Concrete Mechanics
Applications

TNO DIANA Bv



ii

Concrete Mechanics Applications
Edited by: Frits C. de Witte and Max A. N. Hendriks

Published by:

TNO DIANA Bv
P.O. Box 49, 2600 AA Delft, The Netherlands.

Phone: +31 15 276 32 50

Fax: +31 15 276 30 19

E-mail: info@tnodiana.com

Web page: http://www.tnodiana.com

Trademarks.

DIANA is a registered trademark of TNO DIANA Bv. FEMGV, FEMGEN and FEMVIEW are
trademarks of Femsys Ltd. MARC is a registered trademark of MSC. ANSYS is a registered
trademark of Ansys, Inc. ABAQUS is a registered trademark of Hibbitt, Karlsson & Sorensen,
Inc. AuTOCAD is a registered trademark of Autodesk Inc.

October 7, 2008.

Copyright (©) 2003 by TNO DIANA Bv, all rights reserved. No part of this publication may
be reproduced in any form by print, photoprint, microfilm or any other means, without the
prior written permission of the publisher.

The information in this document is subjected to change without notice and should not be
construed as a commitment by TNO DIANA Bv. TNO DIANA BV assumes no responsibility
for any errors that may appear in this document.

This document was prepared with the IXTEX Document Preparation System.

Concrete Mechanics Applications



Contents at a Glance

Preface

1 Concrete Mechanics for the Structural Engineer

2 Fracture of Concrete — Observations of Softening Behavior

3 Comparison of Concrete Models for Cyclic Loading

4 Bending, Shear, and Torsion of Prestressed HSC Beams

5 Joints in a Multi-beam Box Girder Bridge

6 Fire Analysis of an LNG Tank

7 Numerical Simulations of Tests on a Segmented Tunnel Lining
8 Nonlinear Behavior of Joints in Bored Tunnels

9 How to Avoid Cracking in Young Concrete

10 Design of Concrete Deep Beams

11 Restrengthening of Brickwork to Reduce Crack Width

12 FEM Models Applied for Unreinforced Underwater Concrete

13 Structural Safety of Concrete Structures

Bibliography

Index

Concrete Mechanics Applications

xi

25

43

61

75

91

109

125

139

149

161

169

185

193



Concrete Mechanics Applications



Contents

Preface xi
1 Concrete Mechanics for the Structural Engineer 1
1.1 Structural Engineers Are Fond of Their Comforts . . . . . . . ... .. 1
1.2 From Research to Practice . . . . . . .. ... ... ... ..., 2
1.3 General-purpose Software . . . . . ... ... ... ... 2
1.4 Special-purpose Software . . . . . . . . ... ... oL 3
1.5 Future Evolution . . . . . . .. .. ... ... . o 4

2 Fracture of Concrete — Observations of Softening Behavior 5
2.1 Imtroduction. . . . . . .. ... L 5

2.2 Concrete Cracking under Uniaxial Tension . . . . . . ... .. ... .. 6
2.2.1 Nonlinear Fracture Models for Concrete . . . . . .. ... ... 7

2.2.2 Experimental Validation . . . . . .. .. ... .. ... ... 10

2.2.3 Influence of Reinforcement . . . . . .. ... ... ... .... 14

2.3 Failure under Uniaxial Compression . . . .. .. .. ... ... .... 15
2.3.1 Experimental Validation . . . . . .. ... ... ... ... ... 15

2.3.2 Compression Damage Zone Model . . . . .. ... ... ... .. 19

2.4 Multiaxial States of Stress . . . . . ... ..o Lo 20
2.5 Conclusions . . . . .. .. L 23

3 Comparison of Concrete Models for Cyclic Loading 25
3.1 Imtroduction . . . . . . .. .. ... 25
3.2 Description of Constitutive Models for Concrete . . . . . . . .. .. .. 26
3.2.1 Multiple-Fixed Crack Model with Von Mises Crushing Model . 27

3.2.2 Rankine-Von Mises Plasticity Model . . . . . . ... ... ... 31

3.2.3 Total Strain-based Models . . . . . .. ... ... ... ..... 32

3.3 Application . . . ... 34
34 Analysis . . ... 36
3.5 Discussion . . . . . ..o 38

Concrete Mechanics Applications



vi CONTENTS
4 Bending, Shear, and Torsion of Prestressed HSC Beams 43
4.1 Introduction . . . . . . . . . . . .. 43
4.2 Experimental Tests . . . . . . . . ... 43
4.2.1 Problem Description . . . . . ... .. ... ... ........ 44
4.22 Set-up . . ... 45
423 TestResults. . . .. . .. ... . o 46
4.2.4 Conclusion . . . . . .. . ... .. e 54

4.3 Numerical Analysis . . . . . . . ... L L 55
4.3.1 Finite Element Model . . . . ... ... ... ... ... ... 55
4.3.2 Analysis Results . . . . ... ... .. ... . 57

4.4 Conclusions . . . . . . .. . 59
4.4.1 Experimental . . . ... ... o oo 59

4.4.2 Numerical . . . . . . . . . 59

5 Joints in a Multi-beam Box Girder Bridge 61
5.1 Introduction. . . . . . . . . . . . ... e 61
5.1.1 Multi-beam Box Girder Bridges . . . . . . ... ... ... ... 61
5.1.2  Current Design Practice . . . . . . ... ... ... ... ... . 62
5.1.3 Design Considerations . . . . . ... ... ... ... .. ... . 63
51.4 Approach . . . .. ... 63

5.2 Case Study — Box Girder Bridge ‘Heultsedreef” . . . . ... ... ... 64
5.2.1 Geometry . . . ... 64

5.2.2 Materials and other Properties . . . . ... ... ... ..... 65
5.2.3 DesignLoads . . . . ... ... ... ... .. 65

5.3 Linear Analysis . . . . . . . . ... 66
5.3.1 Volume Model . . . . ... .. ... .. 67
5.3.2 Shell Model . . . . . ... ... ... 67
5.3.3 Orthotropic Plate Model . . . . . . . ... .. ... ....... 68
5.3.4 Results and Justification . . . . . .. ... 69
5.3.5 Influence Fields . . . . . .. ... ... ... ... 69

5.4 Nonlinear Analysis . . . . . . . . . . ... 69
5.4.1 Analysis Phases and Load Steps . . . . ... ... ... .... 70
5.4.2 Material Modeling . . . . . ... ... L oL 71
5.4.3 Results for Construction Phases 1and 2 . . . . . ... ... .. 71

5.5 Conclusion . . . . .. . . 73
6 Fire Analysis of an LNG Tank 75
6.1 Introduction . . . . . . . . .. ... 75
6.2 LNG Tank of 120,000 m? Capacity . . . . .. ... ... ... ..... 76
6.3 Purpose and Principles of the Analysis . . . . . . ... ... ... ... 7
6.3.1 Temperature Distribution . . . . . . ... ... ... ... ... 7
6.3.2 Material Properties. . . . . . . . ... ... L. 78

6.4 Analysis of the Structure . . . . . . ... 79
6.4.1 Phased Construction and Analysis . . . . ... ... ... ... 80
6.4.2 Finite Element Model . . . . . ... .. .. ... ... ... 80

Concrete Mechanics Applications



CONTENTS vii

6.4.3 Performance of the Analysis . . . . . ... ... ... ...... 83
6.4.4 Why DIANA’s Module NONLIN was not Applied . .. .. .. 85
6.5 Analysis Results vs. Design Criteria . . . . . . ... ... ....... 85
6.5.1 Maximum Compression Strain of Concrete . . . .. ... ... 86
6.5.2 Maximum Tensile Strain of Reinforcement Steel . . . . . . . . . 87
6.5.3 Corrective Prestress Load . . . . .. .. ... ... ... .... 88
6.6 Conclusions . . . . . . . . . . e 89
7 Numerical Simulations of Tests on a Segmented Tunnel Lining 91
7.1 Imtroduction. . . . . . .. ... L 91
7.2 Experiments. . . . . . ... L 92
721 Set-up . . . . .o 92
722 Loading . . . . . .. .. .. 93
7.2.3 Measurements . . . . ... Lo 94
7.3 Numerical Analyses . . . . .. .. .. ... . 95
7.3.1 Finite Element Model . . . . .. .. ... .. ... ... .. 95
7.3.2 Material Properties. . . . . . ... ... L. 96
7.3.3 Boundary Conditions . . . .. ... .. ... .. ........ 99
7.3.4 Performed Analyses . . . . ... .. ... ... ... 99
74 Results. . . . . .. 100
7.4.1 Introduction . . . .. ... ... oo 100
7.4.2 Deformations . . . . . . ... . ... 101
7.4.3 Axial Strains and Stresses . . . . . . .. ... L 102
7.4.4 Tangential Strains and Bending Moments . . . . .. . ... .. 104
7.4.5 Principal Strains . . . . ... oL oL oL 107
7.5 Conclusions . . . . . . ... L 107
8 Nonlinear Behavior of Joints in Bored Tunnels 109
8.1 Imtroduction . . . . . . . . .. ... 109
8.1.1 The Amsterdam North—-South Metroline . . . . . ... ... .. 109
8.1.2 Innovative Design of the Bored Tunnels . . . . ... ... ... 110
8.1.3 Numerical Modeling of the Behavior of the Tunnel Lining and
its Components . . . . . . . ... Lo 111
8.2 Conceptual Numerical Model of the Bored Tunnel . . . .. .. .. .. 112
8.2.1 General . . . ... 112
8.2.2 Designing the Numerical Model . . . . . . ... ... ... ... 112
8.3 Validation of the Numerical Model . . . . . . .. ... ... ... ... 114
8.3.1 Simplified Spring Model — 2D Joint . . . . . . . ... ... ... 115
8.3.2 Macro Model of the Lining — Simple Load Cases . . . . .. .. 116
8.3.3 Simplified Spring Model — Results of Physical Model . . . . . . 118
8.4 Application of the Model in Practice . . . . . ... .. ... ... ... 119
8.4.1 Modeling of the Construction Phase . . . . .. ... ... ... 119
8.4.2 Modeling of the Serviceability Phase . . . . . . ... ... ... 120
8.4.3 Parameter Study . . . . . ... ... oL 121
8.5 Detailed Modeling of the Elastomer Profile . . . ... ... ... ... 123

Concrete Mechanics Applications



viii CONTENTS

8.5.1 General . .. ... ... ...
8.5.2 Modeling of the Elastomer Profile . . . .. ... .. ......
8.6 Conclusions . . . . . . . . . . e

9 How to Avoid Cracking in Young Concrete
9.1 Imtroduction . . . . . . . . . . . ...
9.2 Problem Description . . . . . .. ... o
9.3 Required Analysis Data . . . . ... ... ... ... .
9.3.1 Geometry and Phasing of the Structure . . .. ... ... ...
9.3.2 Material Properties of the Concrete . . . ... ... ... ...
9.3.3 Kinematic Boundary Conditions . . . . ... ... ... ....
9.3.4 Physical Boundary Conditions . . . .. ... ... ... ....
9.4 Analysis for Situation Without Precautions . . . . ... ... ... ..
9.5 Analysis for Situation With Cooling . . . . . . ... ... ... ....
9.5.1 Design of the Cooling Plan . . . . ... ... ... ... ....
9.5.2 Analysis Results . . . ... ... ... ... ... ... ...
9.5.3 Protocol for the Western Scheldt Tunnel Access Roads . . . . .
9.6 Conclusions . . . . . . . . ..

10 Design of Concrete Deep Beams
10.1 Focus on D-Regions . . . . . . . .. .. ... ...
10.1.1 Pro’s and Con’s of Existing Methods . . . . . . ... ... ...
10.1.2 An Alternative: SPanCAD . . . . .. ... ... ... .. ...
10.2 Stringer—Panel Theory . . . . . . . . . ... . ... ...
10.3 A Three-step Design Procedure . . . . . . . . ... .. .. ... ....
10.3.1 Step Onme: Elastic Analysis . . . . ... .. ... ... .....
10.3.2 Second Step: Nonlinear . . . . ... ... ... .........
10.3.3 Third Step: Final Simulation . . . . . .. ... ... ... ...
10.3.4 Classical Cases Covered . . . . . . . . ... ... ... .....
10.4 Design Example . . . . . . . ...
10.4.1 First Step . . . . . . . . .
10.4.2 Second Step . . . . . . ..
10.4.3 Third Step . . . . . . . .

11 Restrengthening of Brickwork to Reduce Crack Width
11.1 Mixed Building Techniques: ‘De Adelaar’ . . ... ... ... .....
11.2 The Main Problem . . . . . . . . . . ... .. ... ... ........
11.3 Basic Interventions . . . . . . . . . ... ...
11.3.1 Insulation on the Inside . . . . . ... ... ... ........
11.3.2 Adding a Climate Fagade on the Inside . . .. ... ... ...
11.3.3 Dilatation Joints in the Outside Wall . . . . . . . . . .. .. ..
11.3.4 Reinforcement . . . . . . .. .. ... .. ... ... ... ...
11.4 Numerical Simulation of Interventions . . . . . . . ... ... .....
11.4.1 Modeling Strategy . . . . . . . . . . ...
11.4.2 Results without Restrengthening . . . . . . ... ... .. ...

125
125
126
127
127
127
128
129
130
132
132
133
135
137

139
139
140
140
141
142
142
142
143
143
144
145
145
146

Concrete Mechanics Applications



CONTENTS ix
11.4.3 Brickwork with CFRP-Sheet Reinforcement . . . . . . . . . .. 155

11.4.4 Conclusions . . . . . . . . . . . i e 157

11.5 The Laboratory Test . . . . . . . ... ... ... .. ... 157
11.5.1 Numerical Analysis Results . . . . .. ... ... ... ..... 159

11.5.2 Epilogue . . . . . ... 160

12 FEM Models Applied for Unreinforced Underwater Concrete 161
12.1 Introduction . . . . . . . . . . . . e 161
12.1.1 Flow of Forces . . . . . . . . ... .. ... . ... . ... 162

12.2 Case Study . . . . . . . o 163
12.3 Linear Elastic Calculations . . . . . .. ... .. .. ... ....... 164
12.3.1 Beam Model . . . . ... ... .. .. ... .. ... ..., 164

12.3.2 Advanced Shell Model . . . . . .. .. ... ... ... ... 165

12.3.3 Three-dimensional Model . . . . ... ... ... ... ..... 166

12.4 Nonlinear Analysis . . . . . . . . .. . . o 167
12.5 Conclusions . . . . . . . . . . . e 168

13 Structural Safety of Concrete Structures 169
13.1 Introduction . . . . . . . .. Lo 169
13.1.1 Probabilistic Methods . . . . . . .. ... .. ... ....... 170

13.1.2 DARS Method . . . . . . .. ... .. ... .. ......... 170

13.2 Example Analysis — Underwater Concrete . . . . . . . ... ... ... 171
13.2.1 Finite Element Model . . . . .. ... .. ... ... .. .... 172

13.2.2 Choosing the Number of Stochastic Variables . . . . . . .. .. 174

13.2.3 Probabilistic Analysis . . . . . ... ... L oL 176

13.2.4 Choosing the Limit States . . . . . . . . ... ... ... .... 177

13.2.5 Parameters for Probabilistic Analysis . . . .. ... ... ... 178

13.2.6 Probabilistic Results Based on Linear Elastic Analysis . . . . . 178

13.2.7 Probabilistic Results Based on Nonlinear Analysis . . . . . .. 181

13.3 Conclusions . . . . . . . . .. 183
Bibliography 185
Index 193

Concrete Mechanics Applications



CONTENTS

Concrete Mechanics Applications



Preface

In 1987 the CUR report nr.134 was published within the scope of the project
‘Betonmechanica’ and supervised by the CUR Research Committee A26. Report
nr. 134 [15]! describes the analysis of eight real-life concrete structures with the finite
element program DIANA. At that time a number of material models had already
been developed which could describe cracking, plasticity of concrete and reinforce-
ment, and the attachment between concrete and reinforcement. Since 1987 many
more material models have become available and the know-how of the material con-
crete and the performance of nonlinear analyses has been increased considerably.
Moreover, there has been a trend from one-dimensional toward two-dimensional and
three-dimensional models and new classes of concrete have been applied, not only in
the familiar structures like buildings and bridges, but also in other types of structures
such as bored tunnels.

In the world of science, considerable progress has been made with respect to non-
linear material models. The researchers have gained an insight into the applicability,
and its restrictions, of the theory of plasticity for concrete. The influence of cracking
on the reduction of the stiffness of unreinforced and reinforced concrete has become
well-known. New contact and interface elements have been developed to model joints
in masonry, bridges and tunnels. Much of the knowledge has been formatted in soft-
ware codes, of which the Dutch DIANA code is a distinct representative. Via these
codes the new knowledge becomes available to structural design engineers.

The present publication aims to be a sample selection of the current possibilities
of concrete mechanics applications. The presented numerical elaborations may help
the structural engineer to create models, based on the current state of knowledge,
that have a competitive and practically-oriented nature and yield fail-safe structures.

Acknowledgment. This publication has been compiled by the CUR Research
Committee A36 ‘Concrete Mechanics’. The DIANA User’s Association (DOV) initi-
ated Committee A36 in 2000 and commissioned it to transform the subjects brought
up by the DOV into examples for the engineering practice.

The CUR gratefully acknowledges the authors, and the companies and organi-
zations as listed below, who donated their efforts in the compilation of this report.
Finally the CUR expresses its gratitude to the Bouwdienst Rijkswaterstaat and to

IPlease refer to the Bibliography on page 185.
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Chapter 1

Concrete Mechanics for the
Structural Engineer

J. Blaauwendraad
Delft University of Technology, Faculty of Civil Engineering and Geosciences

1.1 Structural Engineers Are Fond of Their Com-
forts

Designers in the structural engineering world like taking things easy. They simplify
the physical reality such that the design problem is addressable with the existing
knowledge and the analysis tools that are available. Structural engineers do know
that real nature is highly nonlinear but in determining stresses and deformations
they (have to) idealize structures to a high extent. Either they really account for the
nonlinear nature, however do it in a simplified way, or they are prepared to make
sophisticated types of analysis indeed, but stick to the assumption that the structure
behaves elastically.

An example of the first approach is the application of the Strut-and-Tie method.
In this method a continuous structure or structural part is replaced by a well-chosen
truss-type of structure in which the force flow can be determined by equilibrium
considerations. This means that redistribution of stresses is presupposed, so plasticity
considerations are in the game. An example of the latter approach is the application
of the Finite Element Method. Now the continuous nature of the structure is fully
respected and thousands of equations may be solved, but the material is supposed
to behave elastically for all load cases and all load levels.
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2 Concrete Mechanics for the Structural Engineer

1.2 From Research to Practice

In research circles analysis methods are in use already for many years, which account
for nonlinear material behavior and gross deformations. The majority of general-
purpose FEM packages offer such options, be it in a larger variety for metal structures
than for brittle material structures like concrete and masonry. Gradually more such
nonlinear software starts playing a role in practice as a design tool. This chapter
intends to give in a nutshell an overview of nowadays possibilities, both for general-
purpose packages and special-purpose programs.

Nonlinearity can be related to actions as well. Deviations from linearity due to
gravity loads are different from deviations due to fire, and these are different from the
cyclic nonlinearity at earthquake excitations. A fire application is part of this book
[Ch. 6]. Material nonlinearity can have several reasons: the concrete can be cracked
under tension, can become plastic in compression, aging creep can be the source, or
swell and shrinkage may occur. Failure will occur due to passage of strength limits
or by fatigue. A modern trend is not to speak in terms of cracks and plasticity, but
to use the concept of damage for the loss of structural integrity.

Another category of nonlinear behavior consists of contact problems. The mate-
rial itself can stay elastic, but the geometry of the structure may change. This can be
found in tunnel linings and box girder bridges, which are built up from pre-cast con-
crete elements. The elements itself are considered to stay elastic, but the joints have
nonlinear characteristics. Both examples, a tunnel and a bridge, will be discussed
hereafter.

Undeniably an immense effort has been made in research circles to achieve at the
state-of-art of today. Particularly big progress has been made for the modeling of the
nonlinear characteristics of the material. If compared to a couple of decades ago much
insight was gained about the applicability of the theory of plasticity and its limits,
about the influence of cracking on the reduction of stiffness in plain and reinforced
concrete, which curiously enough in the first case is called tension-softening and in
the latter case tension-stiffening. Thanks to much experimental work in Canada and
Japan we now do understand in which way the compression strength of concrete
panels is influenced by the tensile strain in transverse direction. And we master
the art to replace the designer-oriented formulation of creep in codes of practice by
Maxwell chains of springs and dashpots. We also have at disposal a new family of
contact and interface elements to model the behavior of joints between structural
elements of concrete or masonry. And so we have much more functionality at our
disposal.

1.3 General-purpose Software

To day there are various general-purpose FEM packages available, for instance DIANA,
MARC, ANSYS and ABAQUS. Most of them have a USA origin and started from aero-
nautics applications. So they offer a varied library for metal nonlinearity but have a
limited functionality for the nonlinear analysis of concrete structures. However the
user can adapt the general-purpose software to his needs by means of user-supplied
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1.4 Special-purpose Software 3

subroutines. In this way a firm can tune a general-purpose system to its own needs.
There are exceptions like the Dutch system DIANA, which particularly was developed
for civil engineering purposes with a focus on structural concrete.

All general-purpose packages may have the disadvantage that user-friendliness is
not a particular goal. It is software to check a design, not to make a design. The
design has to be done in one way or another without use of the number-crunching
software and from this design approach reinforcement schemes can be determined.
Only when this is finished a nonlinear FEM analysis can be started, which will give
indications about cracking and deformations in the serviceability state and about the
ultimate load, which can be carried. Many universities have developed software pack-
ages, which have functionality for concrete structures to be compared with DIANA.
Well-known examples, among others, are Bochum, Stuttgart, Vienna and Tokyo.

1.4 Special-purpose Software

It is hard to find designer oriented software, which will cover all possible sources of
nonlinearity. In practice special kinds of software exist for different applications. In
this way one can tune software to particular needs of interest. Here we will mention
a few.

e A special class of nonlinear analysis consists of the modeling of hydration pro-
cesses in young hardening concrete. This is done to control the tensile stresses
during the temperature development in the curing process in order to prevent
early cracking. An example of such application, the HEAT program of FEM-
MASSE Bv, is included in this book [Ch.9]. The results of this program help
to decide on the number of hours after which the formwork can be removed
and whether or not cooling is needed. And the effect of cooling can be studied.

e Special FEM software has come into being, which was developed for a special
class of structure, say shear walls. Now special attention can be paid to user-
friendliness and nicely visualizing results. The Czech 2D-program SBETA has
been a clear example of this type of software. Agreed, it is still software for
checking purposes, but it can easily be used in an iteration procedure. The
author of this program has announced new generation 3D-software going under
the name ATENA which is supposed to replace the 2D-version. This means a
shift into the direction of general-purpose software.

e The design of structural concrete with the Strut-and-Tie method can be sup-
ported by software, which accounts for the stiffness of tensile members in a
cracked state. In this way information about crack widths and deformations
in the serviceability state is received and the method can be extended to truss
models, which are statically indeterminate. An example of such software is the
CAD-program as was developed in the University of Stuttgart.

e An attempt to write by purpose design-oriented software is the 2D-program
SPANCAD. This software is intended to support the designer of concrete deep
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4 Concrete Mechanics for the Structural Engineer

beams and shear walls and helps to choose a proper reinforcement scheme.
The Dutch authors aim to combine advantages of the Strut-and-Tie method
and the Finite Element Method [Ch.10]. The structural designer improves in
an interactive way the dimensions of the concrete parts and the reinforcement,
starting from an elastic analysis and allowing after that for redistribution of
stresses due to cracking and yielding.

e A class of programs, which has not yet been made widely available is based on
the classic theory of plasticity and optimization techniques. The universities of
Ziirich and Copenhagen/Esbjerg have done interesting work in this field. It is a
special application of the Finite Element Method which results in an automatic
design of reinforcement schemes. Nice results can be achieved along these lines.

e Some programs are in circulation in which assemblages of rigid parts and
lumped masses, springs and dashpots are applied, sometimes in combination
with a limited set of standard continuous finite elements. An example is the
New Zealand package RUAUMOKO for inelastic dynamic analysis as developed
in the Canterbury University at Christchurch. Such programs can easily in-
clude nonlinear cyclic spring characteristics as a result of laboratory testing for
the behavior of components and connections. A less well-known example is the
(not widely spread) research-oriented program TILLY of the of Delft University
of Technology in The Netherlands.

1.5 Future Evolution

If use is made of non-linear analysis in the design of a structure it is a separate ques-
tion whether or not the partial safety factors still do apply which have been chosen in
the code of practice. Arguments can be raised that other probabilistic considerations
should be made in such cases. Incorporation of stochastic features in FEM packages
will be an interesting development in the years to come. A probabilistic structural
saftey study is included in Chapter 13.

A number of the special cases of software mentioned before have taken a powerful
position as long as the general-purpose programs have been moderate user-friendly.
This position may be subject to change since the general-purpose programs increas-
ingly more offer highly user-friendly options. One such option has been the release
of software versions, which can run on personal computers and make use of top-of-
the-bill visualizing software. Another option is the development of ‘specials, which
are derived from the general-purpose program and use that software in a way hidden
to the user. The DIANA system is clearly developing in this direction. The end-user
believes he has a program, which has been tuned to his particular needs. This evolu-
tion may in the long run mean that less room is left for special-purpose software like
the above-mentioned 2D-programs for the analysis of concrete structures. Unless the
FEM packages keep on being used for checking purposes only and not for design. Let
us hope that software suppliers accept the challenge to make special-purpose software
superfluous in future.
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Chapter 2

Fracture of Concrete —
Observations of Softening
Behavior

J. G. M. van Mier
ETH Hénggerberg, Institute for Building Materials, Switzerland

Summary. Since the development of numerical methods to analyze reinforced con-
crete structures, fracture models for concrete have received a lot of attention. The
application of an appropriate model enables computer-based design and detailing of
a reinforced concrete structure. The attempts to gain a correct understanding of
the failure of concrete are based on fracture mechanics. The first attempts to model
fracture were rather elementary, and, when viewed from the perspective of modern
developments, primitive. Despite modern developments, the quest for a correct frac-
ture criterion is still a timely topic. In this contribution an overview is given of the
fracture models for concrete subjected to tensile and compressive load. Experimental
evidence that underscores the various theoretical models is given.

2.1 Introduction

The development of a fracture criterion depends to a large extent on the size-scale
at which crack phenomena occur. In the other chapters concrete structures are
analyzed at the macroscopic level. That is to say, it is assumed that concrete and
steel have the same ‘smeared’ properties from point to point. The materials are
considered to be isotropic continua. For materials like steel and other metals a
continuum approach can last very long due to the tiny dimensions of the material
structure. For concrete with individual grains up to 32 mm, and in some cases even
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6 Fracture of Concrete — Observations of Softening Behavior

larger, the material structure may affect the behavior under certain circumstances.
This is particularly true when the dimension of the structure becomes less than the
so-called ‘representative volume’. It is generally assumed that a material volume
with dimensions of at least five times the largest heterogeneity is sufficiently large to
determine continuum properties like stress and strain. However, it is questionable
whether a continuum description is still appropriate when fracture occurs. Under
tension as well as under compression, fracture causes a material volume or a structure
to break into two or more parts, and the material or the structure looses its integrity.
The cracks (or shear bands) that develop in the material or the structure are discrete
displacements (in applied mechanics often denoted as ‘localization of deformations’),
which likely may not be ‘smeared-out’ in the same way as the strains are obtained.

In 1976 Hillerborg and co-workers published a new approach to model cracking in
concrete [37]. It concerns a discrete crack model; Bazant & Oh developed a ‘smeared’
version a few years later [6]. These models will be broadly outlined in §2.2. The Crack
Band Model of Bazant & Oh underlies the crack model in the DIANA finite element
code. We will also discuss the experimental verification. It will turn out that in
experiments not all boundary conditions can be met, which are, however, assumed
in these models.

For uniaxial compression Van Mier demonstrated in 1984 that localization of
deformations occur, despite the apparently distributed crack pattern observed in ex-
periments [75]. This means that ultimately failure must be described with a discrete
model, like for uniaxial tension. Such a model was developed by Markeset [49]. Fail-
ure under compression was handled like crack formation in the Hillerborg model. At
first sight the model seems to perform fairly good, but also here there are indications
that theory and experiments do not correspond sufficiently well.

In numerical analysis of reinforced concrete structures, uniaxial stress states are
the exception rather than the rule. In most cases two-dimensional simulations are
performed, which of course require a two-dimensional model. In §2.4 we will outline
the behavior of concrete under bi- and triaxial loading. DIANA offers models which
describe multiaxial failure surfaces, applied in the constitutive model. In §2.4 we will
also outline the experiments that underlie this modeling. Besides, the various failure
models will be discussed.

2.2 Concrete Cracking under Uniaxial Tension

Generally it is assumed that concrete will crack when the uniaxial tensile strength is
exceeded. From the point of view of application of the Finite Element Method and
continuum constitutive models this is a suitable assumption, easily incorporated in
bi- and triaxial models. Literature provides some other failure criteria, for instance
based on exceeding a critical deformation, or an energy criterion. Hillerborg’s model
is also based on a strength criterion for crack initiation; for crack propagation an
energy criterion is applied. In §2.2.1 we will first describe the ‘Fictitious Crack
Model’ of Hillerborg and the ‘Crack Band Model’ as developed by Bazant & Oh.
After that the experimental determination of the various model parameters will be
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2.2 Concrete Cracking under Uniaxial Tension 7

described, based on the results from uniaxial tensile tests.

2.2.1 Nonlinear Fracture Models for Concrete

In 1968 it turned out that, when concrete is loaded in tension, and redistribu-
tion of stresses is possible in the experiment, an additional amount of energy is
needed to break the material completely into two pieces (see for instance the stable
displacement-controlled tension tests of Evans & Marathe [25], where a softening
branch was measured beyond maximum stress). If it is assumed, like in the Rankine
criterion, that the tensile strength is the critical parameter for concrete in tension,
then the energy dissipation is partly neglected. In the 1960’s it was attempted to de-
scribe the cracking behavior of concrete based on Linear Elastic Fracture Mechanics
(LEFM). This theory was developed successfully for the fracture of glass and brittle
materials like cast iron. For concrete, and earlier for plastic metals, matters appear
to be more complicated.
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Figure 2.1: Stress components at the tip of a crack with length 2a in a uniaxial stress
field

Figure 2.1 shows the stress components near a crack tip in an isotropic continuum.
The stress oy, at the tip is most important under tensile load, and is described by
the following equation.

o/ma . . K
Oyy = Nores cos 36 (1 —sin 16 sin 30) = \/TIW
The stress at the tip approaches infinity (if 7 — 0), which means that cracking occurs
for any external load, i.e., irrespective of the value of this load. This definitely does
not correspond to reality. The problem is overcome by choosing a new criterion
for crack propagation, namely the so-called stress intensity factor K, instead of the
classical strength criterion. The factor K indicates how critical the situation is at the
crack tip; it not only depends on the externally applied stress but is also proportional

fij (0) (2.1)
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8 Fracture of Concrete — Observations of Softening Behavior

to the square root of the crack length (2.1). This introduces a scale-dependency which
normally does not exist in continuum models. Furthermore, the equation for K holds
a shape factor. The propagation of a crack in an arbitrary geometry depends on the
boundary conditions, which is expressed by this shape factor. The linear fracture
model performs well for brittle materials. In metals, and also in ‘rock-like’ materials
(concrete, natural rock, ceramics, but also ice), numerous processes appear before
cracks actually appear. This means that the original linear model must be adapted.
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Figure 2.2: Plastic Crack Tip model (a) and analogous model for cracking in concrete
(b). Due to the lower acceptable stress for concrete, the process zone of the plastic
crack tip for concrete will be many times larger than for metals (after Van Mier [78]).
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2.2 Concrete Cracking under Uniaxial Tension 9

For plastic metals a process zone at the crack tip was introduced in the beginning
of the 1960’s. It was hypothesized that, regarding the high stress at the crack tip and
the possible occurrence of plasticity for these materials, plastic deformations should
occur prior to fracture. In literature these models are known as ‘Dugdale-Barenblatt’
models [23, 5]. As indicated in Figure 2.2, yielding occurs at the tip. For this model
it is assumed that the crack length in the calculations is equal to the original crack
length a plus the length of the plastic crack tip zone r,. Next it is assumed that
pressure equal to the yield stress o, along the length of the plastic zone, closes the
crack at the tip, and thus simulates plasticity.

The Fictitious Crack Model for concrete has been developed in analogy to the
Plastic Crack Tip model. The argumentation is identical to the one outlined for
plastic metals. Concrete can only cope with a tensile stress of 3 to 5 MPa, which
is far less than the infinitely high stress as found in the Linear Elastic Fracture
Mechanics solution. However, prior to fracture nonlinear processes occur like micro-
crack propagation. Hillerborg assumed that the stress profile over the ‘plastic zone’
in concrete would take the shape of the softening curve as observed in a uniaxial
tensile test. Figure 2.2b shows the equivalent model for concrete, placed next to the
Plastic Crack Tip model. The analogy is obvious. Figure 2.3a shows the Fictitious
Crack Model as it was published originally.
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Figure 2.3: Fictitious Crack Model (a) and Crack Band Model (b), reprinted from
Van Mier [78].

In the Crack Band Model, developed by Bazant & Oh [6], a similar approach
is followed. However, instead of a line crack, it is now assumed that a crack band
of a certain width is present [Fig.2.3b]. This assumption has the advantage that
the model can be implemented in normal finite element codes without the necessity
to specify additional interface elements, as required for the Fictitious Crack Model.
However, the ‘smeared’ Crack Band Model requires an additional parameter: the
width of the band over which the cracks have been ‘smeared-out’. Bazant & Oh
based the Crack Band Model on the assumption that a crack in concrete normally
is not a straight line, but that it follows a tortuous path due to the presence of
aggregate particles in concrete. This causes the energy to dissipate along a volume
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10 Fracture of Concrete — Observations of Softening Behavior

with distinct dimensions, instead of along a surface as assumed in Hillerborg’s model.

