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3D modelling of an exceptionally deep 
excavation for the assessment of induced 
ground movements

International DIANA User’s Meeting in Brescia

In June the annual DIANA user’s meeting took place 
in Brescia, Italy. DIANA User’s, mainly from Europe, 
came together, presented and discussed their re-
cent works. This event is traditionally an excellent 
opportunity to get familiar with state of the art 
computational analysis on civil engineering and geo-
technical applications. The presentations this year 
confirmed that realistic and complex nonlinear be-
haviour, in large full 3-dimensional models, is being 
introduced to the daily engineering practice more 
and more. This year especially, I was proud to see 
the rapid development in state of the art computa-
tional modeling with our software products.

In this issue you find a selection of papers, being pre-
sented at the International User’s Meeting in Brescia. 
Further, our customer Coyne et Bellier (Tractebel En-
gineering, France) reports a 3-dimensional deep ex-
cavation analysis that they have performed with the 
midasGTS program. Also the modeling and analysis 
of a 5-span viaduct as performed by Niels Kostense 
as part of his Master project is reported in this issue. 
The model includes several nonlinear material fail-
ure aspects and was set up with solid elements and 
detailed layout of embedded reinforcements. Per-
forming of these kind of analyses inhouse, are very 
helpful for the software developers at TNO DIANA to 
further improve the performance of the program.

The introduction of full 3-dimensional nonlinear anal-
yses in engineering practice will proceed further. 
However, as stated in the conclusion or the presen-
tation of Coyne et Bellier, a successful analysis re-
quires sound theoretical understanding and experi-
ence. Training, education and transparent program 
that allow to check the model and analysis results 
will therefore become more and more important.

I hope you will read this issue of DIANA Elements 
with pleasure.

Gerd-Jan Schreppers, TNO DIANA BV

In densely built area with high land value, the trend 
is towards building higher and deeper, often adja-
cent to existing structures. Such projects involve the 
adoption of tight ground movement criteria which 
are nowadays commonly checked using 2D finite el-
ement analysis. For the excavation discussed here, 
however, the constraints in terms of site configura-
tion and projects requirements lead to adopting a 
retaining system which takes advantage of 3D arch-
ing effects. 3D finite element analysis was thus car-
ried out. 

A high-rise tower, which will be the tallest building in 
Monaco, is currently under construction in a densely 
built area. The 150m high tower includes a 10 level 
deep basement, excavated on a 1/3 slope, see Figure 
1. The exceptional depth of this excavation, the steep 
sloping terrain, the site’s exiguity, the built environ-
ment and the presence of a poor marl-stone layer at 
depth all contributed to adopting an advanced nu-
merical approach at the early design stage to check 
the induced displacements and settlements at the 
foundations of adjacent buildings.

While the retaining wall design could be checked 
against structural failure using standard analysis 
tools based on the elastoplastic subgrade reaction 

Figure 1. Location and project dimensions.  Impressions of 
tower and excavation

method and 2D modelling, the 3D configuration of 
the site and the 3D nature of the design rendered in-
applicable the standard analysis approaches for the 
overall stability check and for the check of induced 
displacements. To avoid over-design and to validate 
a safe and economical retaining solution, a detailed 
3D numerical model was therefore built using Midas 
GTS.

 The four-sided excavation is 70m long in the down-
hill-uphill direction, 30m wide on the uphill side 
and 65m wide on the downhill side, Figure 2. Sev-
eral buildings are within immediate proximity of the 
excavated area, including a 10 storey high college 
founded on piles and two residential buildings (7 
and 10 storey high) at a close distance from the ex-
cavation, on the uphill side.

Figure 2. Zoom on top view of 3D model.  Tower excavation 
completed and adjacent building foundations

The maximum difference in altitude of the natural 
terrain over the excavated area is 39m. The excavat-
ed depth is 33m on the downhill side and 72m on the 
uphill side, Figure 3. The embedded depths of the 
diaphragm wall and foundation barrettes extend a 
further 15m below the excavation level. 

A relatively thick scree layer (>10m) exists uphill and 
thins and then vanishes at mid-length of the planned 
excavated area. Underlying the scree layer is a het-
erogeneous marlstone, tending slightly towards a 
lime-marlestone, to depths of at least 20m below 
the planned excavation level. Particularly poor clay-
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ey marlstones are found locally, on the uphill side 
of the excavation. These anomalies are located at 
excavation level, with thicknesses varying be-tween 
10 and 20m. The bedding plane of the marl-stone is 
favourable, tilting in the uphill direction. 

