/¥s = 500/1.15 = 434.78 MPa

Design Load: Vg = 343.25 kN

Design with respect to DIN EN 1992-1-1:2004 (NA) [1] [2]:2

z=max{d—cy,—30 mm; d—2 cy,}
Cvi=SU—-D/2=50—-28/2=36mm

z=max {450—36—30 mm; 450—2-36}

70 o e iCV,[=SU—D/2

z=max {384; 378} =384 mm
1—VRd,cc / VEd

<3.0

1.0<coto <

Ocd
VRd,cc=C-0.48-f (1— 1.2fid)-bw-z
C

VRd,cc =0.5-0.48-30%3.(1—-0)-0.3-0.384
VRd,cc = 0.08591 MN = 85.91kN

1.2+0

=1.60
1-85.91/343.25

coto =

Asw,requ/ S =Ved/ (fywd -Z+-cot8) =12.84 cm?/m

Calculating the max. shear force Vrg max in general that the concrete

can bear - cot6 =tan6=1.0.

VRd,max = bw +ZV1 'de / (Cote + tan 9)

The tools used in the design process are based on steel stress-strain diagrams, as

defined in [1] 3.2.7:(2), Fig. 3.8, which can be seen in Fig. 9.3.

2The sections mentioned in the margins refer to DIN EN 1992-1-1:2004 (German Na-

tional Annex) [1], [2], unless otherwise specified.
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(NDP) 2.4.2.4: (1), Tab. 2.1DE: Partial
factors for materials

Tab. 3.1: Strength for concrete

3.1.6: (1)P, Eq. (3.15): acc = 0.85 con-
sidering long term effects

3.2.2: (3)P: yield strength f,x = 500
MPa

3.2.7: (2), Fig. 3.8

(NDP) 6.2.3 (1): Inner lever arm z

(NDP) 6.2.3 (2): Eq. 6.7aDE

(NDP) Eq. 6.2.3 (2): 6.7bDE
c=0.5

(NDP) 6.2.3 (2): 0cqd = Neq / Ac

(NDP) 6.2.3 (2): The angle 6 should be
limited by Eq. 6.7DE

6.2.3 (3): Eq. 6.8
fywd =fy/¥s = 435 MPa

(NDP) 6.2.3 (3): Eq. 6.9

Maximum shear force Vg4 max Occurs
for @ =45°: cot6 =tan6 =1

vi = 0.75-v; = 0.75, v, = 1 for
< C50/60
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6.2.3 (1): Inner lever arm z

6.2.3 (2): Eq. 6.7N

The angle 6 should be limited by Eq.

6.7N

48

VRd,max =0.3-0.384-0.75-17/(1+1)=734.4 kN

Design with respect to EN 1992-1-1:2004 [6]: 3

z=0.9-d

z=0.9-450=405mm

1.0<cot6<2.5 - cotf=1.60 (choose for comparison)

Asw,requ/ S =Ved/ (fywa -z cot8) = 12.18 cm?/m

3The sections mentioned in the margins refer to EN 1992-1-1:2004 [6], unless other-
wise specified.
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9.5 Conclusion

This example shows the calculation of the required reinforcement for a rectangular cross-section under
shear force. It has been shown that the results are reproduced with excellent accuracy.

9.6 Literature

[1] DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
flir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.

[6] EN 1992-1-1: Eurocode 2: Design of concrete structures, Part 1-1: General rules and rules for
buildings. CEN. 2004.
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10 DCE-EN7: Design of a T-section for Shear

Overview

Design Code Family(s): EN

Design Code(s): EN 1992-1-1

Module(s): AQB

Input file(s): t-beam_shear.dat
10.1 Problem Description

The problem consists of a T-section, as shown in Fig. 10.1. The cross-section is designed for an ultimate
shear force Vg4 and the required reinforcement is determined.

K besr L

1 1
* b
1 ;

Lo
AT _____ P D PPPRPY. E __________ 4. - l VEd
h| d E
Zs
Lol | _a
- dlér I I :
bw

Figure 10.1: Problem Description

10.2 Reference Solution

This example is concerned with the design of sections for ULS, subject to shear force. The content of
this problem is covered by the following parts of EN 1992-1-1:2004 [6]:

+ Design stress-strain curves for concrete and reinforcement (Section 3.1.7, 3.2.7)
» Guidelines for shear design (Section 6.2)

* Reinforcement (Section 9.2.2)

/ : Fed
I e 4
L : N
d |z 6 | qv_‘}
TV V(cotO—cota) M
\ : Y .
/ S Ftd

shear reinforcement

Figure 10.2: Shear Reinforced Members
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The design stress-strain diagram for reinforcing steel considered in this example, consists of an inclined
top branch, as presented in Fig. 10.3 and as defined in EN 1992-1-1:2004 [6] (Section 3.2.7).

o
0 ftk,cal
fyk [ Feoc0 0 e=m T T
/
fya =fyk/Ys |
B |A| Idealised

Design

Y

Figure 10.3: Idealised and Design Stress-Strain Diagram for Reinforcing Steel

10.3 Model and Results

The T-section, with properties as defined in Table 10.1, is to be designed, with respect to EN 1992-1-
1:2004 [6] to carry an ultimate shear force of 450 kN. The reference calculation steps are presented
below and the results are given in Table 10.2.

Table 10.1: Model Properties

Material Properties Geometric Properties Loading

C 30/37 h=60.0cm Veq =450 kN
B 500A d=53.0cm

d1=7.0cm

b=30cm

besf =180 cm

hg=15cm

As1 =15 cm?

The intermediate steps of calculating the required reinforcement are also validated in this example.
First we calculate the design value for the shear resistance Vgrqg,c for members not requiring shear
reinforcement.

It gives a value of Vg c = 62.52 kN.
Checking the results in AQB, we can see that SOFiSTiK outputs also Vg1, = 62.52 kN.

Just to test this result, if we input a shear force of Vegg = 62.51 kN just below the value for Vgy -, AQB
will not output any value for cot @ and the minimum reinforcement will be printed (M). If we now give a
value of Vgg = 62.53 kN just larger than Vrq, ¢, then AQB will start increasing cot 8 and the minimum
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reinforcement will be printed. If we continue increasing Veq, AQB will continue increasing cot 6 until
it reaches the upper limit ofcot® = 2.5 with using the minimum reinforcement. If now the minimum
reinforcement is exceeded, AQB starts calculating a value for the required reinforcement.

Another option to test this limit of Vggc = 62.52 kN, would be to keep cot® = 1.0 and now with
Veq = 62.53 kN, AQB calculates a value for the required reinforcement larger than the minimum
reinforcement. For the maximum value of the angle 6, hence cot6 = 1.0, the maximum value allowed
for Vg can be calculated as 755.57 kN. This can be found in AQB results as the Vg2, = 755.57 kN
for the case of cot 8 = 1.0. Giving as an input a shear force just above this value Vgq = 755.58 triggers
a warning "Shear design not possible”.

Next step is the validation of Vrg,max- When the design shear force Vegq exceeds Vrd,max then cot o
must be decreased so that Veqg = Vra max- The reference result for Vrg max is 521.08 kN. Inputing a
value just below that, should give a cot 8 = 2.5, whereas for a value just above should give cot8 < 2.5.
This can be verified easily in AQB output for Vg = 521.07 and 521.09 kN, respectively.

Also the minimum reinforcement is calculated exactly by AQB with a value of 2.63 cm?2/m.

Table 10.2: Results

SOF. Ref.
Asw,requ/ S [cm?/m] 8.68 8.679
Asw.min/ S [cm?/m] 2.63 2.629
VRra,c [KN] 62.52 62.517
VRd,max [KN] 521.08 521.08
VEd, max [kN] 755.57 755.5
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(NDP) 2.4.2.4: (1), Tab. 2.1DE: Partial
factors for materials

Tab. 3.1: Strength for concrete

3.1.6: (1)P, Eq. (3.15): acc = 0.85 con-
sidering long term effects

3.2.2: (3)P: yield strength fyx = 500
MPa
3.2.7: (2), Fig. 3.8

6.2.3 (1): Inner lever arm z

6.2.2 (1): Design value for shear resis-
tance VRgqg,c for members not requiring
design shear reinforcement

6.2.3 (2): Eq. 6.7N: The angle 6 should
be limited by Eq. 6.7N

6.2.3 (3): Eq. 6.9

6.2.2 (6): Eq. 6.6N

54

10.4

Material: Concrete: v =1.50
Steel: s =1.15

Design Process'

fck =30 MPa
fea=0cc fek/Ye=1.0-30/1.5=20.0 MPa
Occ = 1.0

fyk =500 MPa

fyd =fyk/vs =500/1.15 = 434.78 MPa

Design Load: Veg = 450.0 kN

Design with respect to EN 1992-1-1:2004 [6]:°
z~0.9-d=0.9-530=477 mm
Vrd,c =Cra,c-k+(100-p1-fek) /3 + k1-0¢p |- bw - d

Crd.c =0.18/7, =0.12

200

Ag

bwd

=0.00<0.02

p1=

VRd,c =[0.12-1.6143-(100-0.0-30) 3>+ 0]-0.3-0.53
VRd,c = 0.00 kN > VRrd,cmin

VRd,c,min = (Vmin + k1 - 0cp) - bw - d

Vmin = 0.035 - k32 f1/2

Vmin =0.035-1.6143-30%/2 = 0.39319

VRd,c,min = (0.39319+ 0.0)-0.3-0.53 = 0.062517 MN
VRd,c,min = 62.517 kN — VRrg,c = 62.517 kN

Veqd > VRd,c — shear reinforcement is required

1.0 < cotf < 2.5 — start with cot0 = 2.50

VRd,max = bW-Z°V'fcd/(COt9+t(1n9)

v=0.6-[1 _ S
250

}=0.528

Min. reinforcement:

"The tools used in the design process are based on steel stress-strain diagrams, as

defined in [6] 3.2.7:(2), Fig. 3.8, which can be seen in Fig. 10.3.

2The sections mentioned in the margins refer to EN 1992-1-1:2004 [6], unless other-

wise specified.
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Pw,min = 0.08 + v/fci/fyk = 0.08 - ¥/30/500 = 0.0008763

Asw,min/S = Pw,min - bwsina

Asw,min/s = 0.0008763-30-100 =2.629 cm%/m’
Required reinforcement:

VEd

A /5= ———
swread fywd -z cotf
e For Vg < VRa,c

Shear reinforcement not required (min. reinforcement). In this example
min. reinforcement is disabled.

cotb6 =tan6=1.0, by =0.3m, z=0.477m, vi=0.6

aw=1.0

VRd,max =1.0-0.3-0.477-0.60 - 20 85850 MA
' 1.0+ 1.0

VRd,max = 858.59 kN

o For Veg = 63.0 kKN > Vgg,c =62.57:

Calculating the Vrd,max value:
VRd,max =0.3:0.477-0.528 - L =0.52108 MN
' 2.5+0.4
VRd,max =521.08 kN > Vgqg =63 kN

Calculating the Asw,requ / S value:

. , 0.063 1002 = 1.2151 cm?
e : =1 cm
sw,requ 434.78-0.477-2.5

e For Veg =63 kN and cot8 =1.0:

VEq =63 kKN > Vggc=62.51 kN

Calculating the Vrd, max value:
20
VRd,max =0.3-0.477-0.528- 10710 =0.7555 MN
VRd,max = 755.5 kN = Vgg = 63 kN

Calculating the Asw,requ / S value:

. , 0.521 1002 = 3.037 cm?
s= ' Ssnerem
sw,requ 434.78-0.477-1.0

e For Veg =756 kN and cot6 =1.0:

VEq =756 kKN > Vgg = 62.51 kN
VEq =756 KN > VRg max = 755.5 kN

Shear design not possible, because the cot @ value is fixed and can't

SOFISTiK 2022 | VERIFICATION - Design Code Benchmarks

9.2.2 (5): Eq. 9.5N

6.2.3 (3): Eq. 6.8
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be iterated.
e For Veg =521.10 kN:
VEq =521.10 kN > Vggc = 62.51 kN
Veqg =521.10 kN > Vg4 max = 521.08 kN
The cot 6 value is iterated until Vrg, max = VEd
e For Vgg =450 kN:
Veqg =450 kN > Vpg = 62.51 kN
Veqg =450 kN < Vg max = 521.08 kN

Calculating the Vrg,max value:
VRd.max =0.3-0.477-0.528 - L =0.52108 MN
’ 2.5+0.4
VRd,max = 521.08 kN > Vgqg = 450 kN

Calculating the Asw,requ / S value:

., , 0.450 1002 = 8.679 2
s = . = 8. cm
sw,requ 434.78-0.477-2.5

VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022
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10.5 Conclusion

This example shows the calculation of the required reinforcement for a T-beam under shear force. It has
been shown that the results are reproduced with excellent accuracy.

10.6 Literature

[6] EN 1992-1-1: Eurocode 2: Design of concrete structures, Part 1-1: General rules and rules for
buildings. CEN. 2004.
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11 DCE-EN8: Design of a Rectangular CS for Shear and
Axial Force

Overview

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1

Module(s): AQB

Input file(s): rectangular_shear_axial.dat
11.1 Problem Description

The problem consists of a rectangular section, symmetrically reinforced for bending, as shown in Fig.
11.1. The cross-section is designed for a shear force Veg and a compressive force Ngg and and the
required reinforcement is determined.

—

<~ %
As,tot/2
h d z
I N I SN DU K _4i_NEd
As,tot/2 VEd
——1 | °F —1

Figure 11.1: Problem Description

11.2 Reference Solution

This example is concerned with the design of sections for ULS, subject to shear force and axial force.
The content of this problem is covered by the following parts of DIN EN 1992-1-1:2004 [1] [2]:

+ Design stress-strain curves for concrete and reinforcement (Section 3.1.7, 3.2.7)
+ Guidelines for shear design (Section 6.2)

+ Reinforcement (Section 9.2.2)

/ . Fed
T ~-~7I1 v
L a 2 N
d Z 6 i -1 <—H»
TV V(cot6—cota) M
/ v —

shear reinforcement

Figure 11.2: Shear Reinforced Members
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The design stress-strain diagram for reinforcing steel considered in this example, consists of an inclined
top branch, as presented in Fig. 11.3 and defined in DIN EN 1992-1-1:2004 [1].

o
fyk -_,—-—”'—
fyd =fyk/Vs
|A] dealised
Design
€

Figure 11.3: Idealised and Design Stress-Strain Diagram for Reinforcing Steel

11.3 Model and Results

The rectangular cross-section, with properties as defined in Table 11.1, is to be designed, with respect
to DIN EN 1992-1-1:2004 (German National Annex) [1], [2], under a shear force of 343.25 kN and a
compressive axial force of 500.0 kN . The reference calculation steps are presented below and the
results are given in Table 11.2.

Table 11.1: Model Properties

Material Properties

Geometric Properties

Loading

C 30/37 h=50.0cm VEqg = 343.25 kN
B 500A b=30cm Neg =500.0 kN
d=45.0cm
As tot = 38.67 cm?
cvi=3.6cm
Table 11.2: Results
SOF. Ref.
Asw /s [cm?/m] 11.27 11.27
VRd,c [kN] 132.71 132.71
coté 1.82 1.82

60
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11.4 Design Process'

Design with respect to DIN EN 1992-1-1:2004 (NA) [1] [2]:?
Material:

Concrete: Y =1.50
Steel: ys =1.15

fek = 30 MPa
fed =Qcc fek/Yc = 0.85-30/1.5=17.0 MPa

fyk =500 MPa
fyd =fyk/¥s = 500/1.15 = 434.78 MPa

Design Load: Vg = 343.25 kN
Negg =—500.0 kN
z=max{d—cy,—30 mm; d—2 cy,}

z=max {384; 378} =384 mm

Vrd,c =[Cra,c-k+(100-p1-fek) V3 +0.12-0¢p |- bw - d
with a minimum of
(Vm[n + 0.12 ° acp) ° bw . d

CRrd,c =0.15/y.=0.1

200 200
k=1+\——=1+)\-—=1.6667<2.0
d 450

_ As,tot/2

= =0.01432 < 0.02
P1 bud

VRd,c,min = (Vmin +0.12- Ucp) by d
Vmin = (0.0525/Yc) -k¥2-f, /% = 0.41249

VRad,c,min =109.68 kN

Ocp = NEd/AC < 02 'de

Ocp =—500-1073/0.15-10% =—3.3333 N/mm? < 3.4

Vea,c = [0.1-1.6667-(1.432-30) /3 +0.112-3.3333]- 0.3 -

0.45=132.71 kN

VEqd > VRd,c — shear reinforcement is required

"The tools used in the design process are based on steel stress-strain diagrams, as

defined in [1] 3.2.7:(2), Fig. 3.8, which can be seen in Fig. 11.3.

2The sections mentioned in the margins refer to DIN EN 1992-1-1:2004 (German Na-

tional Annex) [1], [2], unless otherwise specified.

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks

(NDP) 2.4.2.4: (1), Tab. 2.1DE: Partial
factors for materials

Tab. 3.1: Strength for concrete
3.1.6: (1)P, Eq. (3.15): a.c = 0.85 con-
sidering long term effects

3.2.2: (3)P: yield strength fyx = 500
MPa
3.2.7: (2), Fig. 3.8

(NDP) 6.2.3 (1): Inner lever arm z

(NDP) 6.2.2 (1): Eq. 6.2a: Design value
for shear resistance Vgq, for members
not requiring design shear reinforce-
ment

(NDP) 6.2.2 (1): Eq. 6.2b

(NDP) 6.2.2 (1): Cpa,c = 0.15/7

(NDP) 6.2.2 (1): Eq. 6.3aDE: v, for
d <600 mm

(NDP) 6.2.2 (1): Eq. 6.2
O¢p > 0 for compression
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(NDP) 6.2.3 (2): Eq. 6.7aDE

(NDP) 6.2.3 (2): Eq. 6.7bDE
c=0.5

(NDP) 6.2.3 (2): Ocqd = Neq / Ac

6.7DE: 0cq > O for compression

(NDP) 6.2.3 (2): The angle 6 should be
limited by Eq. 6.7DE

6.2.3 (3): Eq. 6.8

fywd = fyx/¥s = 435 MPa

(NDP) 6.2.3 (3): Eq. 6.9

Maximum shear force Vgg max occurs
for 6 = 45°: cot6=tan6=1

(NDP) v1 =0.75-v,=0.75, v, =1
for < C50/60

62

1.2+ 1.4 0/
cd fcd <3.0

1.0<cotf <
1-—- VRd,cc/ VEd

Ocd
VRd,cc=C-0.48-f /3. (1— 1.2f—cd)-bw-z
Ci

Ocp = Ngg / Ac

Ocd =—500-1073/0.15-10% =—3.3333 N/mm?

3.3333
VRd,cc =0.5-0.48-30 /3. (1— 1.2—) -0.3-0.384
17.0
VRd,CC =65.6948 kN
1.2+1.4-3.3333/17.0
cotf = =1.823

1-65.6948/343.25

Asw,requ/ S =Ved/ (fywd - Z-cot8) =11.27 cm?/m
VRd,max = bw*Z-V1-fcd/ (cOt 6+ tan 6)
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11.5 Conclusion

This example shows the calculation of the required reinforcement for a rectangular beam cross-section
under shear with compressive axial force. It has been shown that the results are reproduced with
excellent accuracy.

11.6 Literature

[1] DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
flir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.
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12 DCE-EN9: Design of a Rectangular CS for Shear and
Torsion

Overview

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1

Module(s): AQB

Input file(s): rectangular_shear_torsion.dat
12.1 Problem Description

The problem consists of a rectangular section, symmetrically reinforced for bending, as shown in Fig.
12.1. The cross-section is designed for shear force Vegy and torsion Tgg and the required shear and
torsion reinforcement is determined.

>
As,tot/ 2
h d
. — | EEENE—] . _ . N P N ooinmne0e 4 - L_»ng
Ed
As,tot/2
AT N AT
\

Figure 12.1: Problem Description

12.2 Reference Solution

This example is concerned with the design of sections for ULS, subject to shear force and torsion. The
content of this problem is covered by the following parts of DIN EN 1992-1-1:2004 [1] [2]:

+ Design stress-strain curves for concrete and reinforcement (Section 3.1.7, 3.2.7)
+ Guidelines for shear (Section 6.2) and torsion design (Section 6.3)

+ Reinforcement (Section 9.2.2,9.2.3)
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Figure 12.2: Torsion Reinforced Members

The design stress-strain diagram for reinforcing steel considered in this example, consists of an inclined
top branch, as presented in Fig. 12.3 and as defined in DIN EN 1992-1-1:2004 [1] (Section 3.2.7).

ftk,cal

-
- -
-
-

-
-
-
-
-

fyk """ r

fyd =fyk/ Vs }f----- 4
E Idealised

Design

Figure 12.3: Idealised and Design Stress-Strain Diagram for Reinforcing Steel

12.3 Model and Results

The rectangular cross-section, with properties as defined in Table 12.1, is to be designed, with respect to
DIN EN 1992-1-1:2004 (German National Annex) [1], [2], under shear force of 175.0 kN and torsional
moment 35 kNm. The reference calculation steps [4] are presented below and the results are given in
Table 12.2.

Table 12.1: Model Properties

Material Properties Geometric Properties Loading

C 35/45 h=70.0cm Veqg =175.0 kN

B 500A b=30cm Teqg = 35.0 kNm
d=65.0cm

As tot = 26.8 cm?
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Table 12.2: Results

SOF Ref.
Asw / sw (T) [cm?/m] 3.35 3.35
Asi (T) [cm?] 5.37 5.37
Asw,total/ S [cm?2/m] 13.60 13.59
VRd,c [kN] 110.13 113.12
VRd, max [KN] 1303.05 1303.03
TRd,max [KNmM] 124.95 124.95
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(NA) 2.4.2.4: (1), Tab. 2.1DE: Partial
factors for materials

Tab. 3.1: Strength for concrete

(NDP) 3.1.6: (1)P, Eq. (3.15): acc =
0.85 considering long term effects
(NDP) 3.2.2: (3)P: yield strength fyx =
500 MPa

3.2.7: (2), Fig. 3.8

(NDP) 6.3.2 (5): Eq. (NA.6.31.1):
For approximately rectangular solid
sections no shear and torsion rein-
forcement is required except from the
minimum reinforcement, provided that
the condition is satisfied

and (NDP) 6.3.2 (5): Eq. (NA.6.31.2):
When the condition equation is not
fulfilled then shear and torsion design
has to be reverified

(NDP) 6.2.2 (1): Eq. 6.2a: Design value
for shear resistance Vgq, for members
not requiring design shear reinforce-
ment

(NDP) 6.2.2 (1): Crq,c = 0.15/7,

68

12.4 Design Process '

Design with respect to DIN EN 1992-1-1:2004 (NA) [1] [2]:®
Material:

Concrete: Y =1.50

Steel: ys=1.15

fck =30 MPa

fed = Qcc fek/Ye = 0.85-35/1.5 = 19.833 MPa
fyk =500 MPa

fyd =fyk/Ys =500/1.15 = 434.78 MPa

Design Load:

Veq =175.0 kKN, Teg = 35.0 kN

VEd - bw
Teg S ——
F1="45
175-0.3
5>——=11.66
4.5
— Eq. NA.6.31.1 is not fulfilled
4.5 -ng}
Veg |1 + — [V
Ed [ Vg - b Rd,c

VRd,c =[Cra,c+k+(100-p1-feok) V3 +0.12- 0¢p |- b - d
Crd,c =0.15/y,=0.1

200
k=1+\7<20

200
k=1+\—=1.5547<2.0
650

_ Asl
pP1= by-d
26.8-1002
p1=————/—=0.0137 <0.02
0.3-0.65

VRd,c =[0.1-1.5547-(100-0.0137-35) 3+ 0]-0.3-0.65

VRd,c =0.11013 MN =110.13 kN

175.0.3

"The tools used in the design process are based on steel stress-strain diagrams, as
defined in [1] 3.2.7:(2), Fig. 3.8, which can be seen in Fig. 12.3.

2The sections mentioned in the margins refer to DIN EN 1992-1-1:2004 (German Na-
tional Annex) [1], [2], unless otherwise specified.

4.5-35
175-[1+ ]=700>111.74
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— requirement of Eq. NA.6.31.2 is not met
Torsional reinforcement
tefr,1 = tefr,2 =2-50 =100 mm (So =Sy =5Ss =50 mm)
A =(h—5su—50) - (bw—tefr,1) = 100 mm
Ak =(700—50—50)-(300—100) = 120000 mm? = 0.12 m?
ugk=2-[(700—50—-50)+ (300—100)] =1600mm=1.6 m

Simplifying, the reinforcement for torsion may be determined alone un-
der the assumption of cot6 = 1.0, & = 45° and be added to the
independently calculated shear force reinforcement.

Asw,requ/ Sw = Teq -tan 8 / (fyq - 2Ak)

Asw,requ/ Sw=350-1.0/(435-2-0.12) = 3.35 cm?/m (T)
Asirequ = TEd * Uk - €Ot 8 / (fya - 2Ak) = 5.37 cm? (T)
Torsional resistance moment

TRd,max =2V - fcd - Ak - teff,i - SinB - cos

sin@-cos6 = 0.5 since 6 = 45°

TrRd,max = 124.95 kNm

Check of the concrete compressive strut bearing capacity for the
load combination of shear force and torsion

The maximum resistance of a member subjected to torsion and shear
is limited by the capacity of the concrete struts. The following condition
should be satisfied:

[ TEd T [ Ed
[R— + —_—
TRd,max VRd,max

For the T+V utilization, SOFiSTiK uses:

T 2 vV 2
M—Ed ] + [—Ed ] <1.0
TRd,max VRd,max

z=max{d—cyv,—30 mm; d—2 cy,}

2
} <1.0

Cvi=S0—Do/2=50—28/2=36 mm
z=max {584; 578} =584 mm
VRd,max =bw+Z-V1-fcd/ (cOtO + tanb)

VRd,max = 0.3-0.584-0.75-19.833 /(1 + 1) = 1303.03 kN

35 72 175 12
[_] ; [—] ~0.0965 <1
124.95 1303.04

Shear reinforcement

SOFISTiK 2022 | VERIFICATION - Design Code Benchmarks

6.3.1 (3): Solid sections may be mod-
elled by equivalent thin-walled sections
(Fig. 12.2)

Ay area enclosed by the centre-line

Uk circumference of area Ax

6.3.2 (2): The effects of torsion
and shear may be superimposed,
assuming the same value for 6

(NDP) 6.3.2 (3): Eq. (NA.6.28.1)

6.3.2 (3): Eq. 6.28

6.3.2 (4): Eq. 6.30
(NDP): v =0.525

(NDP) 6.3.2 (4): Eqg. (NA.6.29.1) for
solid cross-sections

(NDP) 6.2.3 (1): Inner lever arm z

So: offset of reinforcement
D,: bar diameter

(NDP) 6.2.3 (3): Eq. 6.9

Maximum shear force Vrg max Occurs
for 6 =45°: cot6=tan6=1

(NDP) 6.2.3 (3):v1 =0.75-v, =0.75,
vz =1 for < C50/60
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6.2.3 (3): Eq. 6.8 Asw,requ/ S = VEed/ (fywd - Z-cot8) = 6.89 cm?/m
fywd = fyk/Ys = 435 MPa
Total required reinforcement
Required torsional reinforcement:
2-Asw/Sw =2-3.35 = 6.7 cm?/m (double-shear connection)
Total reinforcement: Asw total/S = 6.7 + 6.89 = 13.59 cm?/m

Check the maximum allowable compressive stress

fck
500

35
=0.750-1.00-min(1.0,1.1— —)
500

Vev=0.750-n1-min(1.0,1.1— )

=0.750

fck
500

35
=0.525-1.00-min(1.0,1.1— —)
500

Vev =0.525-n1-min(1.0,1.1—

)

=0.525

Ocv = Vev * fed
=0.75-19.83
=14.88

Oct = Vet * fed
=0.525-.19.83
=10.41

011 < Oc,v+t

—4.91 MPa <—14.88 MPa — OK
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12.5 Conclusion

This example shows the calculation of the required reinforcement for a rectangular beam cross-section
under shear and torsion. It has been shown that the results are reproduced with excellent accuracy.

12.6 Literature

[1] DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
flir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.

[4] Beispiele zur Bemessung nach Eurocode 2 - Band 1: Hochbau. Ernst & Sohn. Deutschen Beton-
und Bautechnik-Verein E.V. 2011.
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13 DCE-EN10: Shear between web and flanges of T-
sections

Overview

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1

Module(s): AQB

Input file(s): t-beam_shear_web_flange.dat
13.1 Problem Description

The problem consists of a T-beam section, as shown in Fig. 13.1. The cs is designed for shear, the shear
between web and flanges of T-sections is considered and the required reinforcement is determined.

¥F—— besf —

~

hr

_____ S (SN | .

" """" l VEd

Asl Asl

Figure 13.1: Problem Description

13.2 Reference Solution

This example is concerned with the shear design of T-sections, for the ultimate limit state. The content
of this problem is covered by the following parts of DIN EN 1992-1-1:2004 [1]:

+ Design stress-strain curves for concrete and reinforcement (Section 3.1.7, 3.2.7)

+ Guidelines for shear design (Section 6.2)

longitudinal bar anchored
beyond this point

compressive
struts

Figure 13.2: Connection between flange and web in T-sections

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks 73


https://www.sofistik.de/documentation/2022/en/verification/_static/verification/zip/dce-en10.zip

29

<2 SOFISTIK

)

o

DCE-EN10: Shear between web and flanges of T-sections

The design stress-strain diagram for reinforcing steel considered in this example, consists of an inclined
top branch, as presented in Fig. 13.3 and as defined in DIN EN 1992-1-1:2004 [1] (Section 3.2.7).

A ftk,cal = 525N/I’7’7m2
fyk ””””” F--"C 0 =TT
fyd =fyk/Ys |y ;
B |A| Idealised

Design

€

€ud = 25 0/00

Figure 13.3: Idealised and Design Stress-Strain Diagram for Reinforcing Steel

13.3 Model and Results

The T-section, with properties as defined in Table 13.1, is to be designed for shear, with respect to DIN
EN 1992-1-1:2004 (German National Annex) [1], [2]. The structure analysed, consists of a single span
beam with a distributed load in gravity direction. The cross-section geometry, as well as the shear cut
under consideration can be seen in Fig. 13.4.

L 175

60
(=)

;
L 67.5 40 67.5 L
1 i
Figure 13.4: Cross-section Geometry, Properties and Shear Cuts
Table 13.1: Model Properties

Material Properties Geometric Properties Loading
C 20/25 h=75.0cm Pg =155 kN/m
B 500A hf=15cm, hyy, =60.0 cm

di=7.0cm
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Table 13.1: (continued)

Material Properties Geometric Properties Loading

byw =40 cm

beff,i =67.5 cm, beff =175 cm

The system with its loading as well as the moment and shear force are shown in Fig. 13.5. The reference
calculation steps [4] are presented in the next section and the results are given in Table 13.2.

155.0 155.0 155.0
NRRARLRAAANANNRIRRARRAAAN

155.0 155.0 155.0
NRRRALARAANNNNRIRRNRAAAN

155.0
NRRRRRRRN

Q01 1002 1003 1004 1005

101

6.6
ovel
8¢9l
0981

Figure 13.5: Loaded Structure, Resulting Moment and Shear Force

Table 13.2: Results

At beam 1001 SOF. Ref.
Asi[cm?latx=1.0m 23.26 23.27
Asf / sf [cm?/m] 5.71 5.79
VRa.c [kN] 61.05 61.2
VRd,max [KN] 711.61 712.53
cot@ 1.62 1.619
z[cm]atx=1.0m 65.72 65.7
VEeq = AFq [kN] 403.65 409.36
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(NDP) 2.4.2.4: (1), Tab. 2.1DE: Partial
factors for materials

Tab. 3.1: Strength for concrete

3.1.6: (1)P, Eq. (3.15): acc = 0.85 con-
sidering long term effects

3.2.2: (3)P: yield strength fyx = 500
MPa
3.2.7: (2), Fig. 3.8

H=0—-An=0

Tab. 9.2 [3]: w—Table for up to C50/60
without compression reinforcement

Negg =0

6.2.4 (3): Eq. 6.20

76

13.4

Design with respect to DIN EN 1992-1-1:2004 (NA) [1] [2]:®

Design Process'

Material:

Concrete: Y =1.50
Steel: ys =1.15

fek =25 MPa
fed =Qccfek/Yc = 0.85-25/1.5 = 14.17 MPa

fyk =500 MPa
fyd =fyk/¥s =500/1.15 = 434.78 MPa

Osq = 456.52 MPa

Design loads

e Design Load for beam 1001, x=0.0 m:
MEgd,x=0.0 m = 0.0 kNm

e Design Load for beam 1001, x=1.0 m:

MEd x=1.0 m = 697.5 kNm

Calculating the longitudinal reinforcement:

e For beam 1001, x=0.0 m

MEeqgs 0.0-1073
MEds = 5 = 5 =0.00
beff-d?-fcg 1.75-0.684-14.17
e For beam 1001, x=1.0 m
M 697.5-10°3
UEds = Eds —0.0608

berf-02 fog  1.75-0.682-14.17
w=~0.063,f~0.967 and § ~ 0.086 (interpolated)

1
Asi=—(w-b-d-fed+ Neq)
Osd

As1 -(0.063-1.75-0.68-14.17)-1002 = 23.27 cm?

= 456.52
7=C-d=0.967-0.68 m~ 65.7 cm

Calculating the shear between flange and web

The shear force, is determined by the change of the longitudinal force, at
the junction between one side of a flange and the web, in the separated
flange:

"The tools used in the design process are based on steel stress-strain diagrams, as
defined in [1] 3.2.7:(2), Fig. 3.8, which can be seen in Fig. 13.3.

2The sections mentioned in the margins refer to DIN EN 1992-1-1:2004 (German Na-
tional Annex) [1], [2], unless otherwise specified.
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Megx=1.0 MEd,x=0.0 hf - befs,i
AFq = — .
z z hy - begf

For beam 1001 (x=0.00 m) — Mgy = 0.00 therefore:

697.5 0.675
q4= ( ) . =409.36 kN In AQB output AFy = T[KN/m]

0.657 ) 1.75
The longitudinal shear stress vgg at the junction between one side of a

flange and the web is determined by the change of the normal (longitu-
dinal) force in the part of the flange considered, according to:

AFd
VEd = DIN EN 1992, 6.2.4 (3),Eq. 6.20: hf
hf - AX is the thickness of flange at the junc-
tions, Ax is the length under consider-
In our case Ax = 1.0 because the beam length is = 1.00 m. ation, AFy is the change of the normal

force in the flange over the length Ax

Please note that AQB is outputting the results per length.
409.36
~15-100

Checking the maximum vgg max value to prevent crushing of the
struts in the flange

VEJ =0.272 kN/m? =2.72 MPa In AQB output Veq = T— V

To prevent crushing of the compression struts in the flange, the following
condition should be satisfied:

VEd < VRd,max = V * fcd - SinBf - cosOf DIN EN 1992, 6.2.4 (4),Eq. 6.22
VRd,max =V * fcd - SiN6f - COSOf

According to DIN EN 1992-1-1, NDP 6.2.4(4):

V=V

v1=0.75-v> DIN EN 1992, NDP 6.2.3 (3),Eq. 6.22
fck

vy =1.1— <1.0

20
v2=11———=11-0.04=1.0621.0—-v,=1.0
500

v1=0.75-1.0=0.75—-v=0.75

The 6 value is calculated:

Ocd
VRd,cc =C-0.48 -fclf . (1 —-1.2- —) by -z DIN EN 1992, NDP 6.23 (2)Eq.
cd NA.6.7b: 0cq = Ne4/Ac, c=0.5

bw—hf, z—Ax, c=0.5

Ocd
VRd,cc=C°0.48'f1,£3-(1—1.2-fL)-hf-AX

¢ cd
VRd,cc = 0.5-0.48-251/3. (1— 1.2. L) -0.15-1.0
’ 14.17
VRd,cc =0.1052 MN = 105.26 kN
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1.2+ 1.4-A0cq/fcd
DIN EN 1992, NDP 6.2.3 (2)Eq. 1.0<cotb < calfc <3.0
NA.6.7a 1— VRd,cc/VEd
1.2
coto = =1.619
1—-105.26/409.36
1 1
tanf= ——=——=0.619 -6 =31.75°
coté 1.619

DIN EN 1992, 6.2.4 (4),Eq. 6.21

78

VRd,max = 0.75-14.17 -sin31.75.c0s31.75 =4.7502 MPa
VRd,max = VRd,max * hf -+ Ax =4.7502-0.15-1.0=0.71253 MN
VRd,max = 712.53 kN

Checking the value Vgq ¢

If Veg is less than or equal to Vrg,c = K - fctg NO extra reinforcement
above that for flexure is required.

VRd,c =K - fctd

For concrete C 25/30 — fctg = 1.02 MPa

VRd,c =0.4-1.02 =0.408 MPa

VRd,c = VRd,c - hf -Ax =0.0408-15-100 =61.2 kN

e Calculating the necessary transverse reinforcement:

e = VEd - hf
of cotos - fya
2.72-0.15
asf = 1002 =5.79 cm?
1.619-434.78
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13.5 Conclusion

This example is concerned with the calculation of the shear between web and flanges of T-sections. It
has been shown that the results are reproduced with good accuracy.

13.6 Literature

[1] DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
flir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.

[3] K. Holschemacher, T. Mlller, and F. Lobisch. Bemessungshilfsmittel fiir Betonbauteile nach Eu-
rocode 2 Bauingenieure. 3rd. Ernst & Sohn, 2012.

[4] Beispiele zur Bemessung nach Eurocode 2 - Band 1: Hochbau. Ernst & Sohn. Deutschen Beton-
und Bautechnik-Verein E.V. 2011.
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14 DCE-EN11: Shear at the interface between concrete
cast

Overview

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1

Module(s): AQB

Input file(s): shear_interface.dat
14.1 Problem Description

The problem consists of a T-beam section, as shown in Fig. 14.1. The cs is designed for shear, the shear
at the interface between concrete cast at different times is considered and the required reinforcement is
determined.

—— begr —F

SN - -
h¢ [y

| .| N

1

]

1

:

L}

Shear section |
Zs :
1

1

1

1

1

1,

1

1

1

A? dlI Av
Av A?

Figure 14.1: Problem Description

As1

o f

w

14.2 Reference Solution

This example is concerned with the shear design of T-sections, for the ultimate limit state. The content
of this problem is covered by the following parts of DIN EN 1992-1-1:2004 [1]:

+ Design stress-strain curves for concrete and reinforcement (Section 3.1.7, 3.2.3)

» Guidelines for shear design (Section 6.2)

new concrete anchorag7

]
453< b
<30° VEd b '
h1 <10d T
anchorage

old concrete

Figure 14.2: Indented Construction Joint - Examples of Interfaces
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The design stress-strain diagram for reinforcing steel considered in this example, consists of an inclined
top branch, as presented in Fig. 14.3 and as defined in DIN EN 1992-1-1:2004 [1] (Section 3.2.7).

o
A _ ftk,cal
fyk [ Feoc0 0 e=m T T
/
fyd =fyk/Vs |y
B |A| Idealised

Design

Y

Figure 14.3: Idealised and Design Stress-Strain Diagram for Reinforcing Steel

14.3 Model and Results

The T-section, with properties as defined in Table 14.1, is to be designed for shear, with respect to DIN
EN 1992-1-1:2004 (German National Annex) [1], [2]. The reference calculation steps [4] are presented
in the next section and the results are given in Table 14.2.

Table 14.1: Model Properties

Material Properties Geometric Properties Loading

C 20/25 h=135.0cm V, =800 kN

B 500A hf =29cm My =2250 kNm
di1=7.0cm

bw =40 cm , beff =250 cm

As1 =1.0cm?

Zs=95.56 cm

Table 14.2: Results

as [cm?2/m] SOF. Ref.
state I 7.00 7.07
state IT only V 4.86 4.90
stateII V+ M 4.99 4.99
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14.4 Design Process '

Design with respect to DIN EN 1992-1-1:2004 (NA) [1] [2]:?
Material:

Concrete: Y =1.50
Steel: ys =1.15

fek =25 MPa
fcd = acc‘fck/yC = 085 . 25/15 =14.17 MPa

fyk =500 MPa
fyd =fyk/¥s = 500/1.15 = 434.78 MPa

Osqg =456.52 MPa
TV V‘S

T=—=
bw Iy’bw

where S is the static moment of the separated area

0.8-0.18058
T=————7———=2.1669 MPa
0.16667-0.4
0.8-0.18058
Ty=————=0.86676 MN/m =866.76 kN/m
0.16667

T, =866.76/2=433.38 kN/m

State I:

Design Load:

Vegi=Tv =433.38 kN/m

VEqgi=T=2.1669 MPa

VRd,c =[Cra,c+k+(100-p1fok) V> +0.12- 0 |- b - d
VRd,c = Cra,c -k +(100-p1 -fek) /3 4+ 0.12 - 0¢p

_ Asl
" bywd

with @ minimum of

P1 =0.0 —>VRd,C=0.O

VRd,C,min = (Vmin +0.12. O'Cp) . bW .d
VRd,c,min = Vmin+ 0.12 - 0¢p

Vmin = (0.0375/v¢)-k¥2.f_ */? = 0.20833 MPa

The tools used in the design process are based on steel stress-strain diagrams, as
defined in [1] 3.2.7:(2), Fig. 3.8, which can be seen in Fig. 14.3.