2.2.2 Experimental Validation

To determine the parameters in the Fictitious Crack Model it was originally proposed
to perform a uniaxial tensile test between non-rotating loading platens. Because the
model requires knowledge about softening, the experiment should be carried-out in
deformation-control. In such an experiment a regulation amplifier is used to contin-
uously adjust the loading (i.e., force) while the deformation increases linearly. The
force may either increase or decrease. An example of results is shown in Figure 2.4.

6/Gmax
non-rotating rotating
1.0+ - 1.0 1
\ [V \ moar concrete
0.8 dpg,= 2mm 0.8 - g™ 8 MM
061 0.6 ¢ M
0.4 04l 4/
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-50 0 50 100 150 200 -50 100 150 200
deformation [um] deformation [m]
(a) (b)

Figure 2.4: Result of a deformation-controlled uniaxial tension experiment between
fixed (non-rotating) loading platens (a) and between rotating platens (b) (after Van
Mier [78]).

Figure 2.4a gives a result conform the original proposal of Hillerborg. The test
specimen (a cylinder with a diameter of 100 mm and a 5 mm deep groove halfway
along the height) is loaded between platens, which cannot rotate during the entire
experiment. The deformations have been measured around the test specimen and the
bold solid line (with the symbol d) is the average of the four measurements around
the specimen’s circumference. After a maximum load has been recorded, the load
decreases quickly. Then a plateau is observed, followed by a long tail.

Figure 2.4b shows the result of a tensile test between freely rotating loading
platens. The dimensions of the specimen, and all other variables of the experiment,
were the same as for the non-rotating test [Fig.2.4a]. The only difference is the
composition of the concrete, but this does not affect the fracture mechanism. Like for
the experiment with non-rotating platens, the four individual measurements around
the specimen are indicated (enumerated 1 to 4), together with the average of these
four measurements.

Both experiments are completely comparable, the only difference being the al-
lowed rotation of the loading platens. There is a minor difference in crack initiation.
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2.2 Concrete Cracking under Uniaxial Tension 11

The experiments showed that a (macroscopic) crack always nucleates when the max-
imum tensile stress is reached. It was also observed that the maximum tensile stress
was a little bit smaller in the case with rotating loading platens. Evidently, the
fixed platens allow for some redistribution of stresses after the appearance of the first
micro-cracks. For this purpose, the cylindrical test specimens are perfect: crack ini-
tiation is possible from any weak spot around the circumference. Prismatic specimen
generally show a stress concentration at the corners, which influences crack initiation,
as confirmed by numerous tensile tests on prismatic specimens. However, the big dif-
ference is in the crack propagation phase. Photo-elastic investigations have proved
that a macroscopic crack propagates while the stress—deformation diagram describes
a descending branch (see Van Mier & Nooru-Mohamed [80]). Moiré interferometry
gives similar results (see Raiss et al. [56]). In a test with fixed loading platens, prop-
agation of a macro crack induces a load-eccentricity. Because the platens are fixed,
a counteracting bending moment will arise which temporary restrains crack propa-
gation, or sometimes may even completely stop it. From Figure 2.4a this restrained
crack propagation can be derived: it causes the plateau in the stress—displacement
diagram. At a certain point the local stress at the other side of the test specimen
rises to the level that a second crack develops which causes a steep drop of the global
stress, as can be seen from Figure 2.4a.

Fixed loading platens allow for redistribution of stresses in the cracked cross-
section. As a consequence, multiple cracks may arise and the stress—deformation
diagram shows a curious ‘bump’. Figure 2.5 shows this behavior as well as the crack
pattern that develops.
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Figure 2.5: Difference in crack mechanism in a uniaxial tension test between freely
rotating and fixed loading platens (a), and schematic stress—crack-opening diagrams
(b) (after Van Mier [78]).

For a test with freely rotating loading platens the behavior is totally different.
In this case stresses can not be redistributed during the propagation phase; after
initiation the crack will simply grow from one side of the specimen to the opposite
side. The result is a nice, smoothly falling softening branch as depicted in Figure
2.4b. The crack mechanism is shown in Figure 2.5. Actually, the smooth decrease
of the global stress indicates a gradually decreasing cross-sectional area. Figure 2.4b
also shows that during opening of the crack larger deformations occur at one side of
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12 Fracture of Concrete — Observations of Softening Behavior

the specimen, while a compressive zone develops at the opposite side of the specimen.
This justifies the conclusion that internal bending occurs in the uniaxial tensile test.

The long tail of the stress—displacement diagrams can be explained from the so-
called ‘crack bridges’ that develop in the growing macro crack. The crack is not
immediately stress-free. The development of crack bridges has been convincingly
shown by Van Mier [80, 77, 76]. The size of the largest aggregate particles in the
concrete influences the size of the crack bridges, and with that the stress that can
be transfered in the tail of the diagram. Comparing the average stress—deformation
diagrams in Figure 2.4a-b shows the relatively small difference in the tail of the
diagrams, caused by the different dimensions of the aggregate particles.

Usually the area below the softening branch is related to the total amount of
energy required for the fracture process,

Gt = /U(w) dw (2.2)

Generally a linear stress—strain behavior until peak (the tensile strength) is assumed.
Beyond the peak, the localization of deformations in a crack justifies the term ‘stress—
crack-opening diagram’. The fracture energy is equal to the area below this falling
trajectory and is expressed in newton per meter [N/m]. The fracture energy is in-
fluenced by the composition of the concrete (like the water-cement ratio, the largest
aggregate size), as well as by the maturity (age), the loading rate, and many other
parameters. Going into details about this would lead too far afield here; for further
reading see Van Mier [78]. Here we limit ourselves by mentioning that the tensile
strength of concrete may vary between 0.5 and 15 MPa, and the fracture energy
between 30 and 20000 N/m. These are very extreme values: for concrete with low
compressive strength (f. < 10 MPa) to materials with large amounts of fibers in-
corporated. The tensile strength for normal construction concrete ranges from 3 to
6 MPa and the fracture energy from 80 to 150 N/m.

We once more emphasize that the fracture energy may mot be considered as
a material property. The parameter depends on the boundary conditions in the
experiment, and on the dimensions of the test specimen (size-effect). In the Fictitious
Crack Model the fracture energy is a major parameter, but the physical basis is very
weak. Unfortunately, the area of application of the model is not generally mentioned,
but it is obvious that for very low concrete qualities, as well as for extremely high-
performance materials, the model should at least be adapted.

A parameter derived from the Fictitious Crack Model is the characteristic length
len- This parameter exclusively comprises material parameters like the modulus of
elasticity E, the tensile strength f;, and the fracture energy Gy.

EG
leh = —t (2.3)
i

The lower the value of lg,, the more brittle the material will behave. The various
materials may only be compared if the dimensions of the test specimen or structure
do not change. The only correct approach is to take the characteristic dimension
of the particular test specimen or structure into consideration. This characteristic
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2.2 Concrete Cracking under Uniaxial Tension 13

dimension can be the smallest dimension of the cross-section where the crack arises.
The brittle behavior can then be analyzed by determining the quotient of two pa-
rameters: the surface energy required to form the crack, and the elastic energy as
released in the specimen or structure (see Elfgren [24]):

L3 f?
elastic energy E Lf t2

= = 2.4
fracture energy L2Gy EG: 24

It appears that the brittle behavior does not exclusively depend on the material prop-
erties, but also on the dimensions of the structure. Equation (2.4) clearly demon-
strates the close relation between material behavior and the structural behavior. The
greatest problem with fracture experiments is to separate the effects caused by the
material and by the structure itself.

The results of the uniaxial tensile experiment in Figure 2.4 and Figure 2.5 clearly
prove that it is not easy to simply and directly measure the tensile strength and
the fracture behavior. The fracture energy measured in the test with freely rotating
platens was 30 to 40% lower than the value from the test with fixed platens. Moreover,
both the tensile strength and the fracture energy are scale dependent [Fig.2.6]. In a
series of stable deformation-controlled uniaxial tensile tests between freely rotating
loading platens, the complete stress—crack opening diagram of concrete has been
measured in a scale range of 1:32 (see Van Vliet & Van Mier [81]).
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Figure 2.6: Scale dependency of tensile strength (a) and fracture energy (b) measured
in uniaxial tension (after Van Vliet & Van Mier [81]).

Figure 2.6a shows the results of tensile tests on specimens where the moisture
content was in equilibrium with the environment (solid circles), and of tests where a
large moisture gradient was present (open circles). For the latter type of specimen,
i.e., wet specimen, only the four smallest dimensions have been tested because of
restrictions in the storage of larger specimen in a fog-room (RH = 95%). Note that
the largest specimens were 2.40 m long. All specimens were made of plain concrete,
which required handling with great care to prevent premature cracking.
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The influence of the various humidity conditions is particularly visible for the
smaller specimens. The ‘dry’ tests show, after a small increase of the tensile strength,
a gradual decrease of the strength with increasing specimen dimensions. The slope
seems to become constant beyond the third specimen size. Investigations have shown
that the strength of the dry tests, i.e., the constant slope for the four largest dimen-
sions, can be described by a Weibull model (Weakest Link model). Problems arise
for the smallest dimensions. The largest aggregates in the concrete had a size of
only 8 mm but the smallest dimension of the two smallest specimens was 37.5 and
75 mm. This comes very close to the so-called representative volume. The results of
the smallest specimens show a large scatter, which possibly justifies the conclusion
that a representative volume of 5x the largest aggregate particle in the concrete mix-
ture is inappropriate. Therefore, the smallest specimen can only be analyzed with a
micro-mechanical model.

For the smallest specimen, the results for strength are particularly affected when
high moisture gradients are present. In applied mechanics, phenomena other than
mechanical, are generally incorporated via phenomenology. An example of such a
phenomenon is drying, and the related shrinkage, which probably extends over a zone
of constant depth, is independent of the original specimen size. The results of Figure
2.6 show that the influence of non-uniform drying is not trivial: sizes that are found
in real structural applications are significantly affected by these physical processes.

2.2.3 Influence of Reinforcement

In the previous sections we have shown that in a uniaxial tensile test, depending on
the boundary conditions, redistributions of stress may appear which change the shape
of the softening curve. Apart from the boundary conditions also the bending stiffness
of the test specimen influences this ‘bump’. In reinforced concrete structures the
stresses may be redistributed because after cracking the stress, as originally carried
in the full concrete cross-section, is concentrated in the reinforcement across the
crack. This reinforcement may be internally or externally applied, but also (on a
lower material level) steel or synthetic fibers maybe as mixed into the concrete. The
shear stress—slip behavior between the bar or fiber and the surrounding concrete is of
importance to the bridging of the cracks by the reinforcement. Finite element codes
like D1ANA facilitate the simulation of this shear stress—slip behavior via interface
elements.

A variation on the interface model is the so-called Tension Stiffening Model. In
this model the behavior of reinforcement and concrete is considered entirely at the
level of the constitutive models. With such a ‘smeared’ approach, the stiffness of the
elements must be estimated correctly, considering the reinforcement/concrete ratio.
We will not enter into details on this subject, which as such can become very complex
for various reinforcement configurations.
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2.3 Failure under Uniaxial Compression

In addition to the previously described failure under uniaxial tension, fundamental
failure of concrete can also be studied under uniaxial compression. The compression
situation is more complex because apart from cracking! also shear will occur. Pos-
sibly, the compressive test is the most common test in concrete practice. Generally
speaking, for reinforced concrete structures tensile cracking is the governing factor.
However, in some situations compressive failure may occur, like, for instance, in the
case where the rotation capacity of beams and plates is considered. In such situa-
tions a proper understanding of concrete failure, both in tension and compression,
is essential. In this section we will treat the behavior of concrete under uniaxial
compression in more detail.

With respect to compression, phenomenological descriptions of behavior have pre-
vailed over the years. In the 1970’s and 1980’s general applicable constitutive equa-
tions for concrete under multiaxial stress were developed. The uniaxial compressive
state of stress is a particular case. We will now first describe some important ob-
servations in experiments under uniaxial compression. After that, we will describe
the model of Markeset [50] which elaborates on these experiments. In this case,
the experiments have significantly pushed the development of models in the right
direction.

2.3.1 Experimental Validation

In a standard compression test, a concrete cube of 150 mm is loaded between two stiff
steel loading platens. Of course, the contact surfaces must be flat to ensure a proper
transfer of the stresses from the loading platens to the test specimen. The loading
apparatus has a ball hinge at one side to set off slight obliqueness of the specimen.
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Figure 2.7: Triaxially confined influence zones in concrete prisms, loaded vertically
between stiff steel loading platens (reprinted from Van Mier [78]).

The failure pattern is well-known: two pyramidal rest-parts and a crushed center
zone are formed in a load-controlled test. Thus, the failure pattern is far more

I Cracking at grain level of the concrete; note that in continuum mechanics no tensile stresses are
generated in a compression test.
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complex than under uniaxial tension. The pyramidal parts are due to disturbance of
the state of stress near the stiff loading platens.

During application of the loading, the difference in Young’s modulus E and Pois-
son’s ratio v for steel and concrete enables the development of inward directed fric-
tional forces between the loading platens and specimen. The frictional forces appear
in two mutually perpendicular directions. In combination with the axial pressure this
yields a triaxial compressive state of stress in the end-zones of the specimen. The
affected zones are of constant dimension: about half the diameter of the specimen.
Tests on specimens of various slenderness (various lengths with equal cross-section),
lead to the picture of Figure 2.7. For very slender specimens, the influence zones are
clearly separated; for lower slenderness the zones may overlap.

The specimens strength becomes dependent on the slenderness due to these end-
effects. Short specimens are in a state of triaxial compression, and yield a higher fail-
ure strength than more slender specimens where a larger part of the specimen volume
is under a more-or-less uniaxial state of stress. The relation between failure strength
and slenderness is shown in Figure 2.8. Immediately the question arises: “What
is the uniaxial compressive strength of concrete?” For slender specimen (h/d = 2
to 2.5), the curve approximates an asymptote. This value is generally assumed to
represent the compressive strength of concrete.
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Figure 2.8: Influence of specimen slenderness on the uniaxial compressive strength
of concrete (reprinted from Van Mier [78]).

When friction reducing layers are placed in between the steel loading platens
and the concrete specimen, the observed strength is almost constant for varying
slenderness. Such results are also depicted in Figure 2.8. They indicate that friction
is the primary cause of the varying compressive strength. The ‘flexible’ loading
platen, referred to in Figure 2.8, is a loading system with low friction, developed
by Schickert [62]. The friction coefficient is a bit higher than for Teflon, but still
considerably lower than for dry steel platens.

Figure 2.9 shows four diagrams of axial stress against axial strain, measured for
test specimens of various slenderness, various concrete quality, and loaded between
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Figure 2.9: Influence of specimen slenderness and concrete quality on the uniaxial
stress—strain diagram of normal concrete (a,b) and high strength concrete (c,d). Re-
sults have been obtained with specimen loaded between stiff steel platens (a,c) or
between low friction platens (b,d) (reprinted from Van Mier [78]).

various types of loading platens. The two figures at the left (a,c) show the results
obtained from specimen loaded between stiff platens; the two graphs at the right side
(b,d) have been obtained with a friction-less interlayer. These results clearly show
the differences in maximum stress. In addition, the deformations also increase when
no friction-reducing interlayers are used. Most notable is the increasing ‘toughness’
in the softening zone when the friction between loading platens and specimen is at
its maximum. This phenomenon has been observed previously by Kotsovos [44]. It
induced him to conclude that the behavior beyond the peak could best be described
by means of a purely brittle fracture model. He thought that the entire softening
behavior could be explained from the boundary conditions during the experiment.
This is a risky conclusion. Indeed, when the direction of the friction between loading
platens and specimen changes, a splitting crack with a very brittle character may
arise. However, this brittle behavior is most likely caused by an erroneously selected
deformation parameter, which is used to control the experiment. Looking at the
results in Figure 2.9, particularly the results with friction-reducing measures, it ap-
pears that for similar deformation in the softening regime the curve for the 100 mm
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cubes shows stresses which are approximately 2x as high as for the 200 mm high
prism.
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Figure 2.10: Localization of deformations in the softening regime for concrete loaded
in uniaxial compression (reprinted from Van Mier [78]).

If only the deformations beyond the maximum stress are plotted against the
stresses, then the diagram of Figure 2.10 is obtained. This figure shows the post-
peak curves for measurements with specimen of various slenderness and between
various loading platens: brushes, steel platens with Teflon interlayer, and massive
steel platens. The stress-axis is shown in dimensionless form to enable comparison.
For each type of loading platen the results for various slenderness come in a narrow
bundle. In other words: the post-peak behavior seems to be independent of the spec-
imens’ slenderness when the deformations rather than the strains are plotted along
the horizontal axis against the (dimensionless) stress. This proves that localization
of deformations occurs beyond the peak, analogous to the failure of concrete under
uniaxial tension. The difference is that for compressive experiments the actual failure
pattern is obscured by the more distributed crack propagation.

The area below the stress—strain curve could be associated with the fracture
energy of concrete under compression, as for the tensile experiment. By measuring
the crack surface, Vonk has tried to compute the fracture energy under compression
from the fracture energy under tension [93]. Microcracking is an important part of
the fracture process under compression, but it does not account for the total energy
dissipation. A similar conclusion was drawn earlier by Attigobe & Darwin [3]. In the
next section we will describe a model where efforts have been made to separate the
various mechanisms.

In conclusion, the following remarks are made. For compressive experiments, the
rotations of the loading platens and the possible friction between loading platens
and test specimen are of the utmost importance. Recently, the RILEM Technical
Committee 148-SSC has proposed a standard experiment to determine the strain-
softening curve under uniaxial compression [58]. The proposal is to load 200 mm high
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prisms between platens with Teflon sandwich layers to reduce the friction. One of
the most important reasons is that such experiments show considerably less scatter.

2.3.2 Compression Damage Zone Model

As discussed previously, localization of deformations occurs, which requires a fracture
mechanics approach to correctly describe the behavior in compression. Recently
two models have been developed: the CDZ model by Markeset [49], and the BDZ
model by Konig et al. [43]. Basically both models are comparable, therefore we will
restrict ourselves to a global description of Markeset’s CDZ model. The Compression
Damage Zone model is an elaboration of an earlier model by Hillerborg [36]. In
analogy with the model for tension, Hillerborg’s model discerns a localization zone
when the material has reached the maximum compressive strength. In that case, the
total deformations comprise an elastic part, and a nonlinear part which covers the
localized deformations.

Considering that distributed crack formation occurs around the localized crack
zone evidently induces some additional energy dissipation. Markeset introduced this
energy dissipation from distributed cracking as a third component. Moreover, the
linear elastic zone (before the peak) was converted into a nonlinear elastic behavior.
The three types of behavior may then be described as follows [Fig. 2.11].

€d

ot T

Figure 2.11: Compression Damage Zone model to describe concrete behavior under
uniaxial compression (from Markeset [49]).

Regime 1: the material behaves nonlinearly elastic, i.e., it has not yet exceeded the
maximum stress and remains (macroscopically) uncracked (o).

Regime 2: describes the cracked material outside the localization zone with a rela-
tion between stress and additional strain (o—¢4).

Regime 3: describes material in the localization zone (‘shear band’) with a stress—
deformation relation (o—w), which actually describes the transfer of friction in
the shear band.
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The model of Figure 2.11 shows an additional parameter: the localization length
LY. Generally this length is assumed to be two to three times the width of the test
specimen. The total strain in the model is then described as

Em =€+ €q+ v (2.5)

L
The extension in relation to Hillerborg’s 1990 model is the strain component eg4.
With Markeset’s model the rotation capacity of beams can be described adequately.

It must be stated here that generally, localization causes problems in the Finite
Element Method where a continuum model is applied to describe crack formation
and localization. The definition of strain conflicts with the physically observed de-
formation and induces mesh dependency. To avoid this mesh dependency, generally
higher order continuum models are introduced with an additional parameter to de-
scribe the average influence of microstructure. Possibly, here we reach the frontiers of
applicability of continuum mechanics, albeit that the majority of applied mechanics
experts will not accept this.

The fact remains that under tensile as well as under compressive loading the
failure of concrete is a gradual process of microcrack propagation to localization
of deformation in a single macroscopic crack, where the material has broken into
two or more discrete pieces. Particularly the fracture phase has little to do with
a continuum, and hence I am confident that here it would be better to follow the
physics of the fracture process. It would lead too far afield for this chapter to go
into more detail about this. For a more comprehensive discussion on this subject,
the interested reader is referred to Van Mier [78].

2.4 Multiaxial States of Stress

In the previous sections we have described the complex behavior under uniaxial
tension and uniaxial compression. Basically these are the most simple loadings.
Generally speaking, reinforced concrete structures are subjected to multiaxial states
of stress. For most of the applications a biaxial description is more than adequate.
However, exceptional three-dimensional structures, like for instance components of
off-shore platforms or nuclear reactors, may require a more general description in
three dimensions.

In the 1970’s and 1980’s triaxial stress situations have been studied thoroughly.
Models have been developed to describe the bi- and triaxial failure envelope as well
as numerous constitutive models which more or less adequately describe the stress—
deformation behavior. A triaxial failure envelope is an essential part of most of these
models. This is a complex curved cone with the apex in the triaxial tensile domain;
it is assumed that the cone is open-ended in the triaxial compressive domain. Math-
ematical description is complex; however, in the past a number of models has been
developed that approximate the envelope reasonably well. It must be considered that,
due to the complexity of triaxial experiments, the scatter is rather large. Especially
in zones where the material is not only loaded in compression but also in tension,
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in one or two directions, the experiments are extremely complex, demanding, and
time-consuming.
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Figure 2.12: Biaxial failure envelope according to Kupfer [45]

Probably, the biaxial envelope has been best determined by Kupfer [45] [Fig. 2.12].
It is common knowledge that for biaxial compression the strength is about 20%
higher than for uniaxial compression. The increase in biaxial strength appears to
be independent of concrete quality. As soon as the loading is compressive in one
direction and tensile in the other direction, then the strength decreases considerably
compared to the uniaxial compressive strength. The effect of the tensile component is
disastrous: the microcrack processes, which normally are very stable in a compressive
stress field, are accelerated considerably. This causes failure at substantially lower
levels of loading.

Here we do not describe the triaxial failure envelope. Again, the interested reader
is referred to Van Mier [78], who gives a comprehensive overview. Chen [14] also
gives an excellent overview of the various mathematical descriptions of the failure
envelopes for concrete; the models are presented in order of increasing number of
parameters. It is no surprise that the accuracy of the ‘fit” increases with the number
of parameters. The five-parameter model, developed by William & Warnke [95],
seems to be quite optimal. It comprises five parameters that can be derived from the
strength under certain loading combinations in the triaxial tensile and compressive
domain. It turned out that the parameter set determined on a data set by Schickert
& Winkler [62] also reasonably satisfied the experiments by Van Mier [75].

It would lead too far to repeat every detail. However, the following is of im-
portance. Depending on the loading situation, various failure shapes may occur.
Generally, the material will show cracks at right angles to the least loaded direction.
For instance for biaxial compression this means that failure occurs due to splitting
of the concrete in the plane through the two principal loading directions. This type
of cracking is rather brittle, hence special control methods are required to maintain
stability during the entire test. In case of a third compressive stress, failure will occur
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in the least compressed direction. However, when the third compressive stress be-
comes too high, the material can behave as plastic metal and huge deformations may
occur. Due to this observation a model for triaxially loaded concrete is often based
on the theory of plasticity. However, in most triaxial stress states the deformations
will localize as well. This is obvious when a tensile component is present. If, on the
other hand, triaxial compression is concerned, a distinct shear band appears as shown
in Figure 2.13. The width of the shear band depends, among other things, on the

axial stress &

axial displacement &

Figure 2.13: Shear-band formation under triaxial compression (reprinted from Van
Mier [79]).

compressive state of stress and on the material structure (for example the maximum
aggregate size). As stated previously, an increasing of the minor compressive stress,
will lead to plastic material behavior. At a particular value of the minor compressive
stress, depending on the material structure, the fracture will change from brittle into
plastic. More fine-grained materials show this transition at a higher value of the
minor stress. In case of plastic behavior a shear-band will still appear, however with
a considerably larger width.

The above description is qualitative, but indicates that localization is problematic
under virtually all stress situations. As stated earlier, for me it looks quite senseless
to try to describe a jump in the displacement (which always accompanies the local-
ization) by means of a continuum model. The physics of fracture and cracking must
form an integral part of the model, otherwise no crack analysis whatsoever will be of
predictive value. This is exactly what has always been the challenge in the Concrete
Mechanics project. It is now on the model developers to develop more realistic, phys-
ically based models for fracture of concrete. This is just what they have managed
to avoid in recent decades. Fortunately, the majority of the analyses as performed
until now have not proceeded up to the failure limit. However, for rotation capacity
predictions this is absolutely required and therefore a thorough adaptation of the
models must be considered.
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2.5 Conclusions

This chapter has described the behavior of concrete under uniaxial tension, uniaxial
compression and under multiaxial states of stress. The overview is as restricted
and global as can be outlined in limited available space. To describe the concrete
behavior under uniaxial tension and uniaxial compression, in recent decades fracture
mechanics theories have been applied. However, these theories have been adapted
such that a continuum approach remains feasible. In my opinion this adaptation
does no justice to the physics of crack formation, and therefore the models can never
lead to correct predictions.

The major conclusion to be drawn from the above observations and descriptions
are the following:

1. Localization of deformations occurs under uniaxial tension. The softening di-
agram under tension, representing this localization, depends on the boundary
conditions in the experiment and on the size of the test specimen. Hence,
strictly speaking, softening is not a material property.

2. The same can be concluded for the behavior under uniaxial compression. Also
here softening and localization are not properties of the material, but combined
material/structural effects.

3. Also under multiaxial compressive states of stress localization occurs. However,
for increasing values of the minor compressive stress the behavior will change
from brittle to ductile. Beyond the brittle-ductile transition a continuum model
seems to be useful. However, such situations will not be met often in common
concrete structures.

4. Size/scale effects can not be neglected: structural as well as material influ-
ences on fracture properties must be considered. In recent decades valuable
information about this has been obtained from experiments.

ot

Until now, experiments have provided a good insight in the physics of fracture.
It would be my wish that the modelers should take up the challenge to develop
more physically based models in a finite element environment. The concrete
mechanics approach would certainly benefit from such a model, and it is to
be expected that the current ‘post-diction’, can be directed toward real ‘pre-
dictions’.

Finally I would like to emphasize that this chapter describes the failure behavior
under uniaxial tensile and compressive loading only very globally. Also the behavior
under multiaxial loading has been described very briefly. Phenomena like shear
deformation in cracks, bond of steel and concrete, and others, are of equal importance,
but these have been omitted here in view of the limited space. A more comprehensive
overview can be found in Van Mier [78].
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Chapter 3

Comparison of Concrete
Models for Cyclic Loading

P. H. Feenstra
Cornell Theory Center

J. G. Rots
Delft University of Technology, Faculty of Architecture

Abstract!. We present four popular constitutive models for reinforced concrete
and compare the models on their merits for monotonic and cyclic loading. Whereas
the behavior for monotonic loading does not differ much between the different models,
the behavior for cyclic loading shows dramatic differences.

3.1 Introduction

Failure assessment of concrete structures is mainly dependent on the proper model-
ing of the constitutive behavior. Concrete is a heterogeneous material that resists
compressive stresses relatively well, but can only resist small tensile stresses with a
fast reduction of the stress after the peak stress has been reached. This quasi-brittle
cracking behavior is also known as tension softening which results in a full separation
of the material. This phenomenon can be modeled with the finite element method
in different ways but in this study we will consider the cracked material still as a
continuum where the cracking is modeled in a more phenomenological sense. The
latter approach is known as smeared cracking which models the quasi-brittle material
with a reduction of the strength of the material as a function of the loading history.

Under compressive loading, concrete also shows a nonlinear behavior where under
uniaxial loading the material behaves approximately linear until one third of the

IThis chapter is a reprint of an article in the ASCE Special Publication [29].
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compressive strength. After that the behavior is nonlinear until the compressive
strength, after which a decrease in the allowable stress is observed. The failure
mechanism in compression is mainly isotropic, distributed small-scale cracking. This
crushing mechanism is modeled with a continuum approach similar to the model used
for cracking in this study.

The cyclic behavior of concrete is more complicated because of the complex mech-
anisms that occur during crack closure and re-opening, either with the localized crack-
ing in tension, or the distributed cracking in compression. However, we can observe
a more secant type of unloading and reloading in tension, and more elastic unloading
and reloading in compression. The shear capacity, necessary in seismic regions to
resist the earthquake loading, is mainly due to increased shear strength because of
the confinement of the concrete. The confinement is often obtained in structural
elements by the hoop reinforcement in column and beams. However, in this study we
will concentrate on the cyclic behavior by comparing a shear wall structure. In these
types of structures confinement is more difficult to obtain and therefore we assume a
plane stress situation. We model the reinforcement in the structure with embedded
reinforcement assuming perfect bond. So in conclusion, we restrict our application
area such that we can concentrate on the cyclic behavior of the constitutive models.

3.2 Description of Constitutive Models for Con-
crete

As discussed above, we assume that the damaged concrete can be described with a
continuum approach. Two ways exist to model the cracked concrete as a continuum.
The first is to decompose the strain into a part that represents the concrete between
the cracks, and a part that represents the smeared cracks. Such ‘decomposed strain-
based models’ are conceptually elegant as they allow for a separate treatment of
softening for the cracks and elasticity and/or plasticity for the continuum in between
the cracks. The second way is to start from the notion of a total strain for the cracked
material. These ‘total strain-based models’ describe the material via stress-total
strain relations. This gives less flexibility for incorporating sophisticated crack laws,
but the idea is conceptually simple and appealing to practicing engineers who think
in terms of stress—strain relations rather than sophisticated crack laws or abstract
yield functions.

Examples of the decomposed strain model for the tensile regime are the Rankine
plasticity model [27, 51] and the multiple-fixed crack model [20, 60]. A popular
decomposed strain model for compressive crushing is a plasticity model, e.g. Drucker—
Prager or in plane stress the Von Mises yield criterion. The models for tension and
compression can be combined, so that we arrive either at a full Rankine—Von Mises
plasticity model, or a combination of the multiple-fixed crack model for tension with
Von Mises plasticity for compression. Regarding total strain-based models, both
tension and compression are captured within the same framework, via the engineering
stress—strain laws for tension and compression respectively. Here, two variants exist.
The total strain-based fixed model is an extended fixed, orthogonal crack model, and
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the total strain based-rotating model is an extended rotating, orthogonal crack model
[30].

Another approach for modeling constitutive behavior in concrete is damage-based
models. A theoretical comparison of an isotropic damage model and a plasticity-
based decomposed-strain model is discussed by Feenstra and De Borst [28]. In that
study the damage model has only been applied to an elementary example to show the
basic behavior of the damage model. The study of Rots [61] showed that the isotropic
damage model performs well in an analysis of a plain concrete notched beam under
three-point bending because it avoids stress locking. The isotropic damage model
is, however, not applicable to model the stress redistribution in reinforced concrete
structures like shear walls, because isotropic reduction of the stiffness would limit
the ability to create compressive struts that work together with the reinforcement in
tension.

This study aims at a comparison of four different models (multiple-fixed crack
model with Von Mises, Rankine-Von Mises, total strain-based fixed, and a total
strain-based rotating model) to compare the behavior for large-scale analysis of re-
inforced concrete structures under cyclic loading.

3.2.1 Multiple-Fixed Crack Model with Von Mises Crushing
Model

The first model we discuss in this study is the combination of the multiple-fixed
crack model [20, 60] and the Von Mises plasticity model to describe the compressive
regime. This model is based on strain decomposition according to

e =g + E(.Crk + gt (31)

with the total strain vector €, decomposed into an elastic part €°, a cracking part
€“k and a crushing part €. The stress vector is then given by the elastic stiffness

matrix D€, and the elastic part of the strain vector according to
o =D°{e— " -} (3.2)

In this study we assume an isotropic elastic constitutive relationship with the stiffness
matrix defined in a plane stress case as

1 v 0

e E 14 1 0
D= s = (3.3)

0 0 5

The crack strain vector is given by the summation of the crack strain vectors over

the number of cracks ncpx
Nerk

K K
e =2 e (3.4)
i=1
The crack strain vector of the i-th crack is given by the transformation

el = N ey (3.5)
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with the strain transformation matrix

c0322 b +2sin ¢y;) cos d(;)
Ny = . sin” ¢ —22sin b c'OSQ(b(i) (3.6)
Sin @(;) COS P(5)  COS™ P4y — Sin” Py

See Figure 3.1 for the different coordinate systems where two cracks are depicted.
Note that in this model two cracks are not necessarily orthogonal. The local crack

S1

SQ\ /\ /
@ g,
Ezﬁ%)

crk crk
ng tnn tns

DII
x o e
Figure 3.1: Multiple-fixed crack model
stress vector is determined by the static constraint
k k crk

The stiffness matrix D‘ES‘ is the relationship between the crack strain and the crack
stress of the i-th crack

DL 0
D = [ o Dg)] (3.8)

which can be elaborated for linear tension softening and a constant shear retention

factor 3, as
crk crk
ft (eult _enn) 0

crk __ €Crk 6%1;1;
D(z) = ult ﬁ
0 —0G

1-p
The stiffness terms in this matrix are schematically shown in Figure 3.1. The rela-
tionship between the stress and the strain vector for damaged concrete is now derived
from the elastic stress update,

Nerk
o =D " =D¢ {E—Zeg)k—sc“‘} (3.10)

i=1

(3.9)

To simplify the notation, we do not write the crack strain vector as the summation
of the local crack strain vectors. Instead, we write [57],

ek = Uek (3.11)
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with the generalized transformation matrix
U = [N@), Ny, -, N (3.12)

Furthermore we have the generalized local crack stress vector and generalized local
crack strain vector,

crk crk
t) ()
crk crk
. t) . e
tork = _ etk = . (3.13)
crk crk
(Merk) e(ncrk)

and the local crack stress—strain relationship given by

DEk 0 ... 0
crk
) 0 D 0
D" = ) . ) . (3.14)
0 0 ... D
Merk)

assuming no direct interaction between the different cracks.
The generalized local crack strain can be found by pre-multiplication with U™
which results in

UTo =U"D — UTD°Ue™ — UT D =tk = Dk gk (3.15)
so it follows that
e = [D7F + UTD° U] UTD* {e — ™™} (3.16)
The updated stress vector is finally given by
o =D {e _Uedk o}
= [D°-D*U D" + U'D* U] U D°| {e - e} (3.17)
— Do fg — goru)

With which the update of the stress vector solely depends on the updated crushing
strain vector €. See for more details about the multiple-fixed crack model [60].