The presence of the scree layer in a state of near 
limit equilibrium associated with the exiguity of the 
site precluded a sloped excavation. Thus in order to 
undertake the construction of the main retaining 
wall, a micro-pile wall, consisting of grouted steel 
tube soldier piles, shotcrete infilling, horizontal steel 
girder beams and prestressed cable anchors, is de-
signed to enable a 12m deep excavation on the uphill 
side in order to establish a working platform for the 

Figure 3. Zoom on birds-eye view of 3D model.  Tower 
excavation completed and adjacent building foundation 

levels

construction of the second retaining wall, of bored 
concrete piles, shotcrete infilling and prestressed ca-
ble anchors enabling a further 20m to be excavated 
down to the main work platform at 74m NGM.

From the main work platform, panels of in-situ con-
crete, 54 m deep, are constructed to create a but-
tressed diaphragm wall and foundation barrettes. 
An up and down construction method is then adopt-
ed, whereby excavation progresses below base-
ment slabs in parallel to the erection of the tower 
super-structure. The diaphragm wall is anchored in 
its up-per part and braced on basement slabs over 
the full excavation depth. Buttresses are used to 
increase the diaphragm wall’s stiffness and the bar-
rettes are used as basement walls and deep foun-
dation system. The soil enclosed by the diaphragm 
wall is considered reinforced due to the presence of 
buttresses and barrettes. In zones of low barrette 
density, on the uphill side, the soil shear strength 
is further improved by installing vertical fibreglass 
nails.

A detailed 3D finite element model of the ground, 
retraining structures, basement and tower foun-
dations was built. The use of an automatic tetra-
hedron mesher allowed total freedom in defining 
the geometry of the ground solids and the grading 
of mesh sizes, see Figure 4. The tetrahedron mesh 
size ranges from 2m on the retaining wall surfaces 

Figure 4.  Zoom on a birds-eye view of 3D mesh.  Planned excavation and neighbouring 
foundations.  Excavation boundary in white

Figure 5. Front view (facing west) of the three-level retaining 
system.   The enclosing diaphragm wall is shown transparent

The micro-pile wall was modelled by a combina-
tion of shell elements, representing the shotcrete, 
horizontal beam elements, representing the steel 
girders, and vertical beam elements, representing 
groups of micro-piles on the basis of 1 for 2 or 1 for 
4. The bored pile wall was modelled by a combina-
tion of shell elements, representing the shotcrete, 
and vertical beam elements, representing the bored 
concrete piles on the basis of 1 for 1, figure 5. The 
diaphragm wall, the foundation barrettes and the in-
frastructure slabs were modelled by shell elements, 
Figure 6. 

A total of 520 prestressed anchors, distributed on 
19 rows, were modelled, see Figures 7 and 8. Each 
anchor had its orientation, free length and grouted 
length accurately represented. The grouted length 
of the anchors was modelled using the so called “em-
bedded truss elements” which allow the position-
ing of truss elements independently of the 3D solid 
mesh of the ground, while keeping full mechanical 
bond between the two element types. Nodal con-
nectivity between anchor and ground was enforced 

Figure 6. Birds-eye view of barrette foundations and basement 
slabs enclosed in a diaphragm wall (transparent)

Figure 7. Top view of cable anchor system.  Free length in light 
grey, grouted length in dark grey

to 25m on the model boundary. A total of 154 400 
tetrahedron elements were generated, for a total of 
30 900 nodes.

at the connection point between grouted and free 
length. The free length of the anchor was modelled 
using a single truss element linking the end of the 
grouted part to the anchored point on the retaining 
wall.

The behaviour of all ground layers were modelled 
with a continuum mechanics approach, using an iso-
tropic linear-elastic perfectly plastic Mohr-Coulomb 
model. The inability of this model to represent the 
significant stiffness changes between the primary 
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3D non-linear analysis of a concrete 
viaduct

Author: Niels Kostense
Masters Student: University of Technology, Delft, 

The Netherlands & TNO DIANA BV

A single analysis stage was used per basement slab, 
below the anchor levels.

The results of one of the analysis cases considered 
are presented in terms of induced displacements 
at ground level in Figures 9 and 10. The induced dis-
placements are shown to remain limited. 

The displacement fields predicted by this model 
were instrumental in defining the threshold values 
and action values which allow early detection of 
warning signs and timely response to geotechnical 
hazard.

For the presented case, satisfactory understanding 
of the soil-structure interaction and of the way the 
retaining system fulfils its role could only be gained 
using 3D numerical analysis. This in turn allowed op-
timizing and validating the design.