2The sections mentioned in the margins refer to DIN EN 1992-1-1:2004 (German Na-
tional Annex) [1], [2], unless otherwise specified.
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(NDP) 2.4.2.4: (1), Tab. 2.1DE: Partial
factors for materials

Tab. 3.1: Strength for concrete

3.1.6: (1)P, Eq. (3.15): a.c = 0.85 con-
sidering long term effects

3.2.2: (3)P: yield strength fyx = 500
MPa

3.2.7: (2), Fig. 3.8

The shear section with a length of 0.4
m is split into two equal parts with b; =
0.2m

The associated design shear flow Vegq;
is:

(NDP) 6.2.2 (1): Eq. 6.2a: Design value
for shear resistance Vgq, for members
not requiring design shear reinforce-
ment

(NDP) 6.2.2 (1): Eq. 6.2b

(NDP) 6.2.2 (1): Eq. 6.3bDE
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VRd,c,min = 0.20833 — VRgg,=0.20833 MPa

VEdi > VRd,c — Shear reinforcement is required

6.2.5 (1): Eq. 6.23: The design shear VEdi < VRdi
stress at the interface should satisfy this

(NDP) 6.2.5 (1): Eq. 6.25 VRdi=C-fetd+ M On+p-fya-(1.2-u-sina+ cosa)
Maximum shear stress Vagimax and VRgi < 0.5V - feg

(NDP) 6.2.5 (1): v = 0.70 for indented

surface VRdl,max=05‘V'fcd=49585 MPG

6.2.5 (2): ¢, u: factors depending on the c=0.50 and o= 0.9 for indented surface
roughness of the interface

(NDP) 3.1.6 (2)P: Eq. 3.16 fetd = Oct  fetk;0.05 / Yc
ac.t=0.85

3.1.2 (3): Tab. 3.1 - Strength forcon-  f ., =0.85-1.80/1.5=1.02

crete: fcfk;o,os = 1.8 MPa:

a
: area of reinforcement cross- VRagi=0.5-1.02+ 0+ O—S +435.(1.2:-0.9:-1+0)

-5
p_bi'li 2’10

ing interface / area of joint

a
VRgi = 0.51 + 0—52-469.56 =2.1669

as=7.07 cm?/m

State II only shear force V:
Design Load:

From the calculated inner lever arms for the two states we get a ratio:

Z]
— =0.7664
2]

The associated design shear flow Vgg; is:
Vegi=0.7664-433.38 =332.15 kN/m

and Veqi = 332.15/0.2 =1.66 MPa

Following the same calculation steps as for state II we have:
VRd,c = 0.20833 MPa (as above)

VEdi > VRd,c — shear reinforcement is required

VEdi £ VRdi

VRdi=C-fetd+ MU On+ P fya-(1.2-u-sina+ cosa)

a
VRgi=0.5-1.02+0+ ——-435-(1.2-0.9-1 + 0)
0.2-1.0

a
VRgi = 0.51 + 0—52-469.56 =1.66

as=4.90 cm?/m
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State II shear force V and moment M:

Mggs = 2250 kNm

MEegs 2250-1073

= =0.03876
befr-d?-feg 2.5-1.282-14.17

HEds =

w=0.03971 and § = 0.9766 (interpolated)

1
As1=— - (W-b-d-feg+ Neg) = 39.44 cm?
Osd

z=max{d—cy—30mm; d—2cy,}
z=max {1160; 1190} =1190 mm
Design Load:
Tv=V/z=800/1.19=672.268 kN/m
Ty=672.268/2=336.134 kN/m
VEgi = 336.134 kN/m

and Vegg; = 336.134/ 0.2 =1.68 MPa

VRd,c = CRrd,c*k+(100-p1 - fek) 13 +0.12- Ocp
CRrd,c =0.15/y,=0.1

200 200
k=1+\—=1+)\—==1.3953<2.0
d 1280

Asi 39.44

= = =0.007703 < 0.02
bwd 40-128

P1

VRd,c = 0.1-1.3953-.(100-0.007703-25) 1/3 +0
VRa,c = 0.373229 MPa

VEdi > VRd,c — Sshear reinforcement is required

VRdi =C-fetd+ MU+ On+ P fya-(1.2-u-sina+ cosa)

a
VRdl'=0.5-1.02+0+—5-435-(1.2-0.9-1+0)
0.2-1.0

a
VRgi = 0.51 + 0—52-469.56 —1.68

as =4.99 cm?/m
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Tab. 9.2 [3]: w—Table for up to C50/60
without compression reinforcement

Neg=0

(NDP) 6.2.3 (1): Inner lever arm z

The shear section with a length of 0.4
m is split into two equal parts with b; =
0.2m

(NDP) 6.2.2 (1): Cra,c = 0.15/7
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14.5 Conclusion

This example shows the calculation of the required reinforcement for a T-section under shear at the
interface between concrete cast at different times. It has been shown that the results are reproduced
with excellent accuracy. Small deviations occur because AQUA calculates (by using FEM analysis) the
shear stresses more accurate compared to the reference example.

14.6 Literature

[11 DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
flir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.

[3] K. Holschemacher, T. Mlller, and F. Lobisch. Bemessungshilfsmittel flir Betonbauteile nach Eu-
rocode 2 Bauingenieure. 3rd. Ernst & Sohn, 2012.

[4] Beispiele zur Bemessung nach Eurocode 2 - Band 1: Hochbau. Ernst & Sohn. Deutschen Beton-
und Bautechnik-Verein E.V. 2011.
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15 DCE-EN12: Crack width calculation of reinforced
beam acc. DIN EN 1992-1-1

Overview

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1

Module(s): AQB

Input file(s): crack_widths.dat
15.1 Problem Description

The problem consists of a rectangular section, asymmetrically reinforced, as shown in Fig. 15.1. Differ-
ent loading conditions are examined, always consisting of a bending moment Mgy, and in addition with
or without a compressive or tensile axial force Ngg. The crack width is determined.

>
As’
hl d|l =z Med
[ N IR R O - Neg
As
-

Figure 15.1: Problem Description

15.2 Reference Solution

This example is concerned with the control of crack widths. The content of this problem is covered by
the following parts of DIN EN 1992-1-1:2004 [1]:

+ Design stress-strain curves for concrete and reinforcement (Section 3.1.7, 3.2.7)

+ Basic assumptions for calculation of crack widths (Section 7.3.2,7.3.3,7.3.4)
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5(c+ ¢/2)

Figure 15.2: Stress and Strain Distributions in the Design of Cross-sections

The design stress-strain diagram for reinforcing steel considered in this example, consists of an inclined
top branch, as defined in DIN EN 1992-1-1:2004 [1] (Section 3.2.7).

15.3 Model and Results

The rectangular cross-section, with properties as defined in Table 15.1, is to be designed for crack
width, with respect to DIN EN 1992-1-1:2004 (German National Annex) [1] [2]. The calculation steps
with different loading conditions and calculated with different sections of DIN EN 1992-1-1:2004 are
presented below and the results are given in Table 15.2.

Table 15.1: Model Properties

Material Properties Geometric Properties Loading

C25/30 h=100.0cm Neg =0 or £300 kN

B500A d=96.0cm Mgg =562.5kNm
b=30.0cm

¢s =25.0mm, As = 24.50 cm?

ps =12.0mm, Asr = 2.26 cm?

wk=0.3mm

Table 15.2: Results

Case Load As given [cm?] Result SOF. Ref.
I Megg, Neg =0 24.50 As requ [cm?] 6.93 6.93

Os [MPa] 207.85 207.85
II Meg, Neg = 300 24.50 As requ [cm?] 10.39 10.39
I Med, Neg = —300 24.50 Agrequ [cm?] 4.04 4.04
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Table 15.2: (continued)
Case Load As given [cm?] Result SOF. Ref.
v Megg, Neg =0 24.50 As [cm?] passed with

given reinforcement
os [MPa] 440.57 440.53
v MEg, Neg =0 12.0 As [cm?] not passed with
given reinforcement
— new: 14.54 Os [MPa] 436.30 436.28
VI Mgy, Neg =0 24.50 wgk [mm] 0.13 0.13
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(NDP) 2.4.2.4: (1), Tab. 2.1DE: Partial
factors for materials

Tab. 3.1 : Strength for concrete

3.1.6: (1)P, Eq. (3.15): acc = 0.85 con-
sidering long term effects

3.2.2: (3)P: yield strength fyx = 500
MPa

3.2.7: (2), Fig. 3.8

7.3.2: If crack control is required, a min-
imum amount of bonded reinforcement
is required to control cracking in areas
where tension is expected

7.3.2(2): Eq. 7.1: As min minimum area
of reinforcing steel within tensile zone
(NDP) 7.3.2 (2): fct,eff mean value of
concrete tensile strength

When the cracking time can’t be placed
with certainty in the first 28 days then
feteff = 3.0 MPa for normal concrete
Tab. 3.1: fetm = 2.6 MPa for C 25
7.3.2 (2): Act is the area of concrete
within tensile zone, for pure bending of
a rectangular section its height is h/2

7.3.2 (2): Eq. 7.2: k¢ for bending of
rectangular sections

7.3.2 (2): Eq. 7.4: 0. mean stress of
the concrete

7.3.2 (2): his the lesser value of b, h
h= min{300,1000} =300 mm

7.3.2 (NA.5): Eq. NA.7.5.2: For deter-
mination of the reinforcement stress the
maximum bar diameter has to be modi-
fied

90

15.4

Design with respect to DIN EN 1992-1-1:2004 (NA) [1] [2]:®

Design Process '

Material:

Concrete: Y =1.50
Steel: ys=1.15

fck =25 MPa
fed =0Acc *fek/Ye = 0.85-25/1.5 =14.17 MPa

fyd =fyk/vs = 500/1.15 = 434.78 MPa
Design Load:
MEgqg =562.5 kNm

Ngg=0.0 or £300 kN

Minimum reinforcement areas
e Case I: Mgy, Neq = 0.0
As,min * Os = K¢+ K - fet eff - Act
fet.eff =fctm = 3.0 MPa

Act=b-hesr=0.3-0.5=0.15 m?

f, ct,eff

hefr = h/2

(0]
kC=O.4-[1— < ]s1
kl : (h/h*) ‘fct,eff

0c=Ngq/(b-h)=0.0—- kc=0.4
k=0.8forh <300
¢s=0¢2 -feterf/ 2.9 N/mm?

¢X=25-2.9/3.0=24.16667

"The tools used in the design process are based on steel stress-strain diagrams, as

defined in [1] 3.2.7:(2), Fig. 3.8.

2The sections mentioned in the margins refer to DIN EN 1992-1-1:2004 (German Na-

tional Annex) [1], [2], unless otherwise specified.
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Os =/ wk-3.48-106/ ¢* =207.846 MPa
Asrequ=0.4-0.8-3.0-0.15-10%/207.846 = 6.928cm?
e Case II: Ngg = 300 kKN

As,min * Os = K¢ - K - fet,eff - Act

feteff =fetm = 3.0 MPa

feteff =2.6 < 3.0 MPa — fcteff = 3.0 MPa

Act = b+ hesf = 0.15 m?

Neg 300-103
" b-h  300-1000
k = 0.8 for h < 300

=1.0 MPa

Oc

¢s = ¢; feteff/ 2.9 N/mm?2
¢ =25-2.9/3.0=24.16667

Os = \/wk -3.48-10°/ ¢;“ =207.846 MPa
_ .
ke=0.4-{1— }Sl
IS (h/h*)'fct,eff

ki=2-h*/(3-h)=2/3

i 1.0
kc=0.4- 1+—]=0.6$1
(2/3)-1-3.0

Asrequ=0.6-0.8-3.0-0.15-104/207.846 = 10.39cm?

e Case III: Neg = —300 kN

As,min *0s = kc - K - fet,eff - Act

fet,eff =fetm = 3.0 MPa

feteff =2.6 < 3.0 MPa — fct eff = 3.0 MPa

Act = b - hefr

The height of the tensile zone is determined through the stresses:

Neg 300-103

%= 5 h = 3001000 _ 0 MPa

Ou = fet,eff = 3.0 MPa

= heff = M =37.5cm
3.0+ 1.0

At =0.3-0.375=0.1125 m?

k=0.8for h <300
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(NDP) 7.3.3 Tab. 7.2DE (a)
where wy = 0.3 m the prescribed
maximum crack width

7.3.2(2): Eq. 7.1: As, min minimum area
of reinforcing steel within tensile zone

Tab. 3.1: fetm = 2.6 MPa for C 25

7.3.2 (2): Act is the area of concrete
within tensile zone

7.3.2 (2): Eq. 7.4: 0. mean stress of
the concrete, tensile stress o, < 0

7.3.2 (2): h is the lesser value of b, h
h= min{300,1000} =300 mm

(NDP) 7.3.2 (NA5): Eg. NA.7.5.2:
For determination of the reinforcement
stress the maximum bar diameter has
to be modified

(NDP) 7.3.3 Tab. 7.2DE (a)

where wy = 0.3 m the prescribed
maximum crack width

7.3.2 (2): Eq. 7.2: kc for bending with
axial force of rectangular sections

h*=1.0mforh>1.0m
ki1 =2-h*/(3-h)if Ngqg tensile force

7.3.2(2): Eq. 7.1: Tensile stress 0. < 0

7.3.2(2): Eq. 7.1: As,min minimum area
of reinforcing steel within tensile zone

Tab. 3.1: fctm = 2.6 MPa for C 25

7.3.2 (2): Act is the area of concrete
within tensile zone

7.3.2(2): Eq. 7.4: 0. mean stress of the
concrete, compressive stress o > 0

7.3.2 (2): h is the lesser value of b, h
h= min{300,1000} =300 mm

(NDP) 7.3.2 (NA5): Eg. NA.7.5.2:
For determination of the reinforcement
stress the maximum bar diameter has
to be modified 91
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(NDP) 7.3.3 Tab. 7.2DE (a)

where wy = 0.3 m the prescribed
maximum crack width

7.3.2 (2): Eq. 7.2: k¢ for bending with
axial force of rectangular sections

h*=1.0mforh>1.0m
k1 = 1.5 if Ngg compressive force

7.3.3: Control of cracking without direct
calculation

Examples calculated in this section are
w.rt. Table 7.2DE, here Table 7.3N is
not relevant

(NDP) 7.3.2 (2): fct,eff mean value of
concrete tensile strength

Tab. 3.1: fetm = 2.6 MPa for C 25
(NDP) 7.3.3: Eq. 7.7.1DE: The maxi-
mum bar diameters should be modified
for load action

As = 24.5 cm? prescribed reinforce-
ment

(NDP) 7.3.3 Tab. 7.2DE (a)
where wy = 0.3 m the prescribed
maximum crack width

(NDP) 7.3.3 Tab. 7.2DE (a)

(NDP) 7.3.3: Eq. 7.7.1DE: The maxi-
mum bar diameters should be modified
for load action

92

¢s = ¢: 'fct,eff/ 2.9 N/mm2
¢X=25-2.9/3.0=24.16667

Os = \/wk -3.48-10°/ ¢* =207.846 MPa

i g
ke=0.4-|1— < ]31
k1 '(h/h*)‘fct,eff
ki=1.5
i 1.0
ke=0.4- 1——]:0.3111 <1
" 1.5.1-3.0

Asrequ=0.3111-0.8-3.0-0.1125-10%/207.846 = 4.04 cm?

Control of cracking without direct calculation
e Case IV: Ngg=0.0

feteff = fetm = 3.0 MPa

Os-As feteff

=o*. >o*.
¢s =9 4(h—d)-b-2.9_¢5 2.9
264.06-24.50

¢s=25mm=¢Z - =¢*-4.6476

4(100—96)-30-2.9
— ¢*=5.3791 mm

Os = \/wk -3.48-10°/ ¢* = 440.53 MPa

0s =264.06 < 440.53 MPa

which corresponds to the value calculated in SOFiSTiK [ssr]
— crack width control is passed with given reinforcement.

In case the usage factor becomes 1.0 then the stresses 0s are equal,
as it can be seen in Case V below.

fct, eff

3.0
and ¢s =25 mm>¢;"- =5'3791'ﬁ=5'5646

also control the steel stress with respect to the calculated strains
€s=0.440+1.913-(0.50—0.04) =1.31998

— 05=0.00131998-200000 = 264.0 MPa

or

from Tab. 7.2DE and for 0s = 264.04 ~ 260.0 MPa

Os - As " fet eff

_,¢;"=15mm—>¢s:¢;'4(h_d)-b-2.9_ ° 2.9
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264.06-24.50

. =69.69mMm > 25mm
4(100—96)-30-2.9

¢s =

— crack width control is passed with given reinforcement.

e Case V:Ngg=0.0,As =12.0 cm?

In this case, the prescribed reinforcement is decreased from As =
24.5 cm? to As = 12.0 cm? in order to examine a case where the
the crack width control is not passed with the given reinforcement.

feteff =fetm = 3.0 MPa
feteff =2.6 < 3.0 MPa — fcteff = 3.0 MPa
from Tab. 7.2DE and for 0s = 509.15 ~ 510.0 MPa

05 'AS

= 97 m39mm = s =97 o

(NDP) 7.3.2 (2): fct,eff mean value of
concrete tensile strength

Tab. 3.1: fetm = 2.6 MPa for C 25

(NDP) 7.3.3 Tab. 7.2DE (a)

(NDP) 7.3.3: Eq. 7.7.1DE: The maxi-
mum bar diameters should be modified

for load action

509.15-12.0

. =17.12mm <25 mm
4(100—96)-30:2.9

¢$s=3.9
— crack width control is not passed with given reinforcement.

— start increasing reinforcement in order to be in the limits of admissible
steel stresses

from Tab. 7.2DE and for 0s = 436.43 MPa (NDP) 7.3.3 Tab. 7.2DE (a)
05 M AS

4(h—d)-b-2.9

- q): ~5.6mm — ¢s= ¢: . 7.3.3: Eq. 7.7.1DE: The maximum bar
diameters should be modified for load

action

436.43-14.54

. =25.45mm > 25 mm
4(100—96)-30:2.9

$s=5.6
— crack width control passed with additional reinforcement.

If we now input as prescribed reinforcement the reinforcement that is
calculated in order to pass crack control, i.e. As = 14.54 cm? we get
a steel stress of 05 = 436.36 MPa which gives

436.36-14.54
4(100—96)-30-2.9

— ¢ =5.4849 mm

ps=25mm=2¢; -

(NDP) 7.3.3 Tab. 7.2DE (a)
where wy = 0.3 m the prescribed
maximum crack width

Os = \/wk-3.48-106/¢_:

0s=+0.3-3.48-10°/5.4849 = 436.28 MPa

Here we can notice that the stresses are equal leading to a usage
factor of 1.0

Control of cracking with direct

calculation 7.3.4: Control of cracking with direct cal-
culation
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7.3.4 (1): ae istheratio Es / Ecm

7.3.4 (1): Eg. 7.10: where A; and
Ac,efr are defined in 7.3.2 (3)

7.3.2 (3): h¢,ef see Fig. 7.1DE (d)

7.3.2 (3): where A,’) is the area of pre or
post-tensioned tendons within A¢, ef¢

7.3.4 (1): Eq. 7.9: the difference of the
mean strain in the reinforcement and in
the concrete

(NDP) 7.3.2 (2): fct,eff mean value of
concrete tensile strength, here no mini-
mum value of fct,efr = 3.0 MPa is set

Tab. 3.1: fctm = 2.6 MPa for C 25 or
fetm = 0.30-£.2 = 2.565 MPa

k¢: factor dependent on the duration of
the load, k¢ = 0.4 for long term loading

(NDP) 7.3.4 (3): Eq. 7.11: 5, max is the
maximum crack spacing

7.3.4 (1): Eq. 7.8: wi the crack width

7.2 (5)

94

e Case VI: Ngg=0.0
0c=Es/Em=200000/31476 =6.354
Pp.eff = (As + &2 “AL)/ Acers
Aceff = hcef - b
h/d1=100/4=25.00 — hcef/d1=3.25
Aceff =(3.25-4)-30=13-30=390 cm?
A’ =0.0 cm?
Pp.eff = 24.50 / 390 = 0.06282

feteff

(1 + ae - pp,eff)
Pp.eff

€sm— Ecm = >0.6-—
sm cm Es ES

Os— k¢ -

fet.eff = fetm = 0.30-f.2/3 = 2.565 ~ 2.6 MPa

feteff =2.6 < 3.0 MPa — fcteff = 3.0 MPa

2.565
264.06—0.4- -(1+6.354-0.06282)

0.06282
€Esm—Ecm =
smo=em 200000
1.2060-10"3 > 0.6 264.06 0.79218-1073
€ — € = 1. . >0.0—— = 0. .
sm-—=em 200000
¢ Os-¢
S = <
r.max 3.6 'pp,eff 3.6 'fct,eff
2> 110.545
S == . mm
FMmaX = 36.0.06282
o’ .
Sr.max < S—¢ =611.25mm
3.6 ‘fct,eff

Wi = Sr,max . (esm - ECm) =110.545-1.2060- 10_3

wk = 0.133 < 0.3 mm — Check for crack width passed with given

reinforcements

Stress limitation

Omax,t = K3 * fyk

Omax,t = 0.80-500 MPa

o'maxlt =400 MPa

VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022



29

% SOFISTIK

DCE-EN12: Crack width calculation of reinforced beam acc. DIN EN 1992-1-1 '

15.5 Conclusion

This example shows the calculation of crack widths. Various ways of reference calculations are demon-
strated, in order to compare the SOFiSTiK results to. It has been shown that the results are reproduced
with excellent accuracy.

15.6 Literature

[1] DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
flir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.
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16 DCE-EN13: Design of a Steel I-section for Bending
and Shear

Overview

Design Code Family(s): EN

Design Code(s): EN 1993-1-1

Module(s): AQB, AQUA

Input file(s): usage_steel.dat
16.1 Problem Description

The problem consists of a steel I- section, as shown in Fig. 16.1. The cross-section is designed for
bending and shear.

# b *

w

Mz

N
AFI Z ]

Figure 16.1: Problem Description

16.2 Reference Solution

This example is concerned with the resistance of steel cross-sections for bending and shear. The content
of this problem is covered by the following parts of EN 1993-1-1:2005 [7]:

« Structural steel (Section 3.2 )

* Resistance of cross-sections (Section 6.2)

16.3 Model and Results

The I-section, a HEA 200, with properties as defined in Table 16.1, is to be designed for an ultimate
moment M, and a shear force V), with respect to EN 1993-1-1:2005 [7]. The calculation steps are
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presented below and the results are given in Table 16.2. The utilisation level of allowable plastic forces
are calculated and compared to SOFiSTiK results.

Table 16.1: Model Properties

Material Properties Geometric Properties Loading

5235 HEA 200 Vy =200 or 300 kN
b=20.0cm M, =20 kNm
h=19.0cm

tr=1.0cm, ty =0.65cm

r=1.8cm

Table 16.2: Results

Case Result SOF. SOF. Ref.
(EC3 Tables) (FEM)
VpiRa,y [KN] 542.71 611.42 542.71
VpiRd,z [KN] 245.32 228.67 245.32
Util. level Vv, 0.369 0.327 0.369
! util. level M, 0.418 0.418 0.418
Util. level Vv, 0.553 0.491 0.553
" util. level M, 0.418 0.418 0.418
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16.4

Material:

Design Process'

Structural Steel S 235

fy =235 N/mm?
Cross-sectional properties:
Wpiy = 429.5 cm?

Wpi,>=203.8 cm3

Where the shear force is present allowance should be made for its effect
on the moment resistance. This effect may be neglected, where the
shear force is less than half the plastic shear resistance.

VEqd < 0.5 Vpira

Av-(fy/ ¥3)

Vpi,Rd =
Ymo

Avy = 2 - Aflange (in the y—direction only contribution the two flanges )
Ay, =2-t;-b=2-1-20=40 cm?

Ay,=A—=2-b-tf+ (tw+ 2-r)-tf but notless than n - hy, - ty
Ay,=53.8—2-20-1+(0.65+2-1.8)-1
hw=h—=2-tr=17cm

Ay, =18.08cm?>1-17-0.65=11.05

40-(23.5/ v/3)
1.00

=542.70 kN

Vpl,Rd,y =

18.08-(23.5/ ¥3)
1.00

=245.30 kN

Vpl,Rd,z =

a) Finite Element Method:
e Casel:

According to FEM analysis:
Vpi,Rd,y = 611.85 kN
Vpi,Rd,z = 228.38 kN

we have:

Veqg =V, =200 kN, M; =20 kNm

'The sections mentioned in the margins refer to EN 1993-1-1:2005 [7] unless other-
wise specified.
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Tab. 3.1 : Nominal values of yield
strength f, and ultimate tensile strength
fu for hot rolled structural steel.

Plastic section modulus of HEA 200
w.rt. y— and z—axis

6.2.8: Bending and shear

6.2.8 (2)

6.2.6 (2): Eq. 6.18: Vp,rq the design
plastic shear resistance

Ay the shear area w.r.t. y— and z—axis,
respectively

6.2.6 (3): The shear area Ay may be
taken as follows for rolled I-sections with
load parallel to the web

6.2.6 (3): n may be conservatively taken
equalto 1.0

6.1 (1): Partial factor ymo = 1.00 is
recommended
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6.2.8 (5): Eq. 6.30: The reduced design
plastic resistance moment (for p = 0)

6.2.8 (5): Eq. 6.30: The reduced design
plastic resistance moment (for p = 0)

6.2.8 (3): The reduced moment resis-
tance should be taken as the design re-
sistance of the cross-section, calculated
using a reduced yield strength (1 —p) -
fy for the shear area

100

VEed 200
VpiRd,y 611.85

=0.3268 < 0.5

— no reduction of moment resistance due to shear
Wpllz'_fy 2038‘235

Ymo

Mz v,Ra =

M

= =0.418
Mzvra 47.89

e Casell:

VEd 300

- =0.490< 0.5
Vpird,y 611.85

— no reduction of moment resistance due to shear

Wpi,z - fi
My Rrq = phz Jy
Ymo
M,y rd = 47.89kNm
M
z =0.418

Myvra  47.89
b) EC3 Tables:

VpiRd,y = 542.71 kN

VpiRd,z = 245.32 kN

e Casel:

Veq =Vy =200 kN, M; =20 kNm

VEd 200
VpiRd,y 542.71

=0.368 <0.5

— no reduction of moment resistance due to shear
Wpiz-fy 203.8-23.5

Ymo

Mz, v,ra =

M,
Myyrg 47.89

=0.418

e Casell:
Veq =V, =300 kN, M; =20 kNm

VEed 300
VpiRd,y 542.71

=0.552>0.5

— reduction of moment resistance due to shear

VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022

=4789 kNcm = 47.89 kNm

=4789 kNcm = 47.89 kNm
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2-VEeqg 2
(22
Vpl,Rd,y

(2-300 1)2
“\542.71

=0.011143
Wpi,z - fi
/Vlz,v,Rd=(1—lO)'M
Ymo
M,y rd=(1—0.0111435)-47.89 = 47.35 kNm
M
z =0.4223

M,vrda  47.356
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16.5 Conclusion

This example shows the calculation of the resistance of steel cross-section for bending and shear. It has
been shown that the results are reproduced with excellent accuracy.

| # % 4 Lk \/ |

y Vy Vy
- -
z
. AN
[ 7 I |
a) FEM Analysis (SOFiSTiK) a) Reference

Figure 16.2: Visualisation of areas and approach for calculating the Vp(ra,y

Vz VZ

a) FEM Analysis (SOFiSTiK) a) Reference

Figure 16.3: Visualisation of areas and approach for calculating the Vpraq,z

By using FEM analysis the Vp(ra,y and Vpira,z values are deviating from the reference values. The
reason behind this difference is shown in Fig. 16.2, 16.3, 16.4 and 16.5.

FEM analysis represents a real physical behaviour, because as shown in Fig. 16.2 and 16.3 the calcu-

lated area is taken approximately for the reference Vprd,y and Vp,ra,z values. The results by using
FEM analysis are more accurate in reality than the reference example.

102 VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022



XN . .
DCE-EN13: Design of a Steel I-section for Bending and Shear S S O Fi S TiK

Figure 16.5: Vp|rd,2 - SOFiSTiK Results (FEM)

16.6 Literature

[7]1 EN 1993-1-1: Eurocode 3: Design of concrete structures, Part 1-1: General rules and rules for
buildings. CEN. 2005.
[8] Schneider. Bautabellen fiir Ingenieure. 21th. Bundesanzeiger Verlag, 2014.
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17 DCE-EN14: Classification of Steel Cross-sections

Overview

Design Code Family(s): EN

Design Code(s): EN 1993-1-1

Module(s): AQB

Input file(s): class_steel.dat
17.1 Problem Description

The problem consists of a steel |- section, as shown in Fig. 17.1. The cross-section is classified for
bending and compression.

# b +
A|§| |7Ltf

tw

N
AFI Z J

Figure 17.1: Problem Description

17.2 Reference Solution

This example is concerned with the classification of steel cross-sections. Section classification is a vital
step in checking the suitability of a section to sustain any given design actions. It is concerned with the
local buckling susceptibility and is invovled on the resistance checks of the section. The content of this
problem is covered by the following parts of EN 1993-1-1:2004 [7]:

» Structural steel (Section 3.2 )

+ Classification of cross-sections (Section 5.5)

 Cross-section requirements for plastic global analysis (Section 5.6)
+ Resistance of cross-sections (Section 6.2)

* Buckling resistance of members (Section 6. 3)
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A diagrammatic representation of the four classes of section is given in Fig. 17.2, where a cross-section
is subjected to an increasing major axis bending moment until failure [9].

Bending Moment
A

) Class 1: Fullly plastic moment is reached
Fully Plastic r--------/fe—<g--------" ==z

Moment

Class 2: Fullly plastic moment reached but unloading occurs

Class 3: Partial yielding occurs, parts of section still elastic

Class 4: Local buckling causes unloading in the elastic range

Curvature

>

Figure 17.2: Idealized Moment Curvature Behaviour for Four Classes of Cross-sections

17.3 Model and Results

The I-section, a UB 457x152x74, with properties as defined in Table 17.1, is to be classified for bending
and compression, with respect to EN 1993-1-1:2005 [7]. For the compression case, an axial load of N =
3000 kN is applied and for the bending case a moment of M, = 500 kNm. In AQB the classification
of the cross-sections is done taking into account the stress levels and the respective design request.
Thus, a Class 1 cross-section can be reached, only if a nonlinear design (plastic-plastic) is requested
and if the loading is such as to cause the yield stress to be exceeded. Therefore, in order to derive the
higher Class possible for this cross-section, we consider these loads, which will cause higher stresses
than the yield stress. The calculation steps are presented below and the results are given in Table 17.2.

Table 17.1: Model Properties

Material Properties Geometric Properties Loading

5275 UB 457x152x74 N =-3000 kN
b=154.4mm My =500 kNm
h=462.0mm
tr=17.0mm

tw=9.6mm

r=10.2mm
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Table 17.2: Results

Case Part Result SOF. Ref.
Flange 3.66 3.66

c/t
Web 42.46 42.46
Flange 1 1

Bending Class
Web 1 1
Flange 1 1

Compression Class
Web 4 4

SOFISTiK 2022 | VERIFICATION - Design Code Benchmarks
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17.4 Design Process'
Material:
Structural Steel S 275

Tab. 3.1 : Nominal values of yield

strength f,, and ultimate tensile strength
fu for hot rolled structural steel.

Tab. 5.2: Maximum width-to-thickness
ratios for compression parts

Tab. 5.5.1(1): Classification of cross-
section basis

Tab. 5.2 (sheet 2): Outstand flanges

5.5.2 (3): The classification depends on
the width to thickness ratio of the parts
subject to compression

Tab. 5.2 (sheet 2): Outstand flanges -
part subject to compression

Tab. 5.2 (sheet 1): Internal compres-
sion parts

Tab. 5.2 (sheet 1): Internal compres-
sion parts - part subject to bending

5.5.2 (1): Classification

Tab. 5.2 (sheet 1): Internal compres-
sion parts - part subject to compression

Tab. 5.5.2 (8): A part which fails to sat-
isfy the limits of Class 3 should be taken
as Class 4

Tab. 5.5.2 (6): A cross-section is clas-
sified according to the highest least
favourable class

5.5.2 (1): Classification

108

fy =275 N/mm? for maximum thickness < 40 mm

€ = /235/f, = 0.924

The role of cross-section classification is to identify the extent to which
the resistance and rotation capacity of cross-sections is limited by its
local buckling resistance.

¢ Bending:

For the flange: c = b/2 —tyw/2—r
c/t=(154.4/2—-9.6/2—-10.2) /17 =3.66
c/t<9€<8.32

— Flange classification: Class 1

For the web: c = h— 2tf— 2r
c/t=(462—2-17—2-:10.2)/9.6 =42.46
c/t<72€<66.53

— Web classification: Class 1

Overall classification for bending: Class 1

Class 1 cross-sections are those which can form a plastic hinge with
the rotation capacity required from plastic analysis without reduction of
the resistance.

e Compression:

For the flange as above

— Flange classification: Class 1

For the web as above : ¢/ t =42.46
Class3:c/t<42€<38.8
c/t=42.46 > 38.8

— Web classification: Class 4

Overall classification for bending: Class 4

Class 4 cross-sections are those in which local buckling will occur be-
fore the attainment of yield stress in one or more parts of the cross-
section.

"The sections mentioned in the margins refer to EN 1993-1-1:2005 [7] unless other-
wise specified.
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17.5 Conclusion

This example shows the classification of steel cross-sections for bending and compression. It has been
shown that the results are reproduced with excellent accuracy.

17.6 Literature

[71 EN 1993-1-1: Eurocode 3: Design of concrete structures, Part 1-1: General rules and rules for
buildings. CEN. 2005.

[9] Structural Eurocodes - Extracts from the structural Eurocodes for students of structural design.
BSI - British Standards Institution. 2007.
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18 DCE-EN15: Buckling Resistance of Steel Members

Overview

Design Code Family(s): EN

Design Code(s): EN 1993-1-1

Module(s): BDK

Input file(s): buckling_steel.dat
18.1 Problem Description

The problem consists of a simply supported beam with a steel I-section subject to uniform end moments,
as shown in Fig. 18.1. The cross-section is checked against buckling.

A ) )

Figure 18.1: Problem Description

18.2 Reference Solution

This example is concerned with the buckling resistance of steel members. Lateral torsional buckling
occurs in unrestrained, or inadequately restrained beams bent about the major axis and this causes the
compression flange to buckle and deflect sideways, thus inducing twisting of the section. The content of
this problem is covered by the following parts of EN 1993-1-1:2005 [7]:

« Structural steel (Section 3.2 )
+ Classification of cross-sections (Section 5.5)

* Buckling resistance of members (Section 6. 3)

18.3 Model and Results

The I-section, a UB 457x152x74, with properties as defined in Table 18.1, is to be ckecked for buckling,
with respect to EN 1993-1-1:2005 [7]. The calculation steps [9] are presented below and the results are
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given in Table 18.2.

Table 18.1: Model Properties

Material Properties Geometric Properties Loading
5275 L=8m My =150 kNm
E =210000 N/mm? UB 457x152x74
h=462.0mm
b=154.4mm
tr=17.0mm
tw=9.6mm
r=10.2mm
A =94.48 cm?
I, =1046.5cm*
Ir =66.23cm*
I, =516297.12 cm®
Table 18.2: Results
SOF. Ref.
Mcr [kNm] 154.17 154.26
ALt 1.703 1.703
o7 1.907 1.907
XLT 0.321 0.321
MEed/Mp,rd (BDK) 1.045 1.045
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18.4

Material:

Design Process'

Structural Steel S 275

fy =275 N/mm? for maximum thickness < 40 mm
€ = /235/f, =0.924

Design Load:

Meg = 150kNm

The cross-section is classified as Class 1, as demonstrated in Bench-
mark DCE-EN14.

Wopiy - fy
Ymo

Mc,rd = Mpi,rd,y = =447.31 kNm

n+/ El; GIt

cr —

2 El,,
1+ ——
GIr L?
3.14-4/2197.74-53.496
cr = 3

3.142.108.42
1+
53.496 - 82

Mcr=154.26 kNm

Wyfy
Mer

447.31
154.26

=1.703

AT =

&7 =0.5[1+aur (Xir—Airo+ A,y )]
h/b=462/154.4=2.99>2

for rolled I-sections and h / b > 2 — buckling curve ¢
for buckling curve ¢ — a7 = 0.49

®7=0.5[1+0.49(1.703— 0.4+ 0.75-1.7032)] = 1.907
1

XLT = =
o7+ \ <I>ET—[3 )\LT

1
but x;71=0.321<1.0and x;7=0.321 < = = 0.345

=0.321

)\LT
fy
Mp,rd = X1 Wy—— = 143.587 kNm
Ym1
Mgq o
=1.045 — Beam fails in LTB
Mp,Rrd

'The sections mentioned in the margins refer to EN 1993-1-1:2005 [7] unless other-
wise specified.
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Tab. 3.1 : Nominal values of yield
strength f,, and ultimate tensile strength
fu for hot rolled structural steel.

Tab. 5.2: Maximum width-to-thickness
ratios for compression parts

Tab. 5.5: Classification of cross-section

6.2.5 (2):Eq. 6.13: Bending resistance
M¢,rg for Class 1 cross-section

6.1 (1): Ymo = 1.00

6.3.2.2 (2): M, the elastic critical mo-
ment for Itb is based on gross cross sec-
tional properties

Various empirical or approximate formu-
lae exist for the determination of M,

6.3.2.2 (1): XLT non dimensional slen-
derness for lateral torsional buckling

6.3.2.3 (1): &7 for rolled sections in
bending. Recommended values:

Arro = 0.4 (maximum value)

B =0.75 (minimum value)

6.3.2.3 (1): Table 6.5: Recommenda-
tion for the selection of Itb curve for
cross-sections using Eq. 6.57

6.3.2.2 (2): Table 6.5: Recommenda-
tion values for imperfection factors a1
for Itb curves

6.3.2.3 (1): Eq. 6.57: X, 7 reduction fac-
tor for Itb

6.3.2.1 (3): Eq. 6.55: Mp, rg The design
buckling resistance moment of laterally
unrestrained beam

For Class 1 section Wy = Wy,

6.1 (1): ym1 = 1.00 recommended
value
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18.5 Conclusion

This example shows the ckeck for lateral torsional buckling of steel members. It has been shown that
the results are reproduced with excellent accuracy.

18.6 Literature

[71 EN 1993-1-1: Eurocode 3: Design of concrete structures, Part 1-1: General rules and rules for

buildings. CEN. 2005.
[9] Structural Eurocodes - Extracts from the structural Eurocodes for students of structural design.

BSI - British Standards Institution. 2007.
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19 DCE-EN17: Stress Calculation at a Rectangular Pre-
stressed Concrete CS

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1

Module(s): AQB, TENDON

Input file(s): stress_prestress.dat
19.1 Problem Description

The problem consists of a rectangular cross-section of prestressed concrete, as shown in Fig. 19.1. The
stresses developed at the section due to prestress and bending are verified.

Y l
|
: h1d My
4-.-. TR SENGEEPN UE  pp .}.Np
i . /
Ap ¢ N NS
; ~L —

Figure 19.1: Problem Description

19.2 Reference Solution

This example is concerned with the design of prestressed concrete cs, subject to bending and prestress
force. The content of this problem is covered by the following parts of DIN EN 1992-1-1:2004 [1]:

« Stress-strain curves for concrete and prestressing steel (Section 3.1.7, 3.3.6)
+ Verification by the partial factor method - Design values (Section 2.4.2)

* Prestressing force (Section 5.10.2, 5.10.3)

Np/A Np-zp/Wo M/W>

2do)

\ |

Np/A Np - zp/W1 M/W1

Figure 19.2: Stress Distribution in Prestress Concrete Cross-section
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DCE-EN17: Stress Calculation at a Rectangular Prestressed Concrete CS

In rectangular cs, which are prestressed and loaded, stress conditions are developed, as shown in Fig.
19.2, where the different contributions of the loadings can be seen. The design stress-strain diagrams
for prestressing steel is presented in Fig. 19.3, as defined in DIN EN 1992-1-1:2004 [1] (Section 3.3.6).