The crushing strain vector is governed by a flow theory of plasticity where we
assume the Von Mises yield surface as the failure surface and the potential surface.
The crushing strain rate vector is then given by the following relationship,

0 fvm
oo

éCI’U — Avm

(3.18)
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with the complementary Kuhn—Tucker conditions
j\vm > 0 fvm < 0 }\vm fvm =0 (319)

The Von Mises yield surface is here defined in the square root form,

fom =1/20"Pyno — fe (3.20)
with the projection matrix
2 -1 0
Pim=3%[-1 2 0 (3.21)
0 0 6

It is tacitly assumed that the compressive behavior is modeled elastic-perfectly plas-
tic. The updated crushing strain is now determined by

Ecru — E.Cl‘u + Aecru (322)
so that the updated stress is given by
o= DCI‘CO {e _ sCI"ll _ AECI‘H} (3.23)

Substituting the crushing strain increment,

Pono
Ae™ = Al 50 (3.24)
with Uy, = 1/%0'TPvm0' finally gives the updated stress vector,
o= {I + Ay DY°P,, - ol (3.25)
2Wm
with the elastic trial stress given by
o? =D [ — "} (3.26)

If the elastic trial stress does not violate the yield condition in (3.20), the updated
stress is given by the elastic trial stress, otherwise the return-mapping procedure
presented in (3.25) should be applied. The relationships presented in (3.17) and
(3.26) are in general nonlinear and need an iterative solution to solve the system such
that the resulting stress situation both complies with the cracking model and with
the plasticity model. For a more comprehensive discussion about smeared cracking
and plasticity see [19].
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Figure 3.2: Rankine plasticity model

3.2.2 Rankine—Von Mises Plasticity Model

This plasticity-based model is also defined in terms of strain decomposition according
to (3.1) and the stress vector is again given by (3.2). The plasticity model that
describes the tensile failure surface governs now the crack strain rate vector,

O fra
oo

and the crushing strain vector by the plasticity model describing the compressive
failure surface,

écrk _ >\ra

(3.27)

\ afvm
™ = Aom 3.28
€ Yo (3.28)
with the conditions
)'\r' 2 0 re S 0 Ar ra — 0
. a fa . afa (329)
AvaO fvaO )\vmfvm:O

The failure surface for tensile failure [Fig. 3.2] is given by the Rankine yield condition,

fra =V %GT P.o+ %WTU - q(ara) (330)

The projection matrix of the Rankine criterion is given by

1 -1 0
P.=1[-1 1 0 (3.31)
0 0 4

The failure surface for the compressive stresses is given by the Von Mises yield con-
dition (3.20). The stress update is again dependent on the updated cracking and
crushing strain which are now both given by the flow theory of plasticity,

ek = gk Aok (3.32)
€CI'11 — €CI"IJ _|_ AECI‘U (333)
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so that the updated stress is given by
o =D°{e— ™ — ™™ — Ae”* — Ag“M} (3.34)
Substituting the cracking and crushing strain increments,

P, Pym
Ascrk = A)\raﬁo- + A)\ra ™ and At = AAvmfo- (335)

with U, = 4/ %O'T P., o and Uy, defined earlier, this finally gives the updated strain
vector,
A Adym -

e e E 1 e
2. D°P,, + 0. D°Pyn| {o” - 1AN.D°7} (3.36)

o= {I—i—

with the elastic trial stress given by
O'E — D¢ {E _ Ecrk o Ecru} (337)

Again, if the elastic trial stress does not violate both yield conditions of (3.20) and
(3.30), the updated stress is given by the elastic trial stress, otherwise the return-
mapping procedure presented in (3.36) should be applied. The relationships pre-
sented in (3.36) are in general nonlinear and need an iterative solution to solve the
system such that the resulting stress situation both complies with the Rankine failure
condition and the Von Mises yield condition. For more details about the formulation
and implementation details of the Rankine-—Von Mises model see [26].

3.2.3 Total Strain-based Models

The constitutive models presented so far are both based on strain decomposition.
The following class of models is based on total strain, i.e. the internal state is fully
described by the components of the updated strain vector and the internal variables.
The basic assumption in a total strain-based model is that the constitutive relation-
ships are evaluated in a rotated, local coordinate system defined by an assumption
for the crack initiation. The global strain update is given by

Epy = Egy + A€ (3.38)
The local strain vector is now determined as
ens = T (") €y (3.39)

with "¢ the angle between the global coordinate system zy and the local coordinate
system ns, determined at some time 7. In a plane stress situation the angle is given
by

™y
xr

o = % arctan — yT
Exzx — Eyy

(3.40)
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.
\ ¢ afj

Figure 3.3: Total strain-based models

See Figure 3.3. Note that for the total strain-based model, two cracks are necessarily
orthogonal. For a total strain-based fixed model the time 7 is given by the first
occurrence of the violation of the failure condition in tension. For the total strain-
based rotating model the time 7 is given by the current time ¢4+ At. Given the angle ¢
between the local and the global coordinate system the strain transformation matrix
is given by

cos? ¢ sin’ ¢ +sin ¢ cos ¢
T(¢) = sin? ¢ cos? ¢ — sin ¢ cos ¢ (3.41)
—2singcos¢p +2singcosp cos® ¢ —sin® ¢

The stress vector in the local coordinate system is given by the general relationship
Ons = D(ens) €ns (3.42)

With the assumption of a co-rotational concept between the local strain vector and
the local stress vector the updated stress vector in the global coordinate system is
given by

ooy =T (") ops (3.43)

With these equations the whole concept of total strain-based models is explained and
we only need to specify the constitutive relationships in the local coordinate system
(3.42). Tt is emphasized that these relationships are equal for the fixed and the
rotating version of the total strain-based models. The formulation of the constitutive
model in the local coordinate system is possible in a large number of ways. In this
study we choose an equivalent uniaxial strain concept in which the stress in a certain
direction is schematically given by

Oij = fij(afj) 'Qij(afj,&j) (3.44)

with the subscript ij the direction under consideration, either nn, ss, or ns. The
general nonlinear function f;;(a;;) is a function of an internal parameter «;;, which is
here assumed to be determined by the maximum strain experienced in the direction ij
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either in tension, s equals ‘t’, and in compression, s equals ‘¢’ [Fig. 3.3]. The loading—

unloading function gij(afj, €i;) is assumed to be linear in tension and compression,
s ..

ag; — €ij

- (3.45)

gij(aij,€ij) =1 — ——
ij

The model monitors the damage in the material with six different internal parameters,
two in the normal tensile direction, two in the normal compressive direction, and in
principal two in the shear direction. The implementation of the various functions
can be quite complicated but there is no iteration involved in the stress update: as
soon as the internal variables are updated from the updated strain, the stress can be
determined directly. See [30] for more information.

3.3 Application

We will discuss the behavior of the different models under monotonic and cyclic
loading with the failure assessment of a shear wall panel. The geometry, materials,
and boundary conditions are chosen similar to the shear wall panels experimentally

oy vy v

240 o >u

Y 100 400
|| flange
1200 P = 0.103 py = 0.116 100
py = 0.116
380 base slab
260 1180 260 700

Figure 3.4: Shear wall panel — geometry and boundary conditions (measures in mm)

tested by Maier and Thiirlimann [48] but we do not have the intention to model the
observed failure mechanism in this study. For more information about simulation of
these panels see [26]. Here we concentrate on the differences and similarities of the
presented models under monotonic and cyclic loading.

The geometry and boundary conditions are shown in Figure 3.4. The web, flanges,
and top slab are discretized with 204 four-node plane stress elements with full (four
point Gauss) integration. The base slab is replaced by fixed boundary conditions in
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Table 3.1: MATERIAL PROPERTIES FOR THE SHEAR WALL

Concrete
Young’s modulus E 30000 | [N/mm?]
Poisson’s ratio v 0.15 -]
tensile strength It 2.2 [N/mm?]
ultimate tensile strain | ek | 0.0014 | [-]
shear retention factor | 0.05 | [-]
compressive strength | f; 27.5 [N/mm?]
Reinforcement
Young’s modulus E 200000 | [N/mm?]
yield strength foy 574 [N/mm?]
hardening modulus Es | 8000 | [N/mm?]

the horizontal and vertical directions. The reinforcement is modeled with embedded
reinforcement grids in the web and the flanges. The structure is initially loaded with
a total vertical load F equal to 433 kN resulting in an initial vertical stress in the
web equal to approximately 2.5 N/mm?. The horizontal load is applied in the center
of the top slab as a prescribed displacement uy,, monotonically increasing in the case
of the monotonic comparison, and cyclic in the case of the cyclic comparison. The
top slab is kept linear-elastic, i.e., no cracking or crushing is modeled. The flanges
and the web are modeled with the different material models discussed previously.
The material properties of the flanges and the web given in Table 3.1 are applied to
all models, insofar these are appropriate. The reinforcement ratios of the flanges and
the web are given in Figure 3.4 with the material properties given in Table 3.1. The
uniaxial stress—strain curves of the concrete and steel models are shown in Figure
3.5.
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Figure 3.5: Uniaxial stress—strain relationship of concrete (left) and reinforcement
(right)

For the fixed crack models, i.e., the multiple-fixed crack and the total strain-based
fixed crack model, the choice of the shear retention factor 8 remains a subtle ques-
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tion. Although physically speaking some non-zero shear retention factor, preferably
decreasing with increasing normal crack strain <X would be realistic, numerical
studies show that a very low, almost zero, value yields the best results which is
related to the issue of stress locking [60].

The compressive behavior is modeled with a constant compressive strength (elastic—
perfectly plastic). A recent study [7] shows, however, that modeling of the softening
behavior in compression is of utmost importance for accurate simulation of cyclic
behavior. In this study we want to concentrate on the similarities and differences of
the models for the unloading-reloading behavior and eliminate all other influences
by assuming ideal behavior as much as possible. For a more realistic simulation of
cyclic behavior of reinforced concrete, the compressive softening should be included,
see [7].

The structure is analyzed for monotonic and cyclic loading for the four constitu-
tive models described before:

1. multiple-fixed crack model with Von Mises to model the crushing (MFCMVM);
2. Rankine—Von Mises plasticity model (RANVMI);
3. total strain-based fixed model (TOTFIX); and
4. total strain-based rotating model (TOTROT).
In the next section the comparison for monotonic and cyclic loading is presented and

in the final section [§3.5] we will discuss the results and explain the basic features
underlying the similarities and the differences.

3.4 Analysis

The monotonic analysis is performed by first applying the vertical loading, followed
by a monotonic increase of the prescribed displacement at the center of the top slab.
Because we do not consider any inertia effects, the loading is considered being applied
in the time domain where the concept of time is solely used to order the sequence of
events. Figure 3.6 shows the loading function. The results are shown in Figure 3.7
where the push-off force is shown against the displacement of the center of the top.

Un
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T time
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Figure 3.6: Monotonic loading history for shear wall
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From these results it becomes clear that the differences between the various models
are small. The differences are only present in the limit state where yielding of the

. TOTFIX
i MFCMVM
& 1000
=
<
2
E 7504
g TOTROT and RANVMI
= 500 A
250

T T T T T T T T T T T

5 10 15 20 25 30
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Figure 3.7: Load-displacement history for monotonic loading

embedded reinforcement dominates the global behavior. The total strain-based fixed
model results in the highest ultimate load, followed by the multiple-fixed crack model
with the Von Mises crushing model. The results of the Rankine—Von Mises model
and the total strain-based rotating model are almost the same.

The structure is subjected to cyclic displacement of the center of the top according
to the scheme presented in Figure 3.8. The loading is chosen such that the loading—
unloading cycles are at the position where the crack patterns develop, see the load-
displacement history for the monotonic loading in Figure 3.7: between zero and ten
millimeters displacement. We apply five full cycles with increasing amplitude from
1.0, 2.5, 5.0, 7.5, and 10.0 mm. The results for all models are shown in Figure 3.9.
It is clear that the results are quite dramatic for the Rankine—Von Mises model.

10 4
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V 20v 0\ 6 g0\ 100 120
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Figure 3.8: Cyclic loading history for shear wall
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horizontal load F[kN]
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Figure 3.9: Load-displacement history for cyclic loading

The model dissipates too much energy in cyclic loading, resulting the model to be
useless for earthquake simulations. The results of the other three models are more
similar, although this is a little obscured by the results of the Rankine—Von Mises
model. We will discuss the results in the next section and give an explanation for
the pathological behavior of the Rankine-Von Mises model.

3.5 Discussion

The behavior of this type of structure under monotonic and cyclic loading is primar-
ily caused by two different aspects of the constitutive models: firstly the allowable
stress states defined by the failure surfaces, and secondly the unloading and reloading
behavior. In the case of monotonic loading the failure surface and the evolution of the
failure surface dominates the behavior. Although due to redistribution of the internal
force in the structure unloading and reloading at the local level may occur, it is never
dominating the response. In case of cyclic loading, the failure surface and the evolu-
tion are still important, but the unloading and reloading of the models will dominate
the behavior. In other type of structures, for instance in shear-critical beams, other
aspects can influence the results. Especially in case of high shear deformation along a
discrete crack the rotating crack models perform poorly [88]. In these cases, however,
one could argue the validity of the assumption of smeared cracking. For the current
study we neither have dominant cracks nor large rotations of the principal strain
directions and we can restrict ourselves to the discussion of the unloading-reloading
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models.

The similarity in the monotonic response is primarily explained from the failure
surfaces of each constitutive model. The allowable, elastic stress space in plane
stress is shown in Figure 3.10 for the different models. In the shear wall, a tension—
compression stress state prevails. In this regime the differences between the two
models are small.
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Figure 3.10: Failure surface for multiple-fixed crack model with Von Mises and for

Rankine—Von Mises (left) and for the total strain-based models (right) compared to
the biaxial data of Kupfer and Gerstle [46]
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Figure 3.11: Total-strain models: cyclic uniaxial stress—strain behavior

In cyclic loading, the unloading-reloading model dominates the behavior. Es-
pecially in tension where the strain can be large at the point of unloading due to
the redistribution to the reinforcement the behavior can be quite different. For the
total strain-based models we have a secant-type of unloading-reloading model for
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both tension and compression, see Figure 3.11 where we show the behavior of the
total strain-based model for a loading history similar to the loading history of the
shear wall. The multiple-fixed crack model with the Von Mises crushing model has

g

+ 5.0

m

-0.002 0.001 0.002

+-25.0

+-30.0

Figure 3.12: Multiple-fixed crack model with Von Mises: cyclic uniaxial behavior

a secant-type of unloading in tension and an elastic-type of unloading in compres-
sion [Fig.3.12]. The puzzling behavior at the compressive reloading stage is due
to the assumption of the strain decomposition. The Rankine-Von Mises model is
fully plasticity-based which implies that both in tension as well as in compression
the unloading-reloading behavior is elastic for the stress—strain response under the
loading history [Fig.3.13]. Because the multiple-fixed crack model with Von Mises

20.002  -0.001

Figure 3.13: Rankine—Von Mises model: cyclic uniaxial behavior
has also elastic unloading in compression and is also based on strain decomposition,

the cause of the pathological behavior of the Rankine-Von Mises model lies in the
fact that the tensile regime has elastic unloading and reloading. In Figure 3.13 it is
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clearly depicted that this results in increased energy dissipation, compare with Figure
3.12. The conclusion is that the elastic unloading as inherent to plasticity-based ap-
proaches in tension, may give rise to over-stiff, pathological behavior in case of cyclic
loading, leading to an extreme overestimation of the energy dissipation. Models with
a secant unloading-reloading model do not suffer from this deficiency. Future work
should concentrate on extending the computationally elegant plasticity models with
secant unloading-reloading options, for example a combination of damage models
with plasticity models.

The choice of the structure, the reinforcement ratio, and the material parame-
ters that are chosen, such as the constant maximum compressive strength, obviously
influences the results presented in this study. Nevertheless, the conclusions are in
accordance with a study of the cyclic behavior of pre-stressed beam—column connec-
tions [7] and are most likely valid for a wide range of reinforced and pre-stressed
concrete structures. Furthermore, the conclusions are expected to hold not only for
cyclic loading, but also for non-proportional loading and other cases whereby cracks
undergo significant unloading or closing.
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Chapter 4

Bending, Shear, and Torsion
of Prestressed HSC Beams

S. W. H. Droste
Adviesbureau voor Bouwtechniek ABT

C. M. P.’t Hart and G. M. A. Schreppers
TNO DIANA BV

4.1 Introduction

The experimental part of the investigation, presented by the first author in §4.2, has
been carried out to supplement the current knowledge of High Strength Concrete
(HSC) and as reference for the Euro Lightcon project, i.e., European research to
(high strength) light concrete. In § 4.3 on page 55 the other authors will present
the numerical analysis of one part of the experimental research. Interesting analysis
results are the deformation of the beam, the slope of the compression diagonals, and
of course the shear force capacity of the beam.

4.2 Experimental Tests

The technical research report [22] presents the theoretical and experimental research
to the behavior of prestressed HSC beams with a high proportion of transverse rein-
forcement braces. The aim of the research is threefold: to determine the shear force
capacity at high proportions of transverse reinforcement braces, to determine the
torsional capacity, and to determine the capacity of the cross-section against shear
force and torsion.

The basis for the dimensioning of the test specimen is the collapse of the concrete
compression diagonal. The capacity of this compression diagonal is assumed to be
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0.6 x f.,. Figure 4.1 shows the dimensions of the beams in longitudinal direction.
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Figure 4.1: Beam longitudinal dimensions

Figure 4.2a shows the beam cross-section with its dimensions and the longitudi-
nal prestressed steel tendons and reinforcement bars. Figure 4.2b shows the beam
cross-section and the shape of the transverse steel braces. The proportion of these
transverse braces is 3.51%.
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Figure 4.2: Beam cross-section

4.2.1 Problem Description

The instructions regarding shear force and HSC, as presented in CUR Recommen-
dation 37 [16], link up well with the Dutch norm NEN 6720 [54]. However, unlike
the NEN norm, the CUR Recommendation gives an upper limit of 7o which is not
directly proportional to the concrete quality, for qualities higher than B65. This
should give a better fit with the more brittle failure behavior of HSC and with the
declining redistribution capacity due to smoother cracking surfaces.

The approach in the CUR Recommendation is clearly more conservative. Fur-
thermore, it assumes that the lower limit for the slope 6 of the compression diagonal
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is proportional to the concrete quality: 6 = 30° for quality B65 and 45° for qual-
ity B105. Following the CUR Recommendation for similar beams, with a = 90° and
with equal shear force and equal 7, the calculated proportion of transverse reinforce-
ment braces for quality B105 is 1.73x the proportion for quality B65. Therefore, in
addition to the determination of the ultimate capacity, the goal of the experimental
laboratory tests is also to resolve the direction of the compression diagonal, i.e., the
principal stress direction.

4.2.2 Set-up

Figure 4.3 shows the experimental set-up and measuring procedure.
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Figure 4.3: Measuring procedure for shear force tests

Strain gages. To determine the principal directions, the stresses in the web of the
beams will be measured in three directions by means of special strain gages. The
diagonal strain gage is applied in a direction of 45° with the longitudinal direction of
the beam. Presumably this strain gage will not be damaged due to cracking of the
web. The three measuring directions enable the calculation of the principal strains
and the slope of the compression diagonal. The effect of the crack formation on the
measured values should become clear during the test procedure.

Loading and supports. Two 100 tons jacks will supply the required force. A
massive steel block and a 20 mm softboard plate of 200 x 300 mm transfer this force
onto the beams. Both supports are roll-shaped with a diameter of 80 mm. A 30 mm
steel plate of 120 x 300 mm rests on the roll. Between the steel plate and the beam
a 10 mm softboard plate is applied.

Measuring. The deflection of the beam will be measured in the middle of the
span, and corrected for the measured deflections of the supports. The re-entry will
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be measured to detect any premature collapse due to fracture of the anchorage (slip
of the tendons). The strains in the pretensioned bending-compression zone of the
beam will be measured via strain gages. At the prestressed bending-tension zone
so-called LVDT displacement detectors will be applied which enable the measuring
of displacements, even beyond crack formation.

4.2.3 Test Results

4.2.3.1 Crack Propagation

The photographs in Figure 4.4 show the crack patterns in the test specimen for
various loading stages. The first cracks occur due to shear force in the web of the
beams [Fig.4.4a]. These cracks have a slope of approximately 25 to 30° with the

(c) F =1250kN (d) Fu = 1350kN

Figure 4.4: Crack patterns in test specimen
longitudinal axis of the beam. Subsequently more shear force cracks appear, while

at a loading of 750 to 900 kN we can also observe bending-tension cracks in the
lower flange of the beams [Fig.4.4b]. With increasing loading the beam collapses
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explosively. The concrete covering flews off the web, thus exposing the transverse
reinforcement bracements [Fig. 4.4d).

4.2.3.2 Deflection

The deflection of the beams has been measured in the middle of the span. As an
example, the graph in Figure 4.5 shows the deflection of beam 3.
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Figure 4.5: Measured deflection of beam 3

In the graphs four sections may be discerned.

1. In the first section no cracks appear in the cross-section as a result of which
the bending stiffness is at its largest.

2. In the transition of the first section to the second, cracks appear in the web
of the cross-section because the principal tension stresses exceed the tensile
strength. These cracks only slightly reduce the bending stiffness.

3. In the third section bending-tension cracks appear gradually. Moreover, more
cracks appear in the web.

4. In the fourth section the cross-section is cracked due to bending-tension cracks
which may be observed with the naked eye. The bending stiffness has decreased
considerably.

The following equation allows the determination of the average bending stiffness

along the beam span (E x I,):

Fa(31?2—4a?)
48E I

Fa (312 —4ad?)

Om = 486,

E| I, = (4.1)

where F' is the measured force and d,,, the measured deflection. The bending stiffness
for the uncracked beam is calculated from the Young’s modulus of elasticity on the
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Table 4.1: AVERAGE BENDING STIFFNESS OF THE BEAMS [N - mm?|

Beam nr.: H 1 ‘ 2 ‘ 3

Eliner (analytical) | 1.74734 x 10™ 1.73381 x 10™ 1.82621 x 10™
Elsectiont 1.72687 x 10" 98.8% | ... 1.82031 x 10'* 99.7%
ETLcction2 1.40392 x 10* 80.3% | 1.35978 x 10 78.4% | 1.42820 x 10'* 78.2%
Elsectiona 0.37125 x 10** 21.2% | 0.39152 x 10'* 22.6% | 0.39464 x 10** 21.6%

TFor beam 2 the bending stiffness in the uncracked section can not be determined.

day of performance of the experiments. The axial quadratic area moment of the com-
posed cross-section is calculated assuming the same modulus of elasticity. Table 4.1
gives the results of these calculations.

Summarizing, it may be stated that the calculated average bending stiffness for
the uncracked section accords very well with the measured bending stiffness. Due to
cracking of the web, the bending stiffness reduces to about 80% and due to bending-
tension cracks to about 22% of the value for the uncracked beam.

4.2.3.3 Strains in Web

Because the strains have been measured in three directions, the principal stress direc-
tions may be determined based on linear elastic material behavior. The first strain
gage is located 600 mm from the head-end of the beam. Therefore a linear elastic

€y

¢

a = 45°

Ex

Figure 4.6: Mohr’s circle and direction of the strain gages

stress situation may be assumed in the calculations. From the measured strains and
Mohr’s circle [Fig. 4.6] it follows that

e = Ef”;”"y n <5Z;€y>cos2a+7;sin2a (4.2)

With a = 45° this gives
Yz €x T &y
—_zx Ty 4.3
9 9 + e¢ (4.3)
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This allows the determination of the principal directions from

2
tan 26 = % X = (4.4)

€z —Ey Ex— &y

The influence of the strain due to the prestress is settled in the values of €, and &
in the following way [Fig. 4.7]

Ex = Epw + €2, test

Epw (4.5)
€¢ = N + ¢ test

where e,y can be determined from the working prestress, with the modulus of elas-

ticity on the day of testing. From (4.5) directly follows that ~,/2 = 0 if the jack

force is zero, i.e., €5 test = 0 and &g test = 0. This means that tan 20 = 0 which gives

compression 45° tension
€ eel €y

Figure 4.7: Mohr’s circle for a one-dimensional stress situation

0 = 0. This situation corresponds to a one-dimensional stress state, prevailing in the
beams as long as there is no external loading, aside from the transition sections.

Figure 4.8 on the next page shows the measured slopes of the compression diag-
onal. The graphs have been drawn up to the jack force where all three strain gages
that go together are still undamaged. As stated before, and confirmed by Figure 4.8,
0 = 0 if Fjacc = 0. Then the slope of the compression diagonal, with respect to the
longitudinal beam axis, increases. Mutually there are minor differences between the
calculated slopes. This is caused by minor mutual differences in the shear stress o,
and by bending which equalizes the differences in the horizontal stress.

For strain gage 20/21/22 the compression stress o, gradually decreases; the o,
in strain gage 23/24/25 hardly changes because it is nearly at the median; for gage
26/27/28 the compression stress increases. All this causes the mutual differences
in the stress of the strain gages to decrease. The increment of the slope of the
compression diagonal is caused by the increasing influence of the shear stress over
the normal stress.

As a first impression we may note the close match between calculated and mea-
sured slopes in the uncracked zone. At a load of 350 kN shear force cracks appear
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Figure 4.8: Beam 3: slope of compression diagonals for increasing jack force

in the web. A sudden and fanciful course of the measured values characterizes this
situation, however, by no means this indicates the location of the cracks. In the
cracked zone, the trend of the linear elastic calculation is followed as well. Further-
more, the graphs in Figure 4.8 indicate that at the start of cracking the slope of the
compression diagonal is about 25 to 30°. Similar slopes have been measured during
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the experimental tests. This justifies the conclusion that the slope of the compression
diagonals is directly related to the slope of the cracks. The graphs also indicate that
the slope increases with increasing load. The crack pattern in the beam also follows
this trend.

The upper limit of the slope of the compression diagonals is about 40 °. However,
the CUR Recommendation 37 gives a lower limit of 45 *for this slope, while this value
is more like an upper limit regarding the results of the present research with respect
to prestressed beams. This justifies the conclusion that the lower limit from CUR
Recommendation 37 is a safe lower limit for this research project.

4.2.3.4 Ultimate Shear Force Capacity

The ultimate shear stress 7, can be derived from the jack force V; at the moment of

collapse from
Vu

by d

According to the Dutch VBC Model Code [54] the value for V;, can be converted to
a shear stress in which

(4.6)

Tu =

by is the width of the web (2 x 45 = 90 mm),

d is the useful height of the beam with respect to the center of gravity of the
total bending-tension reinforcement (500 — 60 = 440 mm).

The results of the experimental tests can be compared to the VBC and the relevant
articles in CUR Recommendation 37.

CUR Recommendation 37. Instead of the values for the long-term now the

short-term average values must be used in the calculations. For 7, = Togyp.s, inStead
of

7y = 0.1(f}, + 39) ky kg < 9.5 kg (4.7)

now holds

Ym
0.85

3 = 0.1 (0.85 flm ps) kn ko < 9.5k

2CUR-37

(4.8)

where
0.85  is the assumed factor for conversion from cube compression strength to one-
axial pressure strength,
empes = TON/ mm? is the estimated average cube compression strength,
kn = 17
ke =1 (for o =90°),
Ym = (0.72/0.68) x 1.2 = 1.27.
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From which follows

1.2
(max) < 9.5 x 1 x 0.732 = 14.2 N/mm? (4.9)

*
T2cur-37

Table 4.2 gives the values obtained according to the description above. From this
table it may be concluded that the calculation method according to CUR Recom-
mendation 37 gives an extra safety factor of about 1.6 to 1.7.

Table 4.2: SHEAR FORCE CAPACITY — MEASURED VERSUS CUR 37

Beam nr.: 1 2 3
fl [N/mm?] 117.0 110.7 123.9
Fl jack [kN] 1353 1283 1348
Va [kN] 977 927 974
Tu [N/mm?] | 0.21 x fln, =24.7 | 0.21 x fln, =234 | 0.20 x fl, = 24.6
Tooun.sr [N/mm?] 14.2 14.2 14.2
Tu/Togun.an 1.74 1.65 1.73

Dutch VBC Model Code. The comparison can also be made by ignoring the in-
structions of CUR Recommendation 37 and only take the Dutch VBC Model code [54]
for granted. For 7, = 7o, instead of

Ty = 0.2 f{ ky ko (4.10)
now holds

7-;VBC =0.2x0.85 fém,beam kn kﬁ (411)
where

0.85  is the assumed factor for conversion from cube compression strength to one-
axial pressure strength,

K, =1,
kg =1 (for o =90°).

This gives the values as shown in Table 4.3 on the next page. From this table it
may be concluded that the calculation method according to the VBC gives an extra
safety factor of about 1.2 to 1.3.

To obtain sufficient safety for the present research project it is not necessary to
apply the rules in CUR Recommendation 37. We explicitly state that this only holds
for the current test experiments where the proportion of the transverse steel braces
is 3.51%.

Other experiments. To compare our results with those of the shear force experi-
ments of the TU Delft [67] we give the graphs in Figure 4.9 on the facing page. The
graphs show a close similarity between the two series of experiments, where it must
be noted that the test specimen in Delft were not prestressed.
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Table 4.3: SHEAR FORCE CAPACITY — MEASURED VERSUS VBC

Beam nr.: H 1 ‘ 2 ‘ 3
Tu [N/mm?] 24.7 | 23.4 | 24.6
Tovse [N/mm?] | 18.8 | 19.0 | 184
Tu/Tyse 1.31 | 1.23 | 1.34
25 A
;:,,_;ﬁ7-
L~

20

—+—Delft
/ a Eindhoven
10 /

Shear stress [N/mm?2]

0 0,5 1 15 2 25 3 35 4
Proportion of reinforcement braces [%]

Figure 4.9: Results of shear force experiments in Delft and Eindhoven compared

CEB-FIP Model Code 1990. The shear force capacity may also be compared
to the CEB-FIB Model Code 1990 [13]. For the calculation values for the ultimate
compression strength of the concrete compression diagonals f.q2 instead of

fck
cd2 =0.6(1— c 4.12
feaz ( 550 Jfea (4.12)
now holds
0.60 0.85f!
m2 = 1— ) 0.85f! 4.13
Jom 0.85( 250 ) Jem (4.13)
where
Jex is the characteristic cylinder compression strength,
Jed is the calculation value of the cylinder compression strength,
- is the average cube compression strength,

1/0.85 is the conversion factor for the short-term strength,

0.85 is the assumed factor for conversion from cube compression strength to one-
axial pressure strength.

The shear force capacity can now be calculated from

v = fem2 bw zcos B sinf (4.14)

UMC—-90
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where

by =2 x 45 =90 mm,

z =0.9 xd=0.9 x 440 ~ 400 mm.

Table 4.4 gives the values obtained from the above assumptions, where Vi . is

determined for # = 30° and 45°. From this table it may be concluded that for § = 30°
the calculation method according to the CIB-FIP Model Code 1990 gives an extra
safety factor of 1.4 to 1.5. For 6§ = 45° the extra safety factor is 1.2 to 1.3. This is

Table 4.4: SHEAR FORCE CAPACITY — MEASURED VERSUS MC 1990

Beam nr.: 1 2 3
Va kN] | 977 | 927 | 974
Vu*Mcfgo (300) [kN] 659 646 671
Vi /Visc.0o 1.48 | 1.43 | 1.45
Vu*Mcfgo (450) [kN] 761 746 74
Va/Visc-oo 1.28 | 1.24 | 1.26

because the vertical component of the compression diagonals increases with 6, which
also increases the shear force capacity. For prestressed concrete the angle 8 = 45°
must be considered as an upper limit. The results obtained according to the CIB-FIP
Model Code 1990 are a bit closer to the experimental results than those obtained
according to the CUR Recommendation 37, compare Table 4.2 on page 52.

4.2.4 Conclusion

Comparing the presented results we may conclude that a calculation according to
the CUR Recommendation 37 underestimates the shear force capacity of the tested
beams with a factor of 1.71. Furthermore, these recommendations ignore the influ-
ence of the slope 6 of the compression diagonals on the calculated ultimate shear force
capacity if a = 90°, i.e., if the transverse steel braces are perpendicular to the beam
axis. This seems a bit strange because the truss-analogy underlies the formulas, see
also the shear force formula in the CIB-FIP Model Code 1990. However, the CUR
Recommendations 37 give the following lower limit for the angle 6

ke — 65

Omin = 30° + ( ) x 15° with &k = fék (415)
This limit aims at compensation for the more brittle failure behavior of High Strength
Concrete and for the reduced redistribution capacity of the crack slopes caused by
smoother crack surfaces.

For a B65 concrete quality 6, is 30°and for B105 quality it is 45°. Hence, for
similar beams with @ = 90° and equal shear force and 7y, the calculated amount of
transverse steel braces for a B105 concrete quality is 1.73x as much as for a B65
quality.
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4.3 Numerical Analysis

In addition to the experiments and analytical models that have been presented in the
previous section, a numerical model of beam number 3 has been defined and analyzed
with the finite element program DIANA, release 8.1. Typical points of interest here
are the deformation of the beam, the slope of the pressure diagonals, and, of course,
the ultimate capacity of the beam.

4.3.1 Finite Element Model

The model comprises three parts: the concrete beam, the prestressed steel tendons,
and the transverse steel braces. Because of symmetry of the material as well as
loading and supports, only one half of the beam need to be taken into account in the
numerical model. Figure 4.10 shows the finite element grid of the concrete model.