Thanks to continuous improvement in software and 
hardware, detailed 3D analysis has become a vi-able 
option and a valuable tool available to the engineer 
in the design office. It should be noted however that 
successful 3D analysis requires sound theoretical un-
derstanding and experience.

loading and unloading/reloading stress paths is part-
ly compensated by specifying the unloading/reload-
ing stiffness for the bulk modulus, K, while specifying 
the primary loading stiffness for the shear modulus, 
G. This approach delivers a good approximation of 
soft rock behaviour when subjected to an excava-
tion loading path. The equivalent isotropic shear 
strength properties of the rock mass were.

The sloping terrain produces in-situ stress rotation, 
stress release under the slope, and local stress con-
centration at the slope toe. The earth pressure acting 
on the retaining walls and the ground movements 
induced by the stress release can be significantly inf-
lu-enced by this complex in-situ stress state. 

Very little is known, however, on the actual in-situ 
stress state, especially for the deeper layers, which 
are influenced by geological history (e.g. over-con-
solidation, erosion and tectonic activity), terrain ge-
ometry and very long term ground behaviour. 

A pragmatic approach was adopted:

Ensure that the obtained in-situ stress distribu-• 
tions are fully compatible with the plastic laws 
of the ground layers and with static equilibri-
um under self weight of the ground,

Carry out a parametric study on K0, using a • 
lower bound and upper bound value.

The non-linear analysis was carried out with a total 
of 50 construction stages. Two stages were used for 
stress initialisation, including the application of adja-
cent building loads on their respective foundations. 
Two analysis stages were considered for each of the 
19 rows of anchors (excavation down to anchor level, 
then installation of the anchor and prestress force). 

Figure 8. Side view (facing north) of cable anchor system

Figure 9. Top view of natural terrain with imprint of adjacent 
buildings.  Contour plot of horizontal displacements after 

completion of construction (max=9 mm, contour every mm)

Figure 10. Top view of natural terrain with imprint of 
adjacent buildings.  Contour plot of vertical displacements 

after completion of construction (min=5 mm settlement, 
contour every mm)

Introduction

In the last 20 years, the design of concrete viaducts has been checked with relatively simple finite element 
models consisting of beam or plate elements. In such models details of the structure can not be modelled 
accurately. In this paper we discuss the strength assessment of a concrete viaduct using non-linear finite 
element analysis. In earlier studies such analysis have been performed using membrane and shell elements 
and in these models assumptions were still required with respect to the correct description of the geom-
etry of the viaduct. In this study we use volume elements which gives a comprehensive representation of 
the structure although performing these types of analyses results in long computational time. This study 
focuses on the feasibility of such a model in terms of modelling effort, analysing time and implementation 
possibilities. 

The case study

The Dutch Ministry of Public Works has provided a real case viaduct where cracks/damage were observed 
during inspection. The objective is to make a comprehensive model and explore the limitations of non-linear 
volume element analysis.

The viaduct is build up from a twin-cell box girder (Fig 1) with a span length of 60 m. At the location of the 
supports a monolithic transversal beam is present with a thickness of 1500 mm. The thickness of the bottom 
flange is fluctuating from 600 mm at the supports to 200 mm in the mid span. In the analysis five spans are 
considered focusing on the location where shear cracks were observed, this is the webs adjacent to piers 9 
and 10. 

Figure 1:  Modelled geometry between pier 9 and 10

6 AUTUMN 2010 - DIANAELEMENTS 7                                                                                               AUTUMN 2010 - DIANAELEMENTS



The structure is post tensioned using 216 cables in longitudinal direction. At the position of pier 10 there are 
22 additional post tension cables modelled in longitudinal direction within the deck. In transversal direction 
the deck is post tensioned using cables with a 500 mm centre to centre distance. 72 cables in transversal 
direction are present at the location of the 5 cross-beams with a total of 360 cables. 

The finite element model

Making the model as realistic as possible requires that all the relevant details of the viaduct are taken into 
account. In meshing the geometry the varying thickness of the bottom flange, the anchor blisters and the 
monolithic transversal beams with their man holes are considered (Fig 2). The post tensioning cables are 

Figure 2:  Element distribution of the model

Cross section Side view

Anchor blisters Cross beam

Pier 10

Longitudinal post tensioning 
cables in the webs

Longitudinal post tensioning 
cables over pier 10

Transversal post tensioning 
cables in the cross-beams

Transversal post tensioning 
cables in the deck

Figure 3:  Post tensioning cables at the location of pier 10

DIANA analysis

In the analysis the most adverse loading combination is applied subjected to pier 10. A phased physical non-
linear analysis is performed to consider the constructions stage of the viaduct. All the effective loads are 
incremented according to the Eurocode. Subsequently the uniformly distributed mobile load is increased 
until a load factor of 3.5 is reached. 