Op

fpk ------------------------------------------------

fpo,1k B

------ T
fpd =fpo,1k/Vs :

/ Idealised
Design

€p

Py

Figure 19.3: Idealised and Design Stress-Strain Diagram for Prestressing Steel

19.3 Model and Results

The simply supported beam of Fig. 19.4, consists of a rectangular cross-section with properties as
defined in Table 19.1 and is prestressed and loaded with its own weight. A verification of the stresses is
performed in the middle of the span with respect to DIN EN 1992-1-1:2004 (German National Annex) [1],
[2]. The geometry of the tendon can be visualised in Fig. 19.5. The calculation steps [4] are presented
below and the results are given in Table 19.2.

Table 19.1: Model Properties

Material Properties Geometric Properties Loading (at x =10 m)
C 35/45 h=100.0cm Mg =1250kNm
Y 1770 b=100.0cm Np =—3651.1kN
d=95.0cm
L=20.0m
Ap =28.5 cm?
L

Figure 19.4: Simply Supported Beam

116 VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022



DCE-EN17: Stress Calculation at a Rectangular Prestressed Concrete CS »
N B R i Lo
\
//
-
B BE Ik Sg NE 5% 2B %E S B 88 85 38 %@ 2E 5% §E g gk omp gp
58 38 S8 ¢ NE BB 5 3% hg BE 48 %5 58 3B 5 Br N4 SE 52 B2 88

110001 1% 10002 1% 10003 ** 10004 " 10005 * 10006 "* 10007 'S 10008 '§* 10009 '9° 10010 7 10011 §° 10012 " 10013 '{" 10014 '§° 10015 "5 10016 'Y 10017 '§* 10018 1" 10019 "7 10020
[ | | | | | | | | | | | | | | | | | | | 1
8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
S - ~ L < o © = @ o El s S e k4 © e = 2 el &
Figure 19.5: Tendon Geometry
1.000 = 1368 N/mm2
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Figure 19.6: Prestress Forces and Stresses

Table 19.2: Results

Case CS Result SOF. Ref.
I 0 Oc,b [MPa] —12.47 —12.47

My [kNm] —1435.91 —1435.91

i 0 —4.82 —4.82
My, [kNm] —185.91 —185.91

I 1 ~11.76  —11.76
My [kNm] —1406.11 —1406.11

v 1 —4.51 —4.51
My [kNm] —156.11 —156.11
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DCE-EN17: Stress Calculation at a Rectangular Prestressed Concrete CS

3.1: Concrete

3.1.2: Tab. 3.1: E., for C 35/45

3.3: Prestressing Steel

3.3.6 (3): Ep for wires

3.3.2, 3.3.3: fyx Characteristic tensile
strength of prestressing steel

3.3.2, 3.3.3: fpo,1x 0.1% proof-stress of
prestressing steel, yield strength

5.10.2.1 (1)P: Prestressing force during
tensioning - Maximum stressing force

5.10.2.1 (1)P: Eq. 5.41: Ppax maximum
stressing force

(NDP) 5.10.2.1 (1)P: 0p,max maximum
stress applied to the tendon

5.10.3 (2): Prestress force

5.10.3 (2): Eq. 5.43: Pmo initial pre-
stress force at time t = tp

118

19.4

Design with respect to DIN EN 1992-1-1:2004 (NA) [1] [2]:®

Design Process'

Material:

Concrete: C 35/45

Ecm = 34000 N/mm?
Prestressing Steel: Y 1770
Ep =195000 N/mm?

fok =1770 N/mm?

fpo,1k = 1520 N/mm?

Prestressing system: BBV L19 150 mm?

19 wires with area of 150 mm? each, giving a total of A, = 28.5 cm?

Cross-section:

Ac=1.0-1.0=1m?

Diameter of duct ¢pguct =97 mm

Ratio ag,p = Ep / Ecm = 195000/ 34000 =5.74
Acnetto =Ac— T+ (Pduct/2)* = 0.9926 m?

Aideal =Ac + Ap - ag,p = 1.013 m?

The force applied to a tendon, i.e. the force at the active end during
tensioning, should not exceed the following value

Pmax = Ap * Op,max

where 0p, max = min {0.80fpk; 0.90fp0,1k }

Pmax =Ap-0.80 - fpx =28.5- 10=4.0.80-1770 = 4035.6 kN
Pmax =Ap-0.90 - fpo,1k = 28.5 - 10=4.0.90-1520 = 3898.8 kN

i Pmax = 3898.8 kN and Up,max =1368 N/mm2

The value of the initial prestress force at time t = tp applied to the
concrete immediately after tensioning and anchoring should not exceed
the following value

Pmo(x) = Ap - 0p,mo(X)

"The tools used in the design process are based on steel stress-strain diagrams, as
defined in [1] 3.3.6: Fig. 3.10, which can be seen in Fig 19.3.

2The sections mentioned in the margins refer to DIN EN 1992-1-1:2004 (German Na-
tional Annex) [1], [2], unless otherwise specified.
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where 0p,mo(x) = min {0.75fpk; 0.85fp0,1k }

Pmo =Ap-0.75-fpx =28.5-107%-0.75-1770 = 3783.4 kN
Pmo =Ap-0.85"fp0,1« =28.5-107%-0.85-1520 = 3682.2 kN
— Pmo = 3682.2 kN and 0p mo = 1292 N/mm?

Further calculations for the distribution of prestress forces and stresses
along the beam are not in the scope of this Benchmark and will not
be described here. The complete diagram can be seen in Fig. 19.5,
after the consideration of losses at anchorage and due to friction, as
calculated by SOFiSTiK. There the values of 0p max = 1368 N/mm?2
and Pmo = 3682.2 kN can be visualised.

Load Actions:
Self weight per length: v = 25 kN/m

—»g1=7-A=25.-1=25kNm

Safety factors at ultimate limit state

‘ Safety factor at final state
¥6 =1.35
Yp=1.00

Actions (unfavourable)

e permanent
e prestress
Combination coefficients at serviceability limit state

g1 = 25 kNm: for rare, frequent and quasi-permanent combination
(for stresses)

At x = 10.0 m middle of the span:
Mg=g1-L?/8=1250 kNm

Np =Pmo(x =10.0 m) =—3653.0 kN (from SOFiSTiK)

Calculation of stresses 0., at x =10.0 m middle of the span:
Position of the tendon: z= 0, 3901 m

e Case I: Prestress at construction stage section 0 (P cs0)

+0¢

Np =—3653.0 kN

SOFISTiK 2022 | VERIFICATION - Design Code Benchmarks

(NDP) 5.10.3 (2): 0p,mo(x) stress in the
tendon immediately after tensioning or
transfer

DIN EN 1990/NA [10]: (NDP) A.1.3.1
(4): Tab. NA.A.1.2 (B): Partial factors
for actions

(NDP) 2.4.2.2 (1): Partial factors for pre-
stress

The concrete stresses may be deter-
mined for each construction stage un-
der the total quasi-permanent combina-
tion 0c {G + Pmo + ¢ - Q}

In this Benchmark no variable load Q is
examined
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Zs the new position of the center of the
cross-section for cs0
Zp=2+2s

M, bending moment caused by pre-
stressing

W1,cs0 cross-section moduli for con-
truction stage 0 at the bottom left and
right point

o, b stress at the concrete at the bottom
of the cross section

W1,cs1 cross-section moduli for con-
truction stage 1

120

Mp, =Np-z=-—3653.0-0.3901 =—1425.04 kKNm

Mp, =Np-zs=-—3653.0-0.002978 =—10.879 kNm

Mp =—1425.04—10.879 =—1435.91 kNm = M,,

Oc,b =

Oc,b =

Np

My

Ac, netto

—3653.0

Wl,csO

—1435.91
=—12.47 MPa

+
0.9926

0.1633

e Case II: Prestress and self-weight at con. stage sect. 0 (P+G cs0)

—0c

+0c¢

Np =—3653.0 kN and Mg = 1250 kNm

As computed above: Mp =—1435.91 kNm

My =1250—1435.91 =—185.91 kNm

Oc,b =

—3653.0

—185.91

+
0.9926

=—4.82 MPa
0.1633

e (Case III: Prestress at con. stage sect. 1 (P cs1)

Np =—3653.0 kN and Mp, =—1425.04 kNm (as above)

Mp, = Np - zs = —3653.0 - (—0.00518) = 18.92 kNm

Mp=—

Oc,b =

Oc,b =

Np

1425.04 +18.92 =—1406.11 kNm =M,

My

Aideal Wl,csl

—3653.0

—1406.11
=—11.76 MPa

1.013

0.172

e (Case IV: Prestress and self-weight at con. stage sect. 1 (P+G cs1)

Np =—3653.0 kN and Mg = 1250 kNm

As computed above: Mp =—1406.11 kNm

My =1250—1406.11 =—156.11 kNm

Oc,b =

—3653.0

—156.11

1.013

=—4.51 MPa
0.172
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19.5 Conclusion

This example shows the calculation of the stresses, developed in the concrete cross-section due to
prestress and bending. It has been shown that the results are reproduced with excellent accuracy.

19.6 Literature

[1] DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
flir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.

[4] Beispiele zur Bemessung nach Eurocode 2 - Band 1: Hochbau. Ernst & Sohn. Deutschen Beton-
und Bautechnik-Verein E.V. 2011.

[10] DIN EN 1990/NA: Eurocode: Basis of structural design, Nationaler Anhang Deutschland DIN EN
1990/NA:2010-12. CEN. 2010.
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20 DCE-EN18: Creep and Shrinkage Calculation of a
Rectangular Prestressed Concrete CS

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1

Module(s): AQB, CSM

Input file(s): creep_shrinkage.dat
20.1 Problem Description

The problem consists of a simply supported beam with a rectangular cross-section of prestressed con-
crete, as shown in Fig. 20.1. The time dependent losses are calculated, considering the reduction of
stress caused by the deformation of concrete due to creep and shrinkage, under the permanent loads.

—
R N
i " My
i JI. ...... AFZP_ et ————— 7 . . Np
Ao & N
- Av —

Figure 20.1: Problem Description

20.2 Reference Solution

This example is concerned with the calculation of creep and shrinkage on a prestressed concrete cs,
subject to bending and prestress force. The content of this problem is covered by the following parts of
DIN EN 1992-1-1:2004 [1]:

+ Creep and Shrinkage (Section 3.1.4)
» Annex B: Creep and Shrinkage (Section B.1, B.2)
» Time dependent losses of prestress for pre- and post-tensioning (Section 5.10.6)
The time dependant losses may be calculated by considering the following two reductions of stress [1]:

+ due to the reduction of strain, caused by the deformation of concrete due to creep and shrinkage,
under the permanent loads

« the reduction of stress in the steel due to the relaxation under tension.

In this Benchmark the stress loss due to creep and shrinkage will be examined.
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20.3

Benchmark 17 is here extended for the case of creep and shrinkage developing on a prestressed con-
crete simply supported beam. The analysed system can be seen in Fig. 20.2, with properties as defined
in Table 20.1. Further information about the tendon geometry and prestressing can be found in Bench-
mark 17. The beam consists of a rectangular cs and is prestressed and loaded with its own weight. A
calculation of the creep and shrinkage is performed in the middle of the span with respect to DIN EN
1992-1-1:2004 (German National Annex) [1], [2]. The calculation steps [4] are presented below and
the results are given in Table 20.2 for the calculation with AQB. For CSM only the results of the creep
coefficients and the final losses are given, since the calculation is performed in steps.

Model and Results

Table 20.1: Model Properties

Material Properties Geometric Properties Loading (atx =10 m) Time

C 35/45 h=100.0cm Mg =1250kNm to =28 days
Y1770 b=100.0cm Np =—3653.0kN ts =0 days
RH =80 L=20.0m teff = 1000000 days
Ap =28.5 cm?
L
Figure 20.2: Simply Supported Beam
Table 20.2: Results
Result AQB CSM+AQB Ref.
E€cs —18.85-107> - —18.85-10"
€ —31.58-1072 - —31.58-10
oo 1.463 1.463 1.463
o(t, to) 1.393 1.393 1.393
AOp,c+s [MPa] —66.63 —67.30 —68.45
APcys [kN] 189.9 191.8 195.11
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% SOFISTIK

20.4 Design Process'

Design with respect to DIN EN 1992-1-1:2004 (NA) [1] [2]:?
Material:

Concrete: C 35/45

Ecm =34077 N/mm?

fek = 35 N/mm?

fem =43 N/mm?

Prestressing Steel: Y 1770

Ep =195000 N/mm?

fok =1770 N/mm?

Prestressing system: BBV L19 150 mm?

19 wires with area of 150 mm? each, giving a total of A, = 28.5 cm?

Cross-section:

Ac=1.0-1.0=1m?

Diameter of duct ¢pguct = 97 mm

Ratio ag,p =Ep / Ecm = 195000/ 34077 =5.7223
Acnetto = Ac — T+ (@duct/2)? = 0.9926 m?

Aideal =Ac + Ap - Qg,p = 1.013 m?

Load Actions:

Self weight per length: v = 25 kN/m
At x = 10.0 m middle of the span:
Mg =g1-L?/8=1250 kNm

Np = Pmo(x = 10.0 m) = —3653.0 kN (from SOFiSTiK)

Calculation of stresses at x = 10.0 m midspan:

Position of the tendon: zcp = 0,3901 m

Prestress and self-weight at con. stage sect. 0 (P+G cs0)

"The tools used in the design process are based on steel stress-strain diagrams, as
defined in [1] 3.3.6: Fig. 3.10

2The sections mentioned in the margins refer to DIN EN 1992-1-1:2004 (German Na-
tional Annex) [1], [2], unless otherwise specified.
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3.1: Concrete

3.1.2: Tab. 3.1: Ecm, fek and fem for
C 35/45

3.3: Prestressing Steel

3.3.6 (3): Ep, for wires

3.3.2, 3.3.3: fpk Characteristic tensile
strength of prestressing steel
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Np =—3653.0 kN and Mg = 1250 kNm

—0c

+0c¢

Mp, =Np-zcp =—3653.0-0.3901 =—1425.04 kKNm

Zs the new position of the center of the

cross-section for ¢s0 Mp, =Np-zs=—3653.0-0.002978 =—10.879 kNm

Zp=Zp+2Zs

M, bending moment caused by pre- Mp =—1425.04—10.879 =—-1435.91 kNm

stressing

My =1250—1435.91 =—185.91 kNm

—3653.0 -—-185.91
Oc,op stress in concrete Oc,op = + =—4.82 MPa
0.9926 0.1633

Calculation of creep and shrinkage at x = 10.0 m midspan:

to minimun age of concrete for loading to = 28 days
ts age of concrete at start of drying
shrinkage ts =0 days
t age of concrete at the moment consid-
d
ere t =teff + to = 1000000 + 28 = 1000028 days
3.1.4 (6): Eq. 3.8: €5 total shrinkage Ecs = €cdt+ Eca
strain

3.1.4 (6): Eq. 3.9: €q drying shrinkage Ecd(t) = ,Bds(t, tS) . kh *€cd,0
strain

The development of the drying shrinkage strain in time is strongly de-
pends on Bys(t, ts) factor. SOFiSTiK accounts not only for the age at
start of drying ts but also for the influence of the age of the prestressing
to. Therefore, the calculation of factor B¢s reads:

3.1.4 (6): Eq. 3.10: fas Bds = Bas(t, ts) — Bas(to, ts)

3.1.4 (6): ho the notional size (mm) of  Bds = (t=t) — (fo—£s)

the Gs ho = 24/t = 500 mm (t—ts)+0.04-/h3  (to—ts)+0.04-/h3
(1000028 —-0) (28—-0)

ds = -
(1000028 —0)+ 0.04-v5003 (28—0)+ 0.04-+v5003
Bds = 0.99955—0.05892 = 0.94063

3.1.4 (6): Tab. 3.3: kp coefficient de- kn =0.70 for hg = 500 mm
pending on hg

Annex B.2 (1): Eq. B.11: €cq,0 basic €cd,0 = 0.85 [(220 +110-0gs1)- exp(—adsz . Jem )] .1076. BrH

drying shrinkage strain Femo

RH 3 80 \3
Annex B.2 (1): Eq. B.12: Ban BrrH=1.55|1— W =155|1—( — =0.7564

RH the ambient relative humidity (%) 0 100
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2 SOFiSTiK

€ca,0="0.85[(220+110-4)-exp(—0.12-13)]-1076-0.7564
€cd,0 =2.533-107%
€cd =0.94063-0.70-2.533-10"% = 0.0001668

€cd=1.668-10"%=0.1668 °/o,

€ca(t) = Bas(t) - €ca(o0)
€ca(0)=2.5(fck—10)-10"°=2.5(35—10)-10°

€ca(0)=6.25-10"> = 0.0625 °/,

Proportionally to B4s(t, ts), SOFiSTIK calculates factor B4s as follows:

Bas = Bas(t) — Bas(to)

ge=1—e02Vi_ (1 _ e—o.z-ﬁ) — e=0.2:/T0 _ g—0.2:¥1
Bas = 0.347
€ =€cd,0+ Eca(®©)=2.533-10"%+6.25-107>
€ =—31.58-107>
€ca=0.347-6.25-107>=2.169-107> = 0.02169 °/o,

€cs=1.668-10"4+2.169-10"°>=—-18.85-10"

¢(t, to) = ¢o - Bc(t, to)
®o0 = ¢rH - B(fem) - B(to)

1—RH/100
G SRR T
16.8
B(fem) = =16.8/v/43 =2.562
cm
[357%7
oy =|— <1=0.8658
_fcm_
(35722
o =|— <1=0.9597
_fcm_
[3517%3
az=|— <1=0.9022
_fcm_
) [1 1-80/100 0 8658] 0.9597 =1.1691
RH = + ——— 0. - 0. =1.
0.1- ¥/500
B(to) =

(0.1+15%)

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks

Annex B.2 (1): ags1, dgs1 coefficients
depending on type of cement.
Forclass N ags1 = 4, 0gs2 = 0.12

3.1.4 (6): Eg. 3.11: €4 autogenous
shrinkage strain

3.1.4 (6): Eq. 3.12: €¢q(0)

3.1.4 (6): Eq. 3.13: Bas

€ absolute shrinkage strain
negative sign to declare losses

negative sign to declare losses

Annex B.1 (1): Eq. B.1: ¢(t, to) creep
coefficient

Annex B.1 (1): Eq. B.2: ¢g notional
creep coefficient

Annex B.1 (1): Eq. B.3: ¢ry factor for
effect of relative humidity on creep

Annex B.1 (1): Eq. B.4: B(fcm) factor
for effect of concrete strength on creep

Annex B.1 (1): Eq. B.8c: a1, a2, a3
coefficients to consider influence of con-
crete strength

Annex B.1 (1): Eq. B.5: B(to) factor
for effect of concrete age at loading on
creep
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Annex B.1 (2): Eq. B.9: to,7 tempera-
ture adjusted age of concrete at loading
adjusted according to expression B.10

Annex B.1 (3): Eq. B.10: tr temper-
ature adjusted concrete age which re-
places t in the corresponding equations

Annex B.1 (2): Eq. B.9: a a power
which depends on type of cement
ForclassNa =0

Annex B.1 (1): Eq. B.7: Bc(t, to) co-
efficient to describe the development of
creep with time after loading

Annex B.1 (1): Eq. B.8: By coefficient
depending on relative humidity and no-
tional member size

Annex B.1 (3): The values of ¢(t, to)
given above should be associated with
the tangent modulus E.

3.1.4 (2): The values of the creep coef-
ficient, ¢(t, to) is related to E, the tan-
gent modulus, which may be taken as
1.05-Ecm

5.10.6 (2): Eq. 5.46: APcysyr time de-
pendent losses of prestress

AOp,c+s variation of stress in tendons
due to creep and shrinkage at location
X, attime t

128

9 a
to=to,7-| ——=+1]| =0.5
(2+t3;¥ )

tr = Z?:l e—(4000/[273+T(At)]-13.65) . At,

tO,T =28. e—(4000/[273+20]—13.65) =28-1.0=28.0

0
=>t0=28.0-( +1) =28.0

2+28.01:2

B(to) = =0.48844

(0.1 + 28.00-20)

(t—to) :|0.3
(BH+t—to)

Br=1.5-[1+(0.012-RH)8]-ho+250-0a3 <1500 a3

Bc(t, tO) = |:

Bn=1.5-[1+(0.012-80)'8].500+ 250-0.9022
B =1335.25<1500-0.9022 = 1353.30

= Bc(t, tp) = 0.9996
$0=1.1691-2.562-0.48844 = 1.463

¢(t, to) =1.463-0.9996/1.05 = 1.393

According to EN, the creep value is related to the tangent Young’s
modulus E., where E. being defined as 1.05 - Ec.m,;. To account for
this, SOFiSTiK adopts this scaling for the computed creep coefficient
(in SOFiSTIK, all computations are consistently based on E¢m).

Ep
ecs . Ep + OSAUpr + —¢(t, to) M OC,OP
Ecm

APcysyr =Ap-A0p,c+s+r =Ap E. A A.
p_p (1 + I—zgp) [1+0.8¢(t, to)]
c

cm AC

1+

In this example only the losses due to creep and shrinkage are taken
into account, the reduction of stress due to relaxation (Aop/) is ignored.

—0.1885-1073-195000 + 5.7223-1.393 - (—4.82)

AOp,c+s =
1+5.7223

28.5-10—4( 0.9926

1+ 0.39012)[1+0.8-1.393]
0.9926 0.08214

Ao'prc+5 =—68.46 MPa

APcis=Ap-A0p cts=28.5-1074-.68.46-103 =195.11 kN

VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022



L/
. ::"Q‘ - -
DCE-EN18: Creep and Shrinkage Calculation of a Rectangular Prestressed ‘:“ S O F ! S T ! K
Concrete CS

20.5 Conclusion

This example shows the calculation of the time dependent losses due to creep and shrinkage. It has
been shown that the results are in very good agreement with the reference solution.

20.6 Literature

[11 DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
flir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.

[4] Beispiele zur Bemessung nach Eurocode 2 - Band 1: Hochbau. Ernst & Sohn. Deutschen Beton-
und Bautechnik-Verein E.V. 2011.
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21 DCE-EN19: Fatigue of a Rectangular Reinforced Con-
crete CS

Design Code Family(s): DIN
Design Code(s): DIN EN 1992-1-1
Module(s): AQB
Input file(s): fatigue.dat
211 Problem Description

The problem consists of a simply supported box girder beam of reinforced concrete, as shown in Fig.
21.1. The structure’s resistance to fatigue shall be verified.

*

/ll/ b

tI T ag

@

Figure 21.1: Problem Description

21.2 Reference Solution

This example is concerned with the verification to fatigue. The content of this problem is covered by the
following parts of DIN EN 1992-1-1/NA [11] [2]:

« Verification conditions (Section 6.8.1)

« Internal forces and stresses for fatigue verification (Section 6.8.2)

» Combination of actions (Section 6.8.3)

« Verification procedure for reinforcing and prestressing steel (Section 6.8.4)
« Verification using damage equivalent stress range(Section 6.8.5)

* Verification of concrete under compression or shear (Section 6.8.7)

21.3 Model and Results

The properties of the simply supported beam of reinforced concrete with a box cross-section are defined
in Table 21.1. The beam is loaded with three combinations of load cases with calculatoric forces and
moments, as presented in Table 21.1. A verification of its resistance to fatigue is performed at x =5 m
with respect to DIN EN 1992-1-1/NA [11] [2]. The results are given in Table 21.2
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Table 21.1: Model Properties

Material Geometry Loading (at x =5 m)
C 35/45 h=200.0cm LC 911:
5500 b=600.0cm V;=610 kN, My = 4575 kNm, Mt =—0.19 kKNm
t=400.0cm LC 912:
L=20.0m V;=660kN, M, =4950 kNm, Mt =—50.20 kNm
As1 =60 cm? LC 913:
Asy =60 cm? V, =710 kN, My, = 5325 kNm, Mt = 99.78 kNm
Table 21.2: Results
Result SOF (FEM). Ref.
Dgg o0 (N*) [MPAQ] 74.04 76.98
fed fat [MPa] 17.06 17.0567
Ocd,max,equiropr [MPQ] <14.33 <14.33
OCd/maX:equshearcut [MPa] S 10.39 S 1035
A N*
M [MPa] 152.17 152.2
Ys.fat
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21.4 Design Process'

Design with respect to DIN EN 1992-1-1/NA [11] [2]:?

STEP 1: Material

Concrete: C 35/45 3.1: Concrete

fck =35 N/mm2 Tab. 3.1: Strength for concrete

Ye=1.50 (NDP) 2.4.2.4: (1), Tab. 2.1DE: Partial
factors for materials

fed =Qcc fek/Yc=0.85-35/1.5=19.83 MPa 3.1.6: (1)P, Eq. (3.15): acc = 0.85 con-

sidering long term effects

STEP 2: Cross-section

1/Wy, =0.8177 1/m2 1/Wy,: Shear force resistance, calcu-
lated by using BEM

l/WVy =0.371 1/m? 1/Wr: Torsional resistance, calculated
by using BEM

1/Wr =0.3448 1/m?3

Minimun reinforcements:

Asl =A52 =6-10=60 sz Asi: Longitudinal
As: Shear links

As =8.22 cm?/m

STEP 3: Load Actions:

Permanent: Loadcase 1

Variable: Loadcase 2, 3

For the determination of the combination calculatoric forces and mo-

ments the following superposition types are chosen: 6.8.3: (2)P: Fatigue
The basic combination of the non-cyclic
 Quasi permanent combination for serviceability - MAXP load is similar to the definition of the fre-

quent combination for serviceability:
ijl Gk,j //+/I P// +// (/Jl,lok,l ” +//

* Frequent combination for serviceability - MAXF TS U Ok
i>1 ¥ 2,0¢K,L

The following combination of actions scenario is investigated for ser-
viceability:

+LC911 G
MAXP + MY :1.00 * G

« LC 912 G+2
MAXF + MY :1.00*G + ¢1 *LC 2

+ LC 913 G+3
MAXF + MY :1.00*G + ¢1 *LC 3

The tools used in the design process are based on steel stress-strain diagrams, as
defined in [2] 3.3.6: Fig. 3.10

2The sections mentioned in the margins refer to DIN EN 1992-1-1/NA [11], [2], unless
otherwise specified.
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6.8.1 (1)P: Verification conditions

To: shear stresses resulting from shear
force

134

Combination calculatoric forces and moments at x = 5.0 m:

LC Vy [kN] Vz [kN] My [kNm] Mg [kNm]
911 0 610 4575 —0.189
912 0 660 4950 —50.20
913 0 710 5325 99.78

STEP 4: Calculation of stresses at x =5.0 m :

The resistance of structures to fatigue shall be verified in special cases.

This verification shall be performed separately from concrete and steel.
The following calculation corresponds to LC 911.
TQ = 1/va -Qy+1/Wy,-0;

where Q) and Q; are calculated through a proportionate factor fy, de-
pending on the lever arm of internal forces and the elastic part of Vy
and V5.

The proportionate factor f is obtained from the internal lever in cracked
condition to the un-cracked condition.

VI=,/V§+V§=v02+6102=610kN
Vy )2 Vs \?
w=\(54) (=)
\ Zy,I Zz,1I

0 \2 610 2
V=l —— | + =399.21 kN
\ 3.369 1.528

Vi ‘ 610 '
fo=min| 1,20 | = min| 1, 278211 _ ¢ 8576
Vir 399.21
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Figure 21.2: Stress distribution in un-cracked state - z;

|

Figure 21.3: Stress distribution in cracked state - zj;

Qy=fv-Vy=0.8576-0.0=0.0 kN

Q;=fy-V,=0.8576-610 = 523.149 kN
To=0.371-0.040.8177-523.149 =427.770-1073 MPa

Tr =—1/Wr-My =—0.344484-—0.189 = 0.065 - 10~3 MPa
T=To+Tr =427.770-1073+0.065-1073 = 427.835-1073 MPa
T = (7o + 7r) - (1.0 + cot? 6)

TIr

ojp=—""——
cotf+ cota

A rather nasty problem is the evaluation of the shear. The DIN design
code allows a simple solution based on a corrected value for the incli-
nation of the compressive struts:

tan Bsqt = Ytan

Unfortunately it is nearly impossible to keep this value from the shear
design for all individual shear cuts or transform it to different load com-

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks

Tr: shear stresses resulting from tor-
sion

Ty, Opr: principal stresses

6: angle of compression struts
a: angle of shear reinforcement
a=90° = sina=1.0,cota=0.0

6.8.2(3): In the design of shear rein-
forcement the inclination of the com-
pressive struts 8¢qt may be calculated
by Eq. 6.65

6.8.2(3): Eq. 6.65: tan Byqt
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Og(: steel stresses

Asycut =Asi/ 2 =4.11cm?/m

136

binations and reinforcement distributions for the fatigue stress check.
AQB uses instead a fixed value of 4/7 for the tangents. The user may
overwrite this value however with any desired value.

tan6=4/7 = cot6=7/4=1.75

tan Orqt = v/4/7 =0.756

cotOqr = +/7/4 =1.3229

T =(427.770-1073 4+ 0.065-1073) - (1.0 + 1.75?)

177 =1740.048-10"3 MPa
1740.048-1073

on = =994.313.10"3 MPa
1.75+ 0.0
B fo 10 freTr
st (cotBfqt + cota)-sina  cotBfqt
BO 'fr Bb ’fr
fr= , and fo=
Asl/cut Asl/cut

where fr and fo are factors expressing the shear links reinforcement
ratios. They are depending on f, a factor for total reinforcement, By,
the width of the cut and By, the total width of the cut. Since in this case
it is a box cross-section and taking into account the position of the cut,
we get that Bo = Bp = 0.4 m.

The factor fr has only two possible values fr = 1.0 or f = 2.0. It
depends on the cross-section and the shear cut. If Bjmgx < Bo then
fr =2.0.

Bo

Figure 21.4: Cross-section Overview

0.4-1.0 0.4-1.0
fr=q7 10 =973.532 and fo= oo =973.532

973.532.427.770-10~3 973.532-0.065-10~3
Ot= T(13220+00)-1.0 1.3229

Osi = 314.882 MPa
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Figure 21.5: Factor of total reinforcement, fr = 1.0 (left), fr = 2.0
(right)

Accordingly, we calculate the stresses for the rest of the loadcases. For
each loadcase the stresses are calculated for two cases, for T and for
—TT, in order to determine the most unfavorable case. The results are
presented in Table 21.4

Table 21.4: Calculation of Stresses by using BEM

LC Q: 10 Tr-10% T T o1 Osl
[kN] [MPa] [MPa]l [MPa]l [MPa] [MPa] [MPa]
911 523.14 0.428 0.065 0.427 1.740 0.993 314.88
-0.065 0.427 1.739 0.993 314.78
912 566.03 0.463 17.31 0480 1.952 1.115 353.38
-17.31 0.4455 1.8120 1.0346 327.90
913 608.9110.498 -34.41 0.4635 1.8851 1.0764 341.12
34.41 0.5823 2.1649 1.2362 391.7

From the table, the minimum and maximum value of the steel stress is
determined:

* Max. 05y =391.77 MPa
e Min. 05 =314.79 MPa

As the exact fatigue stress check is not available, the simplified methods
according to DIN EN 1992-1-1/NA (Sect. 6.8, Fatigue) are selected via
the coefficients As, A¢, Ay, Ac.

The admissible sways of the damage equivalent stress range for the
shear links are obtained, as follows:

Do equ(N*) = A+ (Os,max — Os,min) = 1.0+ (391.77 — 314.79)
Aoy equ(N*) = 76.98 MPa

For reinforcing steel adequate fatigue resistance should be assumed, if
the following is satisfied:

AGRSk (N* )

YF,fClt ° Ao's,equ(N* ) S
Ys.fat
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Ar: Coeff. equiv. stress range shear
links, here input as 1.0

6.8.2 (2): Eq. 6.64: n factor for effect of

different bond behaviour
As+Ap
n=—H - — 7—7———
A5+Ap\/‘5'¢5/¢p
(no prestress) = n = 1.0, thus no in-
crease of calculated stress range in the
reinforcing steel

,since Ap =0

6.8.5 (3): Eq. 6.71: Verification using
damage equivalent stress range

(NDP) 6.8.4 (6): Table 6.3DE: Param-
eters for fatigue strength curves for re-
inforcing steel Agp  (N*) = 175 for
straight/bent bars and N* = 10° cycles
(NDP) 2.4.2.3 (1): Partial factor for fa-
tigue loads Yrfat = 1.0

(NDP) 2.4.2.4 (1): Partial factors for ma-
terials ¥s,fqt = 1.15 137



DCE-EN19: Fatigue of a Rectangular Reinforced Concrete CS

(NDP) 6.8.7 (1): Eq. 6.76: fcd fat
k1 =1.0

3.1.2 (6): Eq. 3.2: Bec(to)
Bec(to) = es-(l—m =1.0

(NDP) 6.8.7 (3): Verification of concrete
under compression or shear

(NDP) 6.2.3 (3): v1, V2

6.8.7 (1): Eq. 6.72 - 6.75

138

175
1.0-76.98 < ——
1.15

g, equ(N*) = 76.98 < 152.2 MPa

If a coefficient A; = 2.0 is input for the shear links, resulting in a stress
range of Agg ., (N*) = 2-76.98 = 153.97 MPa, a star (*) will be
printed in the output next to the shear link stress range, denoting that
the limit value of 152.2 MPa has been exceeded.

The design fatigue strength of concrete is determined by:

fcd,fat =Ky - Bcc(to) ‘fcd . (1 - ;;ko)

35
fed,fat=1.0-1.0-19.83- (1— E) =17.0567 MPa

In the case of the compression struts of members subjected to shear,
the concrete strength fcq rat Should be reduced by the strength reduc-
tion factor vy according to 6.2.3(3).

fck
vy =(1.1—
2=( 500

)< 1.0

vo=(1.1-— i) =1.03—-v,=1.0
500
v1=0.75-v>
v1=0.75-1.0=0.75
= fed fatred = 0.75+17.0567 = 12.7925 MPa

A satisfactory fatigue resistance may be assumed, if the following con-
dition is fulfilled:

Ecdlmax,equ + 043 . \/ 1 - Requ S 1

Ocd,max,equ Ocd,min,equ
——+043:4{1——<1
fea fat,red Ocd,max,equ

Ocd,min,equ
Ocd,max,equ < fcd,fat,red * (1-0 —0.43- \J 1- —)

Ocd,max,equ

<12.7925.(1.0—0.43.\1— 22233
o . 1 1.0=0.43-\1-
cd,max,equ = 1.2362

Ocd,max,equ = 1.2362 < 10.35 MPa

Accordingly the above verification is done for the minimum and maxi-
mum nonlinear stresses of concrete, as calculated from AQB Fig. 21.6,
at the defined “TOP’ point of the cross-section.

Ocd,min,equ
Ocd,max,equ < fed,fat*| 1.0—0.43 4|1 = —————
Ocd,max,equ
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5.69
o <17.0567-11.0—-0.43-\|1— ——
cd,max,equ ( 6.60)

ocdlmax,equ =6.60 < 14.33 MPa

47920 479%0

Figure 21.6: Min/Max. Nonlinear Stresses of Concrete at "TOP” Point
(BEM)

Stress limitation:

Omax,t = k3 'fyk =0.80-500 MPa =400 MPa 7.2 (5)
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21.5 Conclusion

This example shows the verification of a reinforced concrete beam to fatigue. It has been shown that
AQB follows the fatigue verification procedure, as proposed in DIN EN 1992-1-1/NA [11] [2]. The in-
significant deviation arises from the fact that the benchmark (reference) results have been calculated by
using the BEM analysis. By introducing the FEM analysis, AQUA calculates now the 1/Wy,, 1/Wyy
and 1/Wr values more accurate.

21.6 Literature

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
flir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.
[11] DIN EN 1992-1-1/NA:2013-04: Eurocode 2: Design of concrete structures, Part 1-1/NA: Gen-
eral rules and rules for buildings - Nationaler Anhang Deutschland, Ersatz fiir DIN EN 1992-1-
1/NA:2011-01 und DIN EN 1992-1-1/NA Berichtigung 1:2012-06. DIN. 2013.
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22 DCE-EN20: Design of a Steel I-section for Bending,
Shear and Axial Force

Design Code Family(s): EN

Design Code(s): EN 1993-1-1
Module(s): AQB
Input file(s): usage_interact.dat

22.1 Problem Description

The problem consists of a steel | section, as shown in Fig. 22.1. The cross-section is loaded with
bending, shear and axial force. The required result is the utilization of the ultimate bearing capacity. The
formulas provided in the Eurocode for that purpose are not generally applicable for all types of sections
and do not allow a direct evaluation of this value, so it is common, that software implementations will
deviate in some parts from the suggested procedure.

First it will be shown that a loading below the ultimate capacity will be covered by selected software even
if deviations in the applied formulas will affect the expected results slightly. Then it will be demonstrated
that an advanced analysis using additional features within the provisions of the design code allows a
better approach to the ultimate capacity.

/lI, b /lI,
=K 175 tf
N(~r 7
tw
M Ve
h Y y

| J} ]

Figure 22.1: Problem Description

Table 22.1: Model Properties

Material Properties Geometric Properties Loading

5235 HEM 500 V;=1400kN

Ymo =1.00 b=306mm My =450 kNm
h=524mm N =-5000 kN

tr=40mm, ty, =21 mm
r=27mm

A =344.298 cm? Sectional Class 1
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22.2 Reference Solution

As significant shear and axial forces are present allowance should be made for the effect of both shear
force and axial force on the resistance moment. The content of this problem is covered by the following
parts of EN 1993-1-1:2005 [7]:

« Structural steel (Section 3.2 )

» Resistance of cross-sections (Section 6.2)

22.3 Model and Results

The section, a HEM 500, with properties as defined in Table 22.1, is to be designed for an ultimate
moment My, a shear force V; and an axial force N, with respect to EN 1993-1-1:2005 [7]. The utilisation
level of allowable plastic forces are calculated and compared to software results. The results are given
in Table 22.2.

Table 22.2: Results

Result SOF. Ref.
Util. level N 0.618 0.618
util. level Neg/Nv,Rrd 0.712 0.712
util. level V, 0.797 0.797
Util. level My, 0.270 0.270
Total util. level My, req (EN 1993-1-1) 0.952 0.846
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22.4 Design Process'

The calculation steps of the reference solution are presented below.
Neither the axial force (see EN 1993-1-1, 6.2.9.1 (4)) nor the shear

force (see EN 1993-1-1, 6.2.10) can be neglected.

Material:

Structural Steel S 235

fy =235 N/mm?

Cross-sectional properties:

Wpi,y =7094.2 cm?

Ayz=A—=2-b-tr+ (tw+ 2-r)-tr but notless than n - hy, - tw
hw=h—-2-tr=44.4cm

Ay,=129.498cm? >1-44.4-2.1=93.24

Ay, 129.5
ayz = = =0.376
2T A 3443

Ay 995 — 0.280
A 3443
129.498-235/4/3
VpLRd,z = 700 =1757 kN
w .
Merg = 2P DY _ 1667 knm
Ymo

Where the shear and axial force are present allowance should be made
for the effect of both shear force and axial force on resistance moment.

Provided that the design value of the shear force Vg does not exceed
the 50% of the design plastic shear resistance Vp,rq No reduction of

the resistances for bending and axial force need to be made.
VEqd < 0.5 Vpird

V.
£ _0.797>0.5

VpiRd,z

— shear resistance limit exceeded

Provided that the design value of the shear force Vg4 exceeds the 50%
of the design plastic shear resistance Vprd,z, the design resistance
of the cross-section to combinations of moment and axial force should
be calculated using a reduced yield strength (1 — p) - f, for the shear
area. Therefore all following formulas will be modified for the shear force

allowance.

'The sections mentioned in the margins refer to EN 1993-1-1:2005 [7] unless other-

wise specified.

SOFISTiK 2022 | VERIFICATION - Design Code Benchmarks

Plastic section modulus of HEM 500
w.rt. y-

6.2.6 (3)a: The shear area Ay,; may be
taken as follows for rolled I-sections with
load parallel to the web

n may be conservatively taken equal to
1.0

Partial factor ymo = 1.0

A—2-b-t;

6.29.1 (5): a
A

6.2.6 (3)a: The shear area Ay, may be
taken as follows for rolled | - sections
with load parallel to the web

6.2.5 (2), Eq. 6.13: The design resis-
tance for bending, for Class 1 cross-
section

6.2.10 (1): Bending, shear and axial
force

6.2.10 (2)

6.2.10 (3): Bending shear and axial
force
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6.2.10 (3) the design resistance should
be calculated using a reduced yield
strength (1 — p) - f, for the shear area

6.2.8 (5): Eq. 6.30: The reduced de-
sign plastic resistance moment allowing
for shear force may alternatively be ob-
tained for |-sections with equal flanges
and bending about major axis

6.2.4 (2), Eq. 6.10: The design resis-
tance for compression

6.2.9.1 (1): Bending and axial force -
Class 1 and 2 cross-sections

6.2.9.1 (4): For doubly symmetrical
|-sections, allowance need not to be
made for the effect of the axial force on
the plastic resistance moment about the
y-y axis when the criteria are satisfied.