Figure 4.10: Finite element model of half of beam 3

This model contains 2378 brick elements (CHX60) with quadratic interpolation of the
displacement field. In the longitudinal direction the elements are equally distributed
but have different widths near the tail ends.

Embedded reinforcement. Both the prestressed steel tendons and the transverse
steel braces are modeled as embedded reinforcement bars. That means that the user
can specify the shape and location of the reinforcement independently of the finite
element grid of the concrete components in which the reinforcement is embedded. The
Di1aANA program finds out which concrete elements are intersected by reinforcements
and the stresses in the reinforcement bar are added to the internal forces of the
concrete element. Also the stiffness of the steel reinforcement is automatically added
to the stiffness properties of the concrete.

Figure 4.11 on the following page shows the concrete beam with the prestressed
steel tendons and longitudinal reinforcement bars (a) and the transverse steel braces

Concrete Mechanics Applications



56 Bending, Shear, and Torsion of Prestressed HSC Beams

(a) tendons (b) braces

Figure 4.11: Finite element model with reinforcements

(b). In these figures the concrete elements at the end of the beam have been removed
in order to make the reinforcements visible. The numerical model that has been
analyzed contained both the transverse steel braces and the prestressed steel tendons.
The three prestressed tendons, which are located in the plane of symmetry, have a
cross-section of 50 mm? whereas the other six tendons in the half model have a cross-
section of 100 mm?. The transverse steel braces have a constant cross-section of

78.5 mm? each.

Material properties. For the concrete beam a fixed rotating crack model is ap-
plied in the tensile regime. The Von Mises plasticity model without hardening is
applied in the compressive regime. The concrete as used in the experiment had a
characteristic compressive strength of 123.9 N/mm? [16]. Table 4.5 gives the param-
eters for this high strength concrete. For the transverse steel braces a Von Mises

Table 4.5: MATERIAL PROPERTIES FOR CONCRETE BEAM

value unit DiANA input

Young’s modulus E | 40856 N/mm? | YOUNG
Poisson’s ratio v 0.2 - POISON
Mass density P 2400 kg/m® |DENSIT
Tensile strength ft 5.7 N/mm2 CRKVAL
Linear tension softening 1 TENSIO
Ultimate strain ey | 0.005 mm TENVAL
Constant shear retention 1 TAUCRI
Shear retention factor 1] 0.01 BETA

Von Mises plasticity VMISES YIELD
Yield stress oy 70 N/mm? | YLDVAL

elastoplastic material model is used with a Young’s modulus of 200000 N/mm? and
a yield stress of 500 N/mm?2. For the prestressed steel tendons only a linear elastic
model is applied with a Young’s modulus of 200000 N/mm?.

Concrete Mechanics Applications



4.3 Numerical Analysis 57

Supports. The beam is supported at both ends in vertical direction at a distance
of 250 mm from the end at the left-hand side and 300 mm at the right-hand side
[Fig. 4.3]. All the nodes in the symmetry plane are supported in the normal direction.
Moreover, the node on the first vertical support line located in the symmetry plane
has a support in longitudinal direction in order to avoid rigid-body movements.

Loading. Three different loads apply to the model. The first is a dead-weight load
as result of a vertical gravity acceleration of 9.8 m/s?. The second load is a prestress
of 1000 N/mm? in each of the prestressed steel tendons, resulting in a prestress force
of 100 kN per tendon. The third load models the incrementing hydraulic punch load
as a distributed surface load at the location of the hydraulic punch. This surface load
is applied instead of a point load in order to avoid unrealistic stress concentrations
at the punch location.

In a first load step the dead weight load and the prestresses are applied. In the
following load steps the punch load is incremented step by step.

4.3.2 Analysis Results

Punch load. The solid line in Figure 4.12 shows the calculated punch load as
function of the deflection of the middle of the beam. The pink dots indicate the
punch load measured in the experiment. In the analysis, the calculated punch load is

1600

1400 °® * Experiment

1200 e — DIANA

1000 /

800

600 /
400 /
200

0

Punch froce [kN]

0 2 4 6 8 10 12 14 16 18
Deflection midpoint [mm]

Figure 4.12: Punch load vs. deflection for beam mid-span

calibrated to zero after dead weight and prestresses have been applied. Analysis and
experimental results seem to match within a range of 4%, which is very good. The
D1ANA model seems to be a little more stiff in the elastic regime whereas it is slightly
weaker in the failure branch. The numerical analysis diverges at a maximum punch
load of 1283 kN whereas in the experiment a load of 1348 kN could be reached.

Formation of cracks. Figure 4.13 on the next page shows a deformed normal view
of the beam with small disks in the elements where a crack has been formed. The
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orientation of the disk coincides with the orientation of the crack plane.

(a) F=0kN
(b) F=405 kN g

(c) F=686 kN

(d) F=1025kN

(e) F=1283 kN

Figure 4.13: Crack pattern in deformed beam for increasing punch load F'

In the beginning only some cracks at the anchor points of the prestressed tendons
can be noticed [Fig.4.13a]. These cracks are oriented parallel to the direction of
the tendons. At a punch load of 405 kN load the web is cracked in the area between
loading and support at the left-hand side [Fig. 4.13b]. The cracks are oriented normal
to the pressure diagonal between loading point and right-hand side support. At a
punch load of 686 kN the lower flange starts to crack directly under the loading point,
where the tensile forces are apparently maximal [Fig.4.13c]. At the bottom of the
upper flange cracks parallel to the symmetry plane are coming in under the point
where the punch load attaches. At a load of 1025 kN the lower flange is cracked
over its full thickness [Fig.4.13d]. In the web now also the area between the point
of loading and the right-hand side support is cracked. The cracks in this region are
again oriented normal to the direction of the pressure diagonal. The top of the upper
flange seems to be still intact at this loading. When the load has increased to 1283 kN
[Fig.4.13¢], cracks have also arisen in the upper flange and the web has reached the
plasticity limit at many places, the beam is falling apart.

Compression angles. Figure 4.14 on the facing page shows the orientation of the
calculated maximum principal stresses in the model at the locations position 1 (20,
21 and 22), position 2 (23, 24 and 25) and position 3 (26, 27 and 28). The calculated
maximum principal stresses are compared with the measured pressure diagonals in
the experiments.

The orientations of the measured pressure diagonals and the calculated maximum
principal stresses have reasonable agreement until cracking comes in at circa 400 kN.

Concrete Mechanics Applications



4.4 Conclusions 59

45

40

35

30

25 — 20121122
— 23/24/25
20 ——* — 26127/28

Compression angles [degree]

0 200 400 600 800 1000 1200 1400
Punch force [kN]

Figure 4.14: Calculated compression angles as function of punch load

From then on, the orientation of the calculated maximum principal stresses stays
more or less constant, whereas the measured pressure diagonals keep increasing.

4.4 Conclusions

4.4.1 Experimental

From the strains, measured in three directions, the main compression directions have
been derived. It turns out that cracks arise in the web at a slope of the compression
diagonals of 25° to 30°. Afterward, this slope stabilizes at an angle of 30° to 40°.
Also in cracked zones the trend for change of the slope remains fairly similar to the
linear elastic calculations. The upper limit for the slope of the compression diagonals
is found to be about 40°. Hence, the lower limit of 45° as incorporated in the CUR
Recommendations 37 for a B105 concrete quality, is a safe lower limit. However,
in comparison to B65 concrete quality, this lower limit causes a higher amount of
transverse reinforcement braces to be required.

4.4.2 Numerical

The numerical analyses show that cracks appear at the beam tips. This cracking is
caused by the prestress in the tendons and can also be proved via a calculation by
hand. The cracks in question are not visible for the naked eye, but they do certainly
exist. The crack propagation in the web at about 400 kN, due to exceeded tension
strength, corresponds very well with the values found experimentally; this also is the
case for crack propagation in the lower flange at about 700 kN. Also the calculated
deformations of the beam are almost identical to the measured deformations. In
the uncracked zones, the direction of the compression diagonal corresponds very well
with the values obtained experimentally. In the numerical model the slope does
not increase beyond cracking. This is probably due to the fact that the numerical
model can not simulate redistribution beyond cracking. Furthermore, the capacity
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obtained numerically does match the real failure capacity of the beams very close;
the differences are merely 4%.

The overall conclusion is that the performed calculations correctly simulate the
behavior of the beam in general, and the ultimate failure behavior in particular.
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Chapter 5

Joints in a Multi-beam Box
Girder Bridge

C. M. Frissen and M. A. N. Hendriks
TNO DIANA BV

N. Kaptijn, A. de Boer and H. Nosewicz
Ministry of Transport, Public Works and Water Management — The Netherlands

Abstract. Three finite element models have been developed to analyze the cross-
sectional forces in the joints of multi-beam box girder bridges. A model based on shell
elements is used in nonlinear analyses including two analysis phases. The analysis
phases simulate the construction phases. For straight bridges current design methods
based on orthotropic plate models give reasonable results compared to the results of
the advanced model. For bridges with a skew or curved geometry plan orthotropic
plate models give poor predictions for the forces and moments in the joints. Advanced
modeling, as presented in this chapter, is then to be preferred.

5.1 Introduction

In this introductory section we will present a design question related to multi-beam
box girder bridges. This question has lead to an intensive numerical study of a
multi-beam box girder bridge. We will start with a general description.

5.1.1 Multi-beam Box Girder Bridges

As indicated by the name, multi-beam box girder bridges consist of several box
shaped girders. The topsides of the girders compose the car deck. Figure 5.1 is an
illustrative sketch of a box girder bridge. Prefabricated girders are frequently used
for bridges crossing highways where you do not want not disturb the traffic during
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Figure 5.1: Sketch of a multi-beam box girder bridge

the construction phase. In the Netherlands multi-beam box girder bridges are not
commonly applied. Because of the costs normally inverted prestressed T-beams are
used. Multi-beam box girder bridges are regularly applied for spans up to forty
meters.

Concrete multi-beam box girder bridges are always prestressed in longitudinal
direction. The curved prestressed tendons or strands in the girder webs of the boxes
result in an upward load, in the opposite direction of the gravity load. The greater
the curvature of the tendons, the greater this effect is. The maximal curvature of the
tendons depends on the ratio between the height of the boxes and the length of the
span.

5.1.2 Current Design Practice

The design loads comprise the following.
e Dead weight of the girders and the joints between the girders.
o Prestress of the strands (tendons).
e Distributed loads of asphalt, rails, and mobile loads.
e Concentrated wheel loads, to be located on the most unfavorable position.

The force transmission of the loads through a multi-beam box girder bridge is a
complex issue. The complexity increases even more when, instead of a straight plan
arrangement, bridges of curved our skew plan geometry have to be analyzed. A
popular methodology, based on the Finite Element Method, makes use of two-di-
mensional plate bending models.

For multi-beam box girder bridges the overall bending stiffness in longitudinal
direction is substantial higher than the bending stiffness in transverse direction. In
transverse direction the relatively soft joints between the box girders dominate the
bending stiffness. In two-dimensional plate bending models this is modeled by apply-
ing plate models with geometrically orthotropic properties, where moment of inertia
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I, in longitudinal direction differs from the moment of inertia I, in transverse di-
rection. The determination of I, and I, follows Timoshenko’s theory for plates
and shells [69] and reflects the cross-sectional shape of the box girder bridge. Linear
static analyses are adopted where reduced stiffness moduli account for the cracks to
be expected in the cross-section of the concrete.

5.1.3 Design Considerations

The design considerations that form the basis of the numerical study as presented in
this study focus on the cross-sectional forces in the joints between the box girders.
These girders are prefabricated boxes; the joints are casted after placement of the
girders. These two construction phases cause the joints to be initially stress free, apart
from the influence of the dead weight on the joints. After completing the viaduct
with asphalt, and after introducing additional loads such as mobile loads and possible
(wind) loads resulting from baffle boards, this situation has been changed.

The design of the reinforcements in the joints requires a good insight in the (shear)
forces and bending moments in the joints. Furthermore, the question could be raised
whether it is necessary to apply post-tensioned strands in the transverse direction.
It is believed that the current design procedure does not give sufficient insight in the
forces and bending moments in the joints. For this, a more advanced analysis is in
its place. More generally, such an advanced analysis could serve as an assessment of
the design method based on orthotropic plate models.

5.1.4 Approach

In this study we have selected a relatively small bridge which we will describe in detail
in §5.2. The economic relevance of this case study is motivated by the popularity of
such bridges. As a variation study, a wind load on baffle board was investigated. As
a geometric variation study, a skew bridge was investigated. In each case the forces
and moments in the joints are the primary concern.

An advanced analysis should include the construction phases as these have a
crucial effect on the stresses in the joints. Also, such an analysis should include
nonlinear effects, such as cracking of the concrete and plasticity of the reinforcements.
Three models will be used: a full three-dimensional model with solid brick elements, a
degenerated full three-dimensional model based on shell elements, and a two-dimen-
sional plate bending model. From a geometrical viewpoint, the full three-dimensional
model is the most accurate model. However, for the nonlinear analyses the three-
dimensional solid model is not considered as a feasible option due to the very long
computing time. For the nonlinear analyses the three-dimensional shell model will
be adopted. The two-dimensional plate bending model will serve as a reference and
represents the standard design practice.

In §5.2 we will give a more detailed description of the selected case. Subsequently,
§5.3 and §5.4 respectively present linear and nonlinear analyses. The main purpose
of the linear analyses is justification of the three models. Section §5.5 concludes this
study by reverting to the design question.
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5.2 Case Study — Box Girder Bridge ‘Heultsedreef’

As a case study we selected viaduct ‘KW 14 Heultsedreef’, a typical multi-beam
box girder bridge, located near Boxtel in the south of the Netherlands, crossing the
2 x 2 lanes highway ‘A2’. We will subsequently describe its geometry, the material
properties and the design loads.

5.2.1 Geometry

The structure consists of five prestressed and prefabricated box girders. The bridge
comprises two fields, each spanning two lanes. Because of symmetry we will consider
one half of the structure with a span of 27225 mm. Each box is 1180 mm wide and

250 26725 250
‘ girder joint -
<l 5 °
: 4 .
4
. 3 .
3 6960
. 2 .
2
. 1 .
sl ' 4
27225
(a) plan
440%;% #ﬂ;goo
‘ 10613 6000

(b) tendons longitudinal cross-section
Figure 5.2: Viaduct ‘Heultsedreef’

900 mm high. The center to center distance between the boxes is 1320 mm. The
top slabs are designed such that a strip of 230 mm wide and 160 mm thick will be
casted on the site. We will refer to this strip as the ‘joint’. Figure 5.3 shows the
drawing of the structure. The width of the deck is 6960 mm. Each girder is placed on
four rubber supports, located 250 mm from the girder ends. Figure 5.2a illustrates
the general configuration. This figure also indicates the horizontal supports, as how
these will be schematized in the analyses.

The shape of the prestressed strands is illustrated in Figure 5.2b. The figure
shows the strands in one of the ten webs. Each web includes twenty bended strands.
Note that the course of the strands is such that they come down 440 mm from the
girder end to the middle of the girder. Each of the bottom slabs includes twenty-four
prestressed strands, which are straight.
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Figure 5.3: Drawing of the structure

5.2.2 Materials and other Properties

Table 5.1 summarizes the material and other properties of the reinforced concrete,
the strands and the rubber support blocks. Note that the concrete quality of the
joints is lower than the quality of the prefabricated girders. The prestress Fy for
the strands will be applied as 140.9 kN but actually decrease to 125 kN. The rubber
support blocks will be modeled as springs with different stiffness K at the left and

right hand side.

Table 5.1: PROPERTIES

Concrete Steel E v p A Fo K
class quality kN/mm? kN/m? | mm? kN kN/mm
Box girders B55 36 0.2 25
Joints B35 31.833 0.2 25
Reinforcements FeB 500 HWL 210
Strands FeP 1860 200 25 100 314;)5?
Supports (1) 227
289

Supports (r)

5.2.3 Design Loads

The design loads comprise the following.

1. Dead weight of girders and joints.

2. Prestress in the strands.

3. Distributed loads [Fig.5.4]: asphalt layer ¢; = 3.22 kN/m?, fender rim ¢ =
6.00 kN/m?, apron g3 = 2.10 kN/m?, rail ¢4 = 2.10 kN/m?!.
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O T "

Figure 5.4: Distributed loads on the top slabs — cross-sectional view

4. A traffic load, as an equally distributed load acting on the same area as the
weight of the asphalt layer ¢;.

5. A wheel load composed of three axle loads [Fig.5.5]: case 1 at the edge and
case 2 in the middle of width. Each axle load is distributed over four wheels,
resulting in 3 x 4 wheel prints. The critical position of the wheel load, in trans-
verse as well as in longitudinal direction, will be determined with an influence
field analysis [§5.3].
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Figure 5.5: Wheel loads on the top slabs

5.3 Linear Analysis

In the next three sections we will subsequently present the element meshes for the
full three-dimensional model [§5.3.1], the shell model [§5.3.1], and the orthotropic
plate model [§5.3.3]. We will compare the major results [§5.3.4], and present an
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influence field analysis to assess the most critical position of the wheel loads [§ 5.3.5].
For the influence analysis the shell model was adopted.

T T T H\\H»\\\\HH» T

| N W

(a) cross-section

(b) mesh of halved girder

Figure 5.6: Volume model

5.3.1 Volume Model

The full three-dimensional volume model could be termed as a straightforward model,
as it required the fewest geometrically simplifying assumptions. Figure 5.6 illustrates
the mesh that comprises five girders. The mesh consists of twenty-node solid brick
elements CHX60. There are two types of embedded reinforcements: bars for the
strands [Fig. 5.7], and grids for the reinforcements.

(a) in cross-section
(b) trajectory

Figure 5.7: Locations of the strands in the volume model

5.3.2 Shell Model

The shell model consists of curved shell elements: eight-node quadrilaterals CQ40s and
six-node triangles CT30S [Fig. 5.8]. These elements could be envisaged as degenerated
solid elements, assuming the shell hypotheses of straight normals and zero normal
stress. Compared to the volume model an additional point of concern is the geometric
treatment of the corners in the model. As a guiding principle for the geometric
discretization, the bulk concrete volume is preserved. The embedding of strand and
reinforcements is analogous to that of the volume model.
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Figure 5.8: Shell model

5.3.3 Orthotropic Plate Model

The orthotropic plate model consists of eight-node quadrilateral plate bending ele-
ments CQ24P. The geometrically orthotropic properties of the two-dimensional plate
elements reflect the actual geometry of the bridge, see for instance Timoshenko [69].
Two geometry groups are distinguished [Fig. 5.9]: one for the two edge girders (red)
and one for the three girders in between (yellow).

Figure 5.9: Two-dimensional orthotropic plate model — moments of inertia

Table 5.2 presents the moment of inertia I, in longitudinal direction, the moment
of inertia I, in transverse direction and the moments of inertia I, and I,,. To

Table 5.2: GEOMETRICAL ORTHOTROPIC PROPERTIES OF THE PLATE ELEMENTS
108 mm* /mm
Iy Iyy [xy = Iyw
45.69 0.76 35.06
42.80 0.76 35.06

Deck
Edge girders

estimate the moments M, in the girders and in the joints, the calculated moments
M, resulting from the analysis should be multiplied with respectively 2.0 and 0.02
(see Frissen [33]).
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5.3.4 Results and Justification

The three finite element models have been analyzed with various load cases of which
case 1 of the wheel loads is the most asymmetric one [Fig. 5.5]. The force transmission
of the wheel loads could easily be demonstrated by plotting the reaction forces in
the elastic supports. On each edge the bridge is supported by ten elastic supports,
two per girder. Figure 5.10 shows the reaction forces on one edge of the bridge as
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Figure 5.10: Reaction forces in elastic supports for wheel load

resulting from wheel load case 1 in the middle of the span [Fig. 5.5]. Compared to the
reaction forces as obtained with the volume model, the shell model gives a difference
of about 2% and the plate model gives a difference of about 10%.

5.3.5 Influence Fields

The shell model was adopted to calculate influence fields. Figure 5.11 shows the
influence field of a wheel load. The colors indicate the transverse moment M,, in
joint 2 between box girders 2 and 3 at the middle of the span. Note that we selected
a point in a joint as that is the focus of this study. Based on various influence field

joint z
5 Myy
>y
X/

Figure 5.11: Influence field for My, in joint — mid-span between girder 2 and 3

analyses for several points and for both bending moments and shear forces, wheel
load case 2 [Fig.5.5] was selected as the normative wheel load.

5.4 Nonlinear Analysis

The linear analyses revealed that the differences between the results of the three
models are small. For the assessment of the cross-sectional forces in the joint we
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will proceed with nonlinear analyses, all performed with the shell model. In this
section we will describe the analysis phases (construction phases), the load steps,
the material properties and the analysis results. The nonlinear results are compared
with results obtained from the orthotropic plate model.

5.4.1 Analysis Phases and Load Steps

The analysis comprises two phases. In the first phase the model consists of five
girders, which are not yet connected with joints. The loads are the gravity and the
prestress in the strands.

In the second analysis phase the joints are added to the model. The reason to
distinguishing two phases is that the concrete in the joint is added free from strains,
stresses and possible cracks. This also holds true for the reinforcements in the joints.
As opposed to the joints, the initial state of the girders in the second phase equals
the resulting state of the first analysis phase. The loads from the first phase are
maintained in the second analysis phase. Next the permanent loads, the distributed
traffic load, and the wheel load case 2 are applied.

In this way a viaduct modeled might be modeled too stiff. In reality, cracking
due to the ongoing traffic loads on the viaduct might influence the transfer of loads.
To simulate this in the analysis the viaduct will be pre-damaged by applying and
subsequently removing wheel loads at ten locations. This is like moving a truck forth
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Figure 5.12: Load history of the twelve wheel loads
along one lane of the viaduct and back along the other lane. Figure 5.12 illustrates

the initial loading and unloading of wheel load case 2, the subsequent loading and
unloading of the ten pre-damaging wheel loads and finally the loading of wheel load
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case 2.

5.4.2 Material Modeling

For the concrete DIANA’s ‘smeared crack’ model is adopted, with tension stiffening. It
is assumed that the tensile stress in the concrete decreases after the maximum tensile
strength has been reached and that it becomes zero again when the reinforcement
steel starts yielding. The compressive behavior is modeled with an ideal plastic
Von Mises model. The reinforcements are modeled with Von Mises ideal plasticity.
The strands are modeled with plasticity with minimum stiffness beyond yielding.
Figure 5.13 shows the stress—strain diagrams.
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Figure 5.13: Stress—strain diagrams

5.4.3 Results for Construction Phases 1 and 2

In this section some exemplary results for the ultimate limit state analysis are pre-
sented. The nonlinear analysis comprises two analysis phases. Figure 5.14 gives the
bending of the topsides of the girders due to dead weight and prestress for analysis
phase 1. Note that the elements representing the joints are not active in this analysis
phase. In the middle of the span the displacement is 38 mm in upward direction.
Figure 5.15 shows the crack pattern for construction phase 2. Longitudinal cracks
arise in the joints, whereas cracks in transverse direction could be observed in the
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Figure 5.14: Phase 1: placement of the girders — bending of girder topsides due to
dead weight and prestress
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Figure 5.15: Phase 2 — crack pattern at bottom side of joints (top) and girders
(bottom)

bottom sides of the girders. Figure 5.16 further illustrates the cross-sectional defor-
mations at the middle of the span. The maximum vertical displacement is 220 mm.

A _—

Figure 5.16: Phase 2 — vertical displacements at mid-span

A typical comparison between the nonlinear shell model and the plate model is
given in Figure 5.17 on the next page. This graph presents the bending moment M,
in joint 2, in the middle of the transverse direction, along the span. Bending moment
My, is one of the many forces and moments that were compared in this study, but
was considered as one of the most crucial ones for the joints. The lines distinguish
between:

¢ shell models versus orthotropic plate models,

e reduced stiffness (red.),! to account for cracking, and non-reduced stiffness (for

1The reduced stiffness has been obtained by multiplication of the moments of inertia I;; and
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Figure 5.17: Phase 2 — bending moments in joint 2

the plate model),
e with (dam.) and without pre-damaging (for the shell model).

The lines of the shell model with and without pre-damage show that the effect of
pre-damaging the shell elements could be neglected [Fig. 5.17]. Further, reducing the
stiffness in the plate models yields reasonable results compared to the results of the
shell model. The reduced plate model underestimates M, up to 7%. Non-reduced
plate models underestimate M,, up to 38%. Variation studies with skew viaducts
[Fig. 5.18], revealed that also the reduced plate models fail to accurately predict M,
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Figure 5.18: Skew viaduct phase 2 — crack pattern at bottom side of joints (top) and
girders (bottom)

in the joints. Figure 5.19 on the following page shows the same results as Figure
5.17 but now for the skew viaduct. Although, in absolute sense, the maximum value
of My, for the plate model with reduced stiffness is comparable with the maximum
value for the shell model, we observe that the course is completely different.

5.5 Conclusion

It is feasible to perform a nonlinear analysis of box girder bridges taking into account
the two main construction phases. The number of variation studies is still limited.

Iyy from Table 5.2 with a factor 0.5, and the friction stiffnesses with a factor 0.2.
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Figure 5.19: Phase 2 — bending moments in the joints for the skew viaduct
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Based on the current variation studies, including the modeling of a skew viaduct,
effect of the position of the wheel loads and the effect of wind loads on baffle boards,
we concluded that nonlinear analyses have an added value above the orthotropic plate
models. This holds especially true for the skew viaduct and will also hold true for
bridges with a curved planar geometry. In this case plate models give bad predictions
for the bending moments and forces. Nonlinear analysis is then to be preferred.

For the ‘Heultsedreef’ bridge, relatively high bending moments M,, occur in
the joints but it was not necessary to apply post-tensioning strands in transverse
direction.
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Chapter 6

Fire Analysis of an LNG Tank

A. Rijswijk
Protected Storage Engineers (joint venture of Royal Haskoning and DHV-AIB)

6.1 Introduction

Gases cooled down until liquidity are usually stored in vertical cylindrical tanks.
Because the gas is cooled down until the boiling point it may be stored under atmo-
spheric pressure. An isolated reservoir of 9% nickel steel is usually applied to store
this liquefied gas. Safety regulations require the application of an additional concrete
safety tank for capacities of more than 4000 m3. This concrete safety tank protects
the steel inner tank against external influences, like explosions, fire and parts falling
down from the installation around the tank.
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Figure 6.1: Cross-section of a ‘full containment’ tank
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The safety tank comprises various parts [Fig. 6.1]. Firstly there is a floor, founded
on the subsoil, which supports the steel inner tank. A prestressed wall surrounds the
steel inner tank, resting on the outer edge of the floor. Above the steel tank a
domed roof rests on the wall. To reduce the risk of leakage as much as possible, the
connections between the various parts of the safety tank are usually made monolithic.
A tank, constructed as such, is called a ‘full containment tank’.

Liquefied gases, stored under boiling point temperature, always show vaporization
(boil-off ) which causes an overpressure of the gas in the tank. Moreover, the filling
of the tank may yield an overpressure as well. For the protection of the tank against
overpressure so-called depressurization valves are applied. When these vales open,
the surplus gas is blasted up via a chimney and burned at about ten meters above
the tank.

This chapter discusses the effect of a fire temperature load on the domed roof,
caused by blasting via a depressurization valve. CUR Report nr. 134 [15] presents
calculations for a similar structure with respect to testing of the fluid density and
the determination of the effects of a temperature load, caused by a nearby burning
tank. These calculations were focused on the monolithic wall-floor connection in
particular.

6.2 LNG Tank of 120,000 m® Capacity

The structure under consideration is a tank for storage of LNG (Liquefied Natural
Gas) with a capacity of 120,000 m?, as has been built in 2001 in Malaysia. The tank
structure is composed as follows.

o Steel inner tank with a diameter of 75 m and a height of 31 m.

e (Concrete floor with a diameter of 82 m. The thickness is 0.40 m for the middle
part and 1.20 m for the outer 4.50 m.

e Concrete wall with an inner diameter of 77 m. The wall is prestressed horizon-
tally. At the connection to the floor, the wall is 1.00 m thick. The thickness
decreases until 0.60 m at a height of 15.75 m above the floor. Further up the
thickness is uniform until a height of 35.50 m.

e (Concrete edge beam horizontally prestressed along the edge of the roof on the
wall. The beam is 1.15 m wide and 2.50 m high.

o (Concrete platform of 17.5 x 25 m resting on the edge beam and the roof via
columns. To introduce the forces into the roof, 1.60 x 1.60 m concrete footings
have been applied.

e Concrete domed roof with an inner radius of 77 m [Fig.6.2]. The thickness in
the center part is 0.35 m. Over the outer 7.5 m the thickness increases until
0.60 m along the edge of the dome. Below the platform the dome is at least
0.40 m thick.

The structure is built on a consolidated soil layer with a thickness of 0.30 to 4.00 m,
applied on top of the natural sandstone formation. The structural design of the con-
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350 — 600 mm

Figure 6.2: Overview geometry of the dome

crete safety tank is based on a combination of various regulations and specifications.
In addition to the clients’ specification the following publications are of interest.

e BS 7777 [10], for the general design;

e BS 8110 [11], for determination of reinforcement and prestress;

e UBC 1997 [1], for earthquake influences;

e ACI 318M [2], for specification of the reinforcement with respect to earthquakes;
e CEB-FIP Model Code 1990 [13, § 7.4.3], for calculation of crack widths;

e CEB-FIP Bulletin d’Information No. 208 [12], for material behavior in case of
fire;

e The PhD thesis of C. van der Veen [72], for the bonding behavior of concrete
to reinforcement at low temperatures.

The building materials for the concrete structure have been specified according to
the British code [11]. Concrete with quality C45 is applied for the edge beam (cube
compression strength 45 N/mm?). The other concrete parts are made of quality C40
(cube compression strength 40 N/mm?). The yield stress of the reinforcement steel
has been taken as 460 N/mm?. The temperature distribution that may occur during
the life span of the tank has influenced the applied steel quality for the various parts.
For the prestress steel a quality FeP 1860 has been applied.

6.3 Purpose and Principles of the Analysis
6.3.1 Temperature Distribution

The original design of the safety tank was based on the utilization of a sprinkler
installation on the roof. This limits the temperature of the concrete, during a fire
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caused by blasting via the depressurization valves, to at most 100 °C. This tempera-
ture will hardly do any harm to the quality of the concrete. During the construction
phase of the project the question arose whether it would be possible to satisfy the
client’s specification without the utilization of a sprinkler installation.

In this case the normative design situation is the burning of the gas caused by
blasting via the depressurization valves. The burning occurs via chimneys at ten
meters above the domed roof which causes a temperature load on the roof. The

Figure 6.3: Roofs’ outer temperature during fire in depressurization valve

specifications require the assumption of the temperature distribution on the outside
of the dome after a burning time of six hours as indicated in Figure 6.3. The tem-
perature of the wall inside the dome has been assumed to be 30 °C, followed by a
linear increase over the thickness of the dome.

6.3.2 Material Properties

Reinforcement steel. Figure 6.4 shows the assumptions of the variation of the
steel properties during fire.

& fyir
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(a) modulus of elasticity (b) yield strength

Figure 6.4: Influence of temperature on steel properties

Concrete Mechanics Applications



6.4 Analysis of the Structure 79

Concrete. The temperature dependent creep of the concrete (transient creep) has
been determined according to the CEB-FIP report “Methods and assessment of the
fire resistance of concrete structural members” [32].

_ o N kr—20)

o= (1) (6.1)
With
Bo = —0.53 x 1073,
ouw(T) 1is the ultimate stress at the current temperature T,
t is time,
t, = 3 hours,
P = 0.5,
k1 =3.04x1073°C1,
T is temperature.

The compression strength of concrete for temperatures up to 350 °C is equal to the
compression strength at normal temperatures according to BS 8110 [11] [Fig. 6.5].
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Figure 6.5: Influence of temperature on concrete compression strength

Failure. For the situation described above, the following verification criteria apply
for the ultimate state of failure.

e Maximum strain of the concrete under pressure less than 3.5 %o.
o Maximum strain of the reinforcement steel less than 1 %.

There are no further requirements on the serviceability of the structure. Any cracks,
caused by a fire situation, must be examined and assessed after the fire. If the width
of cracks seriously affect the durability of the structure, these cracks must be injected.

6.4 Analysis of the Structure

The analysis of the structure of the concrete safety tank has been carried out in
two parts: a main calculation of the total structure followed by some calculations of
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details of the various parts of the structure. The main calculation presents the basic
assumptions, the phases in the building process, the analysis model, the loads and
load combinations, and the analysis process. The detailed calculations determine the
reinforcement and the prestressed steel for the various parts, based on the model of
the main calculation.

6.4.1 Phased Construction and Analysis

The following building and operational phases are relevant for the design of the
structure.

1. Construction of the tank up to the edge beam, including the first prestressing
phase.
Construction of the domed roof, including the second phase of the prestressing.

Construction of the platform and field-testing of the structure.

Ll

Regular operational situations of the tank.
Emergency situation due to leakage of the steel inner tank.

Emergency situation during earthquakes.

e o

Emergency situation during fire due to blasting via the depressurization valve.

The tank is being build in phases, which each have their typical influence on the
behavior of the tank and the associated force distribution. Therefore separate mod-
els have been defined for each phase, where a subsequent phase is based on the
previous one with the addition of the structural parts to be made and the possibly
modified material parameters. The transition of the testing phase to the normal
operational situation is characterized by the modification of the material parameters
of the consolidated soil layer. Each change in the behavior of the tank in the emer-
gency situations will be related to the material properties as defined for the normal
operational situation.

Choices for the structural stiffness to be expected have been made for each phase,
based on experience since 1970. Furthermore, separate load cases have been defined
in the phase where they may appear for the first time, or may be supposed to appear
for the first time. For instance the deadweight of the floor has been applied in phase
1 and the deadweight of the platform in phase 3. For a particular design situation
the deformation and force distribution in the tank can be determined by combining
analysis results of individual load cases. Then the compliance with the various design
criteria can be tested, based on the locally applied amount of reinforcement and
prestressed steel and on the calculated internal forces. Furthermore, the adequateness
of the compatibility between deformation and force distribution can be checked.