The model that holds 329,892 nodes and 237,367 hexahedral elements. After evaluation of the reinforce-
ments 951,351 reinforcement particles are added to the model. The net required analyse time for 7,000 itera-
tions over 185 load increments until 3.5 x q mobile is reached is circa 3 weeks. 

Results

The maximal displacements of the viaduct are at the location of the hinge (Fig 5). The load-displacement 

modelled separately which brings the total amount of post tensioning cables to 1280 (Fig 3). Further-
more, all the relevant reinforcement is modelled as embedded bar reinforcement in longitudinal and 
embedded grid reinforcement in transversal direction.

For every material in the structure non-linear material properties are defined (Table 1). To attain reduc-
tion in computational time a combination of linear and non-linear material properties of the concrete 
are used. The sections where little non-linearity will arise, as observed in prior studies, linear material 
properties are applied (Fig 4). 

Material Description Material model

Concrete (B35) Total-Strain-rotated-Crack model with 
linear softening

Post Tensions Steel (FeP 1770) Longitudinal post tensioning cables in 
the webs

Longitudinal post tensioning cables 
over pier 10

Ideal plastic according to Von Mises 
with hardening

Post Tensions Steel (FeP 835/1030) Transversal post tensioning cables in 
the cross beam and deck,

Ideal plastic according to Von Mises

reinforcement Steel (FeB 500) Bar reinforcement in longitudinal 
direction 

Ideal plastic according to Von Mises

Elastomeric bearing compression 
blocks

Non-linear to tension interface ele-
ments

Figure 4:  Linear (upper) and non-linear (bottom) concrete material properties

Table 1:  Non-linear material models
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7th International DIANA Users Meeting
Author/Editor: Ane de Boer, DIANA Users Association

Reviewdiagram of the hinge shows that until the 
uniformly distributed load is applied (once), 
the viaduct behaves almost linear elastic 
(Fig 6). Incremental loading of the mobile 
load increases the amount of cracks in the 
webs near pier 10. 

Consequently, local yielding of the rein-
forcements commence and magnifies the 
displacement of the hinge. When the results 
of the shell and volume analysis are com-
pared to each other it can be concluded that 
the models have a similar failure mode. Both 
models fail of shear in the webs near pier 10, 
although the volume element model has a 
smaller bearing capacity. 

However, the shell model reaches its failure 
load at 2.73 x q mobile and the volume el-
ement model at 2.18 x q mobile. Note that 
the shell model did not have non-linear bed-
dings, where the volume model had. The 
diagonal crack development (Fig 7) in the 
webs during the load increments are equiv-
alent to the crack pattern observed during 
inspection. 

Furthermore, the maximum displacement 
of the hinge in the volume element model 
is about twice as large as in the shell mod-
el. The analysis of the post tensioning load, 
combined with the dead load clarified that 
the presence of a non-linear interface bed-
ding effected the displacements significant-
ly. The discrepancy in failure load and dis-
placements between the shell and volume 
element model can to a certain extent be 
subscribed to the use of a non-linear bed-
ding. To determine what influence the non-
linear bedding has on the analysis, a comple-
mentary study of the shell element analysis 
with a non-linear bedding, or a volume ele-
ment analysis with a linear bedding will be  
performed.

Figure 5:  Displacements in the centre of the deck along the length of the 
viaduct for several load steps

Figure 6:  Load-displacement diagram of the hinge

Figure 7:  Crack strains in the webs at the 
location of pier 10 at 3.5 x q mobile

Figure  8: Contour plot of the vertical displacements due to 
dead load and post-tensioning  

This year the International DIANA Users Meeting was been hosted by University of Brescia. As tradition, the 
meeting was organized by the DIANA Users Association, in close collaboration with TNO DIANA BV. Also the 
newly appointed DIANA distributor in Italy, CSPFea, gave a valuable contribution to the organisation and 
the success of the event. The programme of the meeting, which was held on 17-18 June, included technical 
presentations by DIANA 
users and an interactive 
session between the 
users and DIANA repre-
sentatives, where new 
developments have 
been discussed. 