6.2.9.1 (5): Eq. 6.36-6.38: reduced de-
sign plastic resistance moment allow-
ing for I-sections with equal flanges and
bending about major axis.

144

2-Veq 2
o= (—E _ 1) =0.352
VoiRd,z

p-A2
Wpl,y_ _W] 'fy

4.t,
My,v,rd = 1581 kNm
Ymo
M
Y —0.277

My, v,rd

My . .

= 0.270 with no reduction

Mc,Rd

A-
NpiLrd = —fy =8091 kN
Ymo

Nv,rd = Npi,ra - (L —ay,z - p)

Nyrg=7018.6 kN

N
ny=—9 =0.712
Nv,rd
NEgq . .
= 0.618 with no reduction
Npi,Rd

Where an axial force is present, allowance should be made for its effect

on the plastic moment resistance.

0.25:NyRra
NEd>min O.5'hw'tw'fy'(1—p)
Ymo
Ngg =5000 > min 1754.7 kN
709.5 kN

— consideration of axial force in interaction

y y 1—n
Ny Rd=MyyRd ————
Y YR 1 _0.5.a*

and My,y,rad < My,y,Rd

N
n=—2% -0.712
Nv,ra
A—2-b-t; 344.4—2-30.6-4
o _ =0.289
a* =min A 344.4
0.5
a* =0.289
M 15g1. 10712 531 kN
= . = m
N.y.Rd 1—-0.5-0.289
M 450
vEd 2 _0.846

Mnv,yrd 531
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Alternative solution (see evaluation below):

0.352-129.52
4.2.1 Y

My,\/,Rd = (7094—

My, v,rd = 1501.8 kNm

M 170712 s01-5324N
= = m
NyRI=1705.0.376
M 450
fd 22" _0.846
Mnv.yra 532
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Using Aw = Ay = Ay, insead of
three different values: 93.2 # 99.5 #
129.5

Hit: The reduction by the plastic bend-
ing resistance of the web may be ob-
tained with a better precision.
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22.5 Conclusion
Interaction formulas are not expected to be true for all cases [12]. Thus deviations are unavoidable.

The first reason of the deviation is that the interaction formulas are not linear. Thus an utilisation factor
of 0.5 does not mean that the ultimate load is twice the current loading. If the utilisation factor of the
normal force or the shear force become 1.0 or larger then the formulas are not applicable any more. So
the utilisation formula should be rewritten from the original form of:

M 1—-0.5-a

My, v,rd (1_ N )
Nv,rd

<1.00 (22.1)

to the completely equivalent form:

-(1—0.5:ayz)+
My,v,rd V,rd

<1.00 (22.2)

These are two different curves intersecting for the critical value of 1.0, but the singularity for the utilisation
N/Nyrqg = 1 is avoided. The second formula yields a value of 0.956 with the EN reference data.
The simplified interaction according to equation 6.2 of EN 1993-1-1 yields an utilisation value of 1.04.
Program RUBSTAHL QST-I [12] yields an utilisation of 1.00.

The second reason for the deviations is that the software follows a more general principle and uses only
a single value for the shear capacity as indicated in the last row of table 22.2. Thus the software has to
select either the web only or the dog-bone-shape including parts of the flanges, as can be visualized in
Fig. 22.2.

\*‘

AV AV

z

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\I\\\\\

&

Figure 22.2: Different shear areas for steel section

These deviations become larger, if we try to find the true capacity of the section. It has to be noted,
that most interaction formulas for shear and normal stress are working with partial areas and are not
accounting for the true interaction of stresses. There are different possibilities in the literature and there
are some numerical procedures by Katz [13] or Osterrieder [14] allowing for more detailed evaluations.

The solution with the optimization process from Osterrieder [14] yields a true utilisation factor of 0.93 for
the given forces. Thus the true ultimate plastic force combination is: N = 5380 kN, V, = 1505 kN,
M, = 483.9 kNm. The software provides for these forces with the modified interaction formulas an
utilisation of 1.08. If one follows strictly the design code, much higher values of about 2.7 are obtained,
showing the strong non proportionality of those formulas.
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The solution according to Katz [13] uses a non-linear analysis, thus we have finite strains and the hard-
ening effect of the steel strain law is used, as indicated in EN 1993-1-5:2006 Appendix C.6 [15]. Then it
is no problem to obtain even higher ultimate forces: N = 5800 kN, V, = 1624 kN, My, = 522 kNm,
giving a utilisation factor of 0.86 for the given loading. The normal and shear stress distribution in Figure
22.3 is obtained with a maximum compressive strain of —1.61%..

% %
> < 2 %
N 2 %
a?® SN
™ P 2
N o 3
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%
o
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\ &® \ 259
)
,\u\-@ ’Lﬂfb
t Av
& ®
%, ,\&6_&\ 2
~— w 2 =
g .
2 ks % @,
%\ o
| | | | | | | |
Non linear Axial Stress, f = 1.080 Non linear Shear Stress, f = 1.080 Non linear von Mises stress, f = 1.080

Figure 22.3: Non-linear normal and shear stress distribution

22.6 Literature

[71 EN 1993-1-1: Eurocode 3: Design of concrete structures, Part 1-1: General rules and rules for
buildings. CEN. 2005.
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23 DCE-EN21: Real Creep and Shrinkage Calculation of
a T-Beam Prestressed CS

Design Code Family(s): EN

Design Code(s): EN 1992-1-1

Module(s): CSM

Input file(s): real_creep_shrinkage.dat
23.1 Problem Description

The problem consists of a simply supported beam with a T-Beam cross-section of prestressed concrete,
as shown in Fig. 23.1. The nodal displacement is calculated considering the effects of real creep and
shrinkage, also the usage of custom (experimental) creep and shrinkage parameters is verified, the
custom (experimental) parameter is taken from fib Model Code 2010 [16].

o s T ber —
K Vhf :
_____ lVEd
hild
Ly [ _Aa
= 1I ;

Figure 23.1: Problem Description

23.2 Reference Solution

This example is concerned with the calculation of creep and shrinkage on a prestressed concrete cs,
subject to horizontal prestressing force. The content of this problem is covered by the following parts of
EN 1992-1-1:2004 [6]:

» Creep and Shrinkage (Section 3.1.4)
» Annex B: Creep and Shrinkage (Section B.1, B.2)

The time dependant displacements are calculated by multiplying the length of the beam with the creep
(€cc) and shrinkage (€cs) strain:

+ the creep deformation of concrete is calculated according to (EN 1992-1-1, 3.1.4, Eq. 3.6)

+ the total shrinkage strain is calculated according to (EN 1992-1-1, 3.1.4, Eq. 3.8)

23.3 Model and Results

The benchmark 21 is here to show the effects of real creep on a prestressed concrete simply supported
beam. The analysed system can be seen in Fig. 23.4 with properties as defined in Table 23.1. The
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tendon geometry is simplified as much as possible and modelled as a horizontal force, therefore tendons
are not subject of this benchmark. The beam consists of a T-Beam cs and is loaded with a horizontal
prestressing force from time t; = 100 days to time t; = 300 days. The self-weight is neglected. A
calculation of the creep and shrinkage is performed in the middle of the span with respect to EN 1992-
1-1:2004 [6]. The calculation steps are presented below and the results are given in Table 23.2 for the
calculation with CSM. For calculating the real creep and shrinkage (RCRE) an equivalent loading is
used, see Fig. 23.2 and Fig. 23.3.

The time steps for the calculation are:
to = 7 days, t1 = 100 days, t> = 300 days, teo = 30 years

Equivalent loading used by CSM

U fmm] nummumul
Real loading
IRETTRRTTIRITINY
@ shrinkage
loading
@ creep
‘—_\
ﬁ | t [days]
ts to t1 =100 t, =300 too =30 yr.

Figure 23.2: Creep, shrinkage and loading displacements

Equivalent loading used by CSM

U [mm] IHHHHHHHHI

Real loading

IRREERREERERRTER

+creep +shrinkage — «—+shrinkage -creep

-loading —
+loading —

— +shrinkage
- . . t [days]
ts to t;1 =100 t, =300 to =30 yr.

Figure 23.3: Equivalent loading and displacement for real creep and shrinkage (RCRE)
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The benchmark contains next calculation steps:
1. Calculating the shrinkage displacements before loading.
2. Calculating the displacements when loading occurs at time t; = 100 days.

3. Calculating the displacements (creep and shrinkage) at time before the loading is inactive (t; ~
300 and t> < 300 days).

4. Calculating the displacements at time when the loading is inactive (t2 ~ 300 and t; > 300 days).

5. Calculating the displacements at time t3 = 30 years.

Table 23.1: Model Properties

Material Properties Geometric Properties Loading (atx=10m) Time

C 35/45 h=120cm Np =—900.0 kN to = 7 days
Y 1770 befr =280.0 cm ts = 3 days
RH =80 hf=40cm
bw=40cm
L=20.0m
L

Figure 23.4: Simply Supported Beam

Table 23.2: Results

Result CSM [mm] Ref [mm].
Alao1s -0.688 -0.688
Also20 -0.847 -0.8431
Also2s -1.455 -1.45314
Algo30 -1.298 -1.29814
Alao3s -2.167 -2.08
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3.1: Concrete

3.1.2: Tab. 3.1: Ecm, fek and fem for
C 35/45

3.3: Prestressing Steel

0o stress in concrete

to minimum age of concrete for loading
ts age of concrete at start of drying
shrinkage

t age of concrete at the moment consid-
ered

3.1.4 (6): Eq. 3.8: €5 total shrinkage
strain

3.1.4 (6): Eq. 3.9: €4 drying shrinkage
strain
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23.4

Design with respect to EN 1992-1-1:2004 [6]:°

Design Process'

Material:

Concrete: C 35/45

Ecm =34077 N/mm?

fek =35 N/mm?2

fem =43 N/mm?
Prestressing Steel: Y 1770
Load Actions:

Self weight per length is neglected: v = 0 kN/m (to simplify the exam-
ple as much as possible)

At x = 10.0 m middle of the span:

Neg =—900 kN
A=280-40+60-80=16000 cm?

Calculation of stresses at x = 10.0 m midspan:
NEeqg

—900
Oc=——=
A 16000

=—0.05625 kN/cm? = —0.5625 N/mm?

1) Calculating the shrinkage displacements before loading
e Calculating creep:

According to EN 1992-1-1 the creep deformation of concrete for a con-
stant compressive stress 0. applied at a concrete age to is given by:

€cc = ¢(t, to) - (0c/Ecs)

Because 0. = 0 (before loading), creep deformation is neglected and
GCC = O

e Calculating shrinkage:

to = 7 days
ts = 3 days
t =100 days

teff =t—1to=100—7 =93 days
€Ecs = €cdt €ca

€cd(t) =Bas(t, ts)-kn-€cd,0

"The tools used in the design process are based on steel stress-strain diagrams, as
defined in [6] 3.3.6: Fig. 3.10

2The sections mentioned in the margins refer to EN 1992-1-1:2004 [6], [2], unless
otherwise specified.
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»

The development of the drying shrinkage strain in time is strongly de-
pends on Bys(t, ts) factor. SOFiISTIK accounts not only for the age at
start of drying ts but also for the influence of the age of the prestressing
to. Therefore, the calculation of factor B¢s reads:

Bds = ,Bds(t: ts)— ,Bds(to' ts)

PR o > I . o

T (t—t)+0.04-/h3  (to—t)+0.04-/n3
1003 7-3

Bae ( ) ( )

© (100—3)+0.04-V4003 (7—3)+0.04-/4003
Bdgs =0.232—0.01235 =0.22026

kn=0.725 for ho =400 mm

€cd0=0.85 [(220 +110- ags1) - €XP (—O(dsz Jem )]-10—6-3RH

fcmo

1.55(1 (RH)3 1.55(1 (80)3 0.7564
Prn =1. RHo) | 100) |
43
€cd,0 = 0.85 [(220 +110-4)-exp (—0.12 . E)]10—6-0.7564

€cd0=2.533-10"*
€cd = Bds *Kh* €cd,0

€cg=0.22026-0.725-2.533-10"4=—-4.04-10">

Drying shrinkage:

€cd =—4.04-107>

€ca(t) = Bas(t) - €ca(o0)
€ca(0)=2.5(fxx—10)-10"6=2.5.(35—10)-10"°

€ca(00) =6.25-107> = 0.0625 /o0

Proportionally to B4s(t, ts), SOFiSTIK calculates factor B4s as follows:
Bas = Bas(t) — Bas(to)

Bas=1— e 02Vt _ (1 _ e—o.z-ﬁ) — e 0.2:4/Tg _ g—0.2:vE

Bas = 0.4537

€ca(t) = Bas(t) - €cal(o0)
€cq(t) =0.45377-6.25-10">

Autogenous shrinkage:

SOFISTiK 2022 | VERIFICATION - Design Code Benchmarks

3.1.4 (6): Eq. 3.10: Bys

3.1.4 (6): ho the notional size (mm) of
the cs hg = 2A./u=500 mm

3.1.4 (6): Tab. 3.3: kp coefficient de-
pending on hg

Annex B.2 (1): Eq. B.11: €¢q,0 basic
drying shrinkage strain

Annex B.2 (1): Eq. B.12: Brx
RH the ambient relative humidity (%)

Annex B.2 (1): ags1, 0gs1 coefficients
depending on type of cement.
For class N ags1 = 4, agsp = 0.12

3.1.4 (6): Eg. 3.11: €.q autogenous
shrinkage strain

3.1.4 (6): Eq. 3.12: €¢q(0)

3.1.4 (6): Eq. 3.13: Bas
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€ absolute shrinkage strain
negative sign to declare losses

Ecs calculated “ideal” cross section
modulus of elasticity for concrete and
reinforcement steel

to minimun age of concrete for loading
ts age of concrete at start of drying
shrinkage

t age of concrete at the moment consid-
ered

3.1.4 (6): Eq. 3.8: €5 total shrinkage
strain

3.1.4 (6): Eq. 3.9: €4 drying shrinkage
strain
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Eca(t) =—-2.84- 10_5

Total shrinkage:

€cs =€ca+t €cd

€cs=—2.84-10"°+4(—4.04)-107°> =—6.881-10">
Calculating displacement:

Aly,cs =€cs-L/2

Aly s =—6.881-107>-10000 mm

Aly,cs =—0.6881 mm

2) Calculate displacement when loading occurs at time t; = 100
days at x = 10.0 m midspan

UC=E55'€

S
Ecs=Eem+ — -E
CcS cm AC S

178.568
Ecs =3407.7 + -20000
16000—178.568

Ecs =3407.7 + 225.729

E.s =3633.42 kN/cm? = 36334.29 N/mm?

o —0.5625
€=—=——— =-1.55-10"3

Ec.s 36334.29

Al

€=T—)A12=€'L/2

Al; =—1.55-10"3-10000 mm =—0.155 mm

3) Calculating the displacement (creep and shrinkage) at time be-
fore the loading is inactive (t; ~ 300 and t; < 300 days)

to = 100 days
ts = 3 days
t =300 days

teff =t—to =300—100 =200 days

e Calculating shrinkage:
€cs =€cd + €ca
€cd(t) = Bas(t, tS) - Kn - €cd,0

The development of the drying shrinkage strain in time is strongly de-
pends on Bys(t, ts) factor. SOFiSTiK accounts not only for the age at
start of drying ts but also for the influence of the age of the prestressing
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»

to. Therefore, the calculation of factor B4s reads:

Bds = Bds(t, ts) — Bas(to, ts)

o) (=t
T (=t + 0.04-1/h3  (to—ts)+0.04-4/h3
(300—13) (100-3)

ds = -
(300—3)+0.04-4/4003 (100—3)+ 0.04-v4003
Bas = 0.2487

kn =10.725 for ho =400 mm

€cd.0=0.85 [(220 +110-ags1) - €Xp (—O{dsz -J{C’" )]-10—6-3RH

cmo

80 \3
1.55 1—(—) =0.7564
100
43
€cd,0 =0.85 [(220 +110-4)-exp (—0.12 . 1—0)]10‘6-0.7564

€cd,0 =2.533-107%

€cg =0.24874-0.725-2.533-10"4=—-4.57-10>

Drying shrinkage:

€cg=—4.57-10">

€ca(t) = Bas(t) - €cal()
€ca(0)=2.5-(fck—10)-10"°=2.5(35—10)-10"°

€ca(00) =6.25-107> = 0.0625 °/o0

Proportionally to B4s(t, ts), SOFiSTIK calculates factor B4s as follows:
Bas = Bas(t) — Bas(to)

Bas=1— e—0.2:vt _ (1 _ e—o.z-/E) — e 0.2:4/Tg _ g—0.2:4F

Bas = 0.104

€cal(t) = Bas(t) - €ca()

€ca(t)=0.1040-6.25-10">

Autogenous shrinkage:

€ca(t) =—6.502136-10°

Total shrinkage:
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3.1.4 (6): Eq. 3.10: Bus

3.1.4 (6): ho the notional size (mm) of
the cs hg = 2A./u=500 mm

3.1.4 (6): Tab. 3.3: kp coefficient de-
pending on ho

Annex B.2 (1): Eq. B.11: €cq,0 basic
drying shrinkage strain

Annex B.2 (1): Eq. B.12: Bry
RH the ambient relative humidity (%)

Annex B.2 (1): ags1, 0gs1 coefficients
depending on type of cement.
Forclass N atgs1 = 4, 0gs2 = 0.12

3.1.4 (6): Eq. 3.11: €4 autogenous
shrinkage strain

3.1.4 (6): Eq. 3.12: €cq(0)

3.1.4 (6): Eq. 3.13: Bgs
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€cs =€cqt €Ecqa
€cs =—6.502136-1076 + (—4.57)- 1075

€cs =—5.218-10">

€ absolute shrinkage strain
negative sign to declare losses

Calculating displacement:
Alz,cs =€cs-L/2
Alz cs =—5.218-107>-10000 mm

Als cs =—0.5218 mm

e Calculating creep:

Annex B.1 (1): Eq. B.1: ¢(t, to) creep ¢(t, to) = ¢O . Bc(t, to)

coefficient

Annex B.1 (1): Eq. B.2: ¢ notional ¢O = (PRH . B(fcm) . B(to)
creep coefficient
1—-RH/100
1} + 02

—.a
0.1- 3/ho

Annex B.1 (1): Eq. B.3: @ry factor for QOrH = [1 +
effect of relative humidity on creep

16.8
Annex B.1 (1): Eq. B.4: B(fcm) factor B(fcm) = =16.8/¥43=2.562
for effect of concrete strength on creep vJcm
r 35 40.7
Annex B.1 (1): Eq. B.8c: a1, a2, a3 a; =|— =0.8658<1
coefficients to consider influence of con- -fcm i
crete strength
r 35 10.2
ap=[—| =0.9597<1
_fcm J
r 35 40.5
az=|—| =0.9022<1
_fcm J
0] [1 1-80/100 0 8658] 0.9597=1.1852
RH = + ——- 0. - V. = 1.
0.1- ¥400
Annex B.1 (1): Eq. B.5: B(to) factor B(to) = T o308
for effect of concrete age at loading on (0. 1+ tg' O)

creep

9 lo§
Annex B.1 (2): Eq. B.9: to,r tempera- to = tO,T |\ 13 +1 > 0.5
ture adjusted age of concrete at loading 2+ tO,.T

adjusted according to expression B.10

Annex B.1 (3): Eq. B.10: tr temper- tr = Z?:l e—(4000/[273+T(At;)]-13.65) , At;

ature adjusted concrete age which re-

places t in the corresponding equations tO,T =100- e—(4000/[273+20]—13.65) =100-1.0=100.0

0
Annex B.1 (2): Eq. B.9: a a power = to =100- (—12 + 1) =100
which depends on type of cement 2+ 100+
ForclassNa =0 1
B(to) = =0.383

(0.1+1000-20)

The coefficient to describe the development of creep with time after
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<8 SOFISTIK

loading can be calculated according to EN 1992-1-1, Eq. B.7.:

(t—to) ]0-3
(BH + t—to)

In SOFiSTiK it is possible to modify and use custom creep and shrink-
age parameters, for more details see AQUA and AQB Manual. In our

case we are using the equation from fib Model Code 2010[16] (to verify
and show the MEXT feature in SOFiSTIK):

BC(tI tO) = [

(t—to) v (to)
PN ECON
(BH + t—to)
where:
! ! 0.3773
V(to) = 3.5 35 265
2.3+ — 2.3+ ——
Vto J/100

With MEXT NO 1 EIGE VAL 0.3773the exponent 0.3 can be modified to
0.3773.

(t—to)
(BH + t—to)
Br=1.5-[1+(0.012-RH)*8]-ho+250-a3 < 150003

]0.3773

Bc(t, to) = [

Br=1.5-[1+(0.012-80)'8]-400+ 250-0.9022
Br=1113.31<1500-0.9022 = 1353.30

= Bc(t, to) = 0.4916

¢0 = ¢rH * B(fem) - B(to)
¢o=1.1852-2.5619-0.383 = 1.1629

¢(t, to) = ¢o - Bc(t, to)

¢(t, to) = 1.1629-0.4916 = 0.57

pefs(t, to) = 0.57/1.05 = 0.5445

According to EN, the creep value is related to the tangent Young’s
modulus E., where E. being defined as 1.05 - E.;;. To account for
this, SOFISTIK adopts this scaling for the computed creep coefficient
(in SOFISTIK, all computations are consistently based on Ecm).

Calculating the displacement:

Oc

ECC(tI tO) = ¢(t1 tO) ——
ECS

—0.5625

— =-8.82430-10"°
36334.29

ecc(t, to) = 057 .

Al
€=T —’Al?,lcc:ecc'L/z

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks

Annex B.1 (1): Eq. B.7: Bc(t, to) co-
efficient to describe the development of
creep with time after loading

fib Model Code 2010; Eq. 5.1-71a

fib Model Code 2010; Eq. 5.1-71b

Annex B.1 (1): Eq. B.7: Bc(t, to) co-
efficient to describe the development of
creep with time after loading

Annex B.1 (1): Eq. B.8: By coefficient
depending on relative humidity and no-
tional member size

Annex B.1 (3): The values of ¢(t, to)
given above should be associated with
the tangent modulus E¢

3.1.4 (2): The values of the creep coef-
ficient, ¢(t, to) is related to E., the tan-
gent modulus, which may be taken as
1.05-Ecm
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to minimun age of concrete for loading
ts age of concrete at start of drying
shrinkage

t age of concrete at the moment consid-
ered

3.1.4 (6): Eq. 3.8: €5 total shrinkage
strain

3.1.4 (6): Eq. 3.9: €q drying shrinkage
strain

3.1.4 (6): Eq. 3.10: Bgs

3.1.4 (6): hg the notional size (mm) of
the cs hg = 2A./u =500 mm

3.1.4 (6): Tab. 3.3: kp coefficient de-
pending on ho

Annex B.2 (1): Eq. B.11: €cq,0 basic
drying shrinkage strain

Annex B.2 (1): Eq. B.12: Brux
RH the ambient relative humidity (%)

Annex B.2 (1): ags1, 0gs1 coefficients
depending on type of cement.
Forclass N ags1 = 4, ags2 = 0.12
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Alz,cc =—8.82430-10%-10000 mm =—0.08824 mm

4) Calculating the displacement at time when the loading is inac-
tive (t; ~ 300 and t; > 300 days).

At this step the loading disappears therefore:

Alg =—Al, =0.155 mm

5) Calculating the displacement at time t3 = 30 years.
to = 300 days

ts = 3 days

t=11250 days

teff =t—to=11250—300=11950 days

— 11950/365 = 30 years

e Calculating shrinkage:
€cs = €cd+ €Eca
€cd(t) = Bas(t, ts) - kn - €cq,0

The development of the drying shrinkage strain in time is strongly de-
pends on B4s(t, ts) factor. SOFISTIK accounts not only for the age at
start of drying ts but also for the influence of the age of the prestressing
to. Therefore, the calculation of factor B¢s reads:

Bds = Bds(t, ts)— Bds(tol ts)

PO G B G o >
T =t + 0.04-1/h3  (to—ts)+0.04-1/h3
(11250 — 3) (300—3)

ds = -
(11250—3)+0.04-+/4003 (300—3)+0.04-+4/4003
Bas = 0.49097

kn =0.725 for hg =400 mm

€cd,0=0.85 [(220 +110- 0gs1) - €XP (—Gdsz -J{C’" )}-10—6-;3,3,4

cmo

1.55|1 (RH)3 1.55|1 (80)3 0.7564
Brn=1. RHo) | 100) |
43
€cd,0=0.85 [(220 +110-4)- exp(—O.lZ : E)]-10—6-0.7564

€cd,0=2.533-10"%

€cd = Bas(t, ts) - kn-€cd,0
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€cqd = 0.49097-0.725-2.533-1074=-9.02-107>

Drying shrinkage:

€cg=—9.02-10">

€ca(t) = Bas(t) - €ca(0)
€ca(©)=2.5(fck—10)-1076=2.5(35—10)-107°

€cq(0) =6.25-107° = 0.0625 °/o0

Proportionally to B4s(t, ts), SOFiSTIK calculates factor B4s as follows:
Bas = Bas(t) — Bas(to)

Bas=1—e02VE_ (1 _ e—o.z-‘/ﬁ) — e 0.2:4/Tg _ g—0.2:4F

Bas =0.03130

€cal(t) = Bas(t) - €ca(o0)

€caq(t) =0.03130-6.25-10">

Autogenous shrinkage:

€ca(t)=—1.95632-10°

Total shrinkage:
€Ecs = €cat €Ecd
€cs =—1.95632-10"6 +(—9.02)-107>

€cs =—9.212-107>

Calculating displacement:
Als,cs = €cs-L/2
Als s =—9.212-107>-10000 mm

Als s =—0.9212 mm

e Calculating creep:
¢(t, to) = ¢o - Bc(t, to)

®0 = ¢rH - B(fem) - B(to)
1—RH/100
0.1- 3ho

Ofl]az

PrRH = [1+
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3.1.4 (6): Eq. 3.11: €.q autogenous
shrinkage strain

3.1.4 (8): Eq. 3.12: €¢q(c0)

3.1.4 (6): Eq. 3.13: Bgs

€ absolute shrinkage strain
negative sign to declare losses

Annex B.1 (1): Eq. B.1: ¢(t, to) creep
coefficient

Annex B.1 (1): Eq. B.2: ¢o notional
creep coefficient

Annex B.1 (1): Eq. B.3: ¢ry factor for
effect of relative humidity on creep
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Annex B.1 (1): Eq. B.4: B(fcm) factor
for effect of concrete strength on creep

Annex B.1 (1): Eq. B.8c: o1, a3, a3
coefficients to consider influence of con-
crete strength

Annex B.1 (1): Eq. B.5: B(to) factor
for effect of concrete age at loading on
creep

Annex B.1 (2): Eq. B.9: to,7 tempera-
ture adjusted age of concrete at loading
adjusted according to expression B.10

Annex B.1 (3): Eq. B.10: tr temper-
ature adjusted concrete age which re-
places t in the corresponding equations

Annex B.1 (2): Eq. B.9: a a power
which depends on type of cement
ForclassNa =0

Annex B.1 (1): Eq. B.7: Bc(t, to) co-
efficient to describe the development of
creep with time after loading

Annex B.1 (1): Eq. B.7: Bc(t, to) co-
efficient to describe the development of
creep with time after loading

Annex B.1 (1): Eq. B.8: By coefficient
depending on relative humidity and no-
tional member size
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16.8
B(fem) = =16.8/4/43=2.562
Vfem
r 35 H0.7
a1 =|— =0.8658<1
_fcm_
r 35 H0.2
oy =|— =0.9597<1
_fcm_
r 35 10.5
az =| — =0.9022<1
_fcm_
0] [1 1-80/100 0 8658] 0.9597 =1.1852
RH=|1l+——5—"-0. - 0. =1.
0.1- ¥400
B(to) =

(0.1+ %)

9 a
to=to,7-| ——=+1]| =>0.5
(2+fé;% )

tr = Z?:l e—(4000/[273+T(At,')]—13.65) - At;

to,r = 300 - e~(4000/[273+20]-13.65) = 300-1.0 = 300.0

0
=>t0=300-( +l) =300

2 +30012

= 0.3097

Alto) = 1515300029

The coefficient to describe the development of creep with time after
loading can be calculated according to EN 1992-1-1, Eq. B.7.:

(BH + t—1to)
In SOFiSTiK it is possible to modify and use custom creep and shrink-
age parameters, for more details see AQUA and AQB Manual. In our

case we are using the equation from fib Model Code 2010[16] (to verify
and show the MEXT feature in SOFiSTiK).

ﬁc(tl to) = |:

With MEXT NO 1 EIGE VAL 0.3773 the exponent 0.3 can be modified to
0.3773.

(t—to)
(BH+t—to)
Br=1.5-[1+(0.012-RH)8]-hg+250-a3 <1500 a3

i|0.3773

,Bc(t' to) = |:

Br=1.5-[1+(0.012-80)18]-400+250-0.9022
Br=1113.31 < 1500-0.9022 = 1353.30

= Bc(t, to) =0.9641
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¢0 = drH - B(fem) - B(to)
¢0=1.1852-2.5619:0.3097 =0.94067
¢(t, to) = ¢o - Bc(t, to)

¢(t, to) =0.94067:0.9641 =0.91

defr(t, to) = 0.91/1.05 = 0.8637

According to EN, the creep value is related to the tangent Young’s
modulus E., where E. being defined as 1.05 - E,;. To account for
this, SOFiSTiK adopts this scaling for the computed creep coefficient
(in SOFISTIK, all computations are consistently based on Ecm).

Oc
€cc(t, to) = ¢(t, to) - —
Ecs

(t, to) = 0.91 —0-3625 _ | 4087.10-5
€cc(t, to)=0.91- ———— =—1, 10~
cetno 36334.29

Al
€=T _)AIS,CC=€CC'L/2

Als cc =—1.4087-107>-10000 mm =—0.1408 mm

CALCULATING THE DISPLACEMENT:

- 4010 stripping concrete

Algo10 = 0 mm

- 4015 K creep step

Algo15 = Aly,cs

Algo15 =—0.688 mm

- 4020 Start loading A

Alagro =Aly,cs + Al

Alag20 =—0.6881—0.155

Alag20 =—0.8431 mm

- 4025 K creep step

Algo2s = Aly,cs + Al + Alz,cs + A3,cc
Algo25 =—0.6881—0.155—0.08824—0.5218
Algg25 =—1.45314 mm

- 4030 Stop loading A

Algozo =Al1,cs + Al + Alz cs + Alz,cc — Aly

Algp30 =—0.6881—-0.155—-0.08824—-0.5218+ 0.155

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks

Annex B.1 (3): The values of ¢(t, to)
given above should be associated with
the tangent modulus E.

3.1.4 (2): The values of the creep coef-
ficient, ¢(t, to) is related to E., the tan-
gent modulus, which may be taken as
1.05-Ecm
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Algo30 =—1.29814 mm

- 4035 K creep step

Algo3s = Algozo + Als,cs — Als ¢

Algp35 =—1.29814—-0.9212 + 0.140

Algo3s ~—2.08 mm
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23.5 Conclusion

This example shows the calculation of the time dependent displacements due to creep and shrinkage.
It has been shown that the results are in very good agreement with the reference solution.

23.6 Literature

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
ftir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.
[6] EN 1992-1-1: Eurocode 2: Design of concrete structures, Part 1-1: General rules and rules for
buildings. CEN. 2004.
[16] fib Model Code 2010. fib Model Code for Concrete Structures 2010. International Federation for
Structural Concrete (fib). 2010.
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24 DCE-EN22: Stress Relaxation of Prestressing Steel -
EN 1992-1-1

Design Code Family(s): EN

Design Code(s): EN 1992-1-1

Module(s): AQB, AQUA

Input file(s): relaxation_en1992.dat
24.1 Problem Description

The problem consists of a simply supported beam with a rectangular cross-section of prestressed con-
crete, as shown in Fig. 24.1. The time dependent losses are calculated, considering the reduction of
stress caused by the deformation of prestressing steel due to steel-relaxation, under the permanent
loads.

’II/ ’III
E i
i
i " My
- . 1o N O S . -Np
i . /
Ap ¢ j\_
; L E—

Figure 24.1: Problem Description

24.2 Reference Solution

This example is concerned with the calculation of relaxation losses on a prestressed concrete cs, subject
to bending and prestress force. The content of this problem is covered by the following parts of EN 1992-
1-1:2004 [6]:

» Properties (Section 3.3.2)
» Annex D: Detailed calculation method for prestressing steel relaxation losses (Section D.1)
+ Strength (Section 3.3.3)

In this Benchmark the stress loss due to relaxation will be examined, creep and shrinkage losses are
neglected and disabled.

24.3 Model and Results

Benchmark 17 is here extended for the case of steel relaxation losses developing on a prestressed
concrete simply supported beam. The analysed system can be seen in Fig. 24.2, with properties as
defined in Table 24.1. Further information about the tendon geometry and prestressing can be found
in benchmark 17. The beam consists of a rectangular cs and is prestressed and loaded with its own
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weight. A calculation of the relaxation stress losses is performed in the middle of the span with respect
to EN 1992-1-1:2004 [6]. The calculation steps are presented below and the results are given in Table
24.2 for the calculation with AQB.

Table 24.1: Model Properties

Material Properties

Geometric Properties

Loading (atx=10m) Time

C 35/45 h=100.0cm Mg =1250kNm t=1000h
Y1770 b=100.0cm Np =—3653.0 kN
RH =80 L=20.0m
Ap =28.5 cm?
L
Figure 24.2: Simply Supported Beam
Table 24.2: Results
Result AQB Ref.
AOpr, total 14.38 MPa 14.38 MPa
APpr 40.95 kN 40.95 kN
[%] 1.12% 1.12%
Po
166 VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022
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24.4 Design Process'
Design with respect to EN 1992-1-1:2004 [6]
o Material:

Concrete: C 35/45

Ecm = 34077 N/mm?

fek = 35 N/mm?

fem = 43 N/mm?

Prestressing Steel: Y 1770

Ep =195000 N/mm?

fok = 1770 N/mm?

fpo,1k = 1520 N/mm?

Prestressing system: BBV L19 150 mm?

19 wires with area of 150 mm? each, giving a total of Ap =28.5 cm?

o Cross-section:

Ac=1.0-1.0=1m?

Diameter of duct ¢guct = 97 mm

Ratio ag,p =Ep / Ecm = 195000/ 34077 =5.7223
Ac netto = Ac— T+ (Pauct/2)? = 0.9926 m?

Aideal = Ac + Ap - 0g,p = 1.013 m?

¢ Prestressing forces and stresses

The force applied to a tendon, i.e. the force at the active end during
tensioning, should not exceed the following value

Pmax = Ap * Op,max

where Op, max = min(0.8 - fpk; 0.90 - fp0,1k)

Pmax =Ap-0.80 - fpx =28.5-1074-0.80-1770 = 4035.6 kN
Pmax =Ap+0.90 - fpo,1x = 28.5-107%-0.90- 1520 = 3898.8 kN
— Pmax = 3898.8 kN and 0p,max = 1368 N/mm?

The value of the initial prestress force at time t = tp applied to the
concrete immediately after tensioning and anchoring should not exceed
the following value

"The tools used in the design process are based on steel stress-strain diagrams, as
defined in [6] 3.3.6: Fig. 3.10

SOFISTiK 2022 | VERIFICATION - Design Code Benchmarks

3.1: Concrete

3.1.2: Tab. 3.1: Ecm, fek and fem for
C 35/45

3.3: Prestressing Steel
3.3.6 (3): Ep for wires
3.3.2, 3.3.3: fyk Characteristic tensile

strength of prestressing steel

3.3.2, 3.3.3: fpo,1k 0.1% proof-stress of
prestressing steel, yield strength

5.10.3 (2): Prestress force
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5.10.3 (2): Eq. 5.43: Pmo initial pre-
stress force at time t = tp

(NDP) 5.10.3 (2): 0p,mo(x) stress in the
tendon immediately after tensioning or
transfer

EC2-1-1,3.3.2 (7): Eq. 3.29

EC2-1-1,3.3.2 (6)

168

Pmo(x) = Ap - 0p,mo(X)

where 0p, mo(x) = min{0.75fpk; 0.85/p0,1k }
Pmo=Ap-0.75fpx =28.5-107%.0.75-1770 = 3783.4 kN
Pmo =Ap+0.85 - fpo,1k = 28.5-1074-0.85- 1520 = 3682.2 kN
— Pmo = 3682.2 kN and 0p,mo = 1292 N/mm?

Further calculations for the distribution of prestress forces and stresses
along the beam are not in the scope of this benchmark and will not be
described here. The complete diagram can be seen in benchmark 17,
after the consideration of losses at anchorage and due to friction, as
calculated by SOFiSTiK. There the values of 0p,max = 1368 N/mm?
and Pmo = 3682.2 kN can be visualised.

In this benchmark the beam number 10010 is analysed therefore the
prestressing force is obtained from TENDON:

Po = 3653 kN
Op,0 =1281.755 MPa
Calculating the prestressing losses due relaxation

According to EN 1992-1-1, 3.3.2 (5), the value of p1000 is expressed
as a percentage ratio of the initial stress and is obtained for an initial
stress equal to 0.7 - fp, where fp is the actual tensile strength of the
prestressing steel samples. For design calculations, the characteristic
tensile strength (fpk) is used.

opo 1281.755

_ 90 _ = 0.724155 2 tmin = 0.55
R e = 1770 Hmin

The relaxation loss may be obtained from the manufactures test certifi-
cates or defined as percentage ratio of the variation of the prestressing
stress over the initial prestressing stress, should be determined by ap-
plying next expression:

ACp, t 0.75-(1—u)
=0.66- el (—) -10-3
O P1000 1000
t 0.75-(1—)
t=1000h—>(—) =1.00
1000

The values for p1000 can be either assumed equal to 8% for Class 1,
2.5% for Class 2, and 4% for Class 3, or taken from the certificate.

For prestressing steel Y 1570/1770 — p1000 =2.5 %

The relaxation is checked for y = 0.7 and for y = 0.72415

Ao
o‘fr =0.66-p1000-€%1070.1073.100=0.963695 %
pi
Ao
O"_’ =0.66-p1000 - €>1:0-724155.10-5.100 = 1.200616 %
pi
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»

AGpr = 0pi - 1.200616 %
Aopr = 1281.755-1.200616 % = 15.388 MPa

AQB reduces the initial stress according to DIN 1045-1:

Ep
eCs‘Ep+Aapr+ ‘¢(t, to)-Oc,Qp
APcisyr =Ap E A Ac £
1+ —2 -—"(1+—-z2 )[1+0.8-¢(t,t0)]
Ecm AC IC cp

Creep and shrinkage is not taken into account therefore we have:
Ecs* Ep = 0

Ep

-¢(t, to) - 0c,op =0

Ecm

1+0.8-¢(t to) =1

. 15.388

(0) =

presr 195000 28.5-10~*% 0.9926

+ . 14+ ——""".0.39012

34077  0.9926 0.08214

A 15.388 14.70 MP

g = = . a
P xS ™ 1.046644

Now we have:
Op0o = Opgo— 0.3 - A0p,c+s+r

Opo =1281.755—0.3-14.70=1277.345 MPa

Now with the reduced stress the u value is calculated again (iteration):

Opo 1277.345

== =0.72166 > lUmin = 0.55
H For 1770 HMmin
Ao
P = 0.66-p1000-€210-72166.10-5.100=1.1736 %
Up[

Aopr =1281.755-1.1736% = 15.043 MPa

The total loss:

AOpr,total = AOpr,t + AOpr,c

Aoprt = DAopr = 15.043 MPa

Aopr,c = (€ko + €ky - Zcp — €kz* Yep) " Ep

Aoprc =(1.212-107%+5.673-1076.0.39)-1.95-108/1000
Aoprc =0.667968 MPa

A0pr total = 15.043 — 0.667968 = 14.37 MPa

APpr = AOprtotal *Ap = 14.37-28.5-107% = 40.9545 kN

Prestress force loss in [%]:

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks

DIN 1045-1 8.7.3 (6)

DIN 1045-1 8.7.3 (6): APcys+r time de-
pendent losses of prestress

DIN 1045-1 8.7.3 (6)

€0, Exy and € - tendon strain
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p

APpr[%] = il
0

40.9545

APpr[%] = ———=—=10.01120-100%=1.12 %

3653
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24.5 Conclusion

This example shows the calculation of the time dependent losses due to relaxation. It has been shown
that the reference solution and the AQB solution are in very good agreement.