6.4.2 Finite Element Model

The analysis has been performed with the DIANA computer program. Due to the
asymmetry of the foundation and the platform, a full three-dimensional model has
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been chosen. Figure 6.6 shows a bird’s-eye view of the model for phase 2 up to and
including phase 7. Note that the platform is not shown in this figure. In phase 1 the

]
|
l

A

Figure 6.6: Finite element model for safety tank structure

domed roof is not present. Two types of shell elements (CQ40S and CT30S) and one
type of interface element (CQ48I) have been applied in the three-dimensional model.

CQ40S shell element. The CQ40S element is an eight-node isoparametric shell
element, curved in two directions [Fig. 6.7]. The element is applied in models where

2

Figure 6.7: Geometry of the CQ40S element

the thickness of the structure is small compared to the other dimensions. The CQ40S
element is very useful to model storage tanks.

Concrete Mechanics Applications



82 Fire Analysis of an LNG Tank

Degrees of freedom: Uy, Uy, Uz, Pz, Py N each node.
Output stresses: Oz, Oy, 02 =0, Oy, Oy, Ozg.

Output displacements: g, Uy, Us.

CT30S shell element. The CT30S element is a six-node isoparametric shell el-
ement, curved in two directions. It is applied in the same way as the CQ40S ele-
ment.

Degrees of freedom: Uy, Uy, Uz, Pz, Py in each node.

Output stresses: Oy Oy, 02 =0, Ogy, Oyz, Ozg.

Output displacements: g, Uy, Us.

CQ84I quadrilateral interface element. The CQ48I element is an interface be-
tween two faces in a three-dimensional configuration [Fig.6.8]. The basic variables

(a) topology (b) displacements (c) tractions

Figure 6.8: Geometry of the CQ48I element

are the nodal displacements u, the relative displacements Au and the tractions t.

Uy Auf tn
Ue =4 Uy Au = { Auy t=1< ts (6.2)
U, A’LLZ tt

The axes along the surface are nts with n perpendicular to the tangent plane and ¢
and s in the tangent plane. The axes for the displacements are zyz. DIANA evaluates
this axes system in the first node with z perpendicular to the tangent plane and x
and y in the tangent plane. The element is based on quadratic interpolation.

Element mesh. Table 6.1 on the facing page gives the number and type of ele-
ments, applied in each structural part. Figure 6.9 on the next page shows the element
mesh of the domed roof.

Loading. For the fire situation due to the blasting of the depressurization valve
the following loadings on the domed roof are of major importance.
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Table 6.1: ELEMENTS IN THE MODEL

Part

Element type

Nr. of elements

Domed roof
Edge beam
Wall

Floor
Foundation

CQ40S & CT30S
CQ40S
CQ40S & CT30S
CQ40S & CT30S
CQ48I

1995

110
2118
1964
1964

Total

8151

FEMGY 6.1-02 : D3EN

Figure 6.9: Bird’s-eye view of element mesh for domed roof

e The permanent deadweight load of the roof; the load of the installation on the
roof; the insulation package with supporting structure suspended from the roof;
the deadweight and installation of the platform, resting in the roof via columns.

e The prestress of the edge beam and the upper part of the wall.

e The internal overpressure in the safety tank of 7 kN/m?.

e The variable load on the insulation package, the domed roof and the platform.

e The temperature load as defined in §6.3.1.

6.4.3 Performance of the Analysis

The analysis procedure for the assessment of the fire situation above the domed roof

has been performed as follows.

1. Linear elastic DIANA analysis — For each phase a linear elastic analysis has
been performed and the results written to a file in FEMVIEW format. Sub-
sequently, these individual files have been consolidated into one single large

results file.
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2. Load case combination in FEMVIEW — The results file has been read in FEM-

VIEW, where the results of the load cases have been combined into the design
situation for the fire to be considered. The output results have been written to
a combination file.

. Assessment of the calculated force distribution by means of a dedicated post-

processor — The force distribution, as stored in the combination file, has been
assessed by means of a dedicated postprocessor. For each element the effects of
the force distribution have been examined with respect to the design criteria,
based on the geometry of the structure and the locally applied materials. The
algorithms applied comprise some parts which are specific for the project:

e Cross-section checks based on the British regulations, including the non-
linear temperature dependency of the materials.

e Evaluation of the structural stiffness based on the CEB-FIP Model Code
1990 [13], including nonlinear temperature dependency of the material,
crack propagation and tension stiffening. The statistical variation of the
concrete tension strength and the crack distances have been incorporated
in the evaluation. This defines a constant relation between the section
forces (normal forces and moments) on the one hand, and the structural
deformation (axial strains and curvatures) on the other hand.

e Examination with respect to design criteria.

e Determination of the differences in the linear elastic strains and curva-
tures obtained from the DIANA analysis with respect to the strains and
curvatures determined with the dedicated postprocessor.

. Generation of an additional load — Generally the deformation obtained from

DiaNa will deviate from the deformation as determined with the dedicated
postprocessor. For large differences, the compatibility between fore distribution
and deformation will be lost. However, this can be mended easily by definition
of an additional load case for nonlinear effects in the DIANA analysis. This
load case applies the dissimilarity in the strains and curvatures per element,
as determined in step 3, in opposite direction as a prestress, based on the E-
modulus of the element. The additional load case is written from within the
dedicated postprocessor to an ASCII text file.

. Re-analysis with DIANA — The effect of the additional prestress can be de-

termined from a repeated DIANA analysis. The prestress load relaxes if the
construction can deform freely. In this situation the deformation within the
DIANA analysis will be adapted. If the structure is not free to deform, then
the prestress will be added to the internal forces, that is an adaptation of the
force distribution. Generally, the result will be somewhere in between these two
extremes. Like this, the effects of cracking and plasticity can be incorporated
in the linear elastic DIANA analysis. By repeating the DIANA analysis with
the additional prestress load until satisfactory convergence the compatibility
between deformation and force distribution can be warranted.
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6. Presentation of the examination results — After step 5 the examination results
are written from within the dedicated postprocessor to a file in FEMVIEW
format which enables their presentation via FEMVIEW.

6.4.4 Why DIANA’s Module NONLIN was not Applied

The D1ANA package offers comprehensive modules for analysis of nonlinear behavior.
However, we have not chosen to apply these possibilities within the package. Some
considerations to do so were the following.

e For the majority of the load combinations a force distribution as resulting
from a quasi-linear elastic analysis is sufficiently accurate. The reinforcement
determined from such a force distribution is quite economic.

e The F-moduli to be chosen for the various parts are known, based on experi-
ence.

e For the remaining combinations, with important nonlinear effects, the relation
between axial strain and curvature on the one hand, and the normal force
and moment on the other hand, strongly depends on crack propagation. For
instance, the axial deformation in circumferential direction of the tank wall
influences the curvature in both the circumferential and the vertical direction.
Therefore, it is not always easy to reach a converged solution for nonlinear
analysis of a tank structure. The iteration process is prone to jump back
and forth between two wrong solutions, generally caused by sudden changes in
stiffness due to cracking.

e Application of a dedicated postprocessor simplifies the achievement of conver-
gence, certainly when the design engineer knows a qualitative solution based on
experience. For instance for the fire situation, a maximum crack propagation
is expected to be located at the largest temperature gradient, and to decrease
with a decreasing temperature gradient.

e Furthermore, the dedicated postprocessor, with its built-in testing of the rein-
forcement within the the iteration process, has the advantage that the amount
of reinforcement can be adapted even if a converged solution has not yet been
reached. A visual assessment of the intermediate results of the iteration process
readily clarifies whether the strain in the reinforcement exceeds its limit.

6.5 Analysis Results vs. Design Criteria

Figure 6.10 on the following page shows the axes as applied for presentation of results.
In the model for DIANA analysis the local z axis of the domed roof points downwards.
Consequently, the ‘lower plane’ is on the outside and the ‘upper plane’ on the inside
of the safety tank. The results will be examined and presented with respect to the
design criteria for a maximum strain of concrete under compression and a maximum
strain of reinforcement steel under tension. Note that the color modulation in all
contour plots is different for the two planes.
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Figure 6.10: Global XY and local zy axes for analysis of the domed roof

6.5.1 Maximum Compression Strain of Concrete

The design criterion for concrete is that the strain under compression is at most
3.5%0. Figure 6.11 shows a contour plot of the concrete strain in local x direction.
Figure 6.12 on the facing page shows the same strains in the local y direction. Both
figures ignore the transient creep because this has been incorporated in the additional
prestress load. See Figures 6.15 and 6.16 for this.

FEMGY 6.1-82 : Haskoning 13-SEP-2000 16:38 epscx

Figure 6.11: Strain of concrete in local 2 direction (upper and lower plane)
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Figure 6.12: Strain of concrete in local y direction (upper and lower plane)

6.5.2 Maximum Tensile Strain of Reinforcement Steel

The design criterion for reinforcement steel is that the strain under tension is at
most 1%. Figure 6.13 shows a contour plot of the reinforcement strain in local x
direction. Figure 6.14 on the following page shows the same strains in the local y
direction. Both figures ignore the stiffness of the reinforcement steel because this has
been incorporated in the additional prestress load. See Figures 6.15 and 6.16 for this.
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Figure 6.13: Strain of steel in local x direction (upper and lower plane)
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Figure 6.14: Strain of steel in local y direction (upper and lower plane)

6.5.3 Corrective Prestress Load

Figure 6.15 shows the bending moments of the additional prestress load for correction
of cracking and nonlinear material behavior. Figure 6.16 on the facing page shows

the normal forces of the same prestress load.
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Figure 6.15: Corrective prestress moments (m,
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Figure 6.16: Corrective prestress normal forces (n, and n,)

6.6 Conclusions

The presented calculations establish the possibility to omit the sprinkler installation.
However, this requires more reinforcement steel to prevent collapse of the domed roof
due to fire.

The addition of a fictitious prestress load, to simulate the nonlinear material
behavior, enables the iterative determination of the force distribution by means of a
quasi-linear elastic analysis. An advantage of the reinforcement examination, built-in
within the iteration process, is the possibility to adapt the amount of reinforcement
during the iteration process without the necessity to reach a fully converged solution.
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Chapter 7

Numerical Simulations of
Tests on a Segmented Tunnel
Lining

A. H. J. M. Vervuurt and F. B. J. Gijsbers
TNO Building and Construction Research

C. van der Veen and J. A. den Uijl
Delft University of Technology, Faculty of Civil Engineering and Geosciences

7.1 Introduction

From 1995 several projects involving shield driven segmented tunnels have been re-
alized in the Netherlands. The first experiences have been gained with the Second
Heijnenoord Tunnel. In the lining of this tunnel two rings have been instrumented
and measurements have been performed with respect to the strain distribution in
the lining and the loads acting upon the lining. The results showed that the stresses
that develop during the construction phase, are considerably higher than expected.
Therefore, contrarily to conventional design, the construction loads can not be ne-
glected.

In the Second Heijnenoord Tunnel, the stresses in the construction phase led to
damage to the construction. In shield driven tunnel projects carried out after 1995
similar problems were faced. Again damage of the construction was observed during
the construction phase. In order to examine the observed aspect in more detail a
research project was started by the Delft Cluster. Delft Cluster is a corporation of
five research institutes in which, among others, Delft University of Technology and
TNO participate. The research program was sponsored by the Delft Cluster, the
Dutch Government and two project organizations which are involved in shield driven
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tunnel projects (HSL-Zuid and Betuweroute).

The test model consists of a full scale tunnel lining containing three rings with
9.45 m external diameter and a segment thickness of 0.4 m (lining center radius r =
4.525m).

In the first tests with the full scale equipment, which were performed in 1999, the
ring behavior under several loading conditions was emphasized. The results obtained
from the evaluation of these tests are described described by van der Vliet et al. [73]
yielded the following conclusions:

e For modeling the behavior of the lining correctly, the behavior of the joints
between the segments and between the rings is crucial.

e Locally large differences were observed between the measured moments and
forces and the numerically predicted values. No reasonable explanation could
be given for this.

e From the experiments a significant effect was found of initial gaps in the joints
during the construction phase.

The experiences in the first series of tests gave reason to perform a second series of
tests with the full scale test facility. The numerical analyses performed on behalf
of these additional tests are described in this chapter. The tests focus upon the
behavior in the final stage (service loads) as well as in the construction phase. The
effect of inaccurate positioning of the segments leading to possible damage of the
construction is studied by applying initial gaps in the ring joints.

In §7.3 and §7.4 the numerical analyses carried out with the finite element program
DIANA are outlined. Attention is focused upon the model and a comparison of the
results with the experimental results. More specifically, attention has been paid to
the modeling of the behavior of the segment joints. For this purpose a user-supplied
subroutine was adopted. In the following section [§7.2] the full scale test facility
which was used for performing the tests is outlined. A summary of the conclusions
and a preview of the final tests is given at the end of the chapter [§7.5].

7.2 Experiments

7.2.1 Set-up

The full scale test facility adopted for the experiments is shown in Figure 7.1 on the
next page. It can be seen from the photograph that the three rings are mounted in
vertical direction, thereby denying the dead weight of the construction. The effect
of the dead weight is significantly less than the effect of the active loads due to the
grout and the Tunnel Boring Machine (TBM).

The photograph also shows that the lining is surrounded by a steel reaction frame
for balancing the radial loads which are applied by twenty-eight hydraulic actuators
per ring. The axial forces representing the loads from the TBM are applied by
fourteen actuators placed at the top and connected by a closed frame to the bottom
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Figure 7.1: Full-scale test facility in the Stevin Laboratory of Delft University

of the lining. In order to avoid friction at the bottom supports the bottom ring
(ring 1) is mounted on Teflon layers. Moreover, the bottom ring is supported by four
tangential active supports, whereas the reaction frame is prevented from rotating by
four tangential pendulums.

7.2.2 Loading

As mentioned previously, radial as well as axial loads can be applied to the test
specimen. For each actuator a different load can be applied, with the condition that

+AqQ

(a) (b)

Figure 7.2: Uniform radial loads (a) and ovalization loads (b)

the radial actuators are diametrically coupled to ensure symmetry. The tested load
scheme with respect to the radial hydraulic actuators is illustrated in Figure 7.2.
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Based on the radial loads shown [Fig. 7.2a-b] the total radial load is given by:
p=q— Agcos20 (7.1)

The expected (radial) deformation due to the so-called ovalization load [Fig.7.2b]
is illustrated in Figure 7.3. The shape of the deformed tunnel is characterized by

Figure 7.3: Shape of the expected ovalization of the lining

a positive horizontal ovalization and a negative vertical ovalization. The rotational
angle 6 refers to the angle which is used for presenting the results [§ 7.4].

The axial loads in the tests described in this chapter are uniformly distributed
along the circumference of the lining. However, in the set-up also a global bending
moment may be applied to the lining, simulating the actual load distribution from
the TBM.

7.2.3 Measurements

During testing the loads are applied in a number of steps. After each load step several
measurements are performed that are used for the evaluation and for comparison to
the results of the finite element calculations. During testing the following data are
recorded:

e Oil pressure of the (axial and radial) hydraulic actuators.
e Radial forces by means of load cells.

e Radial displacements of the lining by means of laser measurements as well as
Linear Variable Displacement Transducers (LVDT’s).

¢ Radial displacements of the reaction frame.

e Axial, tangential and diagonal strains at the inner and outer side of the concrete
segments. In total 312 strain gauges are used.

e Displacements at the (ring and segment) joints by means of 128 LVDT’s.
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7.3 Numerical Analyses

7.3.1 Finite Element Model

As mentioned earlier, two series of tests are performed. A full description of the two
series is given by Vervuurt et al. [90, 91]. The results of each test are analyzed and
compared to the results of calculations carried out with the finite element program
DIANA.

An overview of the outlines of the model is given in Figure 7.4. As can be seen
from the figure a shell model was used for modeling the specimen, using eight-node
quadrilateral isoparametric curved shell elements (type CQ40S) with 2 X 2 integration
points. Because the material behavior of the elements is assumed linear elastic, three

RAD27

RAD28 ring 3

RAD2 RAD6
RAD3 RAD4 RADS

AN

ring 1

Figure 7.4: Schematic view of the outlines of the finite element model

integration points over the height of the shell elements was adopted. A detail of
the element distribution of a single segment is given in Figure 7.5 on the next page.
Moreover, the figure gives the cross-sections of the segments, including the positions
of the segment and ring joints. In the joints between the segments and one single
rings, the segments are connected to each other by concrete tot concrete contact. In
the ring joints plywood is adopted for transferring the axial loads and shear forces.

The principle for modeling the joint behavior is elucidated in detail in §7.3.2.
Moreover, in the following sections the material properties are described as well as
the boundary conditions [§7.3.3] and the analyzed load combinations [§ 7.3.4].
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Azobe blocks for distributing the radial load
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Figure 7.5: Detail of the element distribution of one single segment related to the
actual geometry of the segment

7.3.2 Material Properties

7.3.2.1 Concrete Segments

The material properties of the concrete segments are summarized in Table 7.1. Be-
cause the joint behavior is dominant for the overall behavior of the lining and non
linear effect are only foreseen in the joints, the segments have been assumed to behave
linear elastically during testing.

Table 7.1: MATERIAL PROPERTIES OF THE CONCRETE SEGMENTS

Modulus of elasticity | £ = 40 x 10° kN/m?
Poisson’s ratio v= 0.2

7.3.2.2 Joint Behavior

In general the behavior of the joints between the segments is characterized by contact
behavior, i.e., no stiffness in tension and infinite stiffness in compression. Moreover,
contact is only present over a limited height of the segment thickness [Fig. 7.6a]. Due
to this, on the one hand, the behavior of a joint in compression is less stiff than a
full cross-section of a segment. On the other hand, because the joint is not able to
transfer tensile stresses, the bending stiffness of the joint strongly depends on the
normal force in the joint.
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Figure 7.6: Physical joint behavior (a) and principles of modeling the joints (b),
according to van Empel [74]

For modeling the joint behavior, a concept based on a model developed by
JanBen [41] has been adopted. In the model the reduced (normal and bending)
stiffness is obtained by a beam element between the segments. The beam element
has a limited length (I = h [Fig.7.6b]) and a reduced cross-section. The normal
dependent rotational stiffness is incorporated by nonlinear material behavior of the
beam (f; = 0).

h =0

Figure 7.7: Element schematization of the joints

A schematized detail of the joints In the finite element model is given in Figure
7.7. The interface element NI6F, which is placed is series with the nonlinear beam
element L7BEN, provides the slip behavior of the joint. The slip behavior also depends
on the normal stress in the element.

The rotational joint behavior is characterized by the M-N-x diagram. Fig-
ure 7.8 on the following page illustrates the rotational joint behavior for the geometry
adopted in the tests and an arbitrary normal force. In the figure the theoretical so-
lution according to JanBen [41] is compared to the numerical solution when adopting

Concrete Mechanics Applications



98 Numerical Simulations of Tests on a Segmented Tunnel Lining

linear in compression J
&—— theoretically
—— L7BEN

moment

non linear in compression
m—a theoretically
— L7BEN

curvature

Figure 7.8: Comparison of the numerical and theoretical joint behavior, for both
linear and nonlinear compression

L7BEN elements with eleven integration points over the height of one beam. More-
over, in the figure, the situation where concrete under compression behaves linear
elastically is addressed as well as the situation where the compressive strength of the
concrete is taken into account. In the case of linear elastic compressive behavior the
ultimate moment M, is determined by the height of the beam: M, = % X N X h,
where N is the normal force and h is the height of the joint. When nonlinearities
with respect to the compressive concrete behavior are taken into account the ultimate
moment decreases about 20%.

Moreover, it can be seen from Figure 7.8 that a good prediction is given with the
numerical (beam) model. Because of the limited number of integration points (eleven)
over the height, a too stiff rotational stiffness is calculated for large curvatures (when
all but one interfaces are loaded in tension). In case of nonlinear compressive behavior
divergence of the numerical system is obtained for large curvatures, indicating failure
of the joint.

When, during construction, the segments are mounted perfectly, the joints are
closed from the beginning and no initial gaps are present. Modeling the interface
joint behavior for this case can be achieved by using default material models available
in DIANA, i.e., Mohr-Coulomb. Nevertheless, in practice initial gaps in the joints
have shown to be inevitable, resulting in local peak stresses and possible cracking of
the segments.

Due to the relatively small initial gaps, contact elements have proven to be less
efficient for modeling the joint behavior is such cases. For that reason, a specially
developed material model (user-supplied subroutine) has been implemented for the
interface elements.
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Figure 7.9: Basics of the implemented material model with respect to the joint
behavior in case of initial gaps in the joints

Figure 7.9 illustrates the basics of the material model for joints with (and without)
initial gaps. The relation between the normal stress and displacement is illustrated
for three different positions at an oblique positioned segment [Fig.7.9a]. Depending
on the gap, the normal stiffness in compression is activated at a larger displacement.
This is illustrated by the constant stiffness for two regions (tension and compression)
[Fig. 7.9b-c]. Because in tension also no shear can be transferred by the joint, the
shear stiffness also depends on the normal displacement in the joint as well as on the
initial gap distance.

The effect of the key stones on the behavior of the lining has been modeled by
assigning specific material properties to one of the segment joints in the lining.

7.3.3 Boundary Conditions

At the bottom of the model the lining is supported in vertical direction, circumferen-
tially at the same angles as where the plywood (ring) joints are adopted in the model.
Because the loads are symmetrically in the Y Z plane, theoretically no supports are
required in this plane. Nevertheless, as explained in §7.2, at four positions at the two
axes of symmetry at the bottom of the model (Al to A4 in Figure 7.4), the tangential
deformations are restricted.

7.3.4 Performed Analyses

In the first test series the behavior of the construction under service loads has been
studied (series A). The behavior due to the radial ovalization load is significantly
influenced by the magnitude of the uniform axial and radial loads. These loads
determine the behavior of the ring and segment joints respectively. Table 7.2 gives
the combinations which refer to a high, medium and low uniform load. In this table
the applied load per actuator is given. The areas at which the loads act depend on
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Table 7.2: TESTED LOAD COMBINATIONS IN SERIES A

test ‘ axial uniform | radial uniform | ovalization

Al 800 225 20
A2 1600 450 20
A3 2400 675 30

the radius of the lining (r = 4.525 m), the height of the rings (h = 1.5 m) and the
numbers of actuators (fourteen in axial direction and per ring twenty-eight in radial
direction).

In the second series of tests (series B) attention is paid to the effect of inaccurate
positioning of the segments. The finite element model is used to study whether there
is a relation between the width of gaps between segments and expected damage. In
series B tests are foreseen with initial gaps between the second and third ring in the
test specimen. At the moment this document is being prepared, the tests as well
as the numerical simulations with respect to these tests are being performed. The
results of the second series of tests are presented in [35].

7.4 Results

7.4.1 Introduction

In this section some results of the finite element analyses with respect to series A
of the tests are presented. Moreover, some significant results are compared to the
experimental measurements. Because the largest ovalization is observed in test A3,
in this section attention is focused mainly upon this particular test. A detailed
description of all test results is given in Vervuurt et al. [90].

RING 3 X
RING 2
¢ RING 1
q
T 0.75® 0.57 0.25T 0 -0.25m -0.5m -0.75T -

Figure 7.10: Overview of the lining seen from the inside of the set-up and the defini-
tion of the defined polar coordinate system

The results in the following sections are presented according to the polar coordi-
nate system as illustrated in Figure 7.10. The view of the lining corresponds to the
view of the lining from the inner side of the set-up. In the figure the positions of the
key stones are marked by the gray areas and the dashed lines.
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7.4.2 Deformations

The results with respect to the radial and tangential deformations in test A3 are given
in Figure 7.11 (6yaq and dgan respectively). In the figure the deformation is plotted
on the vertical axis. A positive deformation refers to an increase of the diameter.
On the horizontal axis the circumferential angle is given. The angle 8 = 0 refers to
the axis between the AX10 and AX11 in Figure 7.4. The direction of rotation of the
circumferential angle is shown in Figure 7.10 as well. The position of the segments,
including the key segments is shown in the inset above the figure. The deformations

RING 2

RING 1,3

8 rad;calculated

. tan;calculated

rad;measured

deformation (mm)

-6

1.0 0.5 0.0 -0.5 -1.0
circumferential angle (7 rad)

Figure 7.11: Calculated and measured average deformations (radial and tangential)
in ring 2

as shown in Figure 7.11 are dominated by the radial ovalization loads [Fig.7.2b].
Because this load is distributed uniformly over the height of the construction, it may
be expected that almost no shear stresses develop in the ring joints, causing marginal
differences between the deformations of the different rings. Therefore in Figure 7.11
only the results from the second ring are given. The solid black line indicates the
measurements whereas the solid red line refers to the finite element calculations. In
the figure, moreover, the calculated tangential displacements d¢,, are given by means
of the dotted red line.

From the radial deformations it can be seen that the calculated and measured
average ovalization differ approximately 10% from each other. This difference is
caused by either the assumed segment stiffness (E = 40000 N/mm?) or the segment
joint stiffness. Since the effect of the segment stiffness is considerably less than the
effect of the joint stiffness, it may be expected that the latter effect is dominant for
the observed differences. In the calculation a higher segment joint stiffness should be
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applied. The strain measurements presented hereafter confirm these findings.
When a monolithic lining (no joints) is considered the maximum ovalization can
be calculated from | Agpd
qr
Wmax = g ~p7 (7.2)
where Agq is according to Figure 7.2 on page 93, r is the radius (r = 4.525 m) and
E1I is the tangential bending stiffness of the segments. For a maximum amplitude
of the load of 30 kN per actuator it follows that Aq = 19.7 kN/m? [Table 7.2], and
Wmax = 4.3 mm. Considering the average measured amplitude in test A3 of 5.5 mm,
the presence of the segment joints cause a decrease of the bending stiffness of 22%
compared to a monolithic lining.

Next to the radial deformations also the calculated tangential deformations are
plotted, see the dashed red line in Figure 7.11. For a monolithic lining the maximum
tangential deformation is half of the radial ovalization. Moreover, the results are
shifted iﬂ rad.

RING 2

i u

1.0 0.5 0.0 -0.5 -1.0
circumferential angle (7 rad)

Figure 7.12: Calculated average axial stress distribution in the middle ring of the
test specimen (ring 2)

7.4.3 Axial Strains and Stresses

In the tests the axial loads due to the TBM forces have been assumed to be uniformly
distributed along the circumference of the tunnel (2400 kN per actuator for test
A3). This is confirmed by the stresses obtained from the calculations [Fig.7.12].
Consequently an average axial stress of almost 3 N/mm? may be expected.
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Moreover, it can be seen from this figure that the stresses are strongly influenced
by the concentrated load transfer at the joints. Close to the working lines of the axial
loads (at the segment joints) large compressive stresses are observed (=~ 5 N/mm?),
whereas in between the segment joints (at each quarter of a segment) a rather low
compressive stress is found (a~ 1 N/mm?).

RING2
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circumferential angle (% rad)

Figure 7.13: Calculated and measured average axial strain distribution in the middle
ring of the test specimen (ring 2)

With respect to the axial strains [Fig. 7.13], it is found that the shape of the strain
distribution equals the stress distribution (minimum at the joints and maximum at a
quarter of each segment). However, the maximum strains calculated are about zero,
whereas a maximum stress of —1 N/mm? is found. The difference is attributed to
the influence of lateral contraction due to the radial compressive loads. When the
calculations and the experiments are compared it is found that in the calculations
the maximum strain is limited to about 0, whereas in the experiments the maximum
strain varies between 0 and +25 x 1076,

In Figure 7.14 the difference in axial strain between the inner and the outer side
of the segments is shown, indicating local axial bending in the segments (due to the
tapered shape of the rings). In the figure the results of the calculations are indicated
by the solid lines whereas the measurements are given by dot markers in the same
color connected by thin lines.

The results in Figure 7.14 show that the measurements and the calculations cor-
respond both qualitatively and quantitatively. The influence of the segment joints
is shown by the large differences between the neighboring rings. Because both the
axial and the radial loads are applied symmetrically, it is expected that the observed
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Figure 7.14: Axial strain results: difference between the inside and the outside of the
segments

differences are caused by contraction effects due to the radial loads. In the calcula-
tions the differences are larger than in the experiments, indicating a too low assumed
stiffness of the segment joints.

7.4.4 Tangential Strains and Bending Moments

In radial direction a uniform load is applied as well as an ovalization load. In a
monolithic lining a uniform radial load causes a uniform tangential stress, which can
be calculated from ,

Otan = ( ; (73)

where ¢ is according to Figure 7.2a, r is the radius and ¢ is the thickness of the
segments. For tests A3, with ¢ = 443 kN/m2 [Table 7.2], this leads to an expected
uniform stress of 5 N/mm?. The finite element calculation yields the same conclu-
sions, see Vervuurt et al. [92]. Similar to the axial stress and strain distribution
as shown in Figure 7.12 and Figure 7.13 respectively, a considerable effect of the
concentrated load introduction is found. In Vervuurt et al. [90] it is shown that the
shape of the distribution is opposite to the distribution of the mean axial stress. This
corresponds to the effect of lateral contraction in the segments.

The tangential bending moments are characterized by the tangential curvature
in the segments. When the curvature is defined as Ae,y/t [Fig. 7.15], it can be seen
that there are quite some differences found in the curvature between each neighboring
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Figure 7.15: Measured and calculated tangential curvature in the segments (Aeian /t)

ring. In the experiments the same tendency is found, however, less pronounced.

The differences between the measurements and the calculations are mainly at-
tributed to the (locally) low bending stiffness of the segment (and ring) joints. For
infinite stiffness of the segment joints a uniform behavior may be expected, whereas
for zero stiffness Aeg,, yields to zero. Consequently, the large differences between
the subsequent rings in the calculations indicate that the bending stiffness of the
segment joints is assumed too low. This corresponds to the findings considering the
axial strains [Fig. 7.14].

Because the tangential curvature and the bending moment are related linearly to
each other, the bending moment distribution is expected to be comparable to Figure
7.15. In Figure 7.16 the ring moments are plotted. A contour plot of the calculated
bending moments is given in Figure 7.17.

The blue line in Figure 7.16 indicates the average ring moment. Because the
average moment only depends on the externally applied radial loads, the distribution
should be similar to the moment distribution in a monolithic lining. For a monolithic
lining the moment distribution can be calculated from

m = 1 Agr?cos26 (7.4)

For test A3, with ¢ = 19.7kN/m? [Table 7.2], the maximum moment equals 202 kNm
per ring, which corresponds to the finite element calculations.

The effect of the low bending stiffness of the segment joints is that the moment in
that particular ring decreases, whereas the moment in the neighboring rings increases.
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Figure 7.16: Calculated bending moments in the segments

Therefore a considerable increase of the bending moment in ring 2 is found in the
case of a segment joint in ring 1 and 3, for instance for 6§ = —%w rad. When, on the
other hand, a segment joint is present in ring 2, for instance for § = —i—%w rad, the
bending moment in ring 1 and 3 increases, however, substantially less [Fig. 7.17].
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Figure 7.17: Calculated bending moments (contours)
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7.4.5 Principal Strains

Because in series B tests are foreseen with initial gaps at the ring joint between the
second and third ring of the test specimen, additional strain measurements have been
performed in the third ring. By placing strain gauges at 45° with the tangential and
axial strain gauges, the principal strains can be calculated from the results of one
rosette containing three strain gauges.
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Figure 7.18: Measured and calculated average principal strains in ring 3

The results with respect to the calculated principal strains are given in Figure
7.18. It can be seen that the experiments and calculations correspond well, how-
ever, the maximum principal strain in the calculations is generally smaller than in
the experiments. The principal strains correspond approximately to the axial and
tangential strains (e; and &9 respectively).

7.5 Conclusions

Finite element calculations with respect to full scale experiments of segmented shield
driven tunnels have shown that the lining behavior can be predicted quite well.
Differences are mainly caused by the assumed stiffness of the segment joints. The
stiffness of the ring joints is of less influence in the tests carried out. Moreover, the
study has shown that the comparison of the results should be carried out at the level
of strains. Stresses can not be extracted directly from the strain measurements in
the tests. Due to contraction effects the stress distribution differs significantly from
the strain distribution.
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In order to study the effect of inaccuracies in the positioning of the segments a
second series of tests has been performed. In these tests initial gaps are prescribed
between the second and the third ring. The results of the numerical analyses with
respect to these tests have been presented at the “3rd DIANA World Conference” [35]
and are also described in [91].
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Chapter 8

Nonlinear Behavior of Joints
in Bored Tunnels

W. H. N. C. van Empel and F. J. Kaalberg
North/Southline Consultants & Witteveen+Bos

Abstract. The two bored tunnels that will be part of the North—South Metroline
under the city center of Amsterdam are characterized by an innovative design of radial
and circular joints. This innovative joint design calls for an innovative and advanced
numerical model of the joints and the tunnel tube as a whole. While developing the
three-dimensional phased model of the tunnel lining and its components, the vast
array of modeling facilities offered by DIANA was optimally used. An important
aspect of the development process consists of the validation regarding the behavior
of the numerical components of the tunnel structure

8.1 Introduction

8.1.1 The Amsterdam North—-South Metroline

Under the historic city center of Amsterdam two bored tunnels will be constructed
that are part of the North-South metroline [Fig.8.1]. These tunnels, bored with
separate tunnel boring machines (TBM’s), are approximately 3.6 km long and follow
a route below existing streets. The bored tunnels pass through strongly varying soil
layers, ranging in nature from stiff sand to soft Eem-clay. Along the proposed route
of the bored tunnels, the TBM’s have to be driven along narrow curvatures as low
as 190 meter. The poor soil conditions at some stretches along the proposed route,
combined with with the locally narrow curvatures and an urban environment that
is very sensitive to settlement, make the Amsterdam North—Southline a challenging
project [42].
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Figure 8.1: Proposed route of the North—Southline

8.1.2 Innovative Design of the Bored Tunnels

Because of the project specific adverse conditions encountered along the proposed
route it was acknowledged in an early stage that enhancement and optimization of
conventional design concepts of bored tunnels was necessary in order to minimize and
control the risks regarding the structural performance of the bored tunnels during
the construction phase and the serviceability phase. After thorough investigation
of the theoretical and practical performance of conventional lining concepts it was
concluded that conventional lining concepts in practice often give rise to structural
failure in the sense of crack formation and even breaking off of ring couplers. Given
the sensitive and adverse environment in which the tunnels are to be constructed a
lining concept has been developed which ensures a conditional behavior of the lining,
which can be managed by design and design calculations.