A CD rom including the 
complete presentations 
is available on request 
to info@tnodiana.com  

Concerning fibre-reinforced concrete, there exist 
several widely accepted test methods for deter-
mining material properties, e.g. beam bending, uni-
axial and round panel tests. However, the response 
from these small-scale tests exhibit fundamental 
differences due to the test method, but also the 
type of fibre-reinforcement and concrete quality 
plays an important role for interpretation of the re-
sults.

The finite element method is a strong tool for both 
predictive and inverse analyses when investigat-

ing material behaviour, but caution has to be taken 
due to description of concrete cracking. Some of 
the mentioned test methods lead to a predictable 
crack pattern which enables use of simple discrete 
cracking models, while other test methods are not 
so predictable which makes use of smeared crack-
ing models more suitable.

Based on experimental testing performed at NTNU, 
a comparison of the response from different test 

methods is made. The ex-
perimental program covers 
several comparable beam 
bending, uni-axial and round 
panels tests, and inverse 
numerical analyses are per-
formed by DIANA in order to 
determine important mate-
rial properties.

FE analysis on round panel test

Authors: Linn Grepstad Nes, S.I. Sørensen - Department of 
Structural Engineering, NTNU, Trondheim, Norway

Experimental and numerical comparison of different test 
methods for fibre-reinforced concrete
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Building code developments for FRC structures
Author: Giovanni A. Plizzari - Department of Civil Engineering, Architecture, 

Land Planning & Environment, University of Brescia, Brescia, Italy

Fiber reinforced concrete (FrC) is a composite ma-
terial characterized by an enhanced post-cracking 
tensile residual strength due to the capacity of fib-
ers to bridge the crack faces.

During the last four decades, wide research has been 
performed on the material properties of FrC, both 
at fresh and hardened state. However, research on 
the structural response of FrC elements was mainly 
developed during the last fifteen years. As a conse-
quence, there is still a lack of International Building 
Codes for structural design of FrC elements. This 
may explain the limited utilization of FrC among 
practitioners, even though a number of design 
guidelines were recently developed. In fact, clear 
and simple design rules from Building Codes are 
strongly required by designers who hardly accept to 
adopt voluntary guidelines or, even worse, research 
results available in scientific papers.

Within fib (Fédération Internationale du Béton) 
the Special Activity Group 5 (SAG5) is preparing a 
New fib Model Code that aims to update the previ-
ous CEB-FIP Model Code 90, published in 1993. The 
New Model Code includes several innovations and 
addresses, among other topics, new materials for 
structural design.

Because of the better knowledge of FrC and the 
recent worldwide developments of guidelines for 
structural design, SAG 5 decided to introduce some 
sections on FrC with the aim of providing guid-
ance to engineers to properly (and safely) design 
FrC structural elements both at serviceability and 

ultimate limit states, based on the state-of-the-art 
knowledge.

As the previous one, this new fib Model Code will 
be likely considered as the reference document for 
next Eurocodes. In any case, the European Standard 
on Concrete (EN 206-1) is now under revision and 
will probably include Fiber reinforced Concrete.

This presentation aims to introduce some princi-
ples governing structural design of FrC elements 
made of ordinary concrete. The main concepts 
were derived from some national and international 
guidelines for FrC structural design. The principles 
discussed in the presentation are mainly obtained 
from research on (post-cracking) softening steel 
FrCs in uniaxial tension, even though they can be 
extended to hardening materials.

Some examples of structural applications with FrC 
are also presented.

Tank with ordinary 
fiber reinforcement

Authors:  Carlos Sousa, Helder Sousa, A. Serra Neves & 
Joaquim Figueiras - University of Porto, Portugal

Long-term behaviour of a 
viaduct made with precast 
beams

Subject of this presentation is the strategy employed 
in the analysis of a large viaduct which has recently 
been constructed in Portugal. The structure is com-
posed of 13 continuous spans which are made with 
precast prestressed beams. The deck is monolithi-
cally connected to circular piers and piles.

The long-term behaviour of this viaduct was moni-
tored for 3 years. Strains and temperatures were re-
corded at various critical cross-sections. Moreover, 
information regarding the material properties was 
collected during the construction, which provided 
valuable data for validation of numerical models.

The long-term behaviour of this structure was ana-
lysed using DIANA. In the presentation some features 
of this analysis, which are considered the most rele-
vant, are presented. Given the fact that construction 
sequence has a non negligible effect, a phased analy-
sis was conducted. In addition, a smeared cracking 
approach was used, which allows for simultaneous 
consideration of concrete creep, shrinkage, cracking 
and temperature influence. Different user-supplied 
subroutines were employed to model the concrete 
creep function (which was fitted to the experimental 
data) and the relaxation of the prestressing strands. 