24.6 Literature

[6] EN 1992-1-1: Eurocode 2: Design of concrete structures, Part 1-1: General rules and rules for
buildings. CEN. 2004.
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25 DCE-EN23: Stress Relaxation of Prestressing Steel -
DIN EN 1992-1-1

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1

Module(s): AQB, AQUA

Input file(s): relaxation_din_en1992.dat
25.1 Problem Description

The problem consists of a simply supported beam with a rectangular cross-section of prestressed con-
crete, as shown in Fig. 25.1. The time dependent losses are calculated, considering the reduction of
stress caused by the deformation of prestressing steel due to steel-relaxation, under the permanent
loads.

’II/ ’III
E i
i
i " My
- . 1o N O S . -Np
i . /
Ap ¢ j\_
; L E—

Figure 25.1: Problem Description

25.2 Reference Solution

This example is concerned with the calculation of relaxation losses on a prestressed concrete cs, subject
to bending and prestress force. The content of this problem is covered by the following parts of DIN EN
1992-1-1:2004 [1] [2]:

» Properties (Section 3.3.2)

» Annex D: Detailed calculation method for prestressing steel relaxation losses (Section D.1)
+ Strength (Section 3.3.3)

+ DIN-HB, "Zulassung Spannstahl” [17]

In this Benchmark the stress loss due to relaxation will be examined, creep and shrinkage losses are
neglected and disabled.

25.3 Model and Results

Benchmark 17 is here extended for the case of steel relaxation losses developing on a prestressed
concrete simply supported beam. The analysed system can be seen in Fig. 25.2, with properties as
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defined in Table 25.1. Further information about the tendon geometry and prestressing can be found
in benchmark 17. The beam consists of a rectangular cs and is prestressed and loaded with its own
weight. A calculation of the relaxation stress losses is performed in the middle of the span with respect
to DIN EN 1992-1-1:2004 [1] [2]. The calculation steps are presented below and the results are given in
Table 25.2 for the calculation with AQB.

Table 25.1: Model Properties

Material Properties Geometric Properties Loading (atx=10m) Time

C 35/45 h=100.0 cm Mg = 1250 kNm t=1000 h
Y 1770 b =100.0 cm Np =—3653.0 kN
RH =80 L=20.0m
Ap =28.5 cm?
L

Figure 25.2: Simply Supported Beam

Table 25.2: Results

Result AQB Ref.

AOpr. total 29.15 MPa 29.15 MPa

APy 83.071 kN 83.071 kN
AP

Ppr[%] 2.274%  2.274%
0
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25.4 Design Process'
Design with respect to DIN EN 1992-1-1:2004 [1] [2]
o Material:

Concrete: C 35/45

Ecm = 34077 N/mm?

fek = 35 N/mm?

fem = 43 N/mm?

Prestressing Steel: Y 1770

Ep =195000 N/mm?

fok = 1770 N/mm?

fpo,1k = 1520 N/mm?

Prestressing system: BBV L19 150 mm?

19 wires with area of 150 mm? each, giving a total of Ap =28.5 cm?

o Cross-section:

Ac=1.0-1.0=1m?

Diameter of duct ¢guct = 97 mm

Ratio ag,p =Ep / Ecm = 195000/ 34077 =5.7223
Ac netto = Ac— T+ (Pauct/2)? = 0.9926 m?

Aideal = Ac + Ap - 0g,p = 1.013 m?

¢ Prestressing forces and stresses

The force applied to a tendon, i.e. the force at the active end during
tensioning, should not exceed the following value

Pmax = Ap * Op,max

where Op, max = min(0.8 - fpk; 0.90 - fp0,1k)

Pmax =Ap-0.80 - fpx =28.5-1074-0.80-1770 = 4035.6 kN
Pmax =Ap+0.90 - fpo,1x = 28.5-107%-0.90- 1520 = 3898.8 kN
— Pmax = 3898.8 kN and 0p,max = 1368 N/mm?

The value of the initial prestress force at time t = tp applied to the
concrete immediately after tensioning and anchoring should not exceed
the following value

"The tools used in the design process are based on steel stress-strain diagrams, as
defined in [1] 3.3.6: Fig. 3.10

SOFISTiK 2022 | VERIFICATION - Design Code Benchmarks

3.1: Concrete

3.1.2: Tab. 3.1: Ecm, fek and fem for
C 35/45

3.3: Prestressing Steel
3.3.6 (3): Ep for wires
3.3.2, 3.3.3: fyk Characteristic tensile

strength of prestressing steel

3.3.2, 3.3.3: fpo,1k 0.1% proof-stress of
prestressing steel, yield strength

5.10.3 (2): Prestress force
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5.10.3 (2): Eq. 5.43: Pmo initial pre-
stress force at time t = tp

(NDP) 5.10.3 (2): 0p,mo(x) stress in the
tendon immediately after tensioning or
transfer

176

Pmo(x) = Ap - 0p,mo(X)

where 0p, mo(x) = min{0.75fpk; 0.85/p0,1k }
Pmo=Ap-0.75fpx =28.5-107%.0.75-1770 = 3783.4 kN
Pmo =Ap+0.85 - fpo,1k = 28.5-1074-0.85- 1520 = 3682.2 kN
— Pmo = 3682.2 kN and 0p,mo = 1292 N/mm?

Further calculations for the distribution of prestress forces and stresses
along the beam are not in the scope of this benchmark and will not be
described here. The complete diagram can be seen in benchmark 17,
after the consideration of losses at anchorage and due to friction, as
calculated by SOFiSTiK. There the values of 0p,max = 1368 N/mm?
and Pmo = 3682.2 kN can be visualised.

In this benchmark the beam number 10010 is analysed therefore the
prestressing force is obtained from TENDON:

Po = 3653 kN
Op,0 =1281.755 MPa
Calculating the prestressing losses due relaxation

According to DIN EN 1992-1-1, 3.3.2 (5), the value of p1goo is ex-
pressed as a percentage ratio of the initial stress and is obtained for
an initial stress equal to 0.7 - f, where fp is the actual tensile strength
of the prestressing steel samples. For design calculations, the charac-
teristic tensile strength (fpk) is used.

Opo 1281.755
~ fok 1770
The formulas in section DIN EN 1992-1-1, 3.3.2 (7) are not used

for the calculation, according to DiBt [17] for DIN EN 1992-1-1 [6] the
relaxation values are obtained from Table 25.3.

=0.724155 > {min = 0.55

Please refer to Fig. 25.3 to see the differences between DIN EN 1992-
1-1 and EN 1992-1-1 (for t=500000 h).

Table 25.3: Relaxation values per hour

u=R/R, 1 10 200 1000 5000 5-10%5 1-10°
0.45 <1%

0.50 -

0.55 - 1.0 1.2
0.60 - 1.2 25 2.8
0.65 - 1.3 20 4.5 5.0
0.70 - 1.0 20 3.0 6.5 7.0
0.75 - 12 25 30 45 9.0 10.0
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Table 25.3: (continued)

u = R/Ry 1 10 200 1000 5000 5-10° 1.10°
0.80 1.0 20 40 5.0 6.5 13.0 14.0
25 %
o _ CLASS R1 new (old R1)
o -~
o
o
S 20%
‘0
-§ //
3 15% —
S
N - 13.0 % abZ
S  CLASS R2 new (old R3)
< o P
» 10 % _~
Q /, fa o,
2 "
o L A _ 4 oldR2
8 50/0 // 41;0(\/.5%.‘ ”’
= f— // - -
g s
© S - =
3 =
C 0%
0.50 055 0.60 0.65 0.70 0.75 0.80
M = Opi/fpk
Figure 25.3: The relaxation loss differences according to EC2 and abZ
(DiBt)
t=1000h

AQB is interpolating the values from Table 25.3.

Aopr  (3—2)-(0.724—0.7)
Opi 0.75—0.7

+2.0=2.483

AOpr = 0pi-2.483 % =1281.75-2.483% = 31.82 MPa

AQB reduces the initial stress according to DIN 1045-1: DIN 1045-1 8.7.3 (6)
Ep
€C5‘Ep+A0pr+ E '¢(t, tO)‘Uc,QP
APcysyr=Ap E A a cm DIN 1045-18.7.3 (6): APcys4+r Time de-
1+ P . _P( + ~c .72 )[1 +0 8¢(t tO)] pendent losses of prestress
Ecm Ac c P . '

Creep and shrinkage is not taken into account therefore we have:
Ecs* Ep =0

Ep

-¢(t, to)-0c,op =0

Ecm

1+0.8-¢(t to) =1
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DIN 1045-1 8.7.3 (6)

€0, Exy and € - tendon strain

178

A 31.82
g =
prestr 195000 28.5-10~% 0.9926
1+ : J1+ .0.39012
34077  0.9926 0.08214
A 31.82 30.402 MP
g == . a
PC+SHT ™ 046644

Now we have:
Opo = opgo —0.3- AOP,C+S+F
Opo =1281.755—-0.3-30.4020=1272.631 MPa

Now with the reduced stress the u value is calculated again (iteration):

Opo 1272.631

= = =0.719 > Umin = 0.55
M For 1770 Hmin
Interpolating the relaxation values from Table 25.3:

Aopr  (3—2)-(0.719—0.7)
Opi 0.75—0.7

+2.0=2.38%

Aopr =1281.755-2.38% = 30.50 MPa

The total loss:

A0pr,total = AOpr,t + AOpr,c

Aopr.t = Adpr = 30.5093 MPa

Aopr,c = (€ko + Eky * Zcp — €kz* Yep) - Ep
Aoprc=(2.457-107%+1.15-1073-0.39)-1.95-108/1000
Aoprc = 1.354 MPa

A0pr total = 30.5—1.354 = 29.15 MPa

APy = AOpr,total - Ap = 29.15-28.5-1074-1000 = 83.071 kN
Prestress-force loss in [%]:

APy
0

APpr[%] =

83.08
APpr[%] = ——==10.02274-100% =2.274 %
3653
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25.5 Conclusion

This example shows the calculation of the time dependent losses due to relaxation. It has been shown
that the reference solution and the AQB solution are in very good agreement.

25.6 Literature

[11 DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
flir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.

[6] EN 1992-1-1: Eurocode 2: Design of concrete structures, Part 1-1: General rules and rules for
buildings. CEN. 2004.

[17] DiBt. Allgemeine bauaufsichtliche Zulassung. Deutsches Institut fir Bautechnik. 2015.
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26 DCE-EN24: Lateral Torsional Buckling

Overview

Design Code Family(s): EN

Design Code(s): EN 1993-1-1

Module(s): BDK

Input file(s): eccs_119_example_5.dat
26.1 Problem Description

The problem consists of a simply supported beam with a steel I-section, which is subjected to com-
pression and biaxial bending, as shown in Fig. 26.1. The beam is checked against lateral torsional
buckling.

Figure 26.1: Problem Description

26.2 Reference Solution

This example is concerned with the buckling resistance of steel members. It deals with the spatial
behavior of the beam and the occurrence of lateral torsional buckling as a potential mode of failure. The
content of this problem is covered by the following parts of EN 1993-1-1:2005 [7]:

« Structural steel (Section 3.2 )

+ Classification of cross-sections (Section 5.5)
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* Buckling resistance of members (Section 6. 3)

+ Method 1: Interaction factors k;; for interaction formula in 6.3.3(4) (Annex A)

26.3 Model and Results

The I-section, an IPE 500, with properties as defined in Table 26.1, is to be checked for lateral torsional
buckling, with respect to EN 1993-1-1:2005 [7]. The calculation steps are presented below. The results
are tabulated in Table 26.2 and compared to the results of reference [18].

Table 26.1: Model Properties

Material Properties Geometric Properties Loading
5235 IPE 500 My eq =100 kNm
E=210000 N/mm? L=3.750m Mz eq =25 kNm
Ym1=1.0 hy, =468 mm q-=170 kN/m
bf =200 mm Neqg =500 kN
tr=16.0 mm
tw=10.2 mm

A=115.5 cm?
I, =48197 cm*

I,=2142 cm*

Ir =88.57 cm*

Iy =1236 x 103 cm®
Wpiy = 2194 cm3
Wpi,z = 335.9 cm3
Weiy =1927.9 cm3

Wei,=214.2 cm?3

Table 26.2: Results

SOF. Ref. [18]
Ay 0.195 0.195
Xy 1.0 1.0
Az 0.927 0.927
o 1.054 1.054
Xz 0.644 0.644
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Table 26.2: (continued)

SOF. Ref. [18]
My 1.000 1.000
Uz 0.937 0.937
wy 1.138 1.138
2 1.500 1.500
Cmy,0 1.001 0.999
Cmzo0 0.771 0.771
Cmy 1.001 1.000
Cmz 0.771 0.771
Ao 0.759 0.757
C1 1.194 1.200
CmiT 1.139 1.137
ALT 0.695 0.691
&7 0.825 0.822
XLT 0.787 0.789
XLT,mod 0.821 0.826
Cyy 0.981 0.981
Cyz 0.862 0.863
Czy 0.842 0.843
Cz 1.013 1.014
nm—y (Eq.6.61 [7]) 0.966 0.964
nm—z (Eq.6.62 [7]) 0.868 0.870
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26.4

Design Load:

Design Process'

Mz.q =25 kNm

My.q =—100 kNm at the start and end of the beam
Myeq = 199 kNm at the middle of the beam

Neg =25 kNm

Tab. 5.5: Classification of cross-section The cross-section is classified as Class 1, as demonstrated in [18].

2

6.3.1.2 (1): N is the elastic critical
force for the relevant buckling mode

6.3.1.2 (1): A non dimensional slender-
ness for class 1 cross-sections

6.3.1.2 (4): A < 0.2 buckling effects

m‘ El,
Ncr,y = L—2 = 71035 kN

_ A
Ay = Y _o.105

cry

Ay <0.2thus x, = 1.0

may be ignored

2 El,
Ncrlz = L—2 = 3157 kN
_ A
Ay = Iy =0.927
cr,z

®,=0.5[1+0,(X,—0.2)+2X, ]

for rolled I-sections with h / b > 1.2 and buckling about z-z axis —
buckling curve b

6.3.1.2 (2): Table 6.1: Imperfection fac- for buckling curve b — oy = 0.34

tors for buckling curves

$,=1.054
1

Xe=—F——=
/ -2
¢z+ ¢§_AZ

The stability verification will be done according to Method 1-Annex A
of EN 1993-1-1:2005 [7]. Therefore we need to identify the interaction
factors according to tables A.1-A.2 of Annex A, EN 1993-1-1:2005 [7].

6.3.1.2 (1): Eq. 6.49: X, reduction fac- =0.644<1.0

tor for buckling

Auxiliary terms:

Neq
Ner,
Annex A: Tab. A.1: Interaction factors My = I\}y =1.0
kij (6.3.3(4)), Auxiliary terms 1—y Ed
—AY
N cry

"The sections mentioned in the margins refer to EN 1993-1-1:2005 [7] unless other-
wise specified.
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NEed
17N
cr,z
= ~—— =0.937
Hz Neg
— Az
NCI’,Z
Wpi
w,=—2=1138<1.5
elly
_ Wpl,z

=1568>15—-w;=1.5

Wy =
el,z

Determination of C,; o factors

The general formula for combined end moments and transverse loads

is used here.
2 EI, |6,] NEqd
Cmy,() =1+ > -1 Annex A: Tab. A.2: Equivalent uniform
L }My,Ed,right| Ncr,y moment factors Cpmi o
6;=3.33mm

The formula for linearly distributed bending moments is used here.

Mz,ep,righ
¢z= z,ED,right —0/25=0
Mz Ed, left
Neg
Cmz0=0.79+0.21¢,+ 0.36(¢,—0.33) =0.771
cr,z

sz = sz,0 =0.771
Resistance to lateral torsional buckling

Because It =8.857x10—7m* < I, =4.820x 10—4m*, the cross-
section shape is such that the member may be prone to lateral torsional
buckling.

The support conditions of the member are assumed to be the so-called
"fork conditions”, thus L;7 = L.

n2EL nm2El,

2 2
LLT LLT

_ Wpyy f
plyJy -
)\0 = ————=0.759 Annex A: Tab. A1:  Ag: non-
MCI’,O dimensional slenderness for lateral-

torsional buckling due to uniform bend-
nm2El, ing moment
GIt + 3 =5822kN
LLT

N =
cr, T Iy +1,

C1 = 1.194 determined by eigenvalue analysis

— NEed Neq
)\Olim = 0.2\/ C1 q (1 - ) (1 - ) =0.205 Annex A: Tab. A.1: Auxiliary terms

N cr,z cr,T
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Ao =0.759 >= Agim = 0.205

Lateral torsional buckling has to be taken into account.

T
Annex A: Tab. A.1: Auxiliary terms aiT = 1-—=0.998>=0
y
My,ed,rignt A
Annex A: Tab. A.1: €, for class 1 cross- Ey = Y J =2.383
section N Ed Wel,y
aLT4/Ey
y ) \Z
1+or4/€y
aLT
Crmir = C2 =1.139>1.0

my
Neq Neq
=
Ncr,z Ncr,T

thus Cmr = 1.0.

6.3.2.2: Lateral torsional buckling The general case method is chosen here.
curves - General case

M = 1068 kNm, determined by eigenvalue analysis

_ _ Woiy fy 2194-1076.235.10°
6.3.2.2 (1): At non dimensional slen- )\LT = = 3 =0.695
derness for lateral torsional buckling Mcr 1079-10

&, 7=0.5 [1 + o7 (XLT— 0.2) + XfT]

6.3.2.2 (1): Table 6.4: Recommenda- for rolled I-sections and h / b > 2 — buckling curve b
tion for the selection of Itb curve for

cross-sections using Eq. 6.56 for buckling curveb - a;7=0.34
6.3.2.2 (2): Table 6.4: Recommenda-
tion values for imperfection factors a;r ‘I)LT =0.825

for Itb curves

1
6.3.2.2 (1): Eq. 6.56: X7 reduction fac- XLT =
tor for Itb &7+ ‘HDET_XZ
LT

Xur=0.787 < 1.0

ke = 0.907 determined by eigenvalue analysis through the C; factor.

— 2
6.3.2.3 (2): For taking into account the f =1-0.5 (1 — kc) |:1 -2 ()\LT - 08) :| =0.959<1.0
moment distribution between the lateral
restraints of members the reduction fac-

tor x.7 may be modified XLT.mod = XLT =0.821 < 1.0
f
Elastic-plastic bending resistances Ncrek =A-fy, =2715 kN

Mpl,y,Rk = Wpl,y ‘fy =516 kNm

Mpi,z,rk = Wpi,z - fy = 78.9 KNm
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Xmax = XZ =0.927 Annex A: Tab. A.1: Auxiliary terms:
Amax = maX(Xy,Xz)
—2 My, eq Mz,Eq
bLT =0.5- arT - )\0 =0.428 Annex A: Tab. A.1: Auxiliary terms
Mpty,rRk Mpi,z,Rk
XLT,mod

M1 Ym1

1.6 — 1.6 —
Cyy = 1+(wy—1)[(2—W—-Cfny/\max—W—-C2 A )

Y Y my” max
Neg
: —b
Nc,Rk tr
Ym1
We,
Cyy=0.981> —— =0.879
pLy
-2
A My Eq
cr=10-ou7 - —2 5 —— =0.471
pLY,
S+ )\z Cmy * XLT,mod
Ym1
—2
C2 A Neg
Cyr=1+(w,—1)|[2-14 ’"f/vs’"“" Moo — LT
5 ,
Ym1
wz Wy,
Cyz=0.862> 0.6y — —— =0.439
Wy Wp[,z
Ao My eq Mz eq
dir =2-0ur- 0.1+x3 Mpl,y,Rk Mpi,z, Rk
: z Cmy * XLT,mod Cmz
Ym1 Ym1
=0.348
2 _2
Neq
Coy=1+(wy—1)|[2-14 ”’fms’"“" N T
> ,
Ym1
w, We;
Czy=0.842> 0.6\ — —2 =0.459
wz Wpiy
Ao My,Ed
eir=1.7-ou7- — 2 =0.721
0.1+A MpLy.RK

z Cmy * XLT,mod
M1
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16 . — 16 ., —2

sz B 1 + (Wz— 1) 2 - VZ . sz)\max - VZ . sz)\max - e[_T

Neg

Nc,Rk

Ym1

We,,
Cr;=1.013> —% = 0.667
plz
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Verification

According to 1993-1-1:2005, 6.3.3 (4), members which are subjected to
combined bending and axial compression should satisfy:

Neg + CmiLt Cmy ‘My,Ed
Neri ' H XLT,mod (1_ Ned )C Mpiy,Rk
Y Ym1 Ncr,y Ym1
+0.6 k Cmz Mz Eq
wy NEqg Mpi,z,Rk
1-— Cyz
Ner,z Ym1
500 1.0 1.139 1.001-198.9
—_—+ 1.
2715 500 516
1.0 —— 0.821 (1— )0.98 —_—
1.0 71035 1.0
0.6 1.500 0.771-25
+0.
\ 500 78.9
1.138 (l——)0.862 —_—
3157 1.0
=0.966<1.00

— Satisfactory

NEq wy Cmrr Cmy *My,Eqd
— o +Hz | 0.6y —~ o -
c,Rk Wz XLT,mod Ed pl,y,Rk

‘ Ym1 Ner,y Ym1
+ Cmz Mz,Ed
Neg Mpi,z,Rk
1-— Czz
Ncr,z Ym1
500 0.937 0.6 1.1381.139
————+0. +0.61
2715
0.644 1.5000.821
1.0
1.001-198.9 0.771-25

+

' 500 516 500 78.9
(1— )0.842 —_ (1——)1.013—
71035 1.0 3157 1.0
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6.3.3 Uniform members in bending and
axial compression

6.3.3 (4): Eq. 6.61: Members which are
subjected to combined bending and ax-
ial compression should satisfy:

6.3.3 (4): Eq. 6.62: Members which are
subjected to combined bending and ax-
ial compression should satisfy:
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=0.868<1

— Satisfactory
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26.5 Conclusion

This example shows the ckeck for lateral torsional buckling of steel members. The small deviations
that occur in some results come from the fact that there are some small differences in the sectional
values between SOFiSTIK and the reference solution. Therefore, these deviations are of no interest for
the specific verification process. In conclusion, it has been shown that the results are reproduced with
excellent accuracy.

26.6 Literature

[71 EN 1993-1-1: Eurocode 3: Design of concrete structures, Part 1-1: General rules and rules for
buildings. CEN. 2005.
[18] ECCS Technical Committee 8 Stability. Rules for Member Stability in EN 1993-1-1, Background
documentation and design guidelines. Tech. rep. No 119. European Convention for Constructional
Steelwork (ECCS), 2006.
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27 DCE-EN25: Shear between web and flanges of Hollow
CS acc. DIN EN 1992-2

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1, DIN EN 1992-2

Module(s): AQB

Input file(s): hollow_shear_web _flange.dat
27.1 Problem Description

The problem consists of a Hollow section, as shown in Fig. 27.1. The cs is designed for shear, the shear
between web and flanges of the Hollow CS is considered and the required reinforcement is determined.

7 i)

hp

7

L bn L

| b t

Figure 27.1: Problem Description

27.2 Reference Solution

This example is concerned with the shear design of Hollow-sections, for the ultimate limit state. The
content of this problem is covered by the following parts of DIN EN 1992-2:2010 [19] and DIN EN 1992-

1-1:2004 [1]:

+ Design stress-strain curves for concrete and reinforcement (Section 3.1.7, 3.2.7)

+ Guidelines for shear design (Section 6.2)

The design stress-strain diagram for reinforcing steel considered in this example, consists of an inclined

top branch, as presented in Fig. 27.2 and as defined in DIN EN 1992-1-1:2004 [1] (Section 3.2.7).
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oA ftk.cat = 525N/mm?

-
- -
—_—-—
-

- —
——
-
-

fyk """"" r
fyd =fyk/ Vs |-

B Idealised
Design

€

>

€ud =25 %00

Figure 27.2: Idealised and Design Stress-Strain Diagram for Reinforcing Steel

27.3 Model and Results

The Hollow-section, with properties as defined in Table 27.1, is to be designed for shear, with respect to
DIN EN 1992-2:2010 (German National Annex) [19]. The structure analysed, consists of a single span
beam with a distributed load in gravity direction. The cross-section geometry, as well as the shear cut
under consideration can be seen in Fig. 27.3.

25 110 25 @
\\
o
-
=8 ®
Aﬁ
o
N\
N
160
Figure 27.3: Cross-section Geometry, Properties and Shear Cuts in cm
Table 27.1: Model Properties
Material Properties Geometric Properties Loading
C 30/37 hp,=35cm,h=75.0cm Pg =155 kN/m
B 500B hg=20cm Mt =100 kN/m

di=5.0cm
bp=110cm,b=160cm
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The system with its loading as well as the moment and shear force are shown in Fig. 27.4-27.7. The
reference calculation steps are presented in the next section and the results are given in Table 27.2.

155.0 155.0 155.0 155.0 155.0 155.0
NRRARLRAAANANNRIRRARRAAAN NRRRALARAANNNNRIRRNRAAAN

——
O
O
—O

155.0
NRRRRRRRN

Figure 27.4: Loaded Structure (Pg)

Q01 1002 1003 1004 1005

6.6
ovel
8¢9l
0981

Figure 27.5: Resulting Bending Moment My,

1006 1007 1008 1009 1070

Figure 27.6: Resulting Torsional Moment M;

1001 1002 1003 1004 1005

Figure 27.7: Resulting Shear Force V,

Table 27.2: Results

At beam 1001 SOF. Ref.
Asi [cm?latx=1.0m 22.50 22.52
VRd,c [kN] 91.91 91.91
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Table 27.2: (continued)

At beam 1001 SOF. Ref.
VRd,max [KN] 1098.43 1098.461
coto 1.75 1.75
z[cm]atx=1.0 m 63.00 67.00
VEqg = AF4 [KN] 346.61 352.35
asf, left (x=0.00) [€M?] 8.58 8.64
asf, right (x=0.00) [cmM?] 0.53 0.61
asf, left (x=1.00) [cM?] 7.77 7.83
asf, right (x=1.00) [cmM?] 1.34 1.43
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27.4 Design Process'

Design with respect to DIN EN 1992-2:2010 (NA) [19] :2
Material:

Concrete: Y =1.50
Steel: ys =1.15

fek = 30 MPa
fed =Qcc fek/Ye =0.85-30/1.5 =17 MPa

fyk =500 MPa
fyd =fyk/¥s = 500/1.15 = 434.78 MPa

Osqd = 456.52 MPa

Design loads

e Design Load for beam 1001, x=0.0 m:
MEgd,x=0.0 m = 0.0 kNm

e Design Load for beam 1001, x=1.0 m:
MEd,x=1.0 m = 697.5 kNm

Calculating the longitudinal reinforcement:

e For beam 1001, x=0.0 m

MEegs 0.0-1073
HUEds = 5 = 5 =0.00
beff-d®-fcg  1.60-0.702-17.00
e For beam 1001, x=1.0 m
M 697.5-103
UEds = £ds =0.0523

berf- 02 fog  1.60-0.702-17.00
W~ 0.053973, ¢ ~ 0.9658, £ = 0.07833 (interpolated)

1
Asi1=— - (w-b-d-fcqd+ Ngqg)
Osd

As1 -(0.053973:1.6-0.7-17.0)- 1002 = 22.52 cm?

= 456.52
z=C-d=0.9658-0.70 m ~ 67.00 cm

Calculating the shear between flange and web

The shear force, is determined by the change of the longitudinal force, at
the junction between one side of a flange and the web, in the separated
flange:

The tools used in the design process are based on steel stress-strain diagrams, as
defined in [1] 3.2.7:(2), Fig. 3.8, which can be seen in Fig. 27.2.

2The sections mentioned in the margins refer to DIN EN 1992-1-1:2004 (German Na-
tional Annex) [19], unless otherwise specified.
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(NDP) 2.4.2.4: (1), Tab. 2.1DE: Partial
factors for materials

Tab. 3.1: Strength for concrete

3.1.6: (1)P, Eq. (3.15): acc = 0.85 con-
sidering long term effects

3.2.2: (3)P: yield strength fyx = 500
MPa
3.2.7: (2), Fig. 3.8

u=0—-Aa=0

Tab. 9.2 [3]: w—Table for up to C50/60
without compression reinforcement

Negg=0

6.2.4 (3): Eq. 6.20
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In AQB output AFy = T[kN/m]

DIN EN 1992, 6.2.4 (3),Eq. 6.20: hf
is the thickness of flange at the junc-
tions, Ax is the length under consider-
ation, AF4 is the change of the normal
force in the flange over the length Ax

In AQB output Veqy = T—V

DIN EN 1992, 6.2.4 (4),Eq. 6.22

DIN EN 1992, NDP 6.2.3 (3),Eq. 6.22

DIN EN 1992-2, NDP 6.2.3 (2),Eq.
NA.6.bDE: 0cg = Ng4/Ac, c=0.5

198

x=0.0738-d=0.07833-70=>5.48cm < hf =20 cm

AFg =

(MEd,x:l.O MEd,x=O.O) h¢-b
z hg - bp
For beam 1001 (x=0.00 m) — Mgy = 0.00 therefore:

697.5 1.1

AFy = (—— O) -—— =352.35-2=704.70 kN
0.68047 1.6

The longitudinal shear stress Veqg v at the junction between one side

of a flange and the web is determined by the change of the normal

(longitudinal) force in the part of the flange considered, according to:

AFd

V =
Ed,v hf . AX

In our case Ax = 1.0 because the beam length is = 1.00 m.

Please note that AQB is outputting the results per length.

VEq,v = ﬁ =0.176 kN/m? = 1.76 MPa
’ 20-100

Checking the maximum Vvgrq max value to prevent crushing of the
struts in the flange

To prevent crushing of the compression struts in the flange, the following
condition should be satisfied:

VEd,V < VRd,max = V * fcd * Sin O - COS B¢
VRd,max =V fcd - Sin 65 - cOs ¢
According to DIN EN 1992-2, NDP 6.2.4:
V=V

v1=0.75-v

fck
500

<1.0

v =11-—

30
v,=11—-——=1.1-0.06=1.04>1.0—-v,=1.0
500
v1=0.75-1.0=0.75—-v=0.75
The 6 value is calculated:

Ocd
de,cc=c-o.48-fC1,§3-(1—1.2-fid)-bw-z
C

bw—hf, z—Ax, ¢c=0.5

Ocd
de,cc=c-o.48-f1,§3-(1—1.2-fi)-hf-Ax

¢ cd

VRd,cc (x=0.0 m) = 0.5-0.48-301/3. (1 -1.2. )-0.20 -1.0

17.00
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VRd,cc (x=0.0 m) = 0.14914 MN = 149.1471 kN

V =0.5.0.48-30Y/3 (1 1.2 1'069)020 1.0
Rd,cc (x=1.0 m) = VY. . . 17.00 . .

1.2+ 1.4-A0cq/fcd
1.0 <cotf < clfed ) 45
1- VRd,cc (x=0.0 m)/VEd

1.2+ 1.4-A0ocy/
1.0 < coto < c/fed 175
1 —VRd,cc (x=1.0 m)/VEd

Because M1 # 0.0 —» 17 # 0.0:

VRd,cc
VRd,cc (x=0.00) = hf TAx
149.1471 5
VRd,cc (x=0.00) = W =0.0745 kN/cm* =0.745 MPa
VRd,cc
VRd,cc (x=1.00) = hr - Ox
137.892 ,
VRd,cc (x=1.00) = m =0.068946 kN/cm< = 0.689 MPa

The internal forces must be in equilibrium, see Fig. 27.8!!! If the internal
forces are not in equilibrium state, then AQB will print erroneous results.
Therefore the internal forces must be taken from the system (calculated
by using e.g. ASE or STAR2).

z
(o) Txy = Tyx
X Txz = Tzx
y T Tyz = Tzy
Tzy TxZ]

Ox Tyz Ox
<] e =
Vo,

Figure 27.8: Stress equilibrium

1.2
ot B(xeo.0) = —2.0807>1.75 — 1.75
(x=0.00 = 17"0.745/1.76
1.2+1.4-1.069/17
COtOm1.0) =~ —ppper = =2112 175~ 1.75

AQB is checking and iterating if the cot 8 is less than (<) the maximum
coto0 defined in the norm. If yes, then this value will be taken by AQB.

1
——=0.5714 - 6 =29.74488°

tano@ = =
cot6 1.75
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DIN EN 1992, 6.2.4 (4),Eq. 6.21

200

VRd,max = 0.75:17.00-5in29.7448-c0s29.7448 = 5.492 MPa
VRd,max = VRd,max * hf -+ Ax =5.492-0.20-1.0 =1.098 MN
VRd,max = 1098.461 kN

Checking the value Vgq ¢

If Veg is less than or equal to Vrg,c = K - fctg NoO extra reinforcement
above that for flexure is required.

VRd,c =K - fctd

For concrete C 30/37 — fctg = 1.15 MPa

VRd,c =0.4-1.15=0.46 MPa

VRd,c = VRd,c - hf - Ax =0.046-20-100 ~ 91.91 kN

e Calculating the necessary transverse reinforcement (Ty only):

a _ VEq - hy

stV cotOf - fya
1.76-0.20

asfy = ——————+ 1002 = 4.63 cm?
1.75-434.78

e Calculating the necessary torsional reinforcement:

HINT: Please note that in AQB the torsional stress IS NOT calculated

by using the formula:

Mt
TT=——"—
2 - Ak - teff

AQB is calculating the Tt stresses by multiplying M; with the torsional
resistance 1/W¢ (from AQUA - calculated by using FEM).

Tt = M- 1/ Wt

From AQUA the torsional resistance value 1/W; is interpolated and
1/W: = 2.8841 1/m3. To see the values 1/W; input ECHO FULL
EXTR in AQUA and see table "Construction and Selected Result
Points”.

Tt (x=0.00) = 3.06-500-1073 = 1.53 MPa

Te - teff 1.53-0.20
cot6r-fyg 1.75-434.78

Asf, T (x=0.00) = -1002 =4.02 cm?

Tt (x=1.00) = 2.44-500-1073 = 1.22 MPa

Teetesf  1.22:0.20

= -1002=3.20 cm?
Cotés-fyg 1.75-434.78

Asf, T (x=1.00) =

¢ Total reinforcement:
Asf, left (x=0.00) = Asf,v + Asf,7 =4.63+ 4.02 = 8.64 cm?

asf,right (x=0.00) = |asf,v — asf,7| =[4.63—4.02| = 0.61 cm?
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Qsf, left (x=1.00) = Osf,v + Qsf,7 = 4.63 + 3.20 = 7.83 cm?
Asf, right (x=1.00) = |asf,v — asf,7| = 14.63 —3.20| = 1.43 cm?
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27.5 Conclusion

This example is concerned with the calculation of the shear between web and flanges of a Hollow CS. It
shows partially the work-flow how AQB calculates the shear between web and flanges.

Please note that it is very difficult to show all steps how AQB calculates internally the T and o stresses,
therefore some steps are skipped. The reference example is just an approximation that shows the results
by using hand-calculation. It has been shown that the results calculated by using hand-calculation and
the AQB module are reproduced with very good accuracy.

The T+ and Ty, values between cross-section points are interpolated and calculated by using Finite
Element Method.

Figure 27.9: The T+ stresses (vector) calculated by using Finite Element Method

Figure 27.10: The T¢ stresses (fill) calculated by using Finite Element Method
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DCE-ENZ27: Design of Quad Elements - Layer Design and Baumann Method

28 DCE-EN27: Design of Quad Elements - Layer Design
and Baumann Method

Design Code Family(s): EN

Design Code(s): EN 1992-1-1

Module(s): BEMESS

Input file(s): layer_design_baumann.dat
28.1 Problem Description

The problem consists of a one-way slab, as shown in Fig. 28.1 . The slab is designed for bending.
This benchmark presents a procedure which uses the model based on Baumann’s criteria and the Layer
Design approach.

- Slab height=19 cm -

12 482 24|, |, 382 L,12
( T il
| leff,1=500 | leff,2=400 |
A A

@ Field 1 Field 2 @

Figure 28.1: Problem Description (in cm)

28.2 Reference Solution

This example is concerned with the design of a one-way slab, for the ultimate limit state. The content of
this problem is covered by the following parts of EN 1992-1-1:2004 [6]:

+ Design stress-strain curves for concrete and reinforcement (Section 3.1.7, 3.2.7)
» Bending with or without axial force (Section 6.1)

The verification of the BEMESS results will be examined. A complete and detailed hand-calculation of
the results is not possible because of described BEMESS-strategy, which should be here to exhaustive.
For this reason, some results (e.g. internal forces) will be taken as outputted and further used in the
hand-calculation.

The design stress-strain diagram for reinforcing steel considered in this example, consists of an inclined
top branch, as presented in Fig. 28.2 and as defined in EN 1992-1-1:2004 [6] (Section 3.2.7).
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oA fik.cal = 525N/mm?
fyk | Feo"T 70— -mm T
fya =fyk/¥s |-t ;
B Idealised
Design
€

€ud =25 %00

Figure 28.2: Idealised and Design Stress-Strain Diagram for Reinforcing Steel

28.3 Model and Results

The slab, with properties as defined in Table 28.3, is to be designed for bending moment, with respect to
EN 1992-1-1:2004 [6]. The structure analysed, consists of one-way slab with a distributed load in gravity
direction. The loading is presented bellow:

Table 28.1: Loading and actions

Title Action Safety Factor ULS Value

Dead Load G dead load Y6 =1.35 gk = 6.35 kN/m?
Field 1 Q variable load Yo=1.5 gk = 5.0 kN/m?
Field 2 Q variable load Yo=1.5 gk = 5.0 kN/m?

9d=7Y6+ 9k =1.35-6.35=28.57 kN/m?
ddf1="7Yo qk=1.50-5.00 = 7.50 kN/m?
Qdf2 =7Yo-qk =1.50-5.00 = 7.50 kN/m?
LC 1001 — gq + qq in Field 1+2

LC 1002 — g4 + gq,f1 in Field 1

LC 1003 — gd + Ga,f2 in Field 2

Table 28.2: Internal forces

Loadcase meq,B MEd,F1 MEd,F2 VEd,A VEd,B,! VEd,B,r VEd,C
LC 1001 -37.16 31.00 14.40 30.00 -46.80 41.00 -20.00
LC 1002 -35.20 33.60 4.03 31.30 -45.40 25.10 -7.49

LC 1003 -28.90 14.10 19.09 14.70 -26.30 37.70 -23.20
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N
[N

w
w
o o
o
Figure 28.3: mgq envelope in kNm/m?2
Table 28.3: Model Properties
Material Properties Geometric Properties Loading
C 20/25 h=19cm g4 = 8.57 kN/m?
B 5008, B 500A Cnom =20 mm Qa1 =7.50 kN/m?

d1=3.0cm Qd,f2 = 7.50 kN/m?

Exposition class XC1

The system with its loading are shown in Fig. 28.4-28.9. The reference calculation steps are presented
in the next section and the results are given in Table 28.4.