The innovative lining concept is characterized by a centrally placed elastomer
profile in both the radial joints and the circular joints through which the normal
forces at the joint are mainly transferred [Fig.8.2]. The elastomer profile not only
has a structural function but also ensures a watertight joint. At several locations at
the joints elastic plates are applied in order to transfer bending moments and shear
forces at the joint.
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Figure 8.2: Lining concept

8.1.3 Numerical Modeling of the Behavior of the Tunnel Lin-
ing and its Components

Creating a lining concept that results in a defined structural behavior of the lining
and its components is the first step in the direction managing and minimizing the
risks regarding the structural performance of tunnel lining.

The second important step comprises realistic and state of the art numerical
modeling of the behavior of the tunnel lining, its segments and its joints. Because
of the fact that the detailed design (for example the stiffness of the joint plates) of
the tunnel lining and its components have to be determined in the same phase where
the models are applied. The models not only serve a purely predictive goal but are
also used to determine the optimal constellation of design parameters, which gives
the design and calculation process an additional dimension.

This is a major difference with standard tunnel design practice where (numeri-
cal) models are mostly used to predict the behavior of a lining according to a given
conventional concept and detailed design, and therefore given, but mainly assumed
mechanical parameters of the tunnel lining like joint stiffnesses. In the conventional
design practice the behavior of the tunnel lining solely depends on boundary condi-
tions like soil pressures acting on the lining. In the conventional situation (numerical)
models are therefore only used to determine the (given) loads on, or force in the lin-
ing components in order to determine the strength of the components needed to
withstand these loads and forces.

Because of the fact that the stiffnesses of the lining components in the North—
South line lining concept are open and designable parameters, the distribution of the
forces among these components can be manipulated by design which makes the design
and calculation process regarding the North—South line lining concept differ from a
conventional design and calculation process applied in bored tunnel engineering.

The fact that the North—South line lining concept has not been applied in a
bored tunnel project before, and therefore no empirical data is available, calls for
sophisticated and extensive modeling of all relevant mechanisms combined with an
extensive test program, which also is an important aspect of the design process.
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8.2 Conceptual Numerical Model of the Bored Tun-
nel

8.2.1 General

The behavior of a bored tunnel, consisting of several segments, is strongly determined
by the interaction of these segments at the circular and radial joints. In order to
predict the global behavior of the tunnel lining the individual behavior of these
circular and radial joints has to be modeled in a realistic and accurate way. This
joint behavior is determined by the geometrical layout of the joint and the mechanical
properties of the joint components (elastomer profile and elastic plates). Globally
the external loads in the tunnel lining will be distributed among circular and radial
joints according to their relative stiffness.

8.2.2 Designing the Numerical Model

Globally the tunnel lining can be regarded as a thin walled structure. Modeling of
the segments by means of curved shell elements is therefore appropriate. In order
to model the joint a spring system is used [Fig.8.3a]. The centrally placed profile
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Conceptual model u,
Degrees of freedom Joint forces
N6Ig
. ) —— (b) degrees of freedom and forces
NGI:) Eccentric tying
DIANA model

(a) numerical model

Figure 8.3: Model of a joint

is modeled by means of an N6IF interface element, oriented along the normal axis of
the joint. The plates in the joint are modeled by eccentrically placed N6IF interface
elements with an orientation conform the inclination of the actual plates. The two
nodes that are part of the N6IF element are both eccentrically tied to the respective
nodes of the shell element.
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The joint and its model have three degrees of freedom corresponding to three
types of loads, acting on the joint [Fig.8.3b]. Degrees of freedom and forces are
related by a stiffness matrix according to

M ki k2 ks o]
N = ]i)21 k22 k23 . Ut (81)
Q k31 ksa k33 Uy

If the joint would be modeled with separate springs for transfer of bending moment,
normal force and shear force, then a model as shown in Figure 8.4a would arise. In

Rotation under shear force

(a) uncoupled springs

Pure rotation

(b) rotation and shear force

Figure 8.4: Joint model with springs

case of this model, the relations ship between degrees of freedom and forces in the
joint would be

M kii O 0 10}
N = 0 k‘22 0 . (7 (82)
Q 0 0 ks Uy

A joint model as shown in Figure 8.4a would not take into account any interaction
between the three different degrees of freedom of the joint. In reality this interaction
exists, which is illustrated in Figure 8.4b. If the joint is subjected to a combined
shear force and bending moment, the rotation will differ from the case where the
joint is purely subjected to a bending moment. Based on the considerations above,
a joint model conform Figure 8.3 on the preceding page is applied, instead of the
model shown in Figure 8.4a.

In Figure 8.5 on the following page the circular joint and radial joint are shown in
a three-dimensional perspective. The centrally placed elastomer profile at the joint is
modeled by means of a row of N6IF interface elements because no three-dimensional
line interface elements are offered by DIANA at this moment. By means of lumping
the individual stiffness of each interface element is assigned in such a way that the
row of individual springs will act as if it were a continuous line interface element.

At the locations of the joint plates the eccentrically placed N6IF elements are
applied and oriented according to the individual orientation of the plates. The nodes
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Figure 8.5: Three-dimensional view of joint model

of these interface elements are eccentrically tied to the corresponding nodes of the
shell elements representing the segments.

8.3 Validation of the Numerical Model

The joint model to be applied in the macro model of the tunnel rings is to be validated
in order to assure a correct prediction of the response of the tunnel lining and its
components under the governing boundary conditions [Fig.8.6]. Also the behavior
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tunnel model model
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Validation

v

Reference Validation
joint model
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Simplified Analytical model
joint model simple load cases

Implementation
PEEEE.  T—S

Validation R Validation
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Figure 8.6: Validation procedure

of the macro model is to be validated by means of a number of benchmark studies
based on simple load cases leading to a response of the tunnel lining that can be

predicted analytically.
In order to validate the simplified spring joint model applied in the joints, this
simplified model is to be validated based on a higher order reference model (two-
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dimensional continuum model) which will be discussed later on. The behavior of
the reference model can be validated on its turn by means of a full scale physical
model of the joint to be tested in a laboratory. In the ultimate case the behavior of
the macro model can be validated based on a full scale physical model consisting of
several rings.

8.3.1 Simplified Spring Model — 2D Joint

In order to validate the simplified spring model to be applied in the macro model
of the tunnel lining, a two-dimensional continuum model has been used as a refer-
ence [Fig.8.7]. Compared to the reference model the simplified spring model has
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(a) reference model (b) spring model

Figure 8.7: Validation of the spring model

one limitation. The springs in the simplified model do not have dimensions and
represent the net behavior of the corresponding plate or elastomer profile. In order
to assess the implications of this simplification several benchmark calculations have
been performed. During one calculation the normal compression of the joint was
set at 10 mm and a transverse offset of 2 mm was applied. Under these conditions
and realistic stiffnesses of the elastomer profile and joint plates the rotation ¢ of the
joint was varied between —0.030 rad and +0.030 rad and the M—¢, N—¢, and Q—¢
relationships were determined for both the reference model and the simplified spring
model. In Figure 8.8 on the next page the M—¢ diagram is shown as an example.
This particular benchmark calculation, and also the other calculations showed
an outstanding resemblance between the behavior of the reference model and the
simplified spring model. It can therefore be concluded that the simplified spring
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Figure 8.8: Rotational behavior of reference and spring model

model is able to behave in a way that is equal to the behavior of a more complex
two-dimensional continuum model.

8.3.2 Macro Model of the Lining — Simple Load Cases

By applying a simple load case with regard to the macro model of the lining, and
predicting the distributions of stresses and forces in the circular and radial joints, the
global behavior of the macro model and the integral three-dimensional joint behavior
can be validated. In this chapter the validation of the numerically predicted behavior
of the circular joint will be discussed.

Figure 8.9: Macro model, axially loaded

The model used consisted of two tunnel rings, loaded by a resulting normal force
acting in the direction of the tunnel axis [Fig.8.9]. In order to apply these global
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loads a master node was used. The nodes of the shell elements along the tunnel
perimeter were eccentrically tied to this master node. In this way the global loads
were automatically distributed along the tunnel perimeter on a proper way.

For a given set of material properties of elastomer profile and joint plates the
distribution of the normal force along the elastomer profile in the the circular joint
was determined. These material properties were chosen in such a way that the normal
load was partially transferred by the joint plates. In Figure 8.10 the distribution of
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Figure 8.10: Distributed normal force in elastomer profile

the normal distributed force along the elastomer profile is shown. The diagram shows
that at the locations of the plates the normal load is partially taken over by the joint
plates, thus leading to a local reduction of the distributed force in the elastomer
profile. Figure 8.11 shows how the global axial force is transferred in the circular
joint.

Qualitative and quantitative comparison of the output of the numerical model
with the analytical predictions showed that the model predicts the global behavior
of the lining in a proper way.
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8.3.3 Simplified Spring Model — Results of Physical Model

After determination of the optimal constellation of design parameters based on eval-
uation of the output of the applied (numerical) models [§ 8.4], the abstract numerical
elements and the accordingly desired behavior have to be translated into physical
elements. For example, the desired stiffness of the plates (interface elements) in ra-
dial and circular joints are deduced from the model results, resulting in functional
specification for the real physical plates to be produced. Once these plates have
been produced, testing of the characteristics of these plates is to be performed in a
laboratory.

Figure 8.12: Elastomer profile placed in steel cavity

At this moment a number of tests has been performed on the elastomer profile
in order to determine the normal characteristic of this profile. Figure 8.12 shows the
profile as it was tested in a laboratory. Figure 8.13 shows the characteristic of the
elastomer profile that was measured. This characteristic can be approximated with
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Figure 8.13: Measured normal force characteristic elastomer profile and accordingly
approximated multi-linear diagram
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a multi-linear diagram that serves as material input for the used interface element.
The same procedure can, and will be performed in the nearby future for the elastic
plates, thus resulting in input for interface elements representing these plates.

Once the properties of elastomer profile and elastic plates are known, the consti-
tutive input for the joint model is present. The final step lies in validation of the
numerically predicted kinematics of the joint as a whole, based on a 1:1 test specimen
of the joint [Fig.8.14]. Once the behavior of the numerical joint model is validated
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Figure 8.14: Specimen as to be tested in a laboratory

based on the physical joint model, one can be sure that the behavior of the joints in
the numerical macro model is accurately simulated.

8.4 Application of the Model in Practice

8.4.1 Modeling of the Construction Phase

The construction phase during which the bored tunnel is being constructed by erect-
ing individual segments and forming a tunnel ring is commonly recognized as a phase
to be more critical than the serviceability phase of the tunnel lining. During the con-
struction phase [Fig.8.15], the segments are loaded by strongly varying jack forces,
applied by the TBM thrust jacks. Once a tunnel ring has been completed, the TBM
will continue boring and gradually the tunnel ring will leave the shelter of the TBM-
shield and will be subjected to pressures, present in the grout suspension injected in
the tail void.
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Figure 8.15: Construction of a shield driven tunnel

The complex succession of strongly varying load cases calls for a sophisticated
phased three-dimensional model, commonly known as a four-dimensional model
[Fig.8.16]. At one side of the model the thrust jacks are modeled. Also the con-

Figure 8.16: Phased three-dimensional numerical model of the tunnel lining

ical keystone has been modeled. The gradual construction of the tunnel lining can
be modeled by means of a ring-by-ring or even segment-by-segment phasing of the
calculation.

8.4.2 Modeling of the Serviceability Phase

During the serviceability phase no significant changes in the boundary conditions
regarding the tunnel occur within a limited distance along the tunnel axis. There-
fore a semi three-dimensional model is used, consisting of two adjacent tunnel rings
(shell elements) and a continuum model of the surrounding layered soil [Fig.8.17].
The soil has been modeled with a Modified Mohr-Coulomb material model. Before
application this material model has been successfully validated based on laboratory
results of specimen of the soil layers encountered.
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Figure 8.17: Soil model

8.4.3 Parameter Study

Besides performing a parameter study in order to determine the most critical configu-
ration of conditions or parameters which can’t be manipulated by design (boundary
conditions like stiffnesses of soil layers, external loads etc.) a separate parameter
study is performed in order to determine the optimal individual stiffness of the elas-
tic plates in radial and circular joints. The design, and therefore the mechanical
properties of these plates are not determined in advance but are to be determined
based on a prediction of the behavior of the lining and its components as a function
of these mechanical properties.

Once the impact of the mechanical properties of the elastic joint plates on the
response of the tunnel lining and its components is quantified by means of a parameter
study, the optimal joint plate design can be selected. This procedure is illustrated by a

(b) ovalization

(a) external pressure load

Figure 8.18: Model of tunnel ring

case regarding two tunnel rings, loaded by an external pressure distribution p(¢) (soil—
grout pressures) [Fig. 8.18a]. The behavior of the tunnel as coupled rings is commonly
referred to as ring action which results in an oval deformation, or ovalization, of the
tunnel rings [Fig. 8.18b].
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In the case of of ring action the radial joints globally act as rotational springs
with an equivalent rotational stiffness depending on the stiffness of the plates applied
and their eccentricity. The plates in the circular joint will merely act as translational
springs with an equivalent radial stiffness depending on the stiffness of the plates
applied.

For a given distribution of the external pressure along the perimeter of the tunnel
rings and a selected combination of rotational stiffness of the radial joints and a
stiffness of the plates in the circular joints, a calculation can be performed and the
relevant loads on, and the deformation of the lining components determined. As
an illustration a qualitative distribution of bending moments in both tunnel rings
is shown in Figure 8.19. Depending on the ratio of rotational stiffness of the radial
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Figure 8.19: Illustrative distribution of bending moments in two tunnel rings

joints and radial stiffness of the plates in the circular joints, the external load will be
distributed among radial and circular joints. The stiffer the plates in radial joints are
designed relative to the plates in the circular joints, the higher the bending moments
acting on the radial joints will become and the lower the forces acting on the plates
in the circular joints will become. The loads acting on radial and circular joints can
therefore be manipulated by manipulating the relative stiffness of these joints.

As an illustration, the maximum force acting on the plates in the circular joint
is qualitatively shown as a function of the radial stiffness K,.q of the plates in the
circular joint and the tangential (along ring perimeter) stiffness Ki,, of the plates
in the radial joints [Fig.8.20]. It shows that the maximum load on the plates in the
circular joint decreases with increasing Kyaq/Kian ratio.

The maximum load on the plates in the circular joint is only one design parameter
to be taken into account. Other design parameters like deformation of the tunnel
ring, forces in the segments and loads on the plates i the radial joint also have to
be taken into account. The optimal Ky aq/Ktan ratio is that ratio which leads to to
minimal reinforcement needed for the transfer of internal forces in the tunnel lining
and its components combined with an acceptably small deformation or ovalization of
the lining.

Besides the ring action mechanism discussed in this chapter, other mechanisms
also play a role of importance [Fig.8.21]. Each mechanism results in a range of ac-
ceptable or preferred stiffnesses regarding the elastic plates in the radial and circular

Concrete Mechanics Applications



8.5 Detailed Modeling of the Elastomer Profile 123

250

200

150

100

ss Krad = 2000 kN/mm

Krad = 250 kN/mm
50

Maximum load on plates circular joint (kN)

\ Krad = 100 kN/fmm
R
Krad = 25 kNimm
0
0 500 1000 1500 2000

Ktan (kN/mm)

Figure 8.20: Maximum load on plates in circular joint as function of Ki,, for four
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Figure 8.21: Determination of range of acceptable plate stiffnesses

joints. Integral evaluation of all ranging will eventually result in one range of plate
stiffnesses which will meat all design criteria.

8.5 Detailed Modeling of the Elastomer Profile

8.5.1 General

In the preceding sections the implementation of the behavior of elastomer profile and
elastic plates in the joint- and tunnel ring model has been discussed. The input for the
material models (multi-linear characteristics) is eventually obtained from laboratory
test results. Before production and successive testing of elastomer profile and elastic
plates these components have to be designed based on the defined specifications.
Practice shows that the production and testing of custom made products, like the
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needed joint components, is costly and time consuming. Therefore DIANA also has
been used to predict the behavior of the elastomer profile and elastic plates. In this
section the modeling of the elastomer profile will be briefly discussed.

8.5.2 Modeling of the Elastomer Profile

DiaNA offers a number of hyperelastic material models, which can be used to model
rubber-like materials. In order to model the behavior of the elastomer profile a
Mooney—Rivlin material model has been used which makes use of two material con-
stants C7 and Cs and a bulk modulus. Because of the fact that elastomer is almost
incompressible, the bulk modulus was set to a high value. The material constants
C and C5 were obtained from formulae that describe the relationship between these
constants and the shore stiffness SH.

Because of the fact that strong compressions of the elastomer profile lead to
numerical instability the numerical model was eventually used to semi-quantitatively
assess the deformation mode of the profile under small compression. Figure 8.22
shows the deformation mode of a profile which was considered as a design candidate.

Figure 8.22: Deformation mode of an elastomer profile

8.6 Conclusions

The complex action of radial and circular joints in the tunnel lining has successfully
been modeled by means of a simplified system of interface elements, resulting in a
macro tunnel model with minimal size and complexity. Successful validation of these
simplified joint models, based in higher order models and test results, guarantees a
realistic prediction of the joint action in the macro model of the tunnel lining and
therefore a correct prediction of the response of the tunnel lining itself.
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Chapter 9

How to Avoid Cracking in
Young Concrete

E. Schlangen
INTRON BV & Delft University of Technology, CITG, Microlab

P. E. Roelfstra
FEMMASSE BV

9.1 Introduction

Large concrete structures, like tunnels and bridges, are often built in phases. The
most important factors that determine the risk of crack formation in the young con-
crete are the dimensions of the adjacent parts, the maximum temperature difference
during hardening, and the extent of displacement obstruction. With the HEAT pro-
gram [31] of FEMMASSE BV the building process can be simulated and predictions
can be made about the development of temperatures and stresses during the hard-
ening process.

If the tensile stresses should ever exceed the tensile strength, then HEAT can
be applied to investigate whether any precautions must be taken to reduce the risk
of crack formation. Various precautions are possible; the most usual ones are the
following:

e Application of insulation on the formwork to decelerate the cooling down pro-
cess such that the thermal strain can be followed by the viscous strain (creep)
of the young concrete.

e Warming up (partially) the adjacent parts of a previous phase.

e Optimizing the concrete mixture to decrease the temperature difference and/or
to accelerate the development of the tensile strength.
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e Reducing the initial temperature of the mixture.

e Application of cooling pipes to control the hardening process.

Considering economical topics and fixed data, like the tempo of the building process,
one or more of the possible precautions can be chosen.

As an example, the control of temperature and stress in the access roads of the
Western Scheldt tunnel in Zeeland /the Netherlands have been analyzed. This project
has been executed for KMW (‘Kombinatie Middelplaat Westerschelde v.0.F.”). The
analyses for this project have been performed by INTRON Bv with the HEAT pro-
gram.

9.2 Problem Description
The problem involves the access roads at the northern side of the Western Scheldt

tunnel. These access roads are subdivided in fifteen segments of which Figure 9.1
shows a characteristic cross-section. The floors of the access road are little more
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Figure 9.1: Characteristic cross-section of access road

than 30 meters wide, about 20 meters long, and about 1.30 meter thick. The floors
of sections 2 up to and including 11 are being poured on top of an underwater concrete
layer of little more than 1 meter thick, founded on piles. On top of the floor, walls
are being poured with a height varying form 4.9 to 14 meters. The walls are tapered:
their thickness varies from about 1000 mm at the bottom up to 500 mm at the top.

It is generally known that in walls thicker than 700 mm cracks may form in the
young phase. Therefore, for this project the highest allowable tensile stress in the
young phase was restricted to 50% of the existing tensile strength. By means of
the HEAT program a number of analyses have been performed to determine effective
precautions to meet this restriction.
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9.3 Required Analysis Data

The input data for the calculations comprises the following.

I. geometry of the structure phasing;
II. material properties of the concrete;
III. kinematic boundary conditions;

IV. physical boundary conditions (climatic conditions).

The next sections further elucidate the input data required for the calculation.

9.3.1 Geometry and Phasing of the Structure

Figure 9.2 shows the subdivision in macro elements of the concrete pours to be
performed. For simplification, because the analysis only involves the wall-floor con-
nection, the underwater concrete floor and the structural floor have been modeled as

I

piece 8

piece 4

Figure 9.2: Finite element models for walls, sections 2-11

one single structural part. The walls will be poured at least four weeks later than
the floors. In the calculation it is assumed that the walls at the left- and right-hand
sides will be poured simultaneously which allows the application of a vertical axis of
symmetry. The further subdivision of the macro elements into finite elements can be
realized by means of the graphical interface of HEAT.

9.3.2 Material Properties of the Concrete

On the basis of the concrete composition, as prescribed by KMW, the required mate-
rial properties have been determined via the material database of FEMMASSE Bv.
Table 9.1 on the next page summarizes the required material properties. Figure 9.3 on
page 129 depicts the course of the adiabatic heat development.

Relaxation of young concrete has been accounted for via an aging Maxwell Chain,
which comprises six elements. The input of the Maxwell Chain is based on creep
functions from the CEB-FIP Model Code 1990 [13], and also on measured results of
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Table 9.1: MATERIAL PROPERTIES
Composition
Quality class B35
Cement type CEM III/B 42.5 LH HS
Cement proportion 340 kg/m3

Auxiliary materials
Aggregate
Water-cement ratio

BV/FM and LP-Bildner
river sand and shingle (nominal 32 mm)
0.45

Thermal properties

Density 2500 kg/m?
Specific heat 1.0 kJ/(kg-°C)
Conduction coefficient 2.4 W/(m? - K)
Total heat production 105000 kJ/m3
Velocity coefficient 0.04

Dormant period 7h

Ratio Activating energy / Universal gas constant | 4700

Thermal expansion coefficient 1.2 x 107°
Poisson’s ratio 0.20

Mechanical properties

Age Compressive strength | Tensile strength? | E-modulus?
[maturity days'] [MPa] [MPa] [MPa]
0.75 1.4 0.37 8699
1 6.2 1.02 10833
2 15.9 1.87 16222
3 22.5 2.38 19572
7 35.3 3.28 24109
14 42.9 3.80 28996
28 48.0 4.17 32506

TOne maturity day corresponds to one day of age at 20 °C.
fDetermined with CEB formulas [13] from compressive strength and fitting data.

relaxation tests performed on young concrete, by order of third parties, and exten-
sively checked on the basis of practical experience. The temperature dependency of
the relaxation is described with the Arrhenius equation.

9.3.3 Kinematic Boundary Conditions

Figure 9.4a shows the axes system as chosen for the structure. In the 2% dimensional
analysis only strains in the XY plane (€4, €4y, and 74y) and perpendicular to this
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Figure 9.3: Adiabatic heat development

plane (e..) are considered. The strain ., is defined as follows.
e22(2,y) = £(0,0) + Koy + Kyz (9.1)

Where x; denotes the curvature around the X axis and &, the curvature around the
Y axis. Because of symmetry the curvature around the Y axis has been constrained.
Preliminary analyses showed that the extent of obstruction of the curvature x, and
the dilatation £(0,0) was minor. Therefore, it was not necessary to constraint these
strains. Figure 9.4b shows the applied kinematic boundary conditions in the XY
plane.

/

z roll support

(a) axes system (b) boundary conditions in XY plane

Figure 9.4: Kinematic boundary conditions

9.3.4 Physical Boundary Conditions

Climatic conditions. The average ambient temperature has been taken as 15 °C.
The day and night cycle has been approximated with a sine curve with an amplitude
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of 3°C [Fig.9.5]. The presumed wind speed is 5 m/s.

Temperature [oC]
18.0

0.0 240

Time [haurg]

Figure 9.5: Course of the assumed ambient temperature

Initial temperature. The initial temperature of the concrete in the wall and in
the floor has been taken respectively as 20 °C and 15 °C.

Formwork and insulation. In the analyses for the wall it is assumed that the
formwork will be removed four days after the pour. KMW has chosen 18 mm plywood
for the formwork. For a wind speed of 5 m/s the heat transfer coefficient between the
wall and this formwork is 7W/(m? - K). After removal of the formwork this transfer
is 25 W/(m? - K).

9.4 Analysis for Situation Without Precautions

Figures 9.6 to 9.10 summarize the analysis results for the situation without precau-
tions.  Figure 9.9 and Figure 9.10 clearly show that the stress (¢..) in the wall is
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Temperature distribution at 35,0 hours Temperature distibution at 36,0 hours

Figure 9.6: Temperature distribution at occurrence of peak temperature
well over the allowable limit of 50% of the tensile strength. The problem is largely

due to the magnitude of the average temperature difference between the wall and the
floor during the hydration process. Hence, precautions must be taken to reduce this
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Figure 9.7: Temperature development in the center and at the surface of the wall
(with a period of 24 hours)
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Figure 9.8: Stress distribution (o..) in the wall at occurrence of peak stress

difference. Because of the following reasons cooling turned out to be a useful and
economically sensible solution.

e Pouring the floor and the walls simultaneously, like applied for the @resund
tunnel, could have been a solution. However, for reasons of construction prac-
tice the phasing of the pour could not be changed.

e Application of less insulating formwork, for instance steel, is not useful in this
case because of the large wall thickness. In this situation the temperature
is hardly reduced, while the local gradient from center to surface increases
adversely.

e Reinforcement to reduce the crack width could not be applied usefully because
of requirements with respect to waterproofness.

e Other precautions, like warming up the floor, reducing the initial tempera-
ture of the concrete mixture, and adaptation of the mixture, turned out to be
technically impossible or economically infeasible.
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Figure 9.9: Stress distribution (o,,) for vertical and horizontal section along the wall
(extreme situation); the factor in the figure is 0.5.
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Figure 9.10: Development of tensile strength (f;) and stress (0,.) in the center of
the wall; the orange line represents 50% of the tensile strength.

9.5 Analysis for Situation With Cooling

9.5.1 Design of the Cooling Plan

If for a floor—wall construction rotation can occur around the X axis, then the highest
tensile stresses will appear at the base of the wall. Therefore it is not necessary to
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cool down the wall along its entire height. In most cases a cooling plan with a varying
pipe distance gives the best results [Fig. 9.11]. It must be noted that the most perfect
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Figure 9.11: Positions of cooling pipes and thermocouples in the wall

cool plan, i.e., practicable and with optimal stress distribution, must be found in
an iterative process. The number of pipes, the pipe distance, the temperature of
the cooling-water, the flow rate, and the duration of the cooling must be varied
systematically. Through the years, the HEAT users have developed practical schemes
and applied them successfully for many types of structures.

In this case the iteration process, and consultation with KMW about practical
feasibility, have resulted in the following scenario and details.

e Application of the required number of cooling pipes in the center of the wall in
accordance with Figure 9.11.

e The cooling pipes are made of plastic and have an external diameter of 32 mm
and a wall thickness of 3 mm.

e The cooling pipes are divided in one single cooling group per wall, with the
inlet at the bottom and the outlet at the top.

e The inlet temperature is 10 °C during the entire cooling period.
e The flow rate of the cooling-water is 1.0 m®/h.

e The cooling lasts 50 hours.

9.5.2 Analysis Results

Figures 9.12 to 9.16 summarize the analysis results for the situation with cooling.
Figure 9.15 and Figure 9.16 clearly show that the stress (o,.) in the wall does not
exceed the allowable limit of 50% of the tensile strength.

Actually, the analytical part is finished at this point. However, a detailed execu-
tion protocol must still be made to achieve that the precautions as determined with
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Figure 9.12: Temperature distribution at occurrence of peak temperature
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Figure 9.13: Temperature development at the thermocouples in the wall
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Figure 9.14: Stress distribution (o.) in the wall at occurrence of peak stress

the analysis are successfully indeed. It is also very important to perform various

checks. For reasons of completeness we will describe the protocol as formulated for
the access roads of the Western Scheldt tunnel in the next section.
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Figure 9.15: Stress distribution (o.,) for vertical and horizontal section along the
wall (extreme situation); the factor in the figure is 0.5.
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Figure 9.16: Development of tensile strength (f;) and stress (o,.) in the center of
the wall; the orange line represents 50% of the tensile strength.

9.5.3 Protocol for the Western Scheldt Tunnel Access Roads

Installation of the cooling system:

e Preferably the distance of the supports should be less than 3 m. In the longi-
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tudinal direction the pipes will continue up to about 0.50 m from the end of
each wall.

Thermocouples must be applied at the positions indicated in Figure 9.11. It is
advised to record the temperature of the cooling-water at the inlet and outlet
of a cooling group. The temperature of the in- and outgoing water may also be
recorded with devices other than thermocouples, provided that the accuracy is
of the order of 1 °C. In all cases the thermocouples in the concrete must be posi-
tioned at suitable distance from an end-face to prevent distracting temperature
influences.

Thermocouples must be connected to the temperature recorder or to the ma-
turity computer.

The ambient temperature must be recorded.

Checks to be made during cooling:

Preliminary to the pour, the cooling system must be checked for leakage by
means of water with a pressure of approximately 3 bar, or so much higher as
required to guarantee a flow rate of at most 2 m?/h.

Thermocouples must be calibrated with ice water (0 °C) or a calibrated matu-
rity computer must be applied. During the calibration the thermocouples must
be connected to electric wire with the same length as applied in reality.

Preliminary to the pour, the signal of the individual thermocouples and flow
rate gauges must be checked.

Preliminary to the pour, the temperature of the mixture and the temperature of
the cooling-water must be checked. At the inlet the temperature of the cooling-
water must be approximately 10 °C throughout the cooling period. The initial
temperature of the mixture may be at most 5°C higher than the average of
day and night temperature. Any deviation to a higher temperature must be
reported concerning the validity check of the cooling plan.

Informatively it is indicated that the maximum required cooling capacity is
about 19.7 kW for each wall.

The moment of starting of the cooling depends on the initial temperature of
the mixture:

1. If the temperature of the mixture, at arrival on the site, is higher than the
inlet temperature, then the cooling must be started at the same time as
the pour of the first mortar in the wall.

2. If the temperature of the mixture is lower than or equal to the inlet tem-
perature then the cooling must be started at the moment that the concrete
temperature has reached the inlet temperature.

The flow rate must be set to 1.0 m?®/h and, if necessay, it must be adjusted
as soon as the difference between in- and outgoing water becomes more than
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1.0 °C/h during the first 32 hours of the active cooling period. However, the
raising of the flow rate must be performed well-controlled with maximum in-
crements of 2.0 m3/h up to a highest pressure that has been guaranteed during
the preliminary checks. The flow rate may never be reduced!

Termination of the cooling:

e The termination of the cooling period is determined via the temperature of the
middle thermocouple. If this thermocouple is defective, the average tempera-
ture of the upper and lower thermocouple may be applied alternatively.

e After the maximum temperature of the middle thermocouple has been reached,
the cooling can be brought to a stop as soon as the temperature of this thermo-
couple has fallen at least 4 and at most 6 °C. Both longer and shorter cooling
periods increase the risk of crack formation. Indicatively, the calculations ex-
pect an active cooling period of 50 hours.

9.6 Conclusions

In this chapter we have outlined an example which demonstrates that problems may
arise during a building process due to exthermal hardening of young concrete. KMW
has recognized these problems in an early stage and has developed precautions which
minimize the risk of crack formation in the young phase. It has been demonstrated
that numerical methods are a perfect tool, not only to predict potential problems in
the hardening process but also to develop suitable precautions. HEAT is an example
of a program which offers such numerical methods. Measurings of temperatures
and stresses in real-life situations of various projects have demonstrated that the
predictions from HEAT are very reliable [31, 59, 63].

The number of material properties that must be specified to make a useful pre-
diction seems extensive. Moreover, certain physical variables are not part of the
practical knowledge of a civil engineer. Therefore, FEMMASSE Bv has developed
a database for the most prevailing concrete classes. Comprehensive information on
the physical and mechanical models in HEAT, and in similar programs, can be found
in [31, 59, 63, 66, 71].

Acknowledgment. The analyses for the cooling have been performed by ir. B.
Baetens of INTRON BV under the authority of KMW. The permission of KMW to
publish this illustrative example is greatfully acknowledged.
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Chapter 10

Design of Concrete Deep
Beams

P. C. J. Hoogenboom and J. Blaauwendraad
Delft University of Technology, Faculty of Civil Engineering and Geosciences

Abstract. An interactive design tool for shear walls and D-regions in beams of
structural concrete is described. The PC-oriented program is based on just two el-
ements: a stringer (straight bar) and a panel (rectangle or quadrilateral). These
elements are used to build models of concrete structures. The design is done in three
distinct steps: the first one is full linear elastic, the second nonlinear step accounts
for cracking of concrete and yielding of panel reinforcement while the stringer rein-
forcement is still kept elastic and the final third step is a full nonlinear simulation of
the structural behavior. Thus, the interactive procedure accounts for redistribution
of stresses. The result is a final scheme of reinforcement and information on defor-
mations and crack widths in the serviceability state. A design example is included.

10.1 Focus on D-Regions

The design of shear walls and beams of complicated geometry is a subject of interest
for structural engineers. In international design circles for structural concrete one
meanwhile is used to the distinction between B-regions and D-regions. B-regions are
the parts of a structure in which the classic beam theory applies and for which we can
think in terms of the familiar bending moments and shear forces (Bending). On this
subject we have plenty of knowledge. The remaining part of the structure consists
of D-regions in which the aforementioned classic state is disturbed (Disturbance).
Examples are joints between beams and columns, zones around holes in the web of
a beam, dented beam ends, and so on. In case a shear wall has an irregular shape
it even has to be considered as one large D-region. The design software SPANCAD
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has been set up for the design of such D-regions. It is based on AUTOCAD for its
drafting functions [4].