Moreover, it is presented  how the DIANA neutral file 
was used to efficiently read the calculation results 
for the different phases.

Finally, numerical and experimental results are com-
pared. Close agreement between these results is 
observed, a fact that confirms the adequacy of the 
adopted models and strategies.

Strains above the supports
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Authors: Anne van de Graaf, Max Hendriks & Jan Rots - Faculty of Civil Engineering & 
Geosciences, Delft University of Technology, Delft, The Netherlands

On the evaluation of shear critical beams with sequentially 
linear analysis

Non-linear finite element analysis for 
reinforcement optimization of concrete 
structures

Authors:  Luca Facconi, Giovanni A. Plizzari - Department of Civil, Architectural, Environmental and Land 
Planning Engineering - DICATA, University of Brescia, Brescia, ItalyMany bridges and viaducts which are 

part of the main infrastructure in the 
Netherlands have been built in the 
1970’s. The state of these aging struc-
tures is subject to an increased inter-
est due to the enormous replacement 
costs that are involved. However, sev-
eral studies have shown that due to 
conservative assumptions during the 
design these structures often have 
an additional load-carrying capacity 
which implies that replacement is not 
always necessary. 

Therefore, the Dutch Ministry of Public Works 
(rWS) has decided to re-evaluate as much as 1200 
reinforced and prestressed concrete viaducts to 
assess the load-carrying capacity according to the 
latest standards. In this way, it may be shown that 
the load-carrying capacity of many structures is still 
sufficient despite the higher loads due to increased 
traffic. 

One part of this project concerns the numerical eval-
uation of four shear critical beams which have been 
tested experimentally. So far, the numerical evalu-
ation has been carried out with nonlinear finite ele-
ment analysis based on an incremental-iterative so-
lution procedure. In this presentation results of the 
numerical simulation of these beams with sequen-
tially linear analysis is shown.

Load

Deflection at midspan

Steel Fibre reinforced Concrete (SFrC) is a widely 
used and practical material suitable for construction 
both of pre-cast and cast-in-site structures; although 
having been pioneered more than a decade ago, 
SFrC is now attracting widespread interest.

Compared to conventional reinforced concrete, 
SFrC generally exhibits improved ductility, tough-
ness, cracking resistance and tensile strength; these 
improvements in mechanical behaviour of concrete 
may be exploited to eliminate, partially or totally, 
the conventional reinforcement and to obtain a sig-
nificant reduction of costs and labour time. Beside 
that, the interest in using such an innovative materi-
al has progressively increased due to the continuous 
development of design tools, codes and standards 
which make the design process easier.

One of the research programmes developed at 
the University of Brescia, with the collaboration of 
Bekaert Italia, concerns the numerical study of sev-
eral types of concrete structures and pre-cast ele-
ments in order to study design solutions in which 
conventional steel reinforcement is partially re-
placed by steel fibres; the combination of steel fi-
bres and rebars, which leads to the best structural 
performances both at U.L.S and at the S.L.S, is called 
“optimized reinforcement”.

In the presentation, some examples of reinforce-
ment optimization concerning different types of 
concrete members are shown; the results presented 
herein are obtained through non-linear analysis per-
formed with DIANA.
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Author:  Paulo B. Louren�o - ISISE, Department of Civil Engineering, Engineering 
School, University of Minho, Guimaraes, Portugal

Structural analysis of historial masonry structures:  
concepts and possibilities

Author: Coen van der Vliet - ArCADIS, Amersfoort, The Netherlands

In-plane shear and out-of-plane bending - 
examining hidden margins

weak in tension, linear elastic calculations are not applicable and limit analysis or non-linear analysis must 
be used. In the presentation, the concept of safety is addressed in detail, illustrating the levels considered 
for material and structural representation, and providing recommendations. This is  followed by a discus-
sion on the possibilities of structural analysis for static applications, with a comparison of different model-
ling strategies. Finally, the issue of earthquake analysis is addressed for structures with and without rigid 
diaphragms. Different methods are discussed and a comparison is made between pushover methods and 
non-linear dynamic analysis with time integration. It is shown that traditional, adaptive or modal pushover 
analyses are not in agreement with non-linear dynamic analysis or experimental observations.