Field 2

Field 1

Figure 28.5: Loadcase 1002

QUAD 10026 over Support B:
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Required Reinforcements acc. to EN 1992-1-1:2004

Grp |Element LC t asu asu2 asu3 asl asl2 asl3|supp|shear ass

[m]|[cm2/m] | [cm2/m] | [cm2/m] [cm2/m] | [cm2/m] |[cm2/m] | [-] [-1|[cm2/m2]
1 10026| 1001|0.190 5.57 1.14 0.00 1

Grp primary group number asu2 Cross reinforcements (2nd layer) Top

Element element number asu3 Third reinforcements Top

LC load case asl Principal reinforcements (1st layer) Bottom

t plate thickness asl2 Cross reinforcements (2nd layer) Bottom

asu Principal reinforcements (1st layer) Top asl3 Third reinforcements Bottom

supp reduction factor for the shear force near supports, punc=point in punching zone -> punching shear design

shear shear zone: 1=0k, punc=punching area, ls=asu/l increased for shear, 1ld=for punching, 2=required ass, 2m=minimum shear reinf.

ass Shear reinforcement

Figure 28.6: Layer Design - Quad 10026, Loadcase 1001, ast = 5.57 cm2/m

QUAD 10726 in Field 1:

Required Reinforcements acc. to EN 1992-1-1:2004

Grp | Element LC t asu asu2 asu3 asl asl2 asl3|supp|shear ass

[m]|[cm2/m] | [cm2/m] | [cm2/m] [em2/m] | [cm2/m] | [cm2/m] | [-] [-1|[cm2/m2]
1 10726| 1002|0.190 4.94 0.97 1

Grp primary group number asu2 Cross reinforcements (2nd layer) Top

Element element number asu3 Third reinforcements Top

LC load case asl Principal reinforcements (1st layer) Bottom

t plate thickness asl2 Cross reinforcements (2nd layer) Bottom

asu Principal reinforcements (1st layer) Top asl3 Third reinforcements Bottom

supp reduction factor for the shear force near supports, punc=point in punching zone -> punching shear design

shear shear zone: 1=0k, punc=punching area, 1ls=asu/l increased for shear, 1d=for punching, 2=required ass, 2m=minimum shear reinf.

ass Shear reinforcement

Figure 28.7: Layer Design - Quad 10726, Loadcase 1002, ast = 4.94 cm?2/m

QUAD 80376 in Field 2:

Required Reinforcements acc. to EN 1992-1-1:2004

Grp | Element LC t asu asu2 asu3 asl asl2 asl3|supp|shear ass

[m]|[cm2/m] | [cm2/m]|[cm2/m] [em2/m] |[cm2/m] | [cm2/m] | [-] [-1|[cm2/m2]
8 80376| 1003|0.190 2.76 0.57 1

Grp primary group number asu2 Cross reinforcements (2nd layer) Top

Element element number asu3 Third reinforcements Top

LC load case asl  Principal reinforcements (1st layer) Bottom

t plate thickness asl2 Cross reinforcements (2nd layer) Bottom

asu Principal reinforcements (1st layer) Top asl3 Third reinforcements Bottom

supp reduction factor for the shear force near supports, punc=point in punching zone -> punching shear design

shear shear zone: 1=0k, punc=punching area, 1s=asu/l increased for shear, ld=for punching, 2=required ass, 2m=minimum shear reinf.

ass Shear reinforcement

Figure 28.8: Layer Design - Quad 80376, Loadcase 1003, ast = 2.76 cm2/m

Figure 28.9: Loadcase 1003
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Table 28.4: Results as[ cm?/m]

Quad SOFiSTiK Reference
Baumann Layer Design Baumann Tables
Support B (QUAD 10026) 5.52 5.58 5.38 5.45
Field 1 (QUAD 10726) 4.95 4.97 4.88 4.88
Field 2 (QUAD 80376) 2.65 2.81 2.70 2.70
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2.4.2.4: (1), Tab. 2.1N: Partial factors
for materials for ultimate limit states

Tab. 3.1: Strength and deformation
characteristics for concrete

3.1.6: Eq. (3.15): acc = 1.00 consider-
ing long term effects

3.2.2: (3)P: yield strength f,x = 500
MPa

3.2.7: (2), Fig. 3.8

210

28.4

Design with respect to EN 1992-1-1:2004 [6] :°

Design Process'

Material:

Concrete: Y =1.50
Steel: ys =1.15

fek =20 MPa
fed =Qcc fek/Ye =1.00-20/1.50 = 13.33MPa

fyk =500 MPa
fyd =fyk/¥s =500/1.15 = 434.78 MPa

Osq =456.52 MPa
1. DESIGN BY USING TABLES

To make the example more simple, the slab will be designed only for
the maximum and minimum moment mgeq (Field 1, Field 2 and over the
middle support). The reduction of the moment over the middle support
will be neglected in this example.

e Design meq over the middle support (QUAD 10026):

Med,8 = (MEd,B,1001, MEd,B,1002, MEd,B,1003)

megg =max(—37.16, —35.20, —28.90)=—-37.16 kNm/m
Calculating the u value:

_ |med,B,Redl
MEds b2 Foa
37.16-1073
1.0-0.162-13.33

HEegs = 0.1089

MEds =

From tables:

H w & 4
0.108867 | 0.11575 | 0.14298 | 0.940522

Osq [MPa]
452.69

1
ds,req =w'b‘d'fcd'o_
sd

Qs,req = 0.11576-1.00-0.16-13.33- m

as,req =5.45 sz/m

e Design mgq over in Field 1 (QUAD 10726):

"The tools used in the design process are based on steel stress-strain diagrams, as
defined in [1] 3.2.7:(2), Fig. 3.8, which can be seen in Fig. 28.2.

2The sections mentioned in the margins refer to EN 1992-1-1:2004 [6], unless other-
wise specified.
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MEg,H = (mEd,f1,1001, MEd,£1,1002, mEd,f1,1003)
MEeqg,11 = max(31.00, 33.69, 14.10) = 33.69 kNm/m
Calculating the u value:

IMEa,B,Red|
b-d?-fed

33.69-103
1.0:0.162.13.33
HEds = 0.0987

MEds =

MEds =

From tables:

U w 3 4 Osq [MPa]
0.0987 | 0.10429 | 0.12882 | 0.9464 455.25

as,req=w‘b'd‘fcd'0_
sd

aslreq = 0.10429 . 100 . 016 . 1333 . 455 25

asrreq =4.88 sz/m
e Design mgq over in Field 2 (QUAD 80376):

MEed,f2 = (MEd,f2,1001, MEd,f2,1002, MEd,f2,1003)

MEeq,r2 =max(14.40, 4.03, 19.09) =19.09 kNm/m

Calculating the u value:

_ IMEd,B,Redl
MEds = —b 2 fog
19.09-103
HEds =

1.0-0.162-13.33
Ueds = 0.05593

From tables:

B w £ ¢ | 0sdMPa]
0.05593 | 0.05774 | 0.08222 | 0.968533 456.52

as,req=w‘b'd’fcd'0_
sd

As,req = 0.05774-1.00-0.16-13.33- m

aslreq == 2.698 sz/m
2. DESIGN BY USING THE MULTI LAYER APPROACH

The design approach in BEMESS 2018 was completely changed from
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Baumann Method to an exact iteration of the strain state. This itera-
tion of the stain state is called "Layer Design” or "Layer Approach” in
SOFiSTIK. In the layer design the 6 strain parameters (3 strains &x, &y,
£xy) and 3 curvatures kx, ky, kxy) are calculated iteratively to achieve
equilibrium between the 6 inner forces and the 6 internal forces nx, ny,
Nxy, Mx, My and Mxy. Thereby non-linear work-laws are taken into
account for concrete and steel.

The iterative approach is not documented in this example, because it
takes lot of effort to document all iterational steps. Therefore only the
output is shown, see the output tables in Fig. 28.6, 28.7 and 28.8.

3. DESIGN BY USING BAUMANN METHOD

For each reinforcement layer: With the use of internal forces in local
element direction, the internal forces in main direction and the accom-
payning angle is calculted with the following equation

Mxx + Myy

My = ———— £0.5- \/(myy— Mxx)? + 4 - mf(y
m
tan2¢o=2- Y
Myx — Myy

Accompanying to the main bending moments the normal forces and
accompanying to the main normal forces the bending moments are cal-
culated by transformation.

The internal lever arm is calculated separately for the internal forces in
main moment direction and for the internal forces in main normal forces
direction. This is done with the theory explained in the paper from Prof.
Dr. Ing. Ulrich P. Schmitz [20]. The program choose the unfavorable
lever arm from both results for the next analysis step lever arm z (This
is why for each layer of reinforcement two lever arms are calculated
within the program).

This lever arm z is used to calculate the virtual panel forces Ny, Ny,
Nxy (in direction of the local element coordinate system) on each side
of the finite element:

QUAD 10026 over Support B:

Calculating Ny:

Nxx  Mxx

Ny=—+
x 2 z
0.00 37.16
x = +
2 0.1514

Nx =245.442 kN/m
Calculating Ny :

Nyy ~Myy
WDt
0.00  7.43

Ny, = +
2 0.1514
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Ny =49.075 kN/m
Calculating Nxy:

Nxy — Nxy
Noy = —=+ —
z

N 0.00 0.00

= +
A 0.1514
ny = 0.00 kN/m

The next step is the transformation of the panel forces Ny, Ny, Nxy into
the main forces Nj and Ni;:

Nx + Ny
- _- 7 . _ 2 N2
Np=———+0.5 \/(Ny Nx)?+4-N2,
245.44 + 49.07
N; = > +0.5-4/(49.07 — 245.4)2 + 4.0.002
N;=147.256 + 98.165 = 245.421
Nx + Ny
- _- 7 _ . _ 2 N2
Nip = —— 0.5 \/(Ny Nx)?+4-N2,
245.44 + 49.07
Ny = > —0.5-4/(49.07 — 245.4)2 + 4-0.002
Ny =147.256 —98.165 = 49.091
N
tan2<po=2-i
NX—Ny
0.00
tan2¢o=2-

245.442 —49.07
tan2¢9p=0.00—- ¢ =0

Required reinforcement:

N
k=-—2
N1
49.091
= =0.20
245.41
k= tan(a+ n/4)-tana =0
Nr—Nmi |
Zx =Np+ -sin2a-(1—tana)
245.421—-49.091
Zx =245.421 + 5 -sin0-(1—tan0)
Zx =245.421
Zx
As = —
Osd
245.421
as = ————— =5.375 cm?/m
456.52
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Field 1 (QUAD 10726):

Calculating Nx:

Nxx  Mxx
Ny=—+
V4 V4

0.00 33.70
= +
0.1514 0.1514

Nx =222.589 kN/m

X

Calculating N :

n m
Ny =y M
V4 V4
0.00 6.74
0.1514 0.1514

Ny =44.51 kN/m

Calculating Ny :

Nxy Nxy
o=t
0.00 0.00

Ny, = +
™ 0.1514 ' 0.1514
Ny, = 0.00 kN/m

The next step is the transformation of the panel forces Ny, Ny, Ny, into
the main forces Ny and Niz:

Ny + Ny

- 7 . — 2 N2
Np=———+0.5 \/(Ny Nx)2+4-N2,
222.589 + 44.51
N; = > +0.5-4/(44.51—222.589)2 + 4.0.002
N;=133.5495 + 89.0395 = 222,589
Nx + Ny
__- 7 _ . — 2 N2
Nip = —— 0.5 \/(Ny Nx)?+4-N2,
222.589 + 44.51
Nj = > —0.5-+/(44.51—222.589)2 + 4-0.002
Njr = 133.5495—89.0395 = 44.51
N
tan2(p0=2-i
Nx—Ny
0.00
tan2¢g =2

' 222.589—44.51
tan2¢p=0.00—-¢=0

Required reinforcement:
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N
k=-—2
N1
44.51
k=——=0.199
222.589
k>tan(a+ n/4)-tana=0
Ni—Nip
Zx =Nj+ -sin2a-(1—tana)
222.589—44.51
Zx =222.589 + > -sin0-(1—tan0)
Zx =222.589
Zx
as = —
Osd
222.589
Qs = —— =4.875 cm?/m
456.52

Field 2 (QUAD 80376):

Calculating Nx:

Ny = T
V4 V4
0.00 19.09
= +
0.1514 0.1549

Nx =123.24 kN/m

X

Calculating Ny :

n m
Ny — Yy + )24
z z

0.00 3.86
0.1549 0.1549

Ny =24.91 kN/m

Calculating Nxy:

n n
Ny = 4
V4 V4
0.00 0.00
ny = +
0.1549 0.1549

Nxy = 0.00 kN/m

The next step is the transformation of the panel forces Nx, Ny, Nxy, into
the main forces Ny and Ni;:

Ny + Ny
— 2 2
Np=———+ 0.5~\/(Ny—NX) +4-N2,
123.24 4+ 24.91
Np = > +0.5-1/(24.91—123.24)2 + 4-0.002
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N;y=74.075+49.165=123.24
Nx + Ny
— 2 2
Nir = —— —0.50\/(Ny—Nx) +4-N2,
123.24 + 24.91
Ny = > —0.5-4/(24.91—123.24)2 + 4-0.002
Nijp=74.075—-49.165 =24.91
N
tan2¢o=2- Y
Nx— Ny
0.00
tan2¢g=2-
123.24—-24.91
tan2¢o=0.00—-¢=0
Required reinforcement:
N
k=—2
N1
24.91
= =0.202
123.24
k>tan(a+ n/4)-tana=0
Nr—Nip |
Zx =Nr+ -sin2a-(1—tana)
123.24—-24.91
Zx =123.24 + > -sin0-(1—tan0)
Zx =123.24
Zx
as -
Osd
123.24
as = =2.70 sz/m
456.52
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28.5 Conclusion

This example shows the calculation of the required reinforcement for a one-way slab under bending. It
has been shown that the results are reproduced with very good accuracy.

28.6 Literature

[11 DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[4] Beispiele zur Bemessung nach Eurocode 2 - Band 1: Hochbau. Ernst & Sohn. Deutschen Beton-
und Bautechnik-Verein E.V. 2011.

[6] EN 1992-1-1: Eurocode 2: Design of concrete structures, Part 1-1: General rules and rules for
buildings. CEN. 2004.

[20] Ulrich P. Schmitz. “Biegebemessung nach der neuen E-DIN 1045-1". In: Bauinformatik JOURNAL
(1999), pp. 49-51.
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29 DCE-EN28: Design of a T-section for bending and
shear using Design Elements

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1

Module(s): DECREATOR, AQB

Input file(s): t-beam_de.dat
29.1 Problem Description

This section demonstrates design elements as a solution to the problem of a member modeled out of
beam and quad elements; which is to be designed using a given cross section. An instance of a beam
having a T-section as shown in Fig. 29.2 is considered. The beam constitutes a loaded floor slab shown
in Fig. 29.1.

beff
T U U U U U
2.4 m
qd + Jdd
/A N N N N N A N N N N T N N R
A A
lo=14.04 m =

Figure 29.1: Sketch of the slab and longitudinal system of single t-beam member

29.2 Reference Solution

The reference inputs and results of this problem were adopted from an extended solution to a similar
problem in section 7 of [4]. The standard aspects of the design procedures are covered in the following
parts of the Eurocode DIN EN 1992-1-1 [6]:

» Concrete (Section 3.1)
+ Reinforcing Steel (Section 3.2)
+ Bending with or without axial force (Section 6.1)

+ Shear (Section 6.2)

29.3 Model and Results

The beam member is assumed to be simply supported with out carrying normal force. It’s finite element
model is formed in SOFiSTiK using quad elements for the flange and an eccentrically coupled beam
element for the web. The self-weight parts of the design loads are applied separately to each element.
After analysis, a design element spanning the entire beam length is then defined using the program
DECREATOR. The design element then integrates the stresses of the quad elements at its design
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sections, and superimposes these with the corresponding forces of the eccentric beam to result in the
design values of the bending moment Mgy and shear force Veg.

beff

1 I O I I A BN I e

Quad element

hw Beam element

A

b b7 b,

Figure 29.2: Cross sectional view of the model out of quad and beam elements

The sectional properties and loadings of the member are given in table 29.1. The analysis gives results
of the individual quad and beam elements. DECREATOR is then used to integrate all forces at the
explicit design sections for use in design. Since, in this model, the centroid of the chosen cross section
lies on the design element, no transformation of forces from design element axis to the centroid takes
place during computation. However, this full cross section will be used for design. The final analysis and
design results are given in Table 29.2, the reference calculation procedures of which are presented in
the following section.

Table 29.1: Model Properties

Material Properties Geometric Properties Loading

C 35/45 hy =60.0cm g4 = 8.85 kN/m?

B 5008 hf=12.0cm dd.flange = 6.41 kN/m?
d=62.20cm gd,web =5.27 KN/m
befr =240 cm
b =20.0 cm
b!, =6.0cm
bw=26.0cm

Summarized in Table 2 are the results of the reference example in [4] (Ref.-2), those obtained based on
design tables (Ref.-1) as presented in the next section, and those from SOFiSTiK computations. For sim-
plification purposes the reference example uses rough approximate procedures in obtaining reinforce-
ment areas, while the hand calculation and the SOFiISTiK results come from iterative approximations
and are as close to the exact requirements as possible.

In this regard, in calculating the reinforcement area in Ref.-2, the full thickness of the flange was assumed
to roughly approximate the compressive zone. The moment arm is thereby reduced and hence it resulted
in a larger reinforcement area. In a similar manner, the shear reinforcements in Ref.-2 are larger since
the example selects a suitable reinforcement diameter and spacing in advance to compute the area,
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which is more than the required amount.

Table 29.2: Results

SOF. Ref.-1 Ref.-2
Meg [kNm] 1085.85 1086.0 1086.0
Asreq/ S 39.42 41.34 44.60
[cm?/m]
VEeg [kN] for 269.56 272.0 272.0
x=13.680m
Asreq/ s 8.42 9.3 15.71
[cm?/m)] for
x=13.680m
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29.4 Design Process

Design with respect to DIN EN 1992-1-1 [6]:"

Design of the T-beam for bending and shear are carried out using the T-
cross section, as shown in figure 29.3. References on the side margins
can be further reviewed for notations and explanations.

beff,l :

b,

Figure 29.3: Full cross-section used for design

Material partial factors and design strengths:

(NDP) 2.4.2.4: (1), Tab. 2.1DE: Partial Concrete: Y =1.50
factors for materials

Steel: ys=1.15
Tab. 3.1: Strength for concrete fck = 35 MPa

3.1.6: (1)P, Eq. (3.15): acc = 0.85 con- fed =0Acc fek/Ye =0.85-35/1.5=19.83 MPa

sidering long term effects
3.2.2: (3)P: yield strength f,x = 500 fyk =500 MPa
MPa fyd =fyk/¥s = 500/1.15 = 434.78 MPa

Design for bending:
Design section at: x = (/2.0 =14.40/2.0=7.20 m

Design bending moment: Mgy = 1086.0 kNm

Effective width of flange befr :

5.3.2.1: (3) Eq. (5.7) and Fig. (5.3) for befr = > beff,i+bw < b

notations

5.3.2.1: (3) Eq. (5.7a) beff,i=0.2-bi+0.1-lp £0.2- [y
bi=0.5-(besf — bw)
b12,=0.5:(2.4—-0.26)=1.07m
beff1,=0.2-1.07+0.1-14.40=1.65m<0.2-lp
But, beff1,2 > b1, =1.07m

v beff=2-1.07+0.26 =2.40 m

"The sections mentioned in the margins refer to DIN EN 1992-1-1 (German National
Annex) [6], unless otherwise specified
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Reinforcement depth d, for three layers of re-bars with ¢25:
Cnom = Cm[n + Acdev = 25 + 10 = 35 mm
d=h—Cnom—2.5°¢

d=720—35—-2.5-25=620mm

Design cross-section:
bef/hf/bw/h/d =2.40/0.12/0.26/0.72/0.62 m

Using design table for T-beams:

MEgds 1086.0

= =0.0594
befr-d?-feq  2.4-0.622-19.83

HEds =

For uggs = 0.0594 and beff/bw =9.23,

table 9.4 of [3] results in w1 = 0.0609

Required bottom-reinforcement for bending at the design section:

1
As1 = —(w1 - beff-d-feqg) = 41.34 cm?
fyd

Design for Shear:
Design sectionat: x=0.5:0.2+0.62=0.72 m

Design shear force: Vrgs = 272.0 kN

Vertical reinforcement from shear resistance:
VRd,s = (Asw/S) - Z- fywd - COtO

VR d,s

Asw/S)= ————
(Asw/5) Z-fywd - coto
cot6=1.2

z=0.9d=0.9:-0.62=0.558m

Required total shear reinforcement at the design section:

272.0

=9.33cm?/m
0.558-434.78-1.2

(Asw/S) =

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks

4.41.1:(2) Eq. (4.1) Nominal concrete
cover

Assumptions: Stirrups ¢s¢ < 10 mm
Longitudinal reinforcement: ¢25 in 3-
layers

Reinforcement and spacing:
2)/2=2.5

3+

Us - Table for T-beams (Tab. 9.4) [3]

Equation from table 9.4 in [3]

Distance from center of elastomer sup-
port with thickness b=200 mm [4]

6.2.3:(3) Eq. (6.8)

6.2.3:(2), simplified for pure bending [4]

223



£ SOFiSTiK

DCE-ENZ28: Design of a T-section for bending and shear using Design Elements

29.5 Conclusion

It has been demonstrated in this example that, using Design Elements in SOFiSTiK, a structural member
modeled out of different finite element types can be designed with a unifying full cross section. The
critical internal forces were well approximated and reasonable design results were obtained.

29.6 Literature

[3] K. Holschemacher, T. Mlller, and F. Lobisch. Bemessungshilfsmittel flir Betonbauteile nach Eu-
rocode 2 Bauingenieure. 3rd. Ernst & Sohn, 2012.

[4] Beispiele zur Bemessung nach Eurocode 2 - Band 1: Hochbau. Ernst & Sohn. Deutschen Beton-
und Bautechnik-Verein E.V. 2011.

[6] EN 1992-1-1: Eurocode 2: Design of concrete structures, Part 1-1: General rules and rules for
buildings. CEN. 2004.
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30 DCE-EN29: Design of restrained steel column

Overview

Design Code Family(s): DIN

Design Code(s): DIN EN 1993-1-1

Module(s): BDK

Input file(s): design_schneider_example_8-41.dat
30.1 Problem Description

The problem consists of a simply supported beam with a steel HEA 200 section which is restrained in
the middle of the length. The column is subjecteded to compression and bending as shown in Fig. 30.1.

Z
kY N =300kN

qg=4kN/m

14

Figure 30.1: Problem Description
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30.2

This example is concerned with the buckling resistance of steel members.

Reference Solution

It deals with the spatial

behavior of the beam and the occurrence of lateral torsional buckling as a potential mode of failure. The
content of this problem is covered by the following parts of DIN EN 1993-1-1:2005 [21]:

« Structural steel (Section 3.2 )

» Classification of cross-sections (Section 5.5)

* Buckling resistance of members (Section 6. 3)

* Method 2: Interaction factors k; for interaction formula in 6.3.3(4) (Annex B)

30.3

Model and Results

Table 30.1: Model Properties

Material Properties Cross-Section Properties Geometric Loading
Properties
5235 h=190 mm H=8.0m g=4.00 kN/m
E=210000 N/mm? b =200 mm
fy =235 N/mm? c=32mm
v=0.3 r=18 mm
G = 81000 N/mm? tr =10 mm
Ymo =1.0 tw=6.5mm
Ym1=1.1 A =5308 mm?
iy =82.8 mm
i=49.8 mm
I, =3690 cm*
I,=1340 cm*
I} =21cm?
Table 30.2: Results
SOF. Ref. [8]
Lery [m] 8.00 8.00
Ler,z [M] 4.00 4.00
Npira [KN] 1265.4 1264.3
Mpi,y,rd [kKNmM] 100.96 100.90
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Table 30.2: (continued)

SOF. Ref. [8]
Ay 1.029 1.029
Az 0.855 0.855
Nerz [kN] 1730.1 1736
Mcr [kNm] 245.47 220.9
ALT 0.641 0.676
kyy 1.292 1.304
kzy 0.935 0.936
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I, - second moment of area

Iy - warping resistance

I+ - torsional moment of inertia

N, - elastic critical force for the relevant
buckling mode based on the gross cross
sectional properties

M, - elastic critical moment for lateral-
torsional buckling

228

30.4 Design Process'

Design Loads:

Ng =300 kN

q=4.0kN/m
My,q=q-L?/8=4.0-82/8=32.0 kNm

Mz,d - 0

Buckling lengths:

Lcr,y =8.00m
Lcr,z =4,00m
E=1.35

Characteristic values:

Ngrk = Npi,rd = 1264.3 kN
My,rk = Mp(,y,rd = 100.9 kNm
I, =1340 cm*

I, =108000 cm®

I} =21.0cm*
iy =8.28 cm
i=4.98cm

Zp=—9.5cm

Buckling around the y-y axis:
Ay =800/(8.28-93.9) = 1.029 — x = 0.58 (Curve b)

A, =400/(4.98-93.9) = 0.855 — x = 0.63 (Curve c)

Critical loading:
Ncrz=m?-21000-1340/4002 = 1736 kN

c?2 =(108000+ 0.039-4002.21.0)/1340 = 178.4 cm?

M =1.35- 1736-[\/178.4+ 0.25-9.52 + 0.5-(—9.5)] .102

Mcr = 220.9 kNm

"The sections mentioned in the margins refer to DIN EN 1993-1-1:2005 [21] unless
otherwise specified.
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B -300.0| B

-300.0]
A A

Figure 30.2: Internal forces My, and N

AT =+/100.9/220.9 =0.676

h/b=190/200=0.95<2.0 —» Classb
1

=2
S+ — BN,

- = -2
®7=0.5- [1 +orr - (At —Awr0) + B'ALT]

XLT =

X.7=0.88 <2.188 =1/0.6762

xor 1
Mp,rd =Mply,Rd* — + ——
il f rm

f=1-0.5-(1—ko)-[1-2.0-(Ar—0.82)]
f=1-0.5-(1—0.94)-[1—2.0-(0.676 —0.82)]
f=0.972

0.88 1
0.972 1.1

Mp,rag = 83.045 kNm

Mp,rqg = 100.9 -

Equivalent uniform moment factors:

SOFISTiK 2022 | VERIFICATION - Design Code Benchmarks

A - non dimensional slenderness for
lateral torsional buckling

XLT - reduction factor

f - the value f may be defined in National
Annex, see EC 3, §6.3.2.3(2)

Mmp,ra - design buckling resistance mo-
ment - EC 3, §6.3.2.1, Eq. 6.55
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Ler,y - buckling length for Ler,y =8.00 m:

ap = Mp/Ms =0.00

Y =1.00

Cmy =0.95+0.05-0.00=0.95
Ler, - buckling length for Ler, =4.00m :

ap = Mp/Ms =0.75

¢y =0.00

Cmir=0.24+0.8:-0.75=0.80

300 kN 300 kN

= <]l

4 kN/m’
||
A

AN
5
y ——
= =
h

y-M Y -Mp
$-Ms=0.75-Mp,

M Mh

Mp

Figure 30.3: Calculating the equivalent uniform moment factors

Kyy,kzy - Annex B: Method 2, inter- Interaction factors:
action factors for interaction formula in
§6.3.3(4)
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®

1.1
kyy =o.95-(1+1.029—0.2)-300- )
0.580-1264.3
=1.304
1.1
50.95-(1+O.8-300- ):1.292
0.580-1264.3
<1.80
0.1-0.855 300-1.1
kzy =[1_ . :|=0.936
0.8—0.25 0.63-1264.3
0.1 300-1.1
_[1— . }:0.925
0.8—0.25 0.63-1264.3
>0.3-300-—————— =0.138
0.63-1264.3

Lateral Torsional Buckling check:

300 32.0+0.0

+1.292. +0.0=0.96<1.0
0.58-:1264.3/1.1 0.88-100.9/1.1

Lateral Torsional Buckling, §6.3.3, Eq.

6.61 and 6.62
300 32.0+ 0.0

+0.936- +0.0=0.79<1.0
0.63-1264.3/1.1 0.88-100.9/1.1
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30.5 Conclusion

This example shows the check for lateral torsional buckling of steel members. The small deviations that
occur in some results come from the fact that there are some small differences in the sectional values
and elastic critical loadings (M¢r, N¢r). Therefore, these deviations are of no interest for the specific
verification process. In conclusion, it has been shown that the results are reproduced with excellent
accuracy.

30.6 Literature

[8] Schneider. Bautabellen fiir Ingenieure. 21th. Bundesanzeiger Verlag, 2014.
[21] DIN EN 1993-1-1:2005 Eurocode 3: Design of steel structures, Part 1-1: General rules and rules
for buildings - Deutsche Fassung EN 1993-1-1:2005 + AC:2009. CEN. 2010.
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31 DCE-EN30: Steel column with a class 4 cross-section

Design Code Family(s): EN

Design Code(s): EN 1993-1-1

Module(s): BDK, AQB, AQUA

Input file(s): scl_4_sig_neff.dat, scl_4_iterative.dat
31.1 Problem Description

The problem consists of a simply supported beam with a box cross-section shown in Fig. 31.1. The
design element should be verified against uniform compression as shown in Fig. 31.2.

&8

hw
h

f2

l/t

717

~N\
ﬁﬁ
o
N
N

Figure 31.1: Geometry of box cross-section

This benchmark example is used to verify and compare the SOFiSTiK results with the ECCS reference
example [22].
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P Dol o7

®7 - 5500

My=N'eN,y N

Figure 31.2: Model, loadings and the internal forces My, N

31.2 Reference Solution

This example is concerned with the cross-section and buckling resistance of steel members. It deals
with the spatial behavior of the beam and the occurrence of lateral torsional buckling as a potential mode
of failure. The content of this problem is covered by the following parts of EN 1993-1-1:2005 [7]:

» Structural steel (Section 3.2 )

+ Classification of cross-sections (Section 5.5)

* Buckling resistance of members (Section 6. 3)

* Method 2: Interaction factors k; for interaction formula in 6.3.3(4) (Annex B)
and parts of EN 1993-1-5:2006 [23]

« Effective cross section (Section 4.3 )
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31.3 Model and Results

Table 31.1: Model Properties

Material Properties Cross-Section Properties Geometric Loading
Properties
5275 h=600 mm H=4.0m N =5500 kN
E=210000 N/mm? b =600 mm
fy =275 N/mm? tr, =10 mm
v=0.3 tr, =20 mm
G = 81000 N/mm? tw =10 mm
Ymo =1.0 A =29400 mm?
Yvm1=1.0 I, =174800.0 cm*
I, =153200.0 cm*
Table 31.2: Results
SOF. SOF. Ref. [22]
(Iterative) (SIG NEFF)
Aeff [ cm2] 275.4 250.2 247.78
Iy erf [cm*] 1556000 152400 154000.0
en,y [mm] 38.03 28.20 30.1
bf1,efr [mm] 131.1 (0 =0.77) 151.3 159.5
bwa,eff [Mmm] 100.8 (p = 0.82) 143.24 151.3
bwa,eff [mm] 100.8 (p = 0.82) 143.24 151.3
Totutilisation - 0.94 0.95
X 1.0 1.0 1.0
Ay 0.183 0.174 0.173
Az 0.195 0.186 0.185
kyy 1.080 1.084 1.084
kzy 0.864 0.867 0.867
nm-—y 0.934 0.952 0.973
nm-—z 0.893 0.921 0.940

2The buckling resistance check has been calculated using hand calculation (SOFiSTIK).
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31.4 Design Process?®
Design Loads

Neg = 5500 kN

1. CROSS-SECTION RESISTANCE

STEP 1: Cross-Section class check
bfi=bra=b—2-ty, =600—2-10 =580 mm
hw=h—ts1—tr2 =600—10—20 =570 mm

Upper flange (compression):

235 [235
£=4 — =\ == =0.924
fy 275

bsr 580
— =——=58.0>42-£=42-0.924 = 38.8 (Class 4)
tr1 10

Lower flange (compression):

bs 580

— =——=29.0<42-£=38.8 (Class 3)

tr2 20

Class 3 - but it also fulfils requirements for Class 1 (33 - €)

Web (compression):

hw 570
Cross-section classification, EN 1993- — =—-=57.0>42-£=38.8 (Class 4)
11, Table 5.2 tw 10

The cross-section is classified as Class 4.

STEP 2: Calculating the effective properties under uniform axial com-
pression

3The sections mentioned in the margins refer to DIN EN 1993-1-1:2005 [21] unless
otherwise specified.
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AN

il
h—»

Bt =(s -t

3

+

1_

+

Figure 31.3: Effective area for uniform compression

Determination of the characteristics of the gross cross section

tr1 + tfl) hw + tfz)

S =b.t . h_
y fl( >

+2‘hw'tw'(

+ 2

10+ 20
[600 -10- (600— —)

Sy=
29400
570+ 20
.570-10.(600——)}
Sy =6.873-10% mm3

S, 6.873-10°
A 29400.0

where:

re = =233.8 mm

Sy is the first moment of area of the gross cross section with respect to
the centroid of the lower flange (y-y axis),

rt is the distance from the centroid of the lower flange to the centroid
of the gross cross-section

Calculation of effective” width of the upper flange
Yy=1.0-ks=4.0

_ b 580
X /1

=1.105 Plate elements without longitudinal stiff-

tr1-28.4-£-/k, 10-28.4-0.924- /4.0 eners, EN 199315, 4.4

Ap=1.105> 0.5+ +/0.085—0.055- ¥

=0.5+ +/0.085—-0.055-1=0.673
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Plate elements without longitudinal stiff-
eners, EN 1993-1-5, 4.4

238

Ap—0.055-(3+W¥) 1.105-0.055-(3+1)

_2 2
x 1.105
P

=0.725

p=

befff=p br1 =0.725-580 =420.5 mm

be1,f = bez,f = 0.5 beffr,f =0.5-420.5=210.2 mm
Calculation of effective” width of the web
y=1.0-ks=4.0

— hw 570

N = _ —1.086
P tw-28.4-£-/k; 10-28.4-0.924-/4.0

Ap=1.086 > 0.5+ ,/0.085—0.055- ¢

Xp =1.086> 0.5+ +/0.085—0.055-1=0.673

Ap—0.055-(3+¢) 1.086—0.055-(3+1)

p= 3 1.0862

beff.w=phw=0.734-570 = 418.7 mm

=0.734

be]_,W = beZ,W = 0.5 . beff,W = 0.5 . 418.7 = 209.3 mm

Determination of characteristics of effective cross section consid-
ering effective widths of the upper flange and webs in uniform
compression

Xf = bf1 — befr,f = 580.0—420.5=159.5 mm

Xw = hw— befr,w =570.0—418.7 = 151.3 mm

Acr =[A—(Xf-tr1 + 2 - Xw - tw) ]

Aeff =29400—(159.5-10+2-151.3-10) =24778.1 mm?

tr1 + te 10+ 20

rF=h —rt=600——2 =351.2 mm

tro Xw
rw=hw+7—rT—bel,w—7

10 151.3
rw =570+ >~ 233.8—209.3— — =61.2 mm

2w Xw-tw=+rf-Xg-te1

e =
el Aeff

2-61.2-151.3-10+351.2-159.5-10
en,y = =30.1mm
24778.1

rreff,n =rr—en,y =233.8—30.1=203.7 mm

where:

en,y is the shift of centroid of the effective area relative to the centre
of gravity of the gross cross section determined assuming uniform
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axial compression.

rreff,n is the distance from the centroid of the bottom flange to the
centroid of the effective cross-section under uniform compression.

STEP 3: Calculating the effective properties assuming the cross-
section is subject only to bending stresses

The effective section modulus Wefs,, is determined on the cross-
section subject only to bending moment.

Cross section class check

Upper flange (compression 4€* the same as in 1): Class 4

el — 1

e
9

p— il

Figure 31.4: Effective area for bending

Determination of characteristics of effective cross section consider-

ing effective widths of the upper flange (calculation of effective width of

the upper flange is already done in section 1) and gross cross section

of the web:

Aeff =A—X5-tr1

Aeff =29400—159.5-10=27804.9 mm

rg-Xxf-t,r 351.2-159.5-10
Aeff  24778.1

=20.1 mm

Arr,m =

rreff,m = rr—Arr,my = 233.8—20.1=213.6 mm

T 2 xf'tf3 2
Ieff,y=Iy+Aeff'ArT,M_ 5 + Xf - tr - (rf + Arr,m)

159.5-103

I _ =1748-10°+27804.9-20.12—| ——+
eff.y 12
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159.5-10-(351.2 + 20.1)?) = 1.539 - 10° mm*

where:

Iéff y is the effective second moment of area (cross section under pure
bending) with respect to y-y considering the effective width of the
upper flange.

The effective section moduli at the upper and lower edge of the girder’s

1 I Ay
web, Weff,y,1 and Weff,y,2 are, respectively:
1
w! _ Ieff,y
eff.y.1 tro
w+ — —I'Teff,m
2
] 1.540-10° 5 . 3
Weff,y,l_ 50 =4.20:-10° mm
570— ——213.6
3
1
Wl _ Ieff,y
eff.y.2 — tr2
I'reff,.m — >
] 1.540-10° 2 558.106 mm?3
Wetry2 = 20 ~ /22ersmmm
213.6 — —
2

Web (bending):

T T 6

w2 Myed/ Werry2 _ Werry1 _ 4.20-10

1 I .106
o Myea/Wese 1 Weps,, 7-558-10

W =-0.56>-1

hw 570 42 -¢ 42-0.924

— = — = 57.0 > =

tw 10 0.67+0.33-W! 0.67—0.33:0.56
h

¥ —57.0 > 79.8 (Class 3)

tw

The web is at least of Class 3.

In case of a slender web, the effectiveP width should be determined on

the basis of stress ration ..

The effective section modulus Wesr,, for the design resistance to uni-

form bending is defined as the smallest value of the effective section

moduli at the centroid of the upper and lower flange, Weff,y,;1 and

Wefy,y,2, respectively:

1 9
W _ Tfs _ 1.540-10
eff.y.1 tr1 + tr2 10+ 20
hw+ ————rreffm 570— ———213.6
2 2
Wesf,y,1 = 4.144-105 mm3
240 VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022
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1 9
Tegry _ 1.540-10
ZTeff 213.6

=7.205-10% mm3

Here, Wesf,y,1 governs.
STEP 4: Cross section resistance check

Additional bending moment Ne4-ep,, causes compression at the upper
flange (+compression).

NEqd NEd - en,y
+ Class 4-sections, EN 1993-1-1, 6.2.9.3,
Aeff - fy/Ymo  Wesf,y,1 - fy/Ymo Eq. 6.44
5.5-.10° 5.5-10°-.30.1
= +
24778.1-275/1.0 4.144-10%.275/1.0
=0.807+0.145

= 0.95 < 1.0 Satisfactory
2. STABILITY CHECK

In this example Method 2 is applied. Since the member has a rectangu-
lar hollow cross-section, the member is not susceptible to torsional de-
formation, so flexural buckling constitutes the relevant instability mode
and x.7 =1.00

STEP 1: Characteristic resistance of the section

NRk =A -fy =24778.1-275=6813977.5 N=6813.97 kN Ngk is calculated assuming that the

cross-section is subject only to stresses

M =W, . =4.144. ]_(:)6 .275=1139.6- 10—6 Nm due to uniform axial compression, EN
y.Rk ply fy 1993-1-5, 4.3(4).

My Rk =1139.6 kNm My, gk is calculated assuming the cross

section is subject only to bending

STEP 2: Reduction coefficients due to flexural buckling, X, and x- stresses, EN 1995-1-5, 4.3(4)

Plane xz (buckling about y)

Lery=B-L=4.00m

Aeff
_ L
Ay = c_:r,y . A EN 1993-1-1, Eq. 6.51
[y )\]_
~[1, .[174700.00
iy=\\—=\\—=—=——=——=24.38cm
A 294.00
A1=93.9-¢

235 [235
=4 — =\|— =0.9244
fy 275
|7247.78
+~ _ 400 \294.00

)\y -
24.38 93.9:0.9244

EN 1993-1-1, Eq. 6.51

Ay=0.173
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Buckling curves, EN 1993-1-1, Table a=0.34Curveb

6.2
— —2
¢=o.5-[1+a-(/\y—o.2)+)\y]
¢=-0.5[1+0.34-(0.173—0.2) + 0.1732]
¢=0.51
1
X, ¢, EN 1993-1-1, Eq. 6.49 Xy = — <1.0
o+1/07 -2
1
X =
Y 0.514+/0512-0.1732
Xy=1.01<1.0-x,=1.0
Plane xy (buckling about z):
LcrIZ=B'L=4.OOm
Aeff
_ L
EN 1993-1-1, Eq. 6.51 Ay = C,r'z . A
lZ )\1
) I, 153200.00
ir=\|—=\\——=22.82cm
A 294.00
247.78
_ 400
EN 1993-1-1, Eq. 6.51 Az = . 294.00
22.82 93.9-.0.9244
Az=0.185
Buckling curves, EN 1993-1-1, Table o =0.34 Curve b
6.2
¢=o.5-[1+a.(X2—0.2)+X§]
¢=-0.5[1+0.34-(0.185—0.2) + 0.1852]
¢=0.51
! <1.0
X, ¢, EN 1993-1-1, Eq. 6.49 XZ =——<1.
2
¢+1/02—A,
1
Xz

© 0.51++10512—0.1732
Xz=1.01<1.0 - x,=1.0

STEP 3: Calculating of the interaction factors ky,, and kzy
(//y = My,Ed,base/MEd,top = 175.5/175.5 =1.0
Table B.3 of EN 1993-1-1 gives:

Interaction factors k;; for members not Cmy =0.6+0.4. (ﬂy =>0.4
susceptible to torsional deformations,
Annex B, Table B.1
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Cmy=0.6+04-1.0=1.0

Y N
kyy=cmy-(1+o.6-,\y- £ )gcmy-(1+o.6- Ed)

Xy - Nrk Xy - Nrk
5500
kyy =1.0- (1 +0.6-0.173- —)
1.0-6813.97
5500
51.0-(1+0.6- )
0.173-6813.97

Final expression

Check for y-y

NEeqg My,Ed

_—+ kyy . y— < 1.0 Uniform members in bending and axial

Nri My,rk compression, EN 1993-1-1, 6.3.3, Eq.
Xy — XLT * 6.61

Ym1 Ym1
—5500 1.084 —175 <1.0

6813.9 ot 1139.6 ~ =
1.0- 1.0-
1.0 1.0

0.807+ 0.166 =0.973 < 1.0 — Satisfied

Check for z-z

Neg My eq

£ + kzy . y—E <1.0 Uniform members in bending and axial

NRk My,Rk compression, EN 1993-1-1, 6.3.3, Eq.
Xz XLT* 6.62

Ym1 Ym1 :

5500 175

6813.9 T 0867 —7739 =10
1.0- 1.0-
1.0 1.0

0.807+ 0.133 =0.94 < 1.0 — Satisfied
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31.5 Conclusion

In the reference example, the effective area Aefr is determined assuming that the cross-section is sub-
jected only to stresses due to uniform axial compression (EN 1993-1-5, 4.3(3)) Ac,eff = p - Ac. The
effective section modulus Wesr is determined assuming the cross-section is subject to only bending
stresses (EN 1993-1-5, 4.3(3)).