10.1.1 Pro’s and Con’s of Existing Methods

In current design practice two methods have been accepted. Either one uses the
Strut-and-Tie method or the Finite Element Method. The big advantage of the
Strut-and-Tie method is its simplicity and transparency. The force transfer to the
supports is clear and the details can be designed safely. However, a complication is
that a different strut-and-tie scheme is optimal for different load cases and load com-
binations. The complication becomes even worse if load reversals must be considered
and forces can reverse sign.

If one applies the Finite Element Method it is being done elastically and a post-
processing program can be used which determines the required reinforcement auto-
matically. This method is fast and simple and one can easily take into consideration
several load cases and combinations, however, not the most economic reinforcement
may be found. We will find that with the Strut-and-Tie method, but that method
also has its drawbacks.

We already mentioned the dependency on the load combinations. Apart of that,
questions can be raised in case of statically undetermined structures. Then several
different strut-and-tie schemes might be applied and one can run into debates with
certifying authorities, which one should be chosen. Also the question quickly arises
how to control the crack widths in the serviceability state. It occurs that structural
designers, who intend to apply the Strut-and-Tie method, start making an elastic
Finite Element Analysis to understand the directions of the principal compression
and tensile stresses. That can be a substantial support. Gradually even programs
come at disposal of structural designers, which take into account the real stiffness of
the struts and ties and permit to compute displacements.

10.1.2 An Alternative: SPanCAD
This introduction brings us naturally to the program SPANCAD. The aim of this new

software is to offer an alternative design tool, which combines a number of advantages
and releases a number of drawbacks. It aims for:

e applicability in an early stage of the design process,

e PC environment, under Windows, ready while you wait,

e the same model for elastic state and failure state,

e the same model for different load combinations,

e for shear walls, (deep) beams and cellular structures,

e information about crack widths and displacements,

e interactive design tool; the designer is on the lead.
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10.2 Stringer—Panel Theory

The program SPANCAD is based on a special type of element method. In the
standard Finite Element Method it is practice to apply a mesh as fine as possible,
but SPANCAD is made to apply the coarsest mesh for a given geometry. This has
been obtained by feeding much concrete mechanics intelligence into the elements. The
second special feature of SPANCAD is the type of elements. Only two types exist,
a stringer element (straight bar) and a panel element (rectangle or quadrilateral)
[Fig.10.1].  This resulted from observation of several structural designs for shear

reinforcement net

panel normal force

panel shear force

__reinforcement bar

N 2 2 2

2

Figure 10.1: Stringers and panels are building blocks of a structural wall model

walls and D-regions in beams. It was noticed that main reinforcement often occurs
in bundles at the edges and around holes (tensile stringers in SPANCAD). Between
those stringers, wall parts occur in which distributed net reinforcement is applied
(panels in SPANCAD).

Two versions of the stringer—panel model have been developed: a realistic nonlin-
ear version and a simplified linear version. In the linear version the material behavior
of stringers and panels is linear elastic and the panels carry only shear forces at the
edges. Thus, all normal forces in the model are transferred by the stringers. Since
stringers are normally positioned at the edges of a model, this gives a large lever arm
for the moment in a section and an efficient force distribution.

In the nonlinear version of the stringer—panel model, the reinforced concrete mate-
rial can both crack and crush, and the reinforcement can yield and break. In addition,
normal forces are included at the panel edges. The latter showed to be necessary for
accurate computation of crack widths, force distribution and strength. The nonlinear
stringer behavior is based on the Eurocode [68] and the nonlinear panel behavior on
the modified compression field theory as developed in the University of Toronto [89].
The crack spacing and crack widths are computed according to the Eurocode [68].
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10.3 A Three-step Design Procedure

10.3.1 Step One: Elastic Analysis

The structural design is made in three steps. The first one is an elastic approach.
In this step the simplified linear model is used. Thus, all normal forces are carried
by the stringers and all shear is carried by the panels. This is fine for the elastic
phase and SPANCAD will always start so. For this first step it does not matter so
much what sizes of cross-sections are assigned to the stringers. It appears that a first
rough estimate is sufficient for the purpose. We can just use experience and rules of
thumbs. The panels have the wall thickness. The software performs a linear elastic
analysis for all load combinations. The force distribution achieved in this way is a
first indication for the determination of the reinforcement in the tensile stringers and
the mesh reinforcement in the panels. No reinforcement in panels is needed outside
tension regions.

10.3.2 Second Step: Nonlinear

Now we can prepare for a nonlinear analysis in which we will account for cracking of
the tensile stringers and cracking and yielding in the panels. In this second step the
accurate nonlinear model is used. Thus, the stress state in the panels is extended
to shear and normal stresses. In the nonlinear step it does matter that we enter
the correct cross-sections of the stringers. In compressed stringers the cross-section
determines the compressive force, which has to be compared with the ultimate design
strength. In tensile stringers the assigned concrete area determines the contribution
of the concrete to the tension-stiffening of the stringer. For this the result from the
elastic step is used as a first estimate.

All input quantities being determined now and fed into the program, we can
start the nonlinear run. The nonlinear analysis is successively made for each load
combination. The engineer can follow the progress of the analysis on the screen
where a load—displacement graph is being drawn. The load is controlled by a load
factor on the vertical axis, which starts with zero and has at least to reach the value
1 at failure. The displacement is on the horizontal axis. Which displacement should
be considered is a decision of the designer. Because we now allow for cracks and
yielding the graph will not be linear anymore. One thing we do not allow for in
this step: yielding of the main reinforcement in tensile stringers. We found that this
decision increased the robustness of the design tool remarkably. In case a tensile
stringer would reach its tensile yield strength SPANCAD will artificially extend the
cracked branch in the force—strain diagram of the stringer. From the analysis results
it will become clear whether or not the ultimate tensile strength of a stringer has been
surpassed for any of the load combinations and the designing engineer has to increase
the reinforcement. He or she immediately also knows to which extent. We also can
inspect the crack widths at service loads and react adequately with reinforcement
adaptations if needed. Due to redistribution of stresses and the enriched capacity of
the panels in this second step it also may occur that the reinforcement in a tensile
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stringer can be reduced, however it is the decision of the engineer whether or not to
make use of this possibility. He or she may be happy to have some reserve capacity
and leave it as it is, if he does not like to strip the structure to the bone.

10.3.3 Third Step: Final Simulation

The third step is intended as a final check. All decisions made on basis of the
analysis results of the second step must be entered into SPANCAD and then the
final simulation can be started. Now no restriction on the nonlinear responses does
exist anymore. If everything has been done well the result of this analysis will satisfy
the structural designer and the job is finished. If he or she is not content with some
details it may be needed to restart either a new step 2 or directly a new final step 3
for further improvement.

It appears that SPANCAD, if applied in this way, is a robust and fast program.
The elastic analysis is done more or less instantaneously as all elastic programs and
the nonlinear analysis and final simulation only require a couple of minutes. In fact
the time involved with the initial modeling of the structure and the professional
decisions to be made by the engineer are determining for the duration of the design
process.

The final thing still to be done is detailing. Particular attention must be paid to
the anchoring of the main reinforcement. At free edges the force in the stringers will
be zero while we yet want to anchor them carefully.

10.3.4 Classical Cases Covered

SPANCAD has been designed for complicated D-regions but it should do the right
things if applied to the familiar classic B-regions. It may be clear that it easily
does so. Figure 10.2 shows a simply supported statically determinate example. In

stringer l panel

i
Figure 10.2: Simply supported beam model

the shown beam we have horizontal top stringers and bottom stringers to carry the
bending moment (compression zone and tension zone) and panels in the web between
the stringers to carry the shear force. Above the two supports and where the point
load is introduced also vertical stringers are needed.

If the main reinforcement in the bottom stringer is decisive, the behavior the
structure will fail in bending. If the stirrups are decisive, the beam will fail in shear.
In that case SPANCAD will produce inclined principal compressive stresses that are
in good agreement with the predictions from the classic theory of plasticity [9, 55].
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Shear is also the dominant phenomenon in cellular structures under torsion load-
ing. Figure 10.3 shows an example of such a structure. Again, SPANCAD produces

- —>
v
v 1 *
A
<« o o
= —
v r— M
v A &
hd
- —

Figure 10.3: SPANCAD can also be used for torsion in box girder beams

inclined cracks in accordance with the theory of plasticity for torsion in structural
concrete and both the longitudinal reinforcement and the transverse reinforcement
are in tension. This could not have come into being if the panels only would carry
shear stresses, as is the case in the first elastic step.

10.4 Design Example

SPANCAD is used here to design reinforcement for a deep beam shown in Figure 10.4.
The reinforcement for this beam has also been designed by Despot and published in
his PhD thesis on plastic optimization at the ETH in Zirich [21].
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Figure 10.4: Design example of Despot in ETH Ziirich. Shown are design loads for
the ultimate limit state. The beam thickness is 250 mm
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10.4.1 First Step

First the stringer—panel model has been drawn and the loading has been entered in
SPANCAD [Fig.10.5]. For the moment every stringer has a cross-section area of

113 KN 240 kN 1356 kI 332kN 281 kN 324 kKN 356 kN 398 kI

4 ¢
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310 kN
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Figure 10.5: Stringer—panel model of the deep beam

250 x 300 mm. The panels have a thickness of 250 mm. The stringers and panels do
not have reinforcement yet. SPANCAD computes the deformation of the model and
the force flow in the model [Fig.10.6]. In this step the stringers and panels behave
linear-elastically. The stringers carry normal forces only and the panels carry shear
forces only.

A 649 kN A

Figure 10.6: Stringer forces [kN] en panel forces [kN/m]. The width of a line is pro-
portional to the size of the force in a stringer. Tensile forces are red and compressive
forces are green.

10.4.2 Second Step

A standard reinforcing net @7-150 in both directions is placed at both sides of the
beam. This provides 0.20% reinforcement. The stringer and panel forces are used to
select further reinforcement [Fig.10.7]. We choose to remove some of the tensioned
horizontal stringers in the deep beam. Later we will see whether the distributed
reinforcement can carry this force. The dimensions of the stringers are 250 mm thick
and 140 to 900 mm wide. The panels still are 250 mm thick. The material properties
are shown in Table 10.1 on the next page. SPANCAD computes the force flow in the
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Figure 10.7: Selected reinforcement

Table 10.1: DESIGN VALUES OF THE MATERIALS FOR THE ULTIMATE LIMIT STATE

Concrete ‘ Reinforcing steel

Compressive strength —19.5 MPa | Yield strength 460 MPa
Young’s modulus 30000 MPa | Young’s modulus 200000 MPa
Tensile strength 2.2 MPa | Hardening modulus 0 MPa
Ultimate strain —0.0035 Ultimate strain 0.05

nonlinear model due to the load of the ultimate limit state [Fig.10.8]. In this the
panels do not only carry shear forces but normal forces as well. The principal stress
is drawn in the middle of each panel. A considerable redistribution of the force flow
occurs compared to the linear elastic computation.
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Figure 10.8: Force flow due to the ultimate load

10.4.3 Third Step

The reinforcement is adapted to the nonlinear force flow [Fig.10.9]. Subsequently,
SPANCAD simulates the beam behavior including all nonlinear properties. Figure
10.10 shows the load—displacement diagram. Plotted is the vertical displacement of
the top of the beam at the concentrated load just right of the hole. Figure 10.11
shows the crack pattern for the serviceability load at 70% of the ultimate load. The
crack widths appear to be below 0.30 mm and the cracks mainly occur around the
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Figure 10.9: Final reinforcement layout
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Figure 10.10: Load—displacement diagram of the deep beam

opening in the wall. They distribute over a far larger area for the ultimate load,
which is not shown here.
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Figure 10.11: Cracks at service load (70% of ultimate load)

The amount of reinforcement is 884 kg (detailing reinforcement not included).
The panels contain 483 kg and the stringers 401 kg. It appears that the selected
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minimum reinforcement is quite important for the final result. In the shown design
0.20% was chosen. That is less than the minimum reinforcement that is needed if
the strength of the panel should not drop after cracking. If that were the criterion,
we would need 0.58%, which will result in a total amount of 1220 kg reinforcement.
The minimum reinforcement can be less because the panel is capable to describe
localized fracture. For comparison we mention that Despot selected 0.27% minimum
net reinforcement in his plastic design of this deep beam [21]. This resulted in 1070 kg
reinforcement.
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Restrengthening of Brickwork
to Reduce Crack Width

L. G. W. Verhoef
Delft University of Technology, Faculty of Architecture

G. P. A. G. van Zijl
Stellenbosch University, Dept. of Civil Engineering

P. A. de Vries
Delft University of Technology, Faculty of Civil Engineering and Geosciences

11.1 Mixed Building Techniques: ‘De Adelaar’

Throughout the centuries the design and methods of construction has been related to
economic circumstances, the development of techniques and materials. At one stage
in this development came the brick building with wooden floors. Later, after the dis-
covery of cement, people were able to produce concrete. First came an experimental
period in which slowly but surely more and more of the structural parts of buildings
were made of concrete. In the intermediate period many buildings combined the use
of both materials. The walls were still erected in brickwork while the columns, beams
and floors in the building were made of concrete. Such a building is ‘De Adelaar’
(The Eagle) [Fig. 11.1].

It was built in 1906 to the design of the architect Vuyk. The building was orig-
inally designed to produce soap and had an eagle on top to give a strong signal
drawing attention to it. Now it is a listed building. One of the essential qualities of
the building is its visual impact, which must therefore be retained. The condition of
the building is poor; there are cracks in the brick walls; the concrete inside the build-
ing is very seriously carbonated and was aggressively attacked by the soap producing
process.
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Figure 11.1: ‘De Adelaar’ backside, facing the river Zaan

With our contemporary knowledge it is not difficult to improve the quality of the
brick walls, for example by replacing cracked bricks by new ones that are the same
in color and texture. Another solution could be to move bricks from the inside of
the wall to replace those on the outside. In this case the original material is used
and the mortar pointing can be renewed. Despite the poor condition of the concrete
structure, restrengthening of the original structure can be carried out, but in this
case the amount of money is the determining factor.

If there is not sufficient money to pay for restoration or renovation this auto-
matically results in the end of the existence of the building. The only alternative is
that the new function itself will generate the money to earn back the investments.
The quality of the building remains important to the new function, as also does the
guarantee that the causes of the cracking of the brick walls can be stopped by the
renovation measurements.

11.2 The Main Problem

The main problems of buildings with a traditional outside bearing wall of brickwork
and a concrete inner bearing structure are caused by the differences in temperature
movement of brickwork and concrete and the movement of moisture. Of these the
movement caused by changes in temperature plays by far the biggest role, leading
to vertical cracks at the weakest points — the windows. Horizontal cracks also occur,
but these are clearly due to the extension of the corroded bars in the concrete floors
resting in the brick walls. In any case, solutions have to be found. The fact that this
kind of damage is repairable does not diminish the question whether the differential
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thermal expansion and contraction will lead to cracking or, after repair, to new
cracking.

The new function for ‘De Adelaar’ will be that of an office building. People have
to work close to the outer walls, which will have quite a low temperature in winter.
This means that the workers will radiate heat to the wall and will feel chilled or may
become ill. Insulation of the wall on the outside would solve all the problems and,
technically speaking, it is the only good solution. However such a solution is out of
the question because of its effect on the visual impact of the building and the fact
that it is a listed building. Insulation placed against the inside of the brick outer
facade wall will make the difference in temperature-induced movement practically
twice that in the original situation. However, under these circumstances with a wall
made of bricks and a lime mortar, which is more elastic than a cement-lime mortar,
the repaired wall may not crack as a result of movement resulting from temperature
fluctuations.

11.3 Basic Interventions

The basic intervention considered is insulation, either directly on the inside, or in
the form of an internal climate fagade. To control the wall cracking, dilatations in
the walls, or glued carbon fiber plastic reinforcement on the wall inside faces are
considered.

11.3.1 Insulation on the Inside

Within the group of using insulation on the inside, several variations are possible [38].
Calculations for each of these have been made to determine whether condensation
will occur on the under surface of the floors or inner sides of the walls. For the
temperature-induced movement the maximum difference will occur if we choose the
method shown in Figure 11.2a. The movement of the brick wall is initiated by
the outside conditions, with peaks for the summer and the winter. The concrete
structure stays more or less unchanged at a conditioned air temperature on the
inside of 20 °C < T; < 24 °C in winter and 23 °C < T} < 26 °C in summer.

11.3.2 Adding a Climate Fagade on the Inside

The idea behind the climate fagade [Fig. 11.2b], is the fact that air from the inside can
be led through the cavity between it and the wall. This will have a positive influence
on the physical behavior of the working areas and will have a minimal technical effect
on the building as a whole. Despite the greater loss of energy this seems to be one
of the best solutions one can choose. To date this solution has not really been used
as an option in the renovation field. A problem foreseen is that a thermal gradient
will occur through the wall [Fig. 11.2b], which will cause wall bending between the
concrete floors. However, it is believed that this effect will not lead to cracking, which
makes this insulation option interesting, because the (average) wall temperature drop
is half of the AT = —32°C in the case of direct internal insulation.
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Figure 11.2: Schematic temperature flow

11.3.3 Dilatation Joints in the Outside Wall

From a restoration point of view this is not really an advisable option. On the
other hand, interventions sometimes have to be made to prevent cracking. As a
compromise, only a small number of dilatations will be allowed. Calculations are
needed to establish whether a large spacing of such dilatations will limit crack widths
to an acceptable level.

11.3.4 Reinforcement

Carbon fiber reinforced plastic (CFRP) sheets have been employed successfully to
increase the earthquake resistance of masonry buildings (see Schwegler [64, 65]). This
concept may also limit crack widths to an acceptable level in masonry walls. As in
reinforced concrete, the reinforcement may spread the total crack width in a damaged
area over several cracks of smaller width.

11.4 Numerical Simulation of Interventions

To study the effect of the interventions on the structural performance, numerical
simulations are made. A numerical (finite element) model is employed to study
the impact of the interventions on the masonry walls in particular. This model was
recently developed by van Zijl [82] for the analysis of creep, shrinkage and cracking in
cementitious materials, like concrete and masonry. The model employs an orthotropic
Rankine plasticity model to capture cracking. Creep is simulated with viscoelasticity,
as represented by an aging Maxwell Chain. The model has been shown to simulate
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concrete and masonry behavior with reasonable accuracy by the verification and
validation analyses of experiments [82, 83].

11.4.1 Modeling Strategy

The main consequence of the proposed interventions is the greater restraint to the
shrinkage movement of the brickwork by the concrete floors. With the insulation
the floors will be kept at an approximately constant temperature (7; = 22 °C), while
they currently undergo the same temperature variation, albeit with some delay, as
the brickwork, which is exposed to the varying climatic conditions. The large tem-
perature difference between the floors and the brickwork of up to 32 °C for the case
of full insulation on the inner side of the walls will cause tensile stresses in the walls,
which may lead to cracks of unacceptable width. To investigate this, the rear wall
of ‘De Adelaar’ is studied. This wall is 42.1 m long, 0.33 m thick and has piers (to-
tal 0.44 m thick) on which the concrete beams rest. A one-story high wall part is
modeled [Fig.11.3].
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Figure 11.3: Floor plan and cross-section of ‘De Adelaar’

To limit the extent of the problem, the wall is modeled as a two-dimensional
plane, which implies that only an average of the wall through-thickness temperature
acts. This approach ignores bending due to temperature gradients through the wall,
but this is assumed to be negligible. Symmetry is also assumed and only one half
of the 42 m long wall is modeled. To further reduce the total size of the problem,
the wall is considered as a homogeneous continuum. This means that the bricks and
mortar are not modeled separately, but as a homogenized composite, which behaves
as if bricks and mortar are modeled separately.

As indicated in Figure 11.4 on the following page, the temperature variation is
assumed to have the largest impact on the fired clay type of masonry, with only negli-
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Figure 11.4: Schematization of the envisaged structural impact of the interventions
(dimensions in mm)

gible hygral shrinkage. The linear temperature drop of the masonry is considered as a
simplified, worst case half-day cycle. Owing to the uncertainty of the environmental
processes, a sophisticated calculation of the thermal evolution is unjustified.

11.4.2 Results without Restrengthening

The results from an earlier sensitivity study [87] allow some conclusions to be drawn
about the proposed interventions. It is very probable that fully developed cracks of
unacceptable width will occur in ‘De Adelaar’ if the walls cool down by 32 °C relative
to the concrete floors. This will be the case even in the scenario of no lateral restraint
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Figure 11.5: Cracking due to shrinkage restraint (crack strains shown for bound 2)

by the perpendicular connecting wall [Fig.11.5], a high tensile strength, as well as
the stress relaxation if the temperature difference evolves over 12 hours [Fig. 11.6b].
From previous studies on restrained shrinkage of masonry walls built of masonry
similar to that of ‘De Adelaar’ [82], this masonry can be classified as brittle, which
implies that the snap-through behavior seen for brittle masonry will also occur in
‘De Adelaar’. The introduction of two dilation joints in the brickwork is no remedy.
It merely relieves the brickwork in close range of the dilation joint, while the cracks
further away remain [86].

If a lower temperature difference between the brickwork and the floors can be
realized, the probability of unacceptable cracking is reduced. A difference of AT =
—16 °C in the case of an internal climate wall will cause no cracking for boundary
condition 2, f;, = 0.4 MPa and a 12 hour temperature cycle half-period [Fig. 11.6-
b]. However, it is likely that weak spots exist (f;» < 0.4 MPa). Cracks may already
initiate at these weak spots and, if the cooling down occurs fast (in less than 12 hours),
the cracks in the weak spots will snap through.
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Figure 11.6: Relaxation and shrinkage

The lower level of cracking in the case of a flexible (timber), which will be even
lower if the temperature drops in 12 hours instead of instantly [87], goes a long way
towards explaining the non-occurrence of significant cracking in the ‘Oranje Nassau
Kazerne’, another Dutch building. However, a timber floor is undesirable for ‘De
Adelaar’. A pragmatic solution may be sought in the CFRP-sheet reinforcement of
the walls to prevent cracks from snapping through to undesirable widths.

11.4.3 Brickwork with CFRP-Sheet Reinforcement

CFRP-sheet reinforcement glued onto masonry walls has been shown to strengthen
masonry walls [64, 65]. Here, it is investigated whether it can avoid the serviceability
limit-state of ‘De Adelaar’ being breached. Due to its high stiffness £ = 155 GPa
and strength f; = 2400 Mpa [65], the CFRP-sheet should reduce the predicted crack
widths in the restrained shrinking masonry walls by transferring stress from damaged
areas to undamaged areas. In this manner more cracks, but of smaller, acceptable
width will arise.

The CFRP-sheets have been modeled by overlapping horizontal rows of existing
quadrilateral elements, with which the walls have been modeled, with additional
quadrilateral elements. Strips of 0.8 mm thick and 106 mm wide have been modeled
continuously over the whole wall length. To avoid the aesthetic impact of external
CFRP-sheets on the walls, only the inside faces should be reinforced. This will
increase the bending effect caused by thermal gradients. However, this is assumed
to be negligible and not considered here in the two-dimensional analyses. The glue
has not been modeled, which implies that perfect bond has been assumed. From
private discussions with the author of [64, 65] a bond length of up to 1 m is required
to develop the CFRP strength. By applying the strips continuously over the whole
length this requirement is met, except at the wall ends, where the distance to the first
window opening is only 600 mm. Depending on the stress level in the reinforcement
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there, additional strips may be applied locally to reduce the bond length requirement.

Two cases have been considered. In the first case a single strip was applied
directly below and above the window openings respectively. In the second case,
two more strips were applied, each half-way between the first strip and the concrete
floor. The responses are shown in Figure 11.7 in terms of the maximum crack width
in the wall at a given temperature difference between the wall and the floors, as
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Figure 11.7: ‘De Adelaar’ unreinforced and CFRP-sheet reinforced wall responses to
restrained shrinkage. Top: Maximum crack width evolution with temperature difference
increase. Bottom: Crack strain contours for unreinforced wall, wall reinforced with two
strips and wall reinforced with four strips CFRP-sheets.
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well as cracking strain contours. For the latter, only two window openings have
been zoomed out for clarity. Instead of a single, wide crack at each corner of each
window opening when unreinforced, several vertical cracks occur, spread over the
total window width. The maximum crack width is reduced to approximately 0.1 mm
for both cases of reinforcement. Note that for the reinforced walls, the true brittle
masonry fracture energy values were employed. Despite this fact, no snap-through
of cracks occurred in the reinforced walls. It is recalled that ductile behavior had to
be modeled to avoid snap-through in the unreinforced wall, indicated by the dashed
line in Figure 11.7.1

The non-shrinking CFRP-sheets are forced into compression by the shrinking wall
between the cracks. At the cracks they are stretched to bridge the cracks, causing
tension. A maximum tensile stress of 65 Mpa occurs, well below their strength. This
does not imply over-reinforcement, because the stiffness is required to keep the crack
widths small. Also, the low stress is favorable for the bond length requirement.

11.4.4 Conclusions

By finite element analyses it has been predicted that the introduction of insulation
on the inner wall of ‘De Adelaar’ will lead to unacceptable cracking of the brickwork.
The introduction of dilation joints in the walls at 14 m intervals does not solve the
problem. A reduction in the temperature difference between the restraining concrete
floors and the brickwork by an internal climate facade does not sufficiently reduce
the danger of large cracks snapping through at the window openings.

CFRP-sheet reinforcement may be applied to reduce the predicted crack widths
to acceptable levels. Two continuous sheets directly above and below the window
openings have been shown to prevent crack snap-through. Instead of a single, wide
crack as in the case of no reinforcement, several vertical cracks of small width arise.
Furthermore, it has been shown that the application of two more strips produces a
slight reduction in the maximum crack width and prevents crack snap-through in
the wall parts between the first strips and the concrete floors at high temperature
differences. Action is currently undertaken for the practical application of CFRP-
sheet reinforcement in ‘De Adelaar’.

11.5 The Laboratory Test

Desk research as described before, give trust in a solution of strengthening of brick-
work with carbon fiber reinforced plastics. This counts in general but especial for
buildings with a mixed technology of concrete and brickwork. Instead of locally snap-
ping through of some cracks, a lot of fine cracks will occur mainly in the weakest
elements of the brickwork, the joints. Before introducing the technique in practice,
a laboratory test, now, is under execution to check the numeric calculations. The

IPlease note that this is a mere indication of the snap behavior, as the brittle case was not
analyzed for the unreinforced ‘De Adelaar’ wall.
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laboratory test has to simulate the desk research and both have to be as close as
possible with the reality.

Nevertheless desk research and laboratory tests are not equal with the real situ-
ation. In the real situation a continuous movement of all building elements is taking
place. In calculation models we are looking to the extremes and notice the brick
facade becomes in wintertime shorter and in summertime longer than the concrete
structure in the building. Shear forces between the concrete structure and the brick
facade introduce tension and cracking in the brick facade. Furthermore the length
of a facade is long while in a laboratory test a set up has to be realized with limited
length and nevertheless shear forces have to be initiated leading to cracking of the
brickwork.

For realization a set up has been chosen of two aluminum beams with a brickwork
wall of 22 cm thickness and overall measurements of 1.3 m height and 1.5 m length
[Fig.11.8]. In the middle an opening is kept to weaken the wall, as an image of a
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Figure 11.8: The laboratory situation

window, and to introduce snapping through of the brickwork. For the quality of the
bricks Rijswaard has been chosen and for the mortar 1 cement : 1lime : 6sand. For
old brickwork often only hydraulic lime and sand has been used but for the laboratory
test it would take too much time. An adaptation for the mortar with cement and
lime was necessary.
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The set up is realized in a climate room. After hardening of four weeks under con-
ditions of 20 °C and a relative humidity of 70 % the temperature in the climate room
is increased with 25 °C. Aluminum and brickwork have quite different temperature
moduli causing the aluminum to expand more than the brickwork. If no slip occurs
between brickwork and aluminum beam, the difference in deformation will lead to
tension forces in the brickwork. To prevent shock-wise deformation, the aluminum
beam under and above the brickwork will be cladded with polyurethane. In this way
the increase of energy will be steered by heating up the brickwork. To prevent slip
the brickwork is loaded in a vertical direction with a constant load of approximately
1 N/mm?. Furthermore the first bedjoint will be made of resin instead of mortar to
be sure that the forces in the brickwork are comparable with the situation in practice.

After measuring the deformation till snap through cracking occurs the tempera-
ture of the climate room will be lowered till 20 °C. The broken bricks will be removed
and replaced with new bricks and new mortar as it would have been done in practice.
After one week, when the mortar is dry, the CFRP strips will be glued with a resin.
Two weeks later the original vertical load will be applied to the structure and the
temperature in the climate room will be increased again with 25 °C.

11.5.1 Numerical Analysis Results

The calculations following the desk research show the principle stresses in the un-
reinforced wall before cracking, after 25 °C temperature increase, in the aluminum
beam, and with the CFRP strips. Figure 11.9 shows the calculated stress diagrams
for the laboratory tests for the unreinforced model and for the model reinforced with

(a) unreinforced (b) reinforced with CFRP strips

Figure 11.9: Stress diagrams of the laboratory test

4 x 100 mm CFRP strips. The laboratory situation for these models included alu-
minum beams of 200x 100 mm, prestressed vertically by 12 x 48 kN (say reinforcing
steel of 20 mm diameter up to 150 MPa prestress). For the case of low shear resis-
tance on aluminum interface and high masonry strength the following assumptions
were made for the interface: adhesion ¢y = 0.3 MPa, friction coefficient ¢ = 0.4 ; and
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for the masonry: horizontal tensile strength f; ; = 1.0 MPa, vertical tensile strength
(joint strength) f;, = 0.2 MPa.

Also a model with lower strength masonry (f;.. = 0.5 MPa, f;, = 0.2 MPa) was
analyzed. The results are shown in Figure 11.10.

(a) unreinforced (b) reinforced with CFRP strips

Figure 11.10: Stress diagrams of the laboratory test on lower strength masonry

11.5.2 Epilogue

Meanwhile, laboratory tests have been performed. The results match the previously
preformed numerical simulations. Detailed information about the laboratory exper-
iments, with the obtained values and the correlation, is given in the proceedings of
the I.C.P.C.M. conference “A New Era of Building”, see Van Zijl et al. [84, 85].

Sponsors: TU Delft, SIKA Nederland, and Spanstaal Soest.
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Chapter 12

FEM Models Applied for
Unreinforced Underwater
Concrete

C. van der Veen
Delft University of Technology, Faculty of Civil Engineering and Geosciences

A. de Boer
Ministry of Transport, Public Works and Water Management — The Netherlands

12.1 Introduction

In the Netherlands a deep building pit can be created by sheetpile walls, tensile
piles and underwater concrete. Creating a building site with underwater concrete is
necessary because of the high groundwater level; otherwise an excessive amount of
water must be drained. Furthermore, the permitted drainage of water is limited in
the Netherlands. The building of such a site can be explained as follows [Fig. 12.1].
It starts with the ramming of steel sheetpile walls into the ground. These walls
consist of steel sheetpiles of the Hoesch type, or consist of combi-walls. The type of
wall used depends on the depth of excavation. After the ramming of the sheetpile
walls, the excavation and anchoring starts. For the anchoring, screw-injections and
strand-anchors are used. After the excavation the ramming of the foundation piles
starts and mostly separate building pits are created by ramming partitions. When
the ramming of the foundation piles is finished, underwater concrete is poured into
each building pit. As soon as the underwater concrete has hardened, the water in
the building pit is pumped away and the concrete work starts.
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Figure 12.1: Cross-section of a building pit

12.1.1 Flow of Forces

The foundation, which consists of the underwater concrete floor and the piles, will
be loaded by the hydraulic water pressure (buoyancy of the building pit), resulting
in tensile forces in the piles.

In the horizontal direction the underwater concrete floor acts as a compression
strut between the opposite steel sheetpile walls. The sheetpile walls are loaded by
the water pressure and the effective soil pressure. As a result of the tensile forces in
the piles and sheetpile walls the underwater concrete floor lifts upwards. However,
the axial stiffness of the piles and sheer walls differs. Consequently, a different elon-
gation occurs which affects the moment distribution in the underwater concrete floor
[Fig. 12.2]. Two different building pits are shown, a small one of 19.3 m and a wide
building pit. Clamping moments develop in the connection between concrete floor
and sheetpile wall, because the sheetpile wall has a higher stiffness than the piles.

The moment distribution is comparable to a floor on an elastic foundation. In
the small building pit the clamping moments enlarged the field moments. However,
in the wider building pit, represented by the dotted line in Figure 12.2, no effect on
the moment was noticed in the midspan. The bottom panel of Figure 12.2 shows the
displacements of both building pits. Up till now cracking of the concrete floor was
not allowed and only limited flexural tensile stresses were possible. The distribution
of forces was based on a linear elastic distribution. Recently, a new design code
for underwater concrete was presented, which allowed cracking in the unreinforced
concrete floor. Thus, the carrying capacity of the concrete floor made use of the
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Figure 12.2: Distribution of the displacements and moments

compressive membrane force, which acts in the floor.

In order to investigate the flow of forces in more detail, different FEM models have
been used. In the models, which respectively consist of beam, shell or solid elements,
special attention has been paid to the interaction between the steel sheetpiles and
concrete floor. With the aid of a physical nonlinear analysis features like cracking
and plasticity have been included in the calculations.

12.2 Case Study

The different models used will be explained. We start with the most simple model.
First the beam model has been used. The use of the models are demonstrated by a
case. We investigate a concrete floor of 16.7 m wide and 40.0 m long. The point of
departure is a beam of 1.0 m wide which represents a strip of the underwater concrete
floor. It has a length of 16.7 m (this is the short direction of the building pit) and
a depth of 1.0 m. The floor is supported by foundation piles with a 450 x 450 mm?
cross-section. A concrete strength for the underwater concrete and the piles of C25
and C55 respectively was used. The floor was loaded by 7 m of water pressure.

The supports of the concrete floor from the sheetpile wall and piles are translated
into translation spring elements. A spring constant has been calculated [Table 12.1].
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Table 12.1: SPRING CONSTANTS

Sheet wall ‘ Piles
Kyery = 60,000 kN/m per m! _ .
Kuor = 4,000 kN/m per m! Ky vert = 130,000 kN/m per pile

12.3 Linear Elastic Calculations

12.3.1 Beam Model

The compressive force in the concrete floor is calculated with a load factor 1 and
amounts 550 kN/m".