Static analysis methods

Masonry is usually described as a composite material formed by units 
and joint, with or without mortar, and different bond arrangements. 
It is certain that the problems associated with modelling ancient and 
modern masonry structures are very different. Physical evidence 
shows us that ancient masonry is a very complex material with three-
dimensional internal arrangement, usually unreinforced, but which 
can include some form of traditional reinforcement. Moreover, these 
materials are associated with complex structural systems, where the 
separation between architectural features and structural elements is 
not always clear.

Structural analysis of these structural systems is a much relevant part 
of the safety assessment, even if other information has to be added so 
that a reasonable estimate of safety can be made. As masonry is very 

Design of concrete walls or slabs loaded in a com-
bination of out-of-plane and in-plane forces is not 
straightforward. The structural behaviour is not very 
transparent, especially because reinforcement and 
cracks are not perpendicular anymore. Dutch codes 
cover the combination of in-plane normal and shear 
forces, but the combination of in-plane and out-
of-plane actions is left to the craftsmanship of the 
structural engineer.

Two common-practice design approaches can be 
distinguished: 

combining the in-plane normal and shear forc-• 
es to design forces and subsequently design-
ing the reinforcement for the combination of 
design forces and bending.

separating the bending and shear forces: for • 
the shear forces the practical reinforcement in 
the compression zone can be used.

A third method (cracked membrane method, CMM) 
accounts for the real principal directions at the inner 
and outer plane. This method is not yet widespread, 
but it is transparent and theoretically correct. 

The first method is rather conservative, while the 
second only applies for design in ultimate limit state. 
CMM is comparable with the first method, but re-
sults in a more balanced reinforcement design. 

To illustrate these methods, a practical case study 
is presented. To investigate the ‘real’ strength, a 
nonlinear finite element analysis is carried out. The 
results show that the structure performs much bet-
ter than expected with respect to durability and 
strength.

The case study shows a considerable margin. But 
how does this margin vary with the combination of 
normal force, bending moment and shear force? For 
different combinations of these actions the ratio 
between designed and calculated strength is deter-
mined.

16 AUTUMN 2010 - DIANAELEMENTS 17                                                                                               AUTUMN 2010 - DIANAELEMENTS



Authors:  Claudio Modena, Maria Rosa Valluzzi, Filippo Lorenzoni, Filippo Casarin - Department of 
Structural and Transportation Engineering (DCT), University of Padova, Padova, Italy

Settlement induced damage modelling of historial 
buildings:  the bell tower of the “Basilica dei Frari” in 
Venice

Authors:  Beatrice Belletti1, Max A. N. Hendriks2, 
Cecilia Damoni3

1 DICATeA, University of Parma, Parma, Italy 
2 Faculty of Civil Engineering & Geosciences, Delft 
University of Technology, Delft, The Netherlands 

3 Guest researcher at DICATeA and Delft University of 
Technology

Guidelines for non-linear finite element analysis of 
RC structures

The presentation is about the case study of the “Ba-
silica dei Frari” in Venice for which a non linear nu-
merical analysis by means of DIANA finite element 
program has been recently performed in order to as-
sess its structural conditions. In fact, from the end of 
its construction, in the XIV century, the building suf-
fered of structural deteriorations mainly due to set-
tlements affecting the bell-tower. A main structural 
intervention was carried out at the beginning of the 
XX c., aimed at stopping the outward tilting process 
of the tower. The intervention was so effective that 
it induced an opposite effect on the tower, which 
started to rotate towards the cathedral. 

Several studies were carried out since then to evalu-
ate the interaction between tower and cathedral, 
including in recent years structural monitoring and 

numerical modelling, besides strengthening inter-
ventions consisting in soil microfracturing. A non lin-
ear numerical model of the church-tower complex 
was tuned on the outcomes of the experimental 
available data, also considering the historical proc-
ess leading to the present day conditions. To gain re-
liable settlement damage predictions it was neces-
sary to adopt tensile-softening crack models in the 
numerical studies and perform non linear analyses 
able to trace the complete response of the struc-
ture. The aim of the modeling was also, besides the 
assessment of the structural conditions of the com-
plex, to predict the structural effects of the physical 
“separation” between tower and cathedral, inter-
vention effectively carried out at the end of 2008.

need of extending service life of existing infrastruc-
ture in the Netherlands has resulted in an increased 
interest of the assessment of structural safety of 
reinforced and prestressed concrete bridges and 
viaducts. In particular, shear failure is a concern be-
cause of stricter shear strength rules in the design 
codes, increased loading due to heavier traffic as 
well as the need for additional traffic lanes on ex-
isting structures, and uncertainty in material proper-
ties of structures that were built in the 1960-1980’s. 
In the presentation, the applicability of the first ver-
sion of these guidelines is examined by providing 
the results of some exemplary beams, which were 
tested experimentally, used as benchmark.