By using the NEFF SIG SMIN input it is possible to define only one effective cross-section for the de-
sign and stability check, therefore the effective section modulus is determined assuming that the cross-
section is subject only to stresses due uniform axial compression. The Agfr as well as Wegr,, and
Wesr,z values are calculated in SOFISTIK for the effective cross-section as shown in Fig. 31.3. This
approach checks the MOST UNFAVOURABLE case where all plates are under compression.

By using the iterative method (EN 1993-1-5, Annex E) for calculating the effective cross-section proper-
ties, the effective CS properties will be calculated for the current stress state, so it gives more realistic
and economical results as shown in table 31.2. The iterative method can be used ONLY for the THIN-
WALLED cross-sections. In Fig. 31.5 you will find the comparison between "SIG NEFF”, “lterative
approach” and the reference.

N — 1

*
Bl SOF . lterative 4

Bl SOF.'SIG NEFF
: REF. | -

Figure 31.5: Comparison of the b; eff values
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[7]1 EN 1993-1-1: Eurocode 3: Design of concrete structures, Part 1-1: General rules and rules for
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for buildings - Deutsche Fassung EN 1993-1-1:2005 + AC:2009. CEN. 2010.
[22] D. Beg et al. Design of Plated Structures. Ernst & Sohn and ECCS, 2010.

244 VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022



DCE-EN30: Steel column with a class 4 cross-section S

[23] EN 1993-1-5: Eurocode 3: Design of steel structures, Part 1-5: Plated structural elements. CEN.
2006.

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks 245



% SOFISTIK

- DCE-ENB30: Steel column with a class 4 cross-section

246 VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022



=% H H
DCE-EN31: Punching of flat slab acc. DIN EN 1992-1-1 = SOFISTIK

32 DCE-EN31: Punching of flat slab acc. DIN EN 1992-1-
1

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1

Module(s): BEMESS

Input file(s): punching_din_en_1992.dat
32.1 Problem Description

The problem consist of a flat slab of a multi-story building as shown in Fig. 32.1. The design of slab
against punching at the columns is discussed in the following.

For the concrete, strength class C35/45 (fek = 35 MPa, v = 1.5) is assumed, for the reinforcing steel,
grade B500B (fyxk = 500 MPa, Es = 205 GPa, 'ys = 1.15, ductility class B). The factored design load
accounting for self-weight, dead load and imposed load is eq = 14.67 kN/m?.

Column
450/450 mm

Figure 32.1: Model
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32.2 Reference Solution

This example is concerned with the punching of flat slabs. The content of this problem is covered by the
following parts of DIN EN 1992-1-1:2004 + AC:2010 [1]:

+ Construction materials (Section 3)

» Punching (Section 6.4)

‘ [ | ‘

Uout U1 |

Asw,i = ksw,i 'Asw,crit

Figure 32.2: Punching

32.3 Model and Results

The goal of the preliminary design is to check if the dimensions of the structure are reasonable with
respect to the punching shear strength and if punching shear reinforcement is required.

In the reference example the reaction forces are estimated by using contributive areas, therefore the
example has been splitted into three models to show the punching for

« the inner column B2,
+ the edge column A2/B1,
 wall at position B2.

The SOFiSTIK and reference results are given in Table 32.3.

Table 32.1: Results

Result SOF. Ref.

Inner column B2 (Node 1)

Veq [kN] 808.0 809.0
VEd,red [kKN] 803.0 —
Ved [N/mm?] 1.11 1.12
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Table 32.1: (continued)

Result SOF. Ref.
VRd,c [N/mm?Z] 0.93 0.93
VRd,max [N/mm?] 1.30 1.30
Uout [mM] 6.01 6.05
u [m] 4.188 4.19
B 1.10 1.10
d[m] 0.19 0.19

Edge column B1/A2 (Node 2)

VEea [kN] 317.5 319
VEd,red [KN] 312.5 —
Veg [N/mm?] 1.17 0.925
VRd,c [N/mm?] 0.86 0.86
VRd,max [N/mm?] 1.21 1.204
Uout [mM] 3.21 3.28
u [m] 2.539 2.54
¢ 1.40 1.40
d[m] 0.19 0.19
Wall B2 (Node 1014)

VEg [kN] 360.8 381.0
VEd,red [kKN] — _
Veqd [N/mm?] 1.14 1.20
VRd,c [N/mm?] 0.88 0.878
VRd,max [N/mm?] 1.23 1.229
Uout [M] 3.50 3.69
ui [m] 2.244 2.24
B 1.35 1.35
d[m] 0.19 0.19
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32.4 Design Process'
The calculation steps of the reference solution are presented below.
32.4.1 Material
3.1 Concrete /B Concrete 35/45

Characteristic value of cylinder com- fek = 35 N/mm?
pressive strength
fek

fed =0cc—
Yc

35
feca=0.85- 15= 19.80 N/mm?

3.2 Reinforcing steel | Steel B500B (flexural and transverse reinforcement)
322 fyk =500 MPa
fyk
fyd === = 435.00 N/mm?
Y¥s

Es =205000 MPa

Ductility class: B

32.4.2 Actions and Loads

Table 32.2: Characteristic actions

Action Characteristic value kN/m?
Dead-weight (gk) 7.25
Variable load (q) 3.25

B Combined loads for design:
9d=7v69k=1.35-7.25=9.79 kN/m?
Gd=7Y0 qk1=1.50-3.25 = 4.88 kN/m?

ed=9gqd+qd=9.79+4.88 =14.67 kN/m?

32.4.3 Punching check for inner Column
& Calculating effective depth d in x direction:
dx =h—Cv,l—0.5‘¢

=240—-30-10

=200 mm

"The sections mentioned in the margins refer to DIN EN 1992-1-1 [1] unless otherwise
specified.
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| Calculating effective depth d in y direction:

dy=dx_¢
=200-—20
=180 mm

The columns will be checked for punching check:
VRd,c Without punching reinforcement
VRa,s With punching reinforcement

VRd,max check the maximum value of shear

The position of columns is shown in Fig 32.3.

0.5'[)(
,‘\,
=
> =
To)] Te]
o o
— N
>
Te]
> °
=5
LN
o
[
<&
(]
o
>
=
S
o

Figure 32.3: Load distribution - columns

Table 32.3: Load distribution per column

Column Type Axis Area [m?] VEd [kN]
Inner column C/3 45.56 700.60
Inner column B/3, C/2 50.12 745.80
Corner column B/2 55.13 749.20
Edge column A/3, CN 19.74 298.60
Edge column A2, B/ 21.72 305.60
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Table 32.3: (continued)
Column Type Axis Area [m?] VEeq [kN]
Corner column AN 8.56 139.90
| Effective depth d
o= dx +dy
2
0.2+0.18
d=—
2
d=0.19m
oo -
| | |
| | s
EEl
' ‘ |
[
45
| |
______ [
ST TN
;oo oA
f--- ---
\ \
\ \
\ \
2d| }
b---1 t-- -
\ | | /
\\_L 77777 J_,// .
A§
Figure 32.4: Punching - inner column
B Perimeter ug and uzy
up=4-0.45=1.80m
up=2-(2-0.45+m-2.0-0.19)
ur=4.19m
B Max. shear force (column B/2):
B - VEed
6.4.3, Eq. 6.38 VEd =
uj-d
Veq =809 kN
BEMESS is reducing the Vg4 value by dead load of the slab.
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VEd,red = VEd— Vred

Vied =1.35-yc-r2

COl,eff < T hS[Qb

Where:
I'coleff is the effective radius of the column
Yc is the nominal weight of the concrete in kN/m?3
r?ol’eff -7 is the effective area
hsiap height of the slab
Acol=a-b or Acor = a2 (if a=b)

Acol
Co+d

B=1.10

In BEMESS the B value is limited to Bmgx = 1.8.
Min. value is taken as Bmin = 1.1

1.1<B<1.8

The W, value is calculated acc. W; = fé“ le|d!l

0.809-1.10
4.19-0.19

Shear resistance without punching reinforcement

up 1.80
for —=——=9.5>4
d 0.19

VEd = =1.118 MN/m?

. k' (100 'p[ 'fck)1/3 + 01 . Ucp 2 Vmin + 010 . Ocp

VRd,c =
c

with:

k=1+(200/d)2 < 2.0

k=14 (200/190)2=2.0

Vmin = (0.0525/y¢) - k32 - f/?

Vmin = (0.05252/1.5)-2.0%2.35%Y2 = 0.586 MN/m?
Reinforcement ratio for longitudinal reinforcement

over column B/2 - width of the strip

b=0.4-6.75m=2.70m > bp=0.45+2-3.0-0.19=1.59m

H Reinforcement ratio

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks

NDP, 6.4.3(6), B = 1.1 for inner
columns

6.4.3, Eq. 6.39 and Eq. 6.40

NDP, 6.4.4(1), Eq. 6.47, slabs without

punching reinforcement

k > 2.0, because d = 190 mm <
200 mm

NCI, 6.2.2, Eq. 6.3DE for d < 600
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31.42 0.0157
PLx=100.20 "
31.42 0.0175
Ply=100.18
pi=(Pix-PLy)*?
=(0.0157-0.0175)¥2
=0.0166
<0.02
d 19.8
<0.50 Jd 05,298 6023
0.18
VRdc = T 2.0-(100-0.0166-35)Y3
VRd,C =0.928 MN/m2 > Vmin
< VEqg =1.118 MN/m?
= Punching reinforcement is required!
Slab with punching reinforcement
VRd,max = 1.4+ VRd,c
=1.4.0.928 = 1.299 MN/m?
> Veg = 1.118 MN/m?
VRd,max = VEq the punching reinforcement can be used

(NDP) 6.4.5(3) Eq.(NA.6.53.1)
Punching reinforcement a = 90°

VEa
(NCI) for 6.4.5 (4): For Uout — VRa,c Uouyt =B+ ——
is used according to 6.2.2 (1), Crg,c = VRd,c - d
0.15/7¢ and not 0.18/7y.
0.809
uOut - 1 10 .

0.15
0.928- ——-0.19
0.18

Uout =6.05m

Loaded area perimeter Ajpad

Uout — Up
Bout =5 7
6.05—1.80

- 2-m
=0.67 m=>~3.52-d

The punching reinforcement is required until (3.52—1.5).-d =2.02-d

Asw - fywed,ef - SInNat

VRd,CS = 0.75 . VI’d,C + 1.5 . (d/Sr) .
U1°d
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with:

fywd,ef =250+ 0.25-d < fywd

fywd,ef =250+ 0.25-190 = 297 MN/m? < 435 MN/m?
sr=0.75-d

(VEg—0.75-VRg,c) Uy -d

sw =

d
1.5.-— 'fywd,ef
Sr

(1.118—-0.75-0.928)-4.19-0.19

sw = 104

1
1.5. ——-297
0.75

Asw =5.66 cm?

Reinforcement in perimeter 1 - Asw,1
rqusw,l = Ksw - Asw

reqAsw,1 =2.5-5.66 =14.10 cm?
Reinforcement in perimeter 2 - Asy,2
reqAsw,2 = Ksw - Asw

reqAsw,2 =1.4-5.66 = 7.92 cm?
Detailing of reinforcement

The spacing of link legs around a perimeter should not exceed 1.5 - d
within the first control perimeter (2 - d from loaded area), and should not
exceed 2 - d for perimeters outside the first control perimeter where that
part of the perimeter is assumed to contribute to the shear capacity.

2.40
Us1=2.40m=mnn=—=9
1.5.0.19
3.29
Us2=3.29m=>mnn=—=12
1.5.0.19
Min. punching reinforcement:
0.08 +Vfek .5
min = —— - .Sy St
sw,min 15 fyk r

A 0.05333 3> 0.75-1.5-1.92
sw,min — Y- 500 . . .
Aswlm[n =0.26 sz

32.4.4 Punching check for edge column

The punching check for columns (A2/B1) is verified:

Slab: C35/45,d =0.19 m

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks

(NCI), 9.4.3: Eq. (9.11DE)
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Figure 32.5: Punching - edge column B1/A2

| Critical perimeter
uy=3-0.45+m-2.0-0.19

upy=2.54m

For edge and corner columns the effective perimeter is reduced based
by using the Sector Method (See Fig. 32.6). The Sector Method de-
livers the effective perimeter u of the punching round cut. The ratio
u/up is output in % in the result list.

=

——{od

S

PENING

ontrol perimeter
, 6-d |

Figure 32.6: Calculating the control perimeter near opening by using
"Sector Method”

B Maximal shear force:
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Veqg =319 kN
vEd:B'VEd
uj-d
=14
1.40-0.319
VEd =5 54.0.19

VEq = 0.925 MN/m?

Shear resistance without punching reinforcement

k(10001 fck)Y3 = Vmin

VRd,c =
c

with

k=2.0

Vmin = 0.586 MN/m?
| Reinforcement ration py:

(Parallel over the edge of column B/1)

20.11 o1
Px=100-20
3142
Py=100-18 "
p:=(0.01-0.0175)? =0.0132
<0.02
<0.50.7% ~ 0.023

yd

0.18 U3
VRd,c = F-2.0-(100-0.0132-35) /

VRd,c = 0.860 MN/m? > Vmin
< 0.925 MN/m?

= punching reinforcement is required!
Slab with punching reinforcement
B Maximum shear force

VRd,max = 1.4+ VRg,c =1.4-0.860
=1.204 MN/m? > Veg = 0.925 MN/m?

= the punching reinforcement can bear the shear force veg!

Punching reinforcement ar = 90°

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks

VEd, 6.4.3, Eq. 6.38

NDP, 6.4.3(6),
B = 1.4 for edge columns

NDP, 6.4.4(1), Eq. 6.47, slabs without
punching reinforcement

Vmin, NCI, 6.2.2,
Eq. 6.3DE for d < 600

VRd,max
(NDP) 6.4.5(3) Eq.(NA.6.53.1)
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VEd
(NCI) for 6.4.5 (4): For Uout — Vrge  Uout =B+ ————
is used according to 6.2.2 (1), Crd,c = VRd,c* d

0.15/v¢ and not 0.18/7y¢
0.319

Uout=1.4' 015
0.860-——-0.19
0.18

Uout = 328 m

B Loaded area perimeter Ajpqd

Uout — Uo

Qout = -

3.28—3-0.45
- T

=0.61m—-»~3.21-d

Punching reinforcement is required until (3.21—1.5)-d=1.71-d

d Asw-:fywdefSina
VRds = 0.75+ Vrgc+ 1.5 — .  Jywdef

Sr u-d
with
fywd,ef =297 MN/m?
sr=0.5-d
ui-d

Asw = (VEq—0.75 - VR,qc)
1.5 S_r 'fywd,ef

2.54-0.19-104
Asw =(0.925—0.75-0.860)-

1.5.—-297
0.5

Asw = 1.51 cm?

Reinforcement in perimeter 1 - Asw,1
rqusw,l = Ksw * Asw

regAsw,1 =2.5-1.51=3.79 cm?
Reinforcement in perimeter 2 - Asy,2

rqusw,Z = ksw‘Asw
regAsw,2 =1.4-1.51=2.12 cm?

(NCI), 9.4.3: Eq. (9.11DE) Asw,min =0.26 cm?

32.4.5 Punching check for wall

The punching check is verified at position B2.

258 VERIFICATION - Design Code Benchmarks | SOFiSTiK 2022



2%
55

DCE-EN31: Punching of flat slab acc. DIN EN 1992-1-1 = SOFISTiK

L 0.5 M lx lx L
1 I
-~ ! T !
= F 054 | 05| 065 |04l
0 0 1
o o # # # @
> | |
o | |
NEEIE ; ;
> i \ \
. \ | \
Tel
s | \\l,'—ﬂ- |
—— i ———— —«».H@
> i |
S / i | |
© | \
o \
= | ‘ |
N I ‘ i
- \ ‘ \
< | | |
o
Aﬁ . 5 o ; 77777 - &4@
Figure 32.7: Load distribution - wall
d=190 mm

bi1=b=350mMmm<3-d

ai
7=b=350mm
<3:-d—0.5-b7=3-190—175=395mm

350

eq=14.67 kN/m?

Load distribution:
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B = 1.35 for wall ending,
(NDP) 6.4.3 (6)

NDP, 6.4.4(1), Eq. 6.47,
slabs without punching reinforcement

Vmin; (NCI) 6.2.2;
Eq. 6.3DE for d < 600 mm

260

Ae=(0.5+0.6):6.75m-(0.5-6.75m+ 0.125 m) = 26.0 m?2
Ved =ALE - €4

VEqg =26.0:-14.67 =381 kN

For walls there are two methods to analyse the punching force at wall
ends and corners. Default is the integration of the slab shear force
along the critical perimeter. As the result varies depending on the
distance to the wall, BEMESS analyses four distances and takes the
maximum punching force.

Critical perimeter:
u;p=3:-0.354+¢-2.0-0.19=2.24m

Max. shear force:

v _ B VEd

Ed = u-d

B=1.35
1.35.0.381

VEg = ——— = 1.208 MN/m?
2.24-0.19

Shear resistance without punching reinforcement

VRd,c = ‘k‘(loo'pl‘fck)1/3 = Vmin

C

with:

k=2.0

Vmin = 0.586 MN/m?
B Reinforcement ration py:
(Parallel over the edge of wall B/2)

For this example we will take p;=1.4 %

p1=0.014
<0.02
<0.50.7% — 0.023
yd

0.18 13
VRd,c = ﬁ -2.0- (100 -0.0140- 35)

VRd,c = 0.878 MN/m? > Vmin
< 1.208 MN/m?

= punching reinforcement is required!

Slab with punching reinforcement
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B Maximum shear force

Ved,max =1.4+VRa,c=1.4-0.878
=1.229 MN/m? < Vgg = 1.208 MN/m?

VRd,max
y v | (NDP) 6.4.5(3) Eq.(NA.6.53.1)
= VEd < VRd,max !

Punching reinforcement a = 90°

VEd
Uout = B —_— (NCI) for 6.4.5 (4): Vrq,c is used accord-
VRd.c-d _ 0.15

’ ing 6.2.2 (1), Cra,c = y

c

0.381
Uout = 135 .

0.15
0.878- ——-0.19
0.18

Uout =3.69m

B Loaded area perimeter Ajpad

Uout — Uo

Qout = -

3.69—3-0.35
B T

=0.84m-~4.42-d

Punching reinforcement is required until (4.42—1.5)-d =2.92-d

d Asw-fywdef-sina
VRd,s = 0.75+ VRg,c + 1.5+ — - —— fywd,ef

Sr ui-d
with
fywd,ef =297 MN/m?
sr=0.5-d
ui-d

Asw = (VEq—0.75-VR,dc) -
15 ¢ — ‘fywd,ef
Sr

2.24-0.19-10%

Asw=(1.208—-0.75-0.878)-
1.5.—-297
0.5

Asw = 2.62 cm?

Reinforcement in perimeter 1 - Asw,1
reqAsw,1 = Ksw - Asw

regAsw,1 =2.5-2.62 = 6.55 cm?
Reinforcement in perimeter 2 - Asy,2

rqusw,Z = Ksw *Asw

reqAsw,2 =1.4-2.62 =3.66 cm?
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(NCI), 9.4.3: Eq. (9.11DE) Asw.min = 0.26 cm?
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32.5 Conclusion

The program searches for the single support nodes (single columns, wall ends as well as wall corners),
and performs a punching check for these points. Nodes with less than 5 kN support reaction are not
considered! Because the focus of the verification example is punching, the value p; is overtaken from
the verification example.

It has been shown that the results are reproduced with excellent accuracy.

32.6 Literature

[1] DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[4] Beispiele zur Bemessung nach Eurocode 2 - Band 1: Hochbau. Ernst & Sohn. Deutschen Beton-
und Bautechnik-Verein E.V. 2011.
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DCE-EN32: Crack width calculation of reinforced slab acc. DIN EN 1992-1-1

33 DCE-EN32: Crack width calculation of reinforced slab
acc. DIN EN 1992-1-1

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1

Module(s): BEMESS

Input file(s): crack_width_slab_din-en-1992-1-1.dat
33.1 Problem Description

The problem consists of a flat slab, reinforced, as shown in Fig. 33.1. Loading always consisting of a
bending moment Mgq4, the normal force is N = 0. The crack width is determined.

Figure 33.1: Geometry of slab,b=1m’

33.2 Reference Solution

This example is concerned with the control of crack widths. The content of this problem is covered by
the following parts of DIN EN 1992-1-1:2004 [1]:

+ Design stress-strain curves for concrete and reinforcement (Section 3.1.7, 3.2.7)

+ Basic assumptions for calculation of crack widths (Section 7.3.2,7.3.3,7.3.4)
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5(c+ ¢/2)

Figure 33.2: Stress and Strain Distributions in the Design of Cross-sections

The design stress-strain diagram for reinforcing steel considered in this example, consists of an inclined
top branch, as defined in DIN EN 1992-1-1:2004 [1] (Section 3.2.7).

33.3 Model and Results

The slab, with properties as defined in Table 33.4, is to be designed for crack width, with respect to
DIN EN 1992-1-1:2004 (German National Annex) [1] [2]. The calculation steps with different loading
conditions and calculated with different sections of DIN EN 1992-1-1:2004 + NA are presented below
and the results are given in Table 33.3.

Figure 33.3: Model and Loading
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Figure 33.4: Model and internal forces - design element - yg = 1.35

Table 33.1: Model Properties

Material Properties Geometric Properties Loading
C25/30 h=24.0cm Megg=42.11 kNm
B 500A d=21cm

b=1000.0 cm

$s=10.0 mm, as =5.50 cm?/m’
¢ =10.0 mm

Wk,req =0.3mm

Table 33.2: Results - Crack width calculation WITHOUT direct method (quad element 10226)

Case SOF. REF.
Os,tab [MPa] 303.87 303.87
¢s [mm] 10 10
¢X [mm] 11.337 11.337
os [MPa] 303.87 303.87
as [cm?/m] 7.07 7.34
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Table 33.3: Results - Crack width calculation with direct method (quad element 10226)

Case SOF. REF.
as=5.5cm?/m’ Wi =0.434 mm Wi =0.434 mm
Wk req = 0.3 mm as =6.59 cm?/m as =6.6 cm?/m’
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33.4 Design Process '

Design with respect to DIN EN 1992-1-1:2004 (NA) [1] [2]:?

33.4.1
Concrete: vy =1.50

Material

Steel: ys =1.15

fek =25 MPa

fed = Qccfek/Yc = 0.85-25/1.5 = 14.17 MPa
fyk =500 MPa

fyd =fyk/vs =500/1.15 =434.78 MPa
Design Load:

Meg=42.11 kNm

Ngg=0.0

33.4.2
fct,eff = fctm

Without direct calculation

feteff =2.56 MPa

MEq
Os =
as-Z
42.11.-1073
O = = 405.09 MPa
5.5-10=4-.0.9-0.21
Os-As fet,eff
=o*. >So*.
9s =9 4(h—d)-b-2.9_¢5 2.9
405.09-5.5

¢s=10mm=¢; - =¢*-0.475

4(24—121)-100-2.9
¢s=10=¢*-0.640> ¢* -0.882

ds

= = =11.337 mm
0.882 0.882

Os,tab = \/Wk . 348 . 106 / ¢;

Ostap = V0.3-3.48-106/11.337 = 303.448 MPa
Os tap = 303.448 < 05 = 405.09 MPa

— crack width control is NOT passed with given reinforcement.

The tools used in the design process are based on steel stress-strain diagrams, as

defined in [1] 3.2.7:(2), Fig. 3.8.

2The sections mentioned in the margins refer to DIN EN 1992-1-1:2004 (German Na-

tional Annex) [1], [2], unless otherwise specified.
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(NDP) 2.4.2.4: (1), Tab. 2.1DE: Partial
factors for materials

Tab. 3.1: Strength for concrete

3.1.6: (1)P, Eq. (3.15): acc = 0.85 con-
sidering long term effects

3.22: (3)P: yield strength f =
500 MPa

3.2.7: (2), Fig. 3.8

7.3.3: Control of cracking without direct
calculation

Examples calculated in this section are
w.rt. Table 7.2DE, here Table 7.3N is
not relevant

(NDP) 7.3.2 (2): fct,eff mean value of
concrete tensile strength

Tab. 3.1: fetm = 2.6 MPa for C 25
(NDP) 7.3.3: Eq. 7.7.1DE: The maxi-
mum bar diameters should be modified
for load action

As = 5.5 cm? prescribed reinforce-
ment

(NDP) 7.3.3 Tab. 7.2DE (a)
where Wi = 0.3 mm the prescribed
maximum crack width
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a _ MEd - MEd
srea Ositab*Z Ostab*0.9-d
In BEMESS the lever arm is calculated by iterating the strains €¢op,
Epot, Ec, Es. To simplify the reference — z = 0.9 - d is used.
42.11-100 734 2/
a = = . cm m
>1%91 ™ 30.3448.0.9.21
33.4.3 With direct calculation
Given reinforcement as = 5.5 cm2/m’
MEeqd
Os =
as+Z
42.11-1073
Os = =405.09 MPa
5.5-1074.0.9-0.21
Effective area Ac,eff of concrete in tension surrounding the reinforce-
ment :
7.3.2(3), Figure 7.1 Ac,eff = hceff- b
Aceff=(h—d)-2-b=(24—21)-2-100=600 cm?
Crack width wy, 7.3.4, Eq. 7.8 Wk = Sr.max * (Esm — €cm)
fct,eff
Us—kt'p (1 + ae-pp,eff)
Crack width wg, 7.3.4, Eq. 7.9 Esm—Ecm = p.eff >0.6-—
Es ES
7.3.4, kt = 0.4 for long term loading, kt =0.4
k¢ = 0.6 for short term loading ,
As+ &2 ‘A
7.3.4,Eq. 7.10 Pp,eff = —————
Ac,eff
Es 200000
Oe = = =6.354
Ecm 31476
A
Ap =0
7.3.4,Eq. 7.10 P AS+E§‘A; As
3.4, Eq. 7. , = =
prelt Ac,eff Ac,eff
=_—_ =0.00916
Pr.eff = 600
2.56
405.09—-0.4-——-(1+6.35-0.00916)
Crack width wy, 7.3.4, Eq. 7.9 Esm—E&cm = 0.00916
200000
Os 405.09
0 -0.6=0.00122

E. 200000
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S ¢ < os ¢ (NDP) (3), E
; = hS 7.3.4 (3), Eq. 7.11
P 3.6 ppefr . 3.6 feteff
10 405.09-10
Sr,max =

<
3.6-0.00917 = 3.6-2.56

Sr,max = 30303 mm < 439 mm
Wi = Sr,max . (Esm - Ecm) = 30303 . 000143
Wi =0.43 mm = Wreq = 0.30 mm

— Check for crack is NOT passed with given reinforcement

The steps are now iterated and the reinforcement will be increased
until wg = Wreq = 0.3 mm.

Table 33.4: Iteration

as [ecm?/m] os [MPa] Wi [mm]
5.5 405.0986051 0.434
5.6 397.86 0.419
5.7 390.88 0.404
5.8 384.15 0.390
5.9 377.63 0.377
6.0 371.34 0.364
6.6 337.58 0.300

Calculation steps for given reinforcement as = 6.6 cm?2/m
0s =337.58 MPa
Aceff = hceff b 7.3.2(3), Figure 7.1

Aceff=(h—d)-2-b=(24—21)-2-100 =600 cm?

Wk = Srmax * (Esm - ECm) Crack width wy, 7.3.4, Eq. 7.8
fct,eff
Us—kt‘p (1 + de - pp,efr)
e
Esm—Ecm = p.eff >0.6-— Crack width wy, 7.3.4, Eq. 7.9
Es Es
kt =0.4 7.3.4, ky = 0.4 for long term loading,
, k¢ = 0.6 for short term loading
As + &2 ‘A
Ppeff=—F 7.3.4, Eq. 7.10
Aceff

Es 200000

Qe = = =6.354 7.3.4, O is the ratio Es/Ecm
Ecm 31476

’—
Ap—O

SOFISTiK 2022 | VERIFICATION - Design Code Benchmarks 271



DCE-EN32: Crack width calculation of reinforced slab acc. DIN EN 1992-1-1

As+E2-AL A,

Pp,eff = =
ad Ac,eff Ac eff
=_——=0.0110
Pp,eff 600
337.58—0.4- — -(L+6.35-0.0110)
7.3.4,Eq.7.9 Esm—E&Em = 0.0110
200000
Os 337.58
—.0.6=———-.0.6=0.00101
Ec 200000
(NDP) (3), E S ¢ < s - ¢
7.3.4 (3), Eq. 7.11 ’ = >
"M 3.6 ppefr . 3.6 feteff
10 337.58-10

S = <
"maX T 3.6.0.0110 © 3.6-2.56
Sr,max == 25252 mm < 36630 mm
Wy = Sr,max . (Esm —Ecm) - 25252 . 0.0011899

Wk =0.30 mm < Wreq =0.30 mm

— Check for crack is passed with given reinforcement
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33.5 Conclusion

This example shows the calculation of crack widths. Various ways of reference calculations are demon-
strated, in order to compare the SOFiSTiK results to. It has been shown that the results are reproduced
with excellent accuracy.

33.6 Literature

[11 DIN EN 1992-1-1/NA: Eurocode 2: Design of concrete structures, Part 1-1/NA: General rules and
rules for buildings - German version EN 1992-1-1:2005 (D), Nationaler Anhang Deutschland -
Stand Februar 2010. CEN. 2010.

[2] F Fingerloos, J. Hegger, and K. Zilch. DIN EN 1992-1-1 Bemessung und Konstruktion von
Stahlbeton- und Spannbetontragwerken - Teil 1-1: Allgemeine Bemessungsregeln und Regeln
flir den Hochbau. BVPI, DBV, ISB, VBI. Ernst & Sohn, Beuth, 2012.
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34 DCE-EN33: Designing a Reinforced Concrete Column
acc. DIN EN 1992-1-1

Design Code Family(s): DIN

Design Code(s): DIN EN 1992-1-1

Module(s): COLUMN

Input file(s): column_din_en_1992_nkv.dat
34.1 Problem Description

The problem consists of a reinforced concrete column positioned at edge of the building, as shown in
Fig. 34.1. Different loading conditions and the design approach by using the nominal curvature method
are examined.

The main goal of this benchmark is to verify and compare the SOFiSTiK results with the reference
example Beispiele zur Bemessung nach Eurocode 2 - Band 1: Hochbau [4, Example 10]. In this example
the Ultimate Limit State (ULS) of the prefabricated column is verified.

D1 | |

15.0 m 15.0 m 15.0 m

—N

e —
e —
™ —

Figure 34.1: Column D1

34.2 Reference Solution

This example is concerned with the design of reinforced concrete column. The content of this problem
is covered by following parts of DIN EN 1992-1-1:2004 [1]:

» Concrete cover (Section 4.4.1.1 and (NDP) Tab. 4.4DE)

» Materials (Section 3.1 and 3.2)

» Analysis of second order effects with axial load (Section 5.8)
» Geometric imperfections (Section 5.2)

» Columns (Section 9.5)
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» Shear (Section 6.2.2)

|
E |
o | A |
— |
|
i | °
T Detail A| | B=21
1
' il
S | | |
~ |
5| 1
| 225 | 225 |
| 170L1'!55L125,
| T
| 450
|
-r | 7777
| =21

Figure 34.2: Column properties

The design stress-strain diagram for reinforcing steel considered in this example, consists of an inclined
top branch, as defined in DIN EN 1992-1-1:2004 [1] (Section 3.2.7).

34.3 Model and Results

The column, with properties as defined in Table 34.1, is to be designed for ultimate limit state, with
respect to DIN EN 1992-1-1:2004 (German National Annex) [1] [2]. The calculation steps with loading
conditions are presented below and the results are given in Table 34.3.

Table 34.1: Model Properties

Material Properties Geometric Properties Loading

C 30/37 bi/h1 =45/40 cm Gk =431.0 kN

B 5008 ba/hy; =17/40 cm Qk,s =68.0 kN
dy=41cm qk,w1 =+4.32 kN/m
h=6.20+1.9=8.1m Qk,w2 =—1.85 kN/m
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Table 34.2: Results

Units SOF. Ref.
N [kN] -633.0 -633.0
M, [kNm] 100.28 100.0
M, [kNm] 0.0 0.0
€o [mm] 158.41 179.0
e [mm] 20.7 21.0
As reg,1 [cm?] 15.451 16.20
As req,? [cm?] 4.52 4.52

See conclusion (Section 34.5) for more details why the results are different compared to the reference example.
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34.4 Design Process '
Design with respect to DIN EN 1992-1-1:2004 (NA) [1] [2]:®
34.4.1 Exposure class
For concrete inside buildings with low air humidity — XC1
Min. concrete class — C 16/20
Chosen concrete class — C 37/30
Cnom = Cmin + Cdev
Cnom is the nominal concrete cover be- Chom = 10+10=20mm

tween the surface of the reinforcement
closest to the nearest concrete surface

4.4.1.1, Eq. (4.1) 34.4.2 Actions

Dead loading
Gk,1 =400 kN

Gk21=0.40m-0.45m-6.20 m-25 kN/m3=27.9 kN

Gk22=0.40m-0.17m-1.90 m-25 kN/m3 = 3.2 kN

S Gk, =431 kN

Variable loading

Snow: Qk s = 68 kN

Wind: We = Cpe - q(2Ze)
Jk,w,1 =+0.7-0.95 = +0.665 kN/m?
Jk,w,2 =—0.3-0.95 = —0.285 kN/m?

Distance between columnsisa=6.5m

34.4.3 Materials

Concrete
Class C 30/37
(NDP) 2.4.2.4: (1), Tab. 2.1DE: Partial Ye=1.50
factors for materials
Tab. 3.1: Strength for concrete fck =30 MPa
3.1.6: (1)P, Eq. (3.15): acc = 0.85 con- fed =0Acc fek/Ye =0.85-30/1.5=17.0 MPa

sidering long term effects
"The tools used in the design process are based on steel stress-strain diagrams, as

defined in [1] 3.2.7:(2), Fig. 3.8.
2The sections mentioned in the margins refer to DIN EN 1992-1-1:2004 (German Na-
tional Annex) [1], [2], unless otherwise specified.
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Steel

Class B 500B
¥s=1.15
fyk =500 MPa

fyd = fyk/¥s = 500/1.15 = 434.78 MPa

34.4.4 Buckling length

Buckling length around the y-axis:
lo,y = By “lcot
lcor=6.20m
By = 2.1 « approximated

loy=6.2-2.1=13.0m

l
Ay =22 =13.0- ¥12/0.45 = 100

ly

Buckling length around the z-axis:
lo,z =Bz lcol
lecor=6.20m
Bz = 1.0 « pinned on both sides
lo=6.2-1.0=6.2m

lz,0
A== =6.2-4/12/0.40 = 54
(54
Slenderness criterion for isolated member
Neg 0.684

Ac-fed  0.40-0.45-17.0

n

38/ 4 Ay 4438

o

z ° | ° N
— 777Jﬁ77 \
[ ] | [ ] o

(@)

° | ° l

| 225 1L 225 |

450

Figure 34.3: Column properties
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3.2.2: (3)P: yield strength fix =
500 MPa

3.2.7: (2), Fig. 3.8

lcot, height of the column between the
idealized fixing points.

By, buckling factor

Ay, slenderness

lcot, height of the column between the
idealized fixing points.

B2, buckling factor

Az, slenderness

n is the relative normal force, (NDP)
5.8.3.1 (1)
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5.8.3.1(2)

e; is the eccentricity acc. 5.2(7), a) Eq.
(5.2)

6 is the inclination value acc. Eq. (5.1)

6y is the basic inclination value, Eq.
(5.1)

ap is the reduction factor for length of
the height

(NDP) 9.5.2, maximum value of 0.094,
should not be exceeded.

280

A 16 _ 16 _ 544 0.224 < 0.41
m=—= =34forn=0.224 <0.
m="/5 = 0.224

Because Ay = 100 and A, are > A;jm = 34 second order effects
should be taken into account in both directions (y and z).

34.45 Imperfections

For isolated members, the effect of imperfection may be taken into ac-
count:

e,—e-%0
0=0¢0-ar-am
1
90:%
2
O(h=77=ﬁ=0.803<1.0

Om=+0.5-(1+1/m)=+0.5-(1+1/4)=0.79
Bending about the y-axis:

lo,y = 13.00 m

1
0;=0.803-0.79- —— =0.00317 =1/315
200

Bending about the z-axis:

lO,Z = 620 m

1
0;=0.803-1.0- —— =0.00402 ~ 1/250
200

6200

€qy=——=13 mm
@Y= 2.250

34.4.6 Min. and max. required reinforcement
As,max =0.09-40-45=162 sz

INEql

=10%.0.15-0.684/435 = 2.35 cm?
fyd

Aslm[n =0.15-
Constructive: 6 ¢ 12: As min = 6.79 cm?

34.4.7 Design of longitudinal reinforcement

Nominal curvature method for y-y direction

The design is approached by using the nominal curvature method. This
method is primarily suitable for isolated members with constant normal
force and a defined effective length lp. The method gives a nominal
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second order moment based on a deflection, which in turn is based on
the effective length and an estimated maximum.

Design moment Mgq:
Meqg = Mogqg + M2 = Neg - (€0 + € + €2)
Ki=1forA > 35

fcd’Ac

ng=l+w=1+
fyd‘As

In the reference example As = 25.1 cm? value is roughly estimated.
The formula for w value is NOT correct.

fyd'As
fcd'Ac

In SOFISTIK we use w =

17.0-0.40-0.45

ng=1+
! 435.25.1-10~4
3.06
ng=1+ —— =3.81
1.09
Npal = 0.4 Npqt is the value of n at maximum mo-
f 435 ment resistance, the value 0.4 may be
d d,5.8.8.3
fyg= e =—— =2.175-103 -
Es 200000
statical height:
o]
d=h—cvs—v,s— 5

16
d=450—20—10—7~410 mm

Cross-section: b/h/d = 400/450/410 mm
di (450—-410)

- 250 =0.09%~0.10
Table 34.3: Results

Value Units Comb1 Comb2 Comb3
M, [kN] 74.40 90.40 100.00
N [kN] -684.00 -431.00 -633.00
€0 [mm] 109 210 158
el [mm] 21 21 21
eo + e [mm] [mm] 130 231 179
n 0.224 0.141 0.207
Ky 1 1 1
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Table 34.3: (continued)
Value Units Comb1 Comb2 Comb3
12
e;=Ky-—+«— [mm] 199 199 199
r 10
etot=€o+eit+e [mm] 329 430 378
Meg = NEeqg - €tot [kNm] 225 185 239
MEd = Mga/(b - d? - fea) 0.16 013  0.174
Wtot 0.19 0.13 0.174
fcd 2
As tot = Wrot *b-h-— [cm~] 13.40 12.70 16.20
fyd
Creep and shrinkage
Moe
#(co, to), 3.1.4, Fig. 3.1 @) Ger = P(0, to) - i
Moed
Kfg =1+ B-@er=1.0
K A
ﬁ=o.35+fL——zo
200 150
300 100
=035+ ————=-0.17<0
200 150
Ky =1 — Creep and shrinkage is neglected!
Nominal curvature method for z-z direction
The column will be designed as a non-reinforcement column for z-z
direction:
Buckling length:
lO,Z - 620 m
Slenderness:
AZ =54 < )\max - 86
Limits for the second order theory:
lcor  6.20
= =1550>25
h 0.40
The column should be investigated for the second order effects.
Design resistance normal force Ngq:
& is the factor taking into account ec- NRd =b- hw ‘fcd,pl - P
centricity, including 2nd order effects
and normal effects of creep, 12.6.5.2 €tot lo 2 Eetot
hy is the overall depth of the cross- ¢ = 1-14‘(1_2’ )_0-02‘_ <1l-
section, 12.6.5.2 w hw h

b is the overall width of the cross-
section, 12.6.5.2
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etot=€0+e€;=0+13=13 mm

13 6200 2-13
$=1.14-(1—2-——)—0.02- <1-—
400 400 400
$=0.756<0.94
0.70-30
fea,pt= —s - 14.0 N/mm?

Ngg =0.45-0.40-14.0-0.756 = 1.9 SMN > |Ngg| = 0.684 MN

34.4.8 Design of shear reinforcement

Shear design on bottom of column:

VEd =—32.0 kN General verification procedure, 6.2.1
Ngg =431 kN
d=0.41m

VEd,ref =32.0—0.41-6.48 = 29.3 kN

The design value of the shear resistance Vg, ¢

5
VRdc = [ " -k-(1oo-p,-fck)1/3+0.12-ocp] « by -d >
C

VRd,C,min Shear design, 6.2.2, Eq. (6.2)

k=1+\

00
k=1+\—=1.70
0

Asi 8.04

= = =0.0049 < 0.02
bw-d 40-41

pi

fek =30 N/mm?