As a result a clamping moment between the sheetpile wall and concrete floor is
generated. This moment equals 137.5 kN/ml, and is applied on the model by an
external constant moment (load case). After calculation, the moment distribution as
shown in Figure 12.3a has been found. It is shown from the figure that the clamping
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Figure 12.3: Moment distribution M, over the length of the beam model

moment is 138 kNm. We can check the sum of moments between the pile distance,
which is 3.1 m. Thus % x 47 x 3.12 = 56.4 kNm and this equals the moment values
found.

In order to simulate the real structure better an advanced beam model has been
used. Firstly, the piles are no longer modeled with an axial spring but with CL121 line
interface elements. Consequently, the wideness of the pile gets its own dimension.
Thus a surface (cross-section of the pile) can be modeled. Secondly, the sheetpile wall
will be modeled as a surface in the horizontal direction. Again a line interface element
CL12I has been used for this purpose. In this way the concrete floor is fully supported
over the depth. For the concrete floor three-dimensional CL18B beam elements have
been used. By using the ‘zone’ option, the wideness of the concrete floor is increased
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to 2.5 m (distance of the piles). The calculation has been made again. Some details
about the results of the moment distribution in the short direction of the building
pit are shown in Figure 12.3b.

It is clearly shown that the sharp changes in moment above the piles are now
smoother. The moments above the piles are about 10 to 15% larger than in the
first beam model. The moments in the midspans between the piles are lower. This
phenomenon is caused by the thickness of the piles. It is expected that the advanced
model describes reality more appropriate than the first beam model.

12.3.2 Advanced Shell Model

In this model the concrete floor has been modeled with two-dimensional CQ40S shell
elements. The intersections with the piles and concrete floor are modeled with three-
dimensional volume interface elements CQ48I. The same volume interface elements
have been used for the sheetpile walls both in horizontal and vertical direction. Con-

sequently, the external moments should be translated to an equivalent surface loading
[Fig. 12.4].

floor (B25)
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¥ heetpile wall
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Figure 12.4: Shell model

Some results will be explained. Because the moments and displacements vary
along the wideness of the model results in different cross-sections are explained
[Fig.12.5]. The distribution of the moments over the wideness of the model above
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Figure 12.5: Cross-sections 1 and 7 in the shell model
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and between the piles respectively is shown in Figure 12.6. Based on these results
an effective wideness of 2.0 m can be derived. The area below the moment diagram
is 126 kNm and the maximum moment is 65 kNm. Thus, an effective width of 2m
yields a comparable moment (2 x 65 = 130 kNm). This is less than the pile distance
of 2.5 m. Comparison of the moment distribution in the cross-sections 1 to 7 with
the results of the beam models, shows only small differences.
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Figure 12.6: Moment distribution in cross-section 5 and 6

12.3.3 Three-dimensional Model

The three-dimensional model is the most complete one. The sheetpile wall and the
piles have been modeled like in the shell model. The concrete floor has been modeled
with quadrilateral quadratic solid elements. In DIANA these type of elements are
called ‘Bricks’ (CHX60 element) [Fig.12.7]. Only the supports along the sides of the
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Figure 12.7: Geometry of the floor model
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floor have been modified. Still, the displacements in the horizontal face have been
suppressed, with this distinction that the supports are not attached to a line but to
the lateral surface of the floor.

Table 12.2 shows the vertical displacements in cross-sections 1 and 7 for the three
models. The mutual differences turn out to be 2 or 3% smaller.

Table 12.2: VERTICAL DISPLACEMENTS AS FOUND FOR VARIOUS MODELS
Model

Cr0§s- solid shell beam
section
(mm) (mm) (mm)
7 2.53 2.60 2.61
1 1.61 1.63 1.63

12.4 Nonlinear Analysis
In all models, the options of cracking and plasticity have been added. The cracking

and ultimate load are compared and discussed. The different load factors are sum-
marized in Table 12.3. The differences in the beam and shell models are small. Much

Table 12.3: LOAD FACTORS

element type
beam shell solid
first cracking load facto.r. .1.4 .1.4 0.6 .
crack position midspan midspan around pile
altimate load factor 4.6 3.7 2.7
crack depth [m] 0.67 0.67 0.75

lower load factors ware found with the three-dimensional solid model: 0.6 and 2.7
against 1.4 and 4.6 (3.7) [Fig. 12.8]. Furthermore, the position of first cracking differs
with the three-dimensional models. In the solid model, cracking started around the
pile at the underside of the concrete floor. The cracks almost reach the top of the
floor, the crack depth is 0.75 m for a floor thickness of 1 m. Despite the fact that these
cracks are micro cracks, problems could occur with the bond between the pile and
concrete floor. This is the topic for a new research currently being performed. Fur-
ther, water tightness of the concrete floor could be a problem. In general a concrete
compressive zone of 200 mm insured a watertight floor. Because the crack depth at
the ultimate load is 0.75 m, enough compression depth is left (1.00 — 0.75 = 0.25 m)
to ensure watertightness.
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Figure 12.8: Top- and side-view crack propagation around pile at load factor 2.7

12.5 Conclusions

1. The results of the three different models, beam, shell and solid, are close to
each other if the structure is analyzed linear elastic.

2. A nonlinear analysis gives comparable results for the beam and shell model.
The results of the three-dimensional model differ. Not only the ultimate load
factor is much lower but also the load factor at first cracking is lower.

3. In a three-dimensional analysis the position of the cracks are different from
the one-dimensional and two-dimensional analysis. More research is needed to
control the connection between the pile and the concrete floor. We have to be
sure that no punching shear will occur before failure in bending of the concrete
floor occurs.
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Ministry of Transport, Public Works and Water Management — The Netherlands

13.1 Introduction

The structural behavior of building structures is often analyzed with the Finite Ele-
ment Method. Given the (deterministic) parameters like loading, geometry and ma-
terial behavior, stresses and deformations of the structure can be calculated. Building
regulations prescribe the required reliability of structures (probability of failure). In
the regulations, this safety requirement is often translated into partial safety fac-
tors. The loading on the structure is then to be multiplied by this factor and the
parameters which determine the strength of the structure are to be divided by this
factor.

The parameter values, obtained via the safety factor, can be applied as input for
a Finite Element Analysis. The structure is considered to be sufficiently safe if the
results of the Finite Element Analysis show that the ultimate states (like failure or
maximum deflection) have not been reached. For small buildings, or for components
of buildings with a known structural system, the approach as outlined above is likely
to be adequate. With other types of buildings such a method possibly leads to a
substantial over- or underestimation of the structural safety.

In this chapter we will first discuss some probabilistic methods in general [§ 13.1.1],
and then the DARS method in some more detail [§13.1.2]. Next we will elaborate a
case study which has already been discussed in a more general way in Chapter 12: the
unreinforced underwater concrete floor [§13.2]. The underwater concrete floor is an
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excellent candidate for this because some uncertainties exist with respect to loading
on the floor, and to thickness and material properties of the floor. Within this case
study we will only apply the advanced shell model, and subject it to a linear elastic
and to a nonlinear analysis. Finally we will discuss the differences in the number of
stochastic variables.

13.1.1 Probabilistic Methods

Generally, it is not easy to determine the real probability of failure. The TGB 1990
6700 series [53] require a building structure to be analyzed in a probabilistic way.
Three levels of analysis are generally to be considered.

Level III: fully probabilistic,
Level II:  like Level ITI, but with a few approximations,

Level I:  semi-probabilistic, or the method of partial factors.

The current TGB regulations, and also the TGB regulations for geotechnics (NEN
6740 [52]), have been set up according to Level I. The Norm Committee has settled
the corresponding partial safety factors based on Level II and calibrated these with
respect to the regulations from the 1970’s. Calculations based on Level I apply safety
factors, which for concrete structures is not quite easy. In most cases it is not imme-
diately obvious whether a parameter has a favorable or unfavorable effect. Therefore,
two values have to be applied for each parameter. For n variables this leads to at
most 2" calculations. The amount of calculations increases tremendously: assumed
that there are 10 variables then the number of calculations becomes 2'° = 1024.
However, based on understanding of structural behavior, the number of calculations
can often be reduced to 3 x n.

For building structures, the general TGB regulations require a reliability index
B = 3.6. This conforms to a probability of failure during the life span of about
1074 = m. This demands a strong certainty of the understanding of the structural
behavior before the number of calculations can be reduced. On the other hand, an
alternative is hardly available. Appendix A of the TGB Technical Principles [53]
gives requirements regarding Level III calculations, especially for a significant number
of wvariables, such a calculation is comprehensive and almost impracticable. The
structural engineer has to choose between a practical but unsafe procedure, and a
safe but impracticable procedure.

The TGB Technical Principles have been formulated in the beginning of the
1980’s. In recent years, numerical methods for reliability analysis and structural
behavior have been developed. Furthermore, computers have become tremendously
more powerful. The proposition that Level III calculations with a substantial number
of variables are infeasible seems to be largely superseded.

13.1.2 DARS Method

At the Delft University of Technology (in cooperation with TNO Building and Con-
struction Research and with the Dutch Ministry of Transport, Public Works and
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Water Management), it has been investigated whether it would be possible to deter-
mine structural safety via a combination of the Finite Element Method and proba-
bilistic methods. Application of the Finite Element Method (FEM) to determine the
behavior of a complex building structure is rather obvious in design practice. After
the input of geometry data, material properties and loading, the FEM calculates the
deformations, stresses and strains. If the input data has been supplied as calcula-
tion values (including safety factors) the user has only to check whether the stresses,
strains and deformations do not exceed a certain limit value. If so, then the building
structure is assumed to meet the safety requirements. If necessary, the FEM analyses
can be repeated for other combinations of safety factors. Evidently this is a Level I
approach.

The research at TU Delft has ended in a Level III analysis called ‘DARS’ which
stands for ‘Directional Adaptive Response surface Sampling’. Jointly used with FEM,
the DARS method leads to a FEM analysis with as input parameters the statistic
indicators (mean value, standard deviation and type of partitioning) instead of the
(deterministic) calculation values. Furthermore, correlations between variables can
be specified. Basically, all FEM input parameters can be considered as stochastic
variables, for instance:

e Geometry: coordinates, dimensions (thickness, height).
e Material properties: F-modulus.

e Loading: forces, enforced deformations.

In addition to this input data the ultimate states must be specified. This can be
failure of the structure, but also the excess of a required deflection limit. The DARS
method then directly determines the reliability of the structure. Typically, the re-
quired computing time can be compared to 3 X n to 8 x n deterministic analyses. For
100 stochastic variables this conforms to 300 to 800 deterministic analyses.

The DARS method goes as follows. Each stochastic variable is individually in-
creased or decreased until failure occurs. The other variables are kept constant at
their average value. Then an analytical function (response surface) is chosen such that
this gives about the same results as the FEM analyses. Next ‘directional sampling’
is performed, this resembles Monte Carlo simulation where variables are randomly
sampled before the check of limit state excess. Directional sampling also involves
random sampling but then followed by proportional increment of the variables until
failure. The DARS method performs the directional sampling on the response sur-
face, instead of applying the actual reliability function (FEM analyses). Only if the
response surface samples are of great significance a FEM analysis is still performed
and, if necessary, followed by adaptation of the response surface.

13.2 Example Analysis — Underwater Concrete

In civil engineering practice most of the parameters may seem to be deterministic,
but the opposite may be true. Usually, the subjects of non-deterministic behavior
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are geotechnical constructions. However, concrete structures can be analyzed non-
deterministically as well, as shown in this example. It involves the analysis of an
underwater concrete floor, like discussed in Chapter 12, however here we will demon-
strate a deterministic approach. Various models will come up. First we will discuss
the advanced shell model with attention for some modeling aspects. Next we will
present some probabilistic analyses, including the number of stochastic variables.

13.2.1 Finite Element Model

Geometry. The dimensions of the unreinforced underwater concrete floor of the
‘Advanced shell model’ [§12.3.2] are:
Length: [ = 16.7 m, measured along the shortest direction of the excavation.

Width: b = 2.5 m, being the center-to-center distance between the piles, mea-
sured along the long direction of the excavation.

Thickness: ¢ =1.00m.

Figure 13.1 shows the finite element model of the floor only, viewed from above (top)
and from aside (bottom). The floor is shown in red and the pile that goes through it
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Figure 13.1: Floor FE model

in black with blue on top. The floor will be modeled with quadratic elements. Due
to symmetry in longitudinal direction of the floor and the loading, only one half of
the width will do. The CUR Committee VC61 has investigated the sensitivity of
the floor for omission of the sheet piling and the associated soil layers. Based on
this investigation the committee has decided to leave the adjoining sheet piling, and
the soil layers behind, out of the analysis model and to consider only the underwater
concrete floor. That is why the sheet piling and the soil layers have also been omitted
in this analysis model for determination of the reliability index.

Floor—sheet piling connection. The thickness of the concrete floor induced the
modeling of a so-called ‘spine’ at both sides of the underwater concrete floor. This
spine enables the modeling of the connecting face between the floor and the sheet
piling at both sides of the analysis model. The thickness of the underwater concrete
floor influences the transfer of forces between floor and wall: the presence or absence
of sideways pressure R from the sheet piling onto the floor [Fig.13.2]. See also
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Figure 13.2: Connection sheet piling—concrete floor underwater

article 9 of the CUR Recommendation 77 [17]. The application of spines justifies
the designation ‘advanced’ for the shell model of this study. When a tension stress
between spine and sheet piling coincides with a puffing up of the floor due to upward
water pressure, then the floor will partly come loose from the sheet piling. The spine
in the analysis model can simulate this behavior.

Connection interfaces. In the advanced shell model the stiffness of the piles has
been modeled with interface elements instead of the usually applied translation and
rotation springs. This has the advantage that the rotation is implicitly modeled and
that the geometry of the pile surface as such is a part of the model. To simulate
the connection of the sheet piling to the floor the interface elements have stiffness in
both the horizontal and vertical directions, derived from the horizontal and vertical
stiffnesses of the sheet piling. Also the connection between piles and floor have been
simulated with interface elements, with the stiffness derived from the length and
the normal stiffness of the piles. Figure 13.3 shows the two connection details as
included in the analysis model. The CUR Committee VC61 has also determined the

Sheet piling horizontal

Figure 13.3: Model for connection sheet piling—floor and floor—piles

Concrete Mechanics Applications



174 Structural Safety of Concrete Structures

material properties with respect to the horizontal and vertical springs that simulate
the connections in the CUR beam model.

Material properties. Table 13.1 shows the material properties as applied for the
various parts of the construction. It’s true that concrete quality C40 for the piles is

Table 13.1: MATERIAL PROPERTIES

Part property value
concrete quality C20

Floor mass density p  2300kg/m3
modulus of elasticity E. 285kN/mm?
moment of inertia I. 44450 cm?/m!

Sheet piling | vertical spring stiffness K, 60000 kN/m/m!
horizontal spring stiffness | Kj;, 4000 kN/m/m?!

concrete quality c40T

Piles area 0.45 x 0.45 m?

modulus of elasticity 20.0 kN /mm?

=
8

e

T CUR Rec. 77 — C20

rather low, during the formulation of the calculation examples for CUR Recommen-
dation 77 the quality C20 has been assumed with the associated modulus of elasticity
E. = 20.0 kN/mm?.

Supports. The underwater concrete floor is supported at the sides of the sheet
piling and at the piles. The tips of the interface elements that simulate the piles and
the sheet piling have been fully supported, that is in all directions.

Loadings. Three basic loads form the loading on the analysis model:

1. Horizontal pressure loads of 550 kN/m! on the floor. These pressures come
from the sheet piling and point in opposite directions.

2. An eccentricity of 0.25 m of load 1 above the so-called system plane of the plate
field. This introduces a bending moment of 137.5 kN/m! on both sides of the
floor.

3. An upward load of +47 kN/m?, resulting from a downward dead weight load
of =23 kN/m? and an upward water pressure of +70 kN/m?.

13.2.2 Choosing the Number of Stochastic Variables

To get a first impression of the probabilistic analysis of the underwater concrete
floor the number of stochastic variables must be chosen. The geometry, material
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properties, loads and supports must be considered in this choice. Consideration of
stochastic values of for instance the coordinates of the nodes would be superfluous.
Regarding the geometry it is obvious to make the floor thickness stochastic. After all,
also the CUR Recommendation 77 concerning calculation rules indicates in article
7.1 a variable thickness.

Still open to question is the direction of the force transmission at the connection
of the sheet piling and the floor. However, considering modeling of this detail in the
advanced model, no stochastic variable will be introduced for this force direction. The
modulus of elasticity of the underwater concrete floor is a stochastic variable, just like
the five basic load cases. This gives a total of seven stochastic variables [Table 13.2].
Note that the shift parameter has only been applied for the floor thickness and

Table 13.2: STOCHASTIC VARIABLES FOR A SINGLE CASE

N bbeﬁ S
> o & S

Stochastic func. 3 ¥ Y o S AN

Modulus of elasticity | Enoor kN/m? | 2.85 x 10 0.285 x 10 1000. | Log-normal
Floor thickness tfocor m 1.0 0.1 0.1 Log-normal
Hor. edge force left Fur, kN 550. 55.0 0.0 Log-normal
Hor. edge force right Fur kN 550. 55.0 0.0 Log-normal
Moment edge left M, kN -m 137.5 13.75 0.0 | Log-normal
Moment edge right Mur kN -m 137.5 13.75 0.0 | Log-normal
Water —dead weight | Qwa—dw kN/m2 47.0 4.7 0.0 | Log-normal

the modulus of elasticity. This is done to avoid numerical problems, because in an
analysis these parameters must always be positive. For loadings this is not required.

The floor thickness is expected to be the most important parameter with respect
to structural reliability. Therefore we will go into more details about this thickness.
For simplification reasons we have skipped possible correlations in these considera-
tions. The concrete slurry is applied on the bottom of the excavation by means of a
lance. This induces us to subdivide the plan of the underwater concrete floor in the
following zones.

e zones around the piles,
e zones adjacent to both sheetpile walls,

e zones in the field, in longitudinal and transverse direction.

Figure 13.4 on the following page shows this subdivision. In total this yields twenty-
four stochastic variables: one for material and five for loading as mentioned before,
and eighteen additional ones for the thickness of the underwater concrete floor. Also
the material properties of the floor may be considered to depend on the location of
the underwater concrete. This brings in another variant: further subdivision of the
number of stochastic variables for material parameters. To make things easy, the
same eighteen zones as used for the thickness will also be applied for the material.
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Figure 13.4: Floor subdivided in zones

13.2.3 Probabilistic Analysis

Based on linear elastic analysis. A probabilistic analysis is stand-alone, i.e.,
it does not depend on any analysis previously performed. Therefore, we will now
discuss the type of probabilistic analysis. In daily practice of structural design, a start
with a linear elastic analysis is very common. At any stage in the design process the
current structural safety may be asked for. A probabilistic analysis, based on a linear
static analysis, is then obvious. Based on certain understandings and checks, related
to the final design stage, additional analyses may be performed. Such additional
analyses may typically involve buckling, wrinkling, and physical and geometrical
nonlinear phenomena. Ultimately, a probabilistic analysis may also be based on
dynamic effects. In this case study we will restrict ourselves to a probabilistic analysis
based on a linear elastic analysis with one deepening: toward a nonlinear analysis.

Based on nonlinear analysis. Control via a nonlinear analysis may be performed,
for instance,

e to get an impression of a nonlinear load—displacement diagram,

e to investigate whether the sheetpile wall separates from the underwater concrete
floor,

e to assess the distribution of the reaction force at the point where the pile sticks
through the concrete floor.

It can be seen that the bottom has no longer stresses, i.e, the floor has no contact
with the sheetpile wall due to upward bending of the floor. The presentation of a
nonlinear load—displacement diagram is less relevant in this case. The two other
aspects mentioned are of more importance, where the the fact that the sheetpile wall
peels of the concrete floor is shown in Figure 13.5. This figure depicts the normal
stress of the attachment of the sheetpile wall to the floor. The connection of the
stick-through part of the pile to the concrete floor is not discussed here, neither was
it discussed within the aforementioned CUR Recommendation 77.

A physical nonlinear analysis naturally includes the specification of the physical
nonlinear material properties. For the model in this case study we must extend the
material properties for the various structural parts as indicated in Table 13.3 on the
next page.
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Figure 13.5: Stress distribution along spine at left floor—sheetpile wall connection

Table 13.3: NONLINEAR MATERIAL PROPERTIES

Structural Physical non- Relevant para-

part linear option Type meters Value
Cohesion 6.3 x 10°
Plasticity criterion  Drucker Friction angle 30°
Dilatancy angle 30°
Floor Softening Linear Eult 1.7x107°
Ultimate tension
Cracking Constant | stress in principal 1.15%x 10®
direction
Shear Total
Cohesion 0
Connection Friction Coulomb | Friction angle 0.1 x107%
sheetpile Dilatancy angle 0°
wall-floor Opening Ultimate displace- 0
ment

13.2.4 Choosing the Limit States

In addition to the type and number of the stochastic variables, also the limit states
must be chosen. The displacements, strains and stresses are the most obvious limit
states. For the probabilistic analysis based on the linear elastic analysis we have
chosen for one single limit: the ultimate concrete stress for which no cracks occur in
the floor. This means that for concrete quality C20 of the underwater concrete floor
the allowable concrete stress is 1.15 N/mm?.

For the limit states in a probabilistic analysis based on a nonlinear analysis we
have chosen an ultimate strain: the strain where a micro crack changes into an
open crack. An associated stress limit can not be given here, as this is zero at that
stage. This means that no relevant value is available to determine the structural
safety. Therefore, the determination of the chance to failure migrates from an initial
crack to a real open crack. The value of the real open crack involves the additional
specification of a single material parameter for the underwater concrete floor: the
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ultimate strain limit e = 1.7 x 1072.

13.2.5 Parameters for Probabilistic Analysis

The following parameters drive the probabilistic analysis:

e number of iteration steps ngcps is variable,

¢ minimum distance between response surface and limit state peong = 5.0,

e maximum number of iterations to find the limit states pyax = 15,

e convergence criterion for termination of the calculation process pnorm = 0.05,

e required variation of the reliability index pya = 0.2.

The number of analyses subsequently to the basic analysis varies as follows. The
number of basic cases is equal to 2x the number of stochastic variables, plus one.
This yields 15 analyses for the simple case and respectively 49 and 83 analyses for the
subsequent variations. After that, the response surface can be set up and then the
analysis process proceeds depending on the direction. Usually at least 15 additional
samples are required to get a first indication of the value of the reliability index.
Certainty about the accuracy of the reliability index may be related to the value of
the variation of the reliability index. Hence the additional parameter pya.i, with in
this case a value of 0.2.

13.2.6 Probabilistic Results Based on Linear Elastic Analysis

The reliability index ( is given as direct output, in this case 8 = 6.71 for the most
simple analysis model. At first sight, the design as chosen for this underwater concrete
floor seems appropriate. Indeed, generally speaking a reliability index with a 3 > 3.6
is OK (see the Dutch building code TGB NEN 6700 [53]). Also the minimum value
of the reliability index, 3 = 6.4, does not give rise to concern. Thus, the variation in
the ( factor is small: V(P¢) = 0.277. It is true that the driving parameters have not
reached a value of 0.2, however the value is sufficiently small and therefore acceptable
at a reliability index as high as 8 = 6.71.

This analysis reached 28636 limit state evaluations, which is fairly high. The
number of samples is 375 in total which should be more than enough considering the
number of stochastic variables (7). This is also proven by the low variation of the
reliability index. The total number of FE analyses for this version is 9975. This is also
high, considering the number of 375 samples. Indeed, a large number of FE analyses
are still required, that did not directly cause a lower reliability index. However, the
number of analyses is only half that of a full Monte Carlo analysis. This already
demonstrates the first gain of computing time.

Of course, the relation between the reliability index § and the number of steps
can also be indicated, like shown in Figure 13.6 on the facing page. In this figure,
the last step has been interrupted at a maximum of 20000. This means that the
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Figure 13.6: Relation reliability index 3 and number of steps for simple model

corresponding reliability index, 4 = 6.71, is not yet the maximum value. Neverthe-
less, the development between steps 5000 and 20000 shows a slight increment of the
reliability index of 0.12, which is small and inspires confidence sufficiently.

Also the variation of the reliability index V(P¢) can be graphed against the num-
ber of steps, which we do not show here. In stead, we may report that V(P¢) de-
creases from 1.0 to 0.277 at 20000 steps. Once more we note that in this situation
the required convergence criterion pyari = 0.2 has not yet been achieved.

Table 13.4: INFLUENCE FACTORS FOR RELEVANT STOCHASTIC VARIABLES

Stochastic variable | Symbol | No Contribution [%]
Floor thickness tﬂmr 53.1

Modulus of elasticity Efoor 1.5

Horizontal edge load left 45.0

In addition to the reliability indices and the limits, also the influence factors can
be output. This is of interest to determine the extent to which a certain stochastic
variable has influenced the reliability index (3. Table 13.4 shows this influence for
the relevant stochastic variables, i.e., with an influence factor greater than 1%. This
table clearly shows that the floor thickness and the horizontal force that acts on the
left side of the underwater concrete floor affect the determination of the reliability
index at most. With respect to the work on the building project we may already
indicate that the floor thickness must be checked carefully.

When discussing the choice of the number of stochastic variables we have al-
ready indicated that there are two variations. Firstly the extension of the number of
stochastic variables via subdivision of the floor thicknesses in various zones [Fig. 13.4
p. 176], each of these with a specific thickness. The second variation also subdivides
the applied material for each of these zones. This implies an extension of the number
of stochastic variables from 24 to 41. Table 13.5 on the following page gives the
specific probabilistic output. This table shows that the reliability index decreases
when the number of stochastic variables increases. The number of steps varies from
15000 to 200000.
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Table 13.5: RESULTS OF PROBABILISTIC ANALYSES BASED ON LINEAR ELASTIC
ANALYSES

Result Symbol | Model-7 | Model-24 | Model-41
Reliability index 1] 6.71 5.009 4.577
Minimum reliability index Brmin 6.4 4.842 4.129
Variation reliability index V(Px) 0.277 0.692 3.45
Number of steps Nsteps 20000 15000 200000
Number of limit state evaluations Nlimit 28636 467 344
Number of samples Nsamples 375 54 23
Number of FE runs NFE 9975 104 108

The model with seven stochastic variables, Model-7, showed convergence of the
reliability index for 20000 steps [Fig.13.6]. The other graphs [Fig.13.7], show an
excellent convergence for the models with 24 and 41 stochastic variables. However,
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Figure 13.7: Relation reliability index 8 and number of steps for other models

this requires at most 54 FE analyses. On the other hand, the model with 41 stochastic
variables only requires 23 FE analyses, which also yields a considerable reduction of
the analysis time. The maximum of 200000 steps causes a substantial change in the
reliability index. Between 15000 and 200000 steps the reliability index increases a
bit with a value of 0.13 (from 4.0 to 4.129). However, the variation of the reliability
index shows a strange discontinuity which we provisionally will attribute to the pilot
version as applied to analyze the construction.

A similar table can apparently be given for the relevant influence factors [Ta-
ble 13.6]. Here we only give the stochastic variables which cause an influence of more
than 5%. Also this table shows that the reliability index mainly depends on the
thicknesses of the floor parts, positioned close to the left-side sheetpile wall, and on
the horizontal force acting from the sheetpile wall onto this part of the floor.
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Table 13.6: INFLUENCE FACTORS FOR PROBABILISTIC ANALYSES BASED ON LINEAR
ELASTIC ANALYSES

Stochastic variable ‘ Symbol | Model-7 | Model-24 | Model-41
Modulus of elasticity Foor 1.5 - -
Floor thickness tfAoor 53.1 - -
Thickness sheet piling—floor left tHA n.a. 24.9 25.9
Thickness floor first zone tus n.a. 25.3 26.3
Horizontal edge load left Fur, 45.0 49.4 47.6

13.2.7 Probabilistic Results Based on Nonlinear Analysis

After the probabilistic analysis based on linear elastic analyses we will now discuss
the probabilistic analysis based on nonlinear analyses. In this case the appearance of
cracks is of major importance. For this variant the material indeed is an important
parameter for the determination of the reliability index 3. Also in this analysis we
will apply the floor zones with specific material properties for each zone which yields
a maximum of 41 stochastic variables.

Table 13.7: RESULTS OF PROBABILISTIC ANALYSES BASED ON NONLINEAR ANALYSES

Result Symbol | Model-7 | Model-24 | Model-41
Reliability index 1] 5.351 4.106 3.494
Minimum reliability index DBmin 5.220 3.932 3.358
Variation reliability index V(Pr) 0.815 0.599 0.508
Number of steps Nsteps 230 10000 10000
Number of limit state evaluations Nimit 710 667 702
Number of samples Nsamples 51 53 14
Number of FE runs NrE 31 131 158

The results of the probabilistic analysis [Table 13.7], show that for the simplest
model 230 steps have been executed. This is not sufficiently, however the current
software fails here which we again attribute to the applied pilot version of the proba-
bilistic module. If we nevertheless consider the convergence behavior of the reliability
index then the results turn out to be not that bad. After all, the convergence of the
reliability index is reasonably good. Notably, the number of FE analyses has con-
siderably decreased: from 9975 to 31, which pleasingly decreases the total analysis
time.

The two models with more stochastic variables have been analyzed until 10000
steps. It must be noted that the model with 41 stochastic variables has a mere 14
samples. Nevertheless, the variation of the reliability index has well decreased until
0.508, albeit that again the initially specified pya;; = 0.2 has not been reached.

The 230 steps for the simplest model already distinctly indicate the reliability
index, based on the 7 stochastic variables chosen [Fig.13.8]. Also we can see that
sometimes the analysis reverts to a previously determined reliability level. Obviously
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Figure 13.8: Relation reliability index 8 and number of steps for simple model based
on nonlinear analyses

the analysis does not directly deliver a smooth curve. On some places the reliability
index decreases in such a way that the response surface must be set up once again.
This also happened a few times in the linear elastic analysis, but it predominates the
nonlinear analysis. In an analysis with a large number of steps the returning lines in
the graphs will of course be wiped out by one thick line, however, the phenomenon
can still be observed.

Figure 13.9 on the next page shows the relation between the reliability index and
the number of steps of the other models. Again we observe a good convergence. Even
the 13 steps of the model with 41 stochastic variables can all be distinguished in the
graph. Again we can tabulate the relevant influence factors. Table 13.8 shows this
influence for the relevant stochastic variables, i.e., with an influence factor greater
than 5%. We can clearly observe that the thicknesses of the specific floor zones

Table 13.8: INFLUENCE FACTORS FOR PROBABILISTIC ANALYSES BASED ON NON-
LINEAR ANALYSES

Stochastic variable Symbol | Model-7 | Model-24 | Model-41
Modulus of elasticity FEfoor 7.6 18.5 n.a.
Modulus of elasticity sheet p. left FEfoora n.a. n.a. 7.4
Modulus of elasticity sheet p. right FaoorT n.a. n.a. 7.4
Floor thickness tAoor 49.4 n.a. n.a.
Thickness sheet piling—floor left tHA n.a. 26.4 25.2
Thickness floor first zone tus n.a. 12.6 12.0
Thickness floor last zone tHR n.a. 12.6 12.0
Thickness sheet piling—floor right tar n.a. 26.4 25.2
Horizontal edge load left Fur, 10.6 - -
Moment edge load left My, 12.9 — —
Moment edge load right Mur 14.8 — —

close to the left-hand sheet piling still have the major influence. Also the modulus
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Figure 13.9: Relation reliability index 4 and number of steps for other models based
on nonlinear analyses

of elasticity influences the value of the reliability index, however not to the same
extent as the floor thicknesses. It also turns out that the influence of the force load
decreases below 5%. Hence, we may once more conclude that the floor thickness
must be checked carefully during the work on the building project.

13.3 Conclusions

1. The DARS method is a Level III reliability method which requires a relatively
low analysis time, especially compared to the full Monte Carlo method.

2. The case study of the underwater concrete floor demonstrates the benefits of
the DARS method when compared to the prevailing practice (reliability index
and influence factors).

3. Already for a small number of steps the DARS method shows a reasonable
convergence of the the reliability index.

4. With the DARS method, an increasing number of stochastic variables in the
analysis model always yields a decreasing reliability index.

5. With the DARS method, an increasing number of stochastic variables in the
analysis model always yields a decreasing variation of the reliability index.
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6. For the linear elastic analyses, the influence factors of the various stochastic
variables chosen are particularly concentrated around the left-side sheet piling.
For the nonlinear analyses a symmetric pattern shows up.
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Modified, 120

Mooney—Rivlin hyperelasticity, 124

Multiple-fixed crack model, 26, 27, 35

Stress—strain relation, 12, 16
Stringer element, 141
Stringer—panel theory, 141

N6IF element, 97, 112 Strut-and-Tie method, 1, 140

Nonlinear analysis, 69, 142

. Tension softening
North—South Metroline, 109

linear, 28
Tension stiffening, 14, 71, 84
TiLLy package, 4
Timber floor, 155
Total Strain cracking, 26, 32, 35
Tunnel boring, 109
Tunnel lining, 2, 91

Panel element, 141

Phased analysis, 120

Plastic Crack Tip Model, 8
Plasticity, 1, 56, 71, 84, 152
Plasticity-based cracking, 31
Plate bending elements, 68
Prestressed reinforcement, 62

L. Underwater concrete, 161, 171
Probabilistic methods, 170

Unreinforced concrete, 162

User- lied subroutine, 92
Rankine plasticity, 26, 31, 152 SCESUPPHEE SUBTOutne,

Rankine—Von Mises plasticity, 31 VBC Model Code. 52

Reinforcement, 26, 55 Viscoelasticity, 152

carbon fiber, 152 Von Mises plasticity, 26, 56, 71
panel, 141
stringer, 141 Yielding, 142

Relaxation, 127

Reliability, 169 Zone in beam element, 164

Return-mapping, 30, 32
Rotating crack model, 27, 33, 56
RuauMoOKO package, 4

Safety, 169
Safety tank, 76
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