Although the use of nonlinear analyses as a tool for 
design of new structures and assessment of existing 
structures increases year by year, it is not common-
place yet. The potential of nonlinear analysis is still 
beyond doubt. The state-of-the-art in nonlinear fi-
nite element analysis (further: NLFEA) of reinforced 
concrete has progressed to the point where such 
procedures are close to being practical, everyday 
tools for design office engineers. The Dutch Ministry 
of Transport, Public Works and Water Management 
initiated a project to critically evaluate existing soft-
wares for nonlinear analysis of concrete structures 
and write guidelines for nonlinear finite element 
analyses in order to reduce model and user factors 
that would introduce additional uncertainties in the 
safety assessment. Indeed, changes in usage and 
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Masonry veneer walls subjected to 
earthquake loading

Authors: Geoffrey Decan & Luc Taerwe - Ghent 
University, Ghent, Belgium

Probabilistic approach to the modelling 
of reinforced concrete elements using 
Gaussian random fields

Masonry Veneer systems are widely used as enclo-
sure of both low- and high-rise buildings. 

Masonry Veneer is supported in the vertical direc-
tion by either the main structural components of the 
building, as typical in Norway, where it is supported 
at the base of the building, or on steel shelves at-
tached to these structural components. Horizontal 
ties are used between the Veneer and the support-

ing, seems inadequate in earthquake situations. The 
load distribution in the ties is not uniformly distrib-
uted when subjected to earthquake loading. Higher 
stresses are produced in the ties at ground floor lev-
el. The failure of anchorage ties are governed by the 
pull-out capacity from the masonry mortar. Wooden 
backup walls, as supporting walls for Veneer walls, 
are preferable in earthquake situations.

ing stiffening system at 
regular intervals to resist 
lateral loading. Various 
design codes specify pre-
scriptive brick Veneer con-
struction requirements for 
use of metal ties, such as 
minimum tie dimensions 
and maximum tie spacing. 
This presentation deals 
with one of the conse-
quences of implementing 
Eurocode 6 and Eurocode 
8 in Norway, namely the 
capacity of Veneer anchor-
age ties in earthquake 
situations. Analyses have 
been done, both with DI-
ANA and UDEC, which is 
based on a Discrete Ele-
ment Method (DEM). Af-
ter comparing the results 
obtained by 2D FEM mod-
el against available ex-
perimental tests, DIANA 
has been used in seismic 
analysis of Veneer walls. 
Earthquake loading, wher-
ever applicable according 
to Eurocode 8, is consid-
ered the design load for 
anchorage ties in Veneer 
walls. 4 ties/m2, which is 
usually taken as sufficient 
with respect to wind load-

Finite element models require quite some param-
eters to perform a full non linear analysis of con-
crete structures. Some of these parameters, e.g. the 
Young modulus, concrete compressive and tensile 
strength and reinforcement yield strength, can be 
estimated by standard laboratory tests. Other pa-
rameters are not so easily determined if they can be 
determined incontestably at all. It is then the task of 
the modeler to provide estimated values for 
these parameters based on experience and 
best practice.

Sometimes these undetermined parameters 
are fitted to the results of one or two tests. 
It is disputable if this method provides reli-
able estimates that can be used to predict 
future test results. Furthermore traditional 
calculation procedures consider concrete as 
a homogeneous isotropic material, whereas 
the concrete quality can differ significantly 
from location to location in real concrete el-
ements.

No significant difference in ultimate load

Significant overestimation of ultimate load

A probabilistic approach to model concrete struc-
tures can solve some of the issues mentioned be-
fore. Both concrete and steel properties are sto-
chastic values and the reliability of the laboratory 
tests is reflected in the material property’s standard 
deviation. The spatial variability of concrete strength 
and stiffness can also be taken into account by us-
ing Gaussian random fields to generate the material 
properties of individual elements in the model.

A two span reinforced concrete beam 
was used to demonstrate that the prob-
abilistic modeling scheme only needs a 
limited amount of random samples to 
generate a confidence interval for the 
large scale laboratory tests.
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Nonlinear static and dynamic analysis of historical 
masonry tower

Incorporating the FEM analysis in the 
digital design process

This study deals with the evaluation of the seismic re-
sponse of the medieval civic tower of Soncino (Cre-
mona, Italy). A 3D finite element model of the brick 