Neg 0.431

= =2.39 MN/m? C30/37 — 0.2 -foq = 3.4 MPa
Ac 0.40-0.45

OCP ==

0.15
VRdc = [1—5 .1.70-(100-0.49-30)1/3 + 0.12-2.39} -0.40 -
0.41>=0.115 MN

Ved.red = 29.3 kN < Vrg e = 115 kN

— no shear reinforcement required!
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34.5 Conclusion

This example shows the calculation of column design by using the norminal curvature method. Various
ways of reference calculations are demonstrated, in order to compare the reference results to SOFiSTIK.

The main reason for minor deviations (See Tab. 34.3 in Section 34.3) is that in the reference benchmark,
the 2nd order effects and the reinforcement are approximated by using analytical formulas. In SOFiSTiK,
the K value is iterated until K, < 1- 1074, if this condition is met, then the iteration is stopped. With a
hand calculation this is very difficult to achieve.

N2

\ New As \%

A4

As ‘fyd
Ac 'fcd

!

NEd
n=
Ac 'fcd

)

ng+n

nu=1+

r=

Ny — Npal

)

No

|Kr.new — Kr,otd| < 1- 10—4

Yesl

Figure 34.4: Iteration

The general approach of the nominal curvature is listed as following steps:
1. Calculation of the imperfection e;, slenderness A and inner lever arm d, ,

2. Find the critical deflection eg, which depends on the current loadcase combination. Consider
different end-moments according EN 1992-1-1:2004, 5.8.8.2 (2), Eq. 5.32

3. Start iteration of design moment Mgq4 (Theory Il. Order). The iteration will stop, when the coefficient
K achieved convergence.

(a) Validation, if uni-/biaxial design can be applied
(b) Calculate the coefficient K, and the eccentricity e
(c) Calculate actual design moment Mgy = Ngg - (€0 + €; + €2)
(d) Calculate required reinforcement with the program AQB
4. Additional cross section design on different locations (without imperfection and theory I1.0.)

5. Result: decisive design moment, required reinforcement and utilization factor.
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35 DCE-EN34: Elastic Critical Plate Buckling Stress

Overview

Design Code Family(s): EN

Design Code(s): EN 1993-1-1

Module(s): ASE

Input file(s): eccs_plate_buckling.dat
35.1 Problem Description

The problem consists of a stiffened steel plate. Its dimensions and boundary conditions are given in
Figure 35.2.

The main goal of this benchmark is to verify and compare the SOFiSTiK results with the ECCS reference
example Beg et al. [22, Example 2.4-3].

In SOFiSTiK a FEM model will be used to compare the results with:
+ Kloppel diagrams (Kl6ppel and Scheer, 1960)
+ EBPIlate (2007)
+ FEM software (ABAQUS)

« EN 1993-1-5 rules

Figure 35.2: SOFiSTiK FEM Model - Steel plate with 2 horizontal stiffeners
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Oc H

by

bz =b;

|
|
|
|
|
: b by =b1
|
|
|
|
|

a = 1800 mm, b = 1800 mm, b1 = 600 mm, hs; = 100 mm, t5; = 10 mm.
S 355, f, = 355 N/mm?, € = 0.81

Figure 35.1: The layout of stiffened plate

35.2 Reference Solution

This example is concerned with calculation of the elastic critical plate buckling stress. The content of
this problem is covered by following parts of EN 1993-1-1 [7] and EN 1993-1-5 [23]:

» Materials (EN 1993-1-1 [7], Section 3)

+ Calculating the critical plate buckling stress (EN 1993-1-5 [23], Annex A.2)

35.3 Model and Results

The calculation steps with loading conditions are presented below and the results are given in Table 35.2.

To calculate the critical plate buckling stress the loading, oc = 1.0 N/mm?Z is used. The critical elastic
stress will be calculated by multiplying the minimum eigenvalue with the unity stress o = 1.0.

Ocr,p = Ocr - Oc

Table 35.1: Model Properties

Material Properties Geometric Properties Loading

S 355 a=1800 mm Oc =—1 N/mm?
fy =355 N/mm? b =1800 mm

£=0.81 b1 =600 mm
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Table 35.1: (continued)

Material Properties Geometric Properties Loading

hsi=100 mm
tss=10mm

t=12mm

Table 35.2: Results

Units SOF. Kldppel EBPlate ABAQUS EN 1993-1-5
N
Ocr [ > ] 275.782 274170 268.721 2682 290
mm

Table 35.3: SOFiSTiK Buckling Eigenvalues

No. Loadcase Relative Error Buckling Factor
1. 2001 2.03E-21 275.782

2. 2002 4.65E-16 324.372

3. 2003 3.77E-11 350.856

4. 2004 8.56E-10 361.965

5. 2005 1.38E-09 375.972

TEBPlate, V2.01
2The results were overtaken from the ECCs reference example Beg et al. [22, Example 2.4-3]
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Figure 35.3: SOFiSTIK FEM Model - Stress distribution along the plate for o = 1.0 N/mm?
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35.4 Design Process

Design with respect to EN 1993-1-5:2006 [23]: 3

35.4.1 Kléppel

Ocr,p is given with the following equation:

Ocr,p = Ka,p * OF
Where:

2 - E-t?
T 12-(1—Vv2)-b2

OF

m2.210000- 122
"~ 12-(1-0.32)-18002

Of =8.436 N/mm?2

ko, p is the elastic critical plate buckling coefficient according to Kléppel.

The parameters needed for the evaluation of kg, p are:

a 1800

—=_——=1.0

b 1800

Asl bsl‘t 100'10

" b-t b-t 1800-12
(Usi+ Asi-€2)-12- (1 —Vv?)

v= b-t3

6 0.05

tst
(bgl-ﬁ+bsl-tsl-e2)-12-(1—v2)

v= b-t3

10
(1003 ot 100-10-502) +12-(1-0.3?)
=11.70

Y= 1800123

Note that parameter a and 6 above are not the same as in EN 1993-1-
5, Annex A.1, where the procedure for plates stiffened with more than
two stiffeners is given.

The plate buckling coefficient is obtained from the diagram (according
to Klbppel) in Figure 35.4.

ko =32.5
Finally, the critical buckling stress is equal to:

Ocrp =Ko+ 0F=32.5-8.436 =274.17 N/mm?

35.4.2 EBPlate

The usual procedure (calculation of buckling modes) for the calculation
of critical stresses is presented by using EBPlate.

3The sections mentioned in the margins refer to EN 1993-1-5:2006 [23] unless other-
wise specified.
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36 ‘_Y_\_ﬁ _\TT_TTT__\_I__Y__'__\TQE__
1

L e
30 -
\‘0\\ j
20 ——
kg \g\ rg/\
10 § ~——
|
10— ]
0
0.7 1.0 1.5 2.0 25 3.0 35 3.8

Figure 35.4: Kléppel Diagram

plate: a=1800 mm, b=1800 mm,t=12 mm
stiffener: h =bgy=100 mm, t=t5;=10 mm

stiffener position: by =600 mm

Results (1st and 2nd buckling mode)

Figure 35.5: EBPlate - Buckling mode 1, 0¢r,p = 268.72 N/mm?
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Figure 35.6: EBPlate - Buckling mode 2, 0¢cr,p = 316.508 N/mm?

35.4.3 EN 1993-1-5, Annex A.2

The critical plate buckling stress is calculated according to EN 1993-1-5,
Annex A.2. The plate can be treated as an equivalent orthotropic plate
if it is stiffened with at least three stiffeners. The plate-like behaviour is
modelled by the buckling of each stiffener as a column on continuous
elastic support provided by plate, while the other stiffeners acts as rigid
support. Buckling of both stiffeners simultaneously is accounted for by
considering a single lumped stiffener, which substitutes both stiffeners
in such a way that its cross-sectional area and its second moment of
area are the sum of the individual stiffeners. It is positioned at the loca-
tion of the resultant of the respective forces in the individual stiffeners.

. bi , b2 .
// \\
/// AS[,T\\
// S~
-~ IS[,]. \\\

e e 3
/|I’ b /|I’

72 b2 1”2 b3 "2

/// \\\
//// ASl 2 \\\\
- ISl,2 >~

= |

173 b ¥

7 2

///// HAlumped,\l\\\\
_—-" Ilumped,z T~—_

_ = = e e e =~
4., blumoed 1 " blumoed 2 ¥
L blumped L
d d
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Stiffeners | and Il

L by/2 gsty  by/2 L
1 11 1

([
€2
el
Y bsl
-
Figure 35.7

e1=49.20 mm, e; = 6.80 mm, by =595 mm, by = 590 mm
b1 =by =600 mm, b=b1+ by =600+ 600=1200 mm

+ by

As1 = + tsl) ~t+ bgi -t

595+ 590
Asi1 = (T + 10) +12+100-10=8230 mm?

b3 .ty ((b1+b2)-0.5+t51,1)-t3
I = = + + bg -t - €2 +
s,1 12 12 sl sl 1

((b1+b2)-0.5+tg,1) -t €3

1003-10 ((595+590)-0.5+ 10)-12
+

Isl,l =
12 12
((595 +590)-0.5+10)-12-6.802

+100-10-49.22+

Is,1 =3.68-10° mm*

Isl,l . b% . b%

4
a-=4.33-
¢ \ t3-b

3.68-10°-6002-600°
123.1200

ac=4.33-4\

ac=2998 mm

As a < ac (a= 1800 mm), the column buckles in a 1-wave mode and
the buckling stress is obtained as follows:
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2 E-Ig 1
Asl,l‘a2
E-t3-b-a?
+
4-m2.(1—v2)-Ag1-b3 - b3

Ocr,stl =

m%-210000-3.68-10°

8230-18002
210000-123-1200-1800%

+
4.m2-(1—0.32)-8230-6002-6002

Ocr,sl =

Ocrst = 322 N/mm?

In case of a stress gradient over the plate width, the critical plate buck-
ling stress should be properly interpolated from the position of the stiff-
ener to the most stressed edge of the plate. In this case no stress gra-
dient over the depth of the plate is present. Therefore, the critical plate
buckling stress is equal to the critical stress calculated for the buckling
of the stiffener on the elastic support:

I —qll — — 2
Ocr,p = Ocr,p = Ocr,_g[ =322 N/mm

Lumped stiffener

blumped,l = blumped,Z =900 mm, blumped = 1800 mm
Alumped = AL + All = 8230+ 8230 =16460 mm*

Iumped =IL, + I = 3.675-10° + 3.675-10° = 7.35 - 10° mm*

2 2
Q. =433 liumped * blumped,l . blumped,z
‘ . \ t3 ‘blumped
4334 7.35-10°-.9002.9002
Ar = 4. .
‘ \ 123.1800

a-=4832 mm

As a < ac (a =1800 mm), the column buckles in a 1-wave mode and
the buckling stress is obtained with equation:

o n?-E “Tiumped
crlumped = —0—————— 5
Aumped * a?

E-t3. bumped * a?

+
2 2
4-m2-(1-v?)- Alumped * blumped,l : blumped,z
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m2.210000-7.35-10°
g, =
cr.lumped 16460 - 18002
210000-123-1800-18002
+
4.m12.(1—0.32)-16460-9002-9002
Finally we have:
Ocr,lumped = 290 N/mm?
. ( d
Ocrp = Min [ofcr,p, Ocrp” ]
Ocr,p =min[322,290] =290 N/mm?
35.4.4 ABAQUS
The results from ABAQUS have be overtaken from the ECCS reference
example Beg et al. [22, Example 2.4-3], see Table 35.2 for more details.
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35.5 Conclusion

The critical plate buckling stress was calculated by using:
» SOFiSTiK
+ Kloppel diagrams

« EBPlate

ABAQUS
* EN 1993-1-5 rules
All results are compared and summarised in Table 35.2.

The methods used in the calculation give very similar results. The advantage of SOFiSTiK compared to
Eurocode formulas and other tools (that are not using FEM) is that the stiffeners can be added customly.
The cases with variable height of plates can be analysed as well (haunches). In conclusion, it has been
shown that the SOFISTIK results are reproduced with excellent accuracy.

(a) 1st buckling mode: 0crp = 275.782 N/mm? (b) 2nd buckling mode: Ocr,p = 324.372 N/mm?

Figure 35.8: SOFiSTiK - Buckling modes

35.6 Literature

[71 EN 1993-1-1: Eurocode 3: Design of concrete structures, Part 1-1: General rules and rules for
buildings. CEN. 2005.
[22] D. Beg et al. Design of Plated Structures. Ernst & Sohn and ECCS, 2010.
[23] EN 1993-1-5: Eurocode 3: Design of steel structures, Part 1-5: Plated structural elements. CEN.
2006.
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36 DCE-MC1: Creep and Shrinkage Calculation using
the Model Code 2010

Design Code Family(s): MC

Design Code(s): MC 2010

Module(s): AQB, CSM

Input file(s): creep_shrinkage_mc10.dat
36.1 Problem Description

The problem consists of a simply supported beam with a rectangular cross-section of prestressed con-
crete, as shown in Fig. 36.1. The total creep and shrinkage is calculated.

’II/ ’|I/
|
i T
: h My
4-.-. doco.. N P D N
i sz / } p
Ap ¢ jv
; ~L e

Figure 36.1: Problem Description

36.2 Reference Solution

This example is concerned with the calculation of creep and shrinkage on a prestressed concrete cross-
section, subject to bending and prestress force. The content of this problem is covered by the following
parts of fib Model Code 2010 [16]:

+ Creep and Shrinkage (Section 5.1.9.4)

» Temperature effects (Section 5.1.10)

36.3 Model and Results

Benchmark 17 is here extended for the case of creep and shrinkage developing on a prestressed con-
crete simply supported beam. In benchmark 18 the calculation was made using DIN EN 1992-1-1:2004
design code. This example will explain the calculation for the case of creep and shrinkage using fib
Model Code 2010 [16] The analysed system can be seen in Fig. 36.2, with properties as defined in
Table 36.1. Further information about the tendon geometry and prestressing can be found in benchmark
17. The beam consists of a rectangular cross-section and is prestressed and loaded with its own weight.
A calculation of the creep and shrinkage is performed with respect to fib Model Code 2010 [16].
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Table 36.1: Model Properties

Material Properties Geometric Properties Time
C 35/45 h=100.0cm to = 28 days
Y 1770 b=100.0cm ts =0 days
RH =80 % L=20.0m t =36500 days
Ap =28.5 cm?
L

Figure 36.2: Simply Supported Beam

Table 36.2: Results

Result AQB CSM+AQB Ref.
€cs —27.8-107> —-27.8-107> —27.82-107°
dbe(t, to) 1.57 1.561 1.563

Note: The results from SOFiSTiK are rounded for output.
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36.4 Design Process

Design with respect to fib Model Code 2010 [16]

Material:

Concrete: C 35/45 5.1: Concrete

Ecm = 35000 N/mm? 5.1.7.2:  Modulus of elasticity for
C 35/45

fek = 35 N/mm?

fem =43 N/mm2 5.1.4: Mean value of compressive
strength fcx. See the eq. (5.1-1)

Prestressing Steel: Y 1770 5.3: Prestressing Steel

Ep =195000 N/mm2 E, for wires

fpk =1770 N/I’T)fT)2 fox Characteristic tensile strength of

prestressing steel
CALCULATION OF TOTAL SHRINKAGE AND SWELLING at x =
10.0 m midspan:

to = 28 days to age at first loading
ts concrete age at the beginning of
ts = 0 days shrinkage or swelling
t age of concrete at the moment consid-
d
t = 36500 days ore
Ecs(t, ts) = €cps(t) + €cas(t, ts) 51.9.4.4: Eq. 5.1-75: €c(t, ts) total

shrinkage or swelling strains
Calculating the basic shrinkage:

Echs(t) = €cpso(fem)  Bps(t) 5.1.9.4.4: Eq. 5.1-76: €cps(t) is the ba-
sic shrinkage
0.1-fem 2.3 _6
E(fem)=—0ps| —————— -10 5.1.9.4.4: Eq. 5.1-78: €cgso(fem) is the
6+0.1 'fcm notional shrinkage coefficient
Aps = 700 for N class of cement aps is a coefficient, dependent on the

type of cement (see table 5.1-12)

0.1-43 \?°
—) . 10—6
6+0.1-43

€(fem) =—700-(4.3/10.3)%°.1076

e(fcm)=_700°(

The development of drying shrinkage strain in time strongly depends
on Bgs(t, ts) factor. SOFiSTiK accounts not only for the age at start
of drying ts but also for the influence of the age of prestressing to.
Therefore, the calculation of factor Bys reads:

Bbs(t) = 1—exp(—0.2- V) — (1 —exp(—0.2 - v/to))
Bbs(t) = 1—exp(—0.2 - ¥36500) — (1 — exp(—0.2 - V28))
Bps(t) =1—exp(—38.2099) — (1 — exp(—1.0583))
Bbs(t) = 0.347
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5.1.9.4.4: Eq: 5.1-76

5.1.9.4.4: Eq. 5.1-77

5.1.9.4.4: Eq. 5.1-80

See table 5.1-12

5.1.9.4.4: Eq. 5.1-81

5.1.9.4.4: Eq. 5.1-83

5.1.9.4.4: Eq. 5.1-82
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The basic shrinkage is calculated:

Ecbs(t) = €chso(fem) - Bos(t)
Ecbs(t) =—7.8827-107>.0.347
€Ecps(t) =—0.0002735269=—-2.735- 10->

Calculating the drying shrinkage:
€cds(t, ts) = €caso(fem) - BRH(RH) - Bas(t — ts)

The drying shrinkage is calculated €¢s(t, ts) by means of the notional
drying shrinkage coefficient € cq4so(fcm), the coefficient Bry, taking into
account the effect of the ambient relative humidity, and the function
Bas(t — ts) describing the time development:

€cdso =[(220 + 110 - ags1) - exp(—ags2 - fem)] - 10-°
Coefficients (ags;) are depending on the type of cement.

For normal class type of cement:

Ogs1 =4

Ogs2 =0.012

€cdso(fem) =[(220 + 110-4) - exp(—0.012 - fem)] - 1070
Ecdso(fcm) = [660 . exp(—0516)] . 10_6

ecdso(]ccm) = 39.39. 10_5

RH \3
—1.55-|1— (—) , for 40 <RH < 99%-Bs1
BrH = 100
0.25, for RH>99% - Bs1
35 0.1
Bs1 = (—) <1.0
= em
35 0.1
Bs1 = (E) =0.9796<1.0

99% -Bs1 =99-0.9796 = 96.98

1.55-(1 (80)3 0.7564
Ban =—1. 100/ |

SOFiSTiK accounts not only for the age at start of drying ts but also
for the influence of the age of prestressing, so the time development
function reads:

(t t) t—ts t()—ts
Bast—ts) = 0.035-h2 + (t—ts) 0.035-h2 + (tg— ts)

_—

36500 28
0.035-5002 + 36500 0.035-5002 + 28
Bas(t—ts)=0.8981—-0.05669 =0.8416

The drying shrinkage is calculated:
€cds(t, ts) = €caso(fem) * BRH - Bas(t — ts)

Bas(t—ts) = \
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€cds(t, ts)=39.39-107>.(—0.7564)-0.8416

€cds(t, ts) =—25.08-10>

The total shrinkage or swelling strain is calculated:

€cs(t, ts) = €chs(t) + €cas(t, ts)

€cs(t, ts) =(—2.735+ (—25.08))-107> =—-27.82-107>

CALCULATION OF TOTAL CREEP at x=10.0 m midspan:

The creep coefficient:
@(t, to) = Poc(t, to) + Pac(t, to)

Calculating the basic creep:

®bc(t, to) = B(fem) - Boc(t, to)
1.8 1.8

(fem)0-7 - (43)07
and the time development function:

=0.12937

with: Bpc(fem) =

[ 30 2
Boc(t, to) =1n ( +0.035) -(t—to) + 1:|

to,adj
o
t t —9 1 >0.5d
0,adj = to,T - + > 0.5 days
" 2+ 157 '
n 4000
tr = Ati-exp|13.65— ———
T ; : p[ 273+T(Ati)]
n
toT = 28-exp|13.65— —— | =27.947 days
or ; p[ 273+20} d
o = 0 for N class cement
0
t i=27.947 | —— 4+ 1| =27.947 > 0.5 days
0.adj [2+27.9471-2 } Y

2
t,to)=Iln|{ ———=+0.035| -36472+1
.Bbc( 0) [(27.947 ) :|

Boc(t, to) =10.71

The basic creep coefficient:
¢pc(t, tp) =0.12937-10.71 =1.385

Calculating the drying creep:

The drying coefficient may be estimated from:
®ac(t, to) = Bacfem - B(RH) - Bac(to) - Bac(t, to)
with:

Bdc(fem) = =2.1283

412
(fcm)1'4
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5.1.9.4.3(b): Eq. 5.1-63: ¢(t, to) is the
creep coefficient; ¢pc(t, to) is the basic
creep coefficient according to eq. 5.1-
64; dqc(t, to) is the drying creep coeffi-
cient according to eq. 5.1-67

5.1.9.4.3(b): Eq. 5.1-66: Bpuc(t, to) is
the time development function

to,adj is the modified age at loading to

5.1.10.2: Eq. 5.1-85; tr the adjusted
concrete age, during the effect of ele-
vated or reduced temperatures on the
maturity of concrete

5.1.9.4.3b: Eq. 5.1-67; ¢4c(t, to) is the
drying creep coefficient

5.1.9.4.3: Eq.5.1-68
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RH 80
5.1.9.4.3(b): Eq. 5.1-69 B(RH) = 100 _ 100 _ 0.251
3 h 3 500
0.1-—— 0.1.—
100 100
(to) ! ! 0.4886
1.9.4.3: Eq.5.1-70 = = =0.
o845 Baclto 0.1+ 02~ 0.1+27.947
,adj
t—to ¥(to)
5.1.9.4.3(b): Eq. 5.1-71a; Bac(t, to) the Bac(t, to) = [—}
development of drying cree; with ?ime ‘ Bh + (t - tO)
with:
5.1.9.4.3: Eq. 5.1-71b ¥(to) = . 35 = > 963 =0.3376
v to,adj
3> 3> 0.9021
5.1.9.4.3: Eq. 5.1-71d af. =\|—=1\|—=0.
q fem Fom 43
5.1.9.4.3: Eq. 5.1-71c Bh=15-h+250-0af, <1500-af.,,

Bh=15-500+250-0.9021 =975.548 < 1352.15

=0,9911

36500 —28 }0-3376

1.9.4.3: Eq. 5.1- t,to) =
oo Ea et Bac(t, to) [975.548+(36500—28)

The drying creep coefficient:

¢bc(t, to) =2.1283-0.251-0.4886-0.9911 = 0.2597

The total creep coefficient:

o(t, to) = Ppc(t, to) + dac(t, to)
¢(t, tp) =1.385+0.2587=1.64

According to Model Code 2010 [16], the creep value is related to the
tangent Younga€™s modulus E., where E being defined as 1.05 -
Ecm. To account for this, SOFiSTiK adopts this scaling for the computed
creep coefficient (in SOFISTIK, all computations are consistently based
on Ecm.

#(t, to) = 1.64/1.05 = 1.56
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36.5 Conclusion

This example shows the calculation of the creep and shrinkage using fib Model Code 2010 [16]. It has
been shown that the results are in very good agreement with the reference solution.

36.6 Literature

[16] fib Model Code 2010. fib Model Code for Concrete Structures 2010. International Federation for
Structural Concrete (fib). 2010.
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37 DCE-MC2: Creep and Shrinkage Calculation using
the Model Code 1990

Design Code Family(s): MC

Design Code(s): MC 1990

Module(s): AQB, CSM

Input file(s): creep_shrinkage_mc90.dat
371 Problem Description

The problem consists of a simply supported beam with a rectangular cross-section of prestressed con-
crete, as shown in Fig. 37.1. The total creep and shrinkge is calculated.

L l
I
: h My
J-._. F— N O AYEYY
i sz / } p
Ap ¢ jv
; AN —

Figure 37.1: Problem Description

37.2 Reference Solution

This example is concerned with the calculation of creep and shrinkage on a prestressed concrete cs,
subject to bending and prestress force. The content of this problem is covered by the following parts of
CEB-FIP Model Code 1990 [24]:

+ Creep and Shrinkage (Section 2.1.6.4)
» Temperature effects (Section 2.1.8)

In this Benchmark the total creep and shrinkage will be examined.

37.3 Model and Results

Benchmark 17 is here extended for the case of creep and shrinkage developing on a prestressed con-
crete simply supported beam. The analysed system can be seen in Fig. 37.2, with properties as defined
in Table 37.1. Further information about the tendon geometry and prestressing can be found in Bench-
mark 17. The beam consists of a rectangular cs and is prestressed and loaded with its own weight. A
calculation of the creep and shrinkage is performed with respect to CEB-FIP Model Code 1990 [24].
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Table 37.1: Model Properties

Material Properties Geometric Properties Time
C 35/45 h=100.0cm to = 28 days
Y 1770 b=100.0cm ts =0 days
RH =80 % L=20.0m t =36500 days
Ap =28.5 cm?
L

Figure 37.2: Simply Supported Beam

Table 37.2: Results

Result AQB CSM+AQB Ref.
Ecs —25.1-10> 25.1-107> 25.146-107>
do 1.57 - 1.566
o(t, to) 1.48 1.476 1.47

Note: The results from SOFiSTiK are rounded for output.
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374 Design Process

Design with respect to CEB-FIP Model Code 1990 [24]

Material:

Concrete: C 35/45 2.1 Concrete classification and constitu-
tive relations

Ecm = 35000 N/mm? 21.42: Modulus of elasticity for
C 35/45

fek = 35 N/mm?

fcm =43 N/mm2 2.1.3.2: Mean value of compressive
strength fcm. See the eq. (2.1-1)

Prestressing Steel: Y 1770 5.3: Prestressing Steel

Ep =195000 N/mm2 E, for wires

fpk =1770 N/I’T)fT)2 fpx Characteristic tensile strength of

prestressing steel
CALCULATION OF TOTAL SHRINKAGE AND SWELLING at x =
10.0 m midspan:

to = 28 days to age at first loading
ts concrete age at the beginning of
ts = 0 days shrinkage or swelling
t age of concrete at the moment consid-
ered
t =36500 days

The total shrinkage or swelling strans €s(t, ts) may be calculated from

Ecs(t, ts) = €cso - Bs(t—ts) 2.1.6.4.4: Eq. 21-74; €cs(t, ts) is the
total or swelling strain

Calculating the notional shrinkage:

The notional shrinkage coefficient may be obtained from

€cs0 = €s(fem) * BrH 21.6.4.4: Eq. 2.1-75; €cso is the no-
tional shrinkage coefficient
with:
fem
€5(fcm) = |:160 +10- ,BSC . (9 — )i| . 10_6 2.1.6.4.4: Eq.2.1-76; Bsc is a coefficient
cmO which depends on the type of cement,

for N class of cement Bsc = 5; femo =

43
€s(fem) = |:160+ 10-5-(9—1_0)].10—6 10 MPa
€s(fem) =39.5-107°
BrH =—1.55-BsrH for 40 % < RH <99 % 2.1.6.4.4: Eq.2.1-77
RH \? 80 \3
Bsrr =1~— RH- ) = 1-— Too) = 0.488 2.1.6.4.4: Eq.2.1-78; RHo = 100 %
0

BrH =—1.55-0.488 =—0.7564

€cso=39.5-10"°.(—0.7564) =—29.8778
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2.1.6.4.4: Eq.2.1-79; Bs(t — ts) is the
development of shrinkage with time;
ho =100 mm; t; =1 day

2.1.6.4.3(b): Eq. 2.1-64; ¢(t, to) is the
creep coefficient

2.1.6.4.3(b): Eq. 2.1-65; ¢o is the no-
tional creep coefficient

2.1.6.4.3(b): Eq.2.1-66; h is the notional

2-Ac
size of member in [mm], h =

2.1.6.4.3(b): Eq. 2.1-66

2.1.6.4.3(b): Eq. 2.1-67

2.1.8.2: Eq. 2.1-87; to,7 is the adjusted
age of concrete at loading (days)

2.1.6.4.3(c): Eq.2.1-71; the effect of
type of cement on the creep coefficient
of concrete may be taken into account
by using the modified age at loading
to,aqj; & = 0O for cement class N

2.1.6.4.3(b): Eq. 2.1-68

310

The development of shrinkage with time is given by:

e (t—ts)/ta o5
Bs(t— S)_[350-(h/ho)2+(t—ts)/t1}

SOFiSTIK accounts not only for the age at start of drying ts but also
for the influence of the age of prestressing, so the time development
function reads:

Bs = Bs(t—ts)— Bs(to—ts)

36500 }0-5 [ 28 ]0 >
350-52 + 36500 35052 + 28
Bs=0.8981—0.05647 = 0.8416

b=

The total shrinkage or swelling strain is calculated:
€cs(t, ts) =€cso* PBs
€cs(t, ts) =—29.8778-107>.0.8416 = 25.146-10>

CALCULATION OF TOTAL CREEP at x=10.0 m midspan:

The creep coefficient may be calculated from:

¢(t, to) = ¢o - Bc(t—to)

The notional creep coefficient may be estimated from:

®o0 = drH - B(fem) - B(to)

with:

) 1— (RH/RHo)

=1+
PrH 0.46 - (h/ho)Y/3)
1—(80/100) 0.2
PprH =1+ =1+ ———— =1.254
0.46-(500/100)V/3) 0.78658
B(fem) >3 >3 2.556
T Fem/fem0)®5 ~ (43/10)05 ~

The adjusted time tg is given by:

n 4000
to,7 = ZA[‘[ -exp|13.65—

P 273 + T(At)/To

n 4000
t =228-exp[13.65——}=27.947days
T4 273 + 20/1
o
9
to,aqj = to,7* 1| >0.5days

S —
2+ (to,7/t7'7)

0
to,adj=27.947-[ +1} =27.947 > 0.5 days

2+27.94712

1

= =0.48862
0.1+ (to/t1)%2 0.1+ (27.947/1)0-2

B(to) =
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The development of creep with time is given by:

(t—to)/tn 1°3
Bc(t—t0)=|: ]
Bn+ (t—to)/t1
with:
RH &) h
B =150- 1+(1.2-—) .— +250<1500
RHg ho
80 \18) 500
B =150- 1+(1.2-—) .— +250<1500
100 100

Br=1359.702 <1500

(36500 — 28)/1
1359.702 + (36500 — 28)/1

¢$o0=1.254-2.556-0.48862 =1.566

0.3
Be(t—to) =[ } — 0.989

The creep coefficient:
¢(t, to) =1.56613-:0.989 =1.5489

The creep value is related to the tangent Youngs modulus, where the
tangent modulus being defined as 1.05 - E.;. To account for this,
SOFiSTiK adopts this scaling for the computed creep coefficient (in
SOFiSTIK, all computations are consistently based on the secant mod-

ulus of elasticity).

1.05

9
o(t, to) = =1.47

SOFiSTiK 2022 | VERIFICATION - Design Code Benchmarks

2.1.6.4.3(b): Eq. 2.1-70

2.1.6.4.3(b): Eq. 2.1-71; t; = 1 day;
RHo = 100 %; ho = 100 mm
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37.5 Conclusion

This example shows the calculation of the creep and shrinkage using Model Code 1990 [24]. It has been
shown that the results are in very good agreement with the reference solution.

37.6 Literature

[24] CEB-FIP Model Code 1990. Model Code for for Concrete Structures 1990. Euro-International
Concrete Committee. 1991.
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38 DCE-SIA1: Punching of flat slabs acc. SIA 262

Overview

Design Code Family(s): SIA

Design Code(s): SIA 262

Module(s): BEMESS

Input file(s): slab_punching_sia262_2013.dat
38.1 Problem Description

The problem consists of a flat slab. The structure under consideration is a five-storey residential building
with the geometry and main dimensions given in Fig. 38.1. The design of slab against punching at the
columns is discussed in the following.

For the concrete, strength class C30/37 (fek = 30 MPa, Y- = 1.5) is assumed, for the reinforcing steel,
grade B500B (fyxk = 500 MPa, Es = 205 GPa, 'ys = 1.15, ductility class B). The factored design load
accounting for self-weight, dead load and imposed load is g4 = 15.6kN/m?2.

(a) SOFiSTiK Model

Figure 38.1: View of building

The width of the slab is h = 26 cm as shown in Fig. 38.2.
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Figure 38.3: Main dimensions in [cm], [x = 6.00 m, [, =5.60 m
Table 38.1: Model Properties
Material Properties Geometric Properties Loading
C30/37 h=26cm g4 = 15.6kN/m?
B500B di1=4.0cm
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Table 38.1: (continued)

Material Properties Geometric Properties Loading

d=21.0cm

38.2 Reference Solution

This example is concerned with the punching of flat slabs. The content of this problem is covered by the

following parts of SIA 262:2013 [25]:
+ Construction materials (Section 2.2 )
» Dimensoning values (Section 4.2)
+ Shear force (Section 4.3.3)

» Punching (Section 4.3.6)

38.3 Model and Results

The goal of the preliminary design is to check if the dimensions of the structure are reasonable with
respect to the punching shear strength and if punching shear reinforcement is needed.

In the reference example the reaction forces are estimated by using contributive areas. The results are

given in Table 38.2.

Table 38.2: Results

Result SOF. Ref.

Inner column C5 (Node 1070)
u 1.681m 1.681m
ke 0.9 0.9
Ured 1.5129m 1.5129m
Wx 1.37 % 1.325 %
Yy 1.38 % 1.424 %
kr 1.05 1.02786
VRa,c 353.5 kN 347.36 kN
VRdc,max 706.9 kN 694.69 kN
Asw 8.78 cm? 8.766 cm?
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SIA 262:2013; 4.2.1

Characteristic value of cylinder com-
pressive strength

Conversion factor nyc; 4.2.1.2; Eq. (26)

The dimensioning value of the concrete
compressive strength; 2.3.2.3; Eq. (2)

The dimensioning value of shear stress
limit; 2.3.2.4; Eq.(3)

SIA 262:2013; 4.2.2

For 10 @200 mm/¢16 @200 mm

4.3.6.2; Fig. 21 and Fig. 22

316

38.4 Design Process'

The calculation steps of the reference solution are presented below.
STEP 1: Material

Concrete 30/37

fek = 30 N/mm?

30 1/3 30 1/3
’7fc=(—) =( ) =1.00<1.00

fck %
‘Ne- 1-1-30
Fo = Nfc - Nt - fek _ 20 N/mm?
Ye 1.5
0.3:n¢+ v/ 0.3:1.0-430
teg= 22t V) - =1.095 N/mm?
Yc .

Dmax = 32mm

STEP 2: Reinforcement

Steel B500B (flexural and transverse reinforcement)
fyd =435 MPa

Es =205000 MPa

Ductility class: B

STEP 3: Cross-section

d=h—ad;

1.6
=26— (4.8+ —)
2

=20.4cm

STEP 4: Calculating the control perimeter

Inner:

u=2-a+2-b+dy-m
=2-26+2-26+20.4-3.14
=168.1cm

In BEMESS the shear force V4 is equal to column reaction force minus
the applied load within the control perimeter g4 - Ac. The value qq is
not taken into account.

Vg =1686.1 kN

"The sections mentioned in the margins refer to SIA 262:2013 [25] unless otherwise
specified.
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Bemess takes into account the min. value of ke.

ke=min| 0.9;1 + ey (38.1)
1+ —

b

ey = =7.95 mm

My 5.46 kNm
—— Ne|=|—
Vg 686.1 kN

In case of inner columns, the centroid of the column corresponds to the
centroid of the control perimeter. Therefore, Ae = 0

d, d?
— R2 v
AC—bC+4'bC'?+T'T[
5 0.204 0.2042
=0.262+4-0.26- + T

2 4
=0.2063 m?

4 4
by = \J E-Ac= \J 5-0.2063 =0.5129m=512.9mm

According to Eq. 38.1:

ke =min| 0.9,

=min| 0.9,

=min| 0.9, W

1+ ——
512.9
=min (0.9, 0.98)

=0.9

Where e, is the eccentricity of the resultant of shear forces with respect
to the centroid of the basic control perimeter and by, is the diameter of
a circle with the same surface as the region inside the basic control
perimeter.

Reduced control perimeter is calculated:
Ured = ke -u=0.9-168.1=151.29cm

STEP 5: Rotations

The distances rs,x and rs,y are calculated from the results of the flexural
analysis, one can obtain the distances between the center of the column
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The representative width bs; 4.3.6.4.6;
Eq. (60)

Rotation ¢; 4.3.6.4.1 and 4.3.6.4.2; Eq.
(59)

k- 4.3.6.3.2; Eq. (58)
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and the point, at which the bending moments are zero.
Isx = 1.166 m
rsy =1.248 m

The average moment of the strip is calculated by the integration of the
moments at the strip section. Since the flexural moments my x and
mgy,, are negative, the absolute value of the twisting moment my, x
needs to be subtracted so that the absolute value of msqg,x and msq,y
will be maximized:

Msd,x = Md,x — [Mad,xyl
Msd,y = Md,y — |Md,xy|
By using FEM analysis:
Msd,x = 105.53 kNm/m
Msq,y = 105.81 kNm/m

The representative width is calculated:

bs=1.5:/Tsx sy < lmin
=15-v1.248-1.166
=1.8094 m

BEMESS calculates the ¢ value by using LoA (Level of Approximation)
[ll. LoA | is used only at beginning of the calculation for iteration, when:

Msax

=1.
MRd

For Level of Approximation III:

rsx fsd [ Msdx 3/2
(p :1_2._-_.( )
X MRd

, 1.166 434.78 (105.53 )3/2
~ 77 0.204 205000 \112.306
=1.325%

rsy fsd (msdy)3/2
MRqg
1.248 434.78 (105.85 )3/2

2. . .
0.204 205000 \112.306
=1.424 %

The governing value is ¢y = max(¢Yx, ¢y) = 1.424 %

The coefficient k;:
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1
T 0.45+0.18- ¢ -d-kg
1
©0.45+0.18-¢-d-kg
1

T 0.45+0.18-0.01424-204 -1
=1.02786

kr

In BEMESS there isn’t any option to set the Dmgx value and the Dmax
is strictly defined:

+ For normal concrete Dmax = 32 mm — kg = 1.0

+ For high-strength and lightweight concrete, the Dmax = 0 — kg =
3.

STEP 6: Punching strength with and without shear reinforcement

According to SIA 262:2013 the punching strength without shear rein-

forcement is calculated: 43.6.3.1; Eq. (57)

VRd,c =Kr*Tcd-dv-U
=1.02786-1.095-0.204-1.5129
=0.34736 MN = 347.36 KN

V4 > VRrg,c — shear/punching reinforcement is necessary

Calculating the maximum punching strength Veg max 4.3.6.5.7; Eq. (69)

VRd,max =2 - Kr+ Tcag-dv - Ured £ 3.5+ Tcd - dv - Ured
=2-1.0278-1.095-0.204-1.5129<3.5-1.095-0.204-1.5129
=0.69469 MN <1.182 MN
=694.69 kN

Punching strength with shear reinforcement: 4.3.6.5; Eq. (65) and Eq. (66)

Va,s =max(Vg— Vgg.c; 0.5-Vy)
Vg—VRac=686.1—347.36 =338.74 kN
V4-0.5=686.1-0.5=343.05 kN

Vi4,s =max(338.74; 343.05) =343.05 kN
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4.3.6.5.4; Eq. (68)

320

Calculating the reinforcement:

Vd, s

ke - Osq
343.05

~0.9.43.478
=8.766 cm?

Sln,B 'ASW -

where 0sq is calculated according:

Es- d
Osd = > ¢‘(1+fb_d‘ )std
6 fsd ¢sw
205000-0.01424( 2.703 204)
= . + -——1<434.78
6 434,78 16

=487.00-(1+ 0.006216-12.75) < 434.78
=525.60 <434.78
= 434,78 N/mm?

Please note that in BEMESS, sin8 = 1.0.
STEP 7: Failure outside the shear reinforcement

To avoid failure outside the shear reinforcement area, BEMESS iterates
the perimeter until the shear strength Vggc = Vg.

In this example, the calculating value of the effective depth dy is equal
to the effective depth d minus the distance from concrete cover ¢ on the
bottom surface of the slab: dy, oyt =d—¢c=204—-40 =164 mm

VRd,c,out = 2+ Kr* Tcd * dv,out - Uout = Vg

0.6861
Uout = =3.7170 m
1.02786-1.095-.0.164
Uout—4+b 3.717—4-.0.26
lout = out "= =0.426 m
2-m 2.1
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38.5 Conclusion

This example shows the calculation of punching of flat slabs and it has been shown that the results are
reproduced with excellent accuracy.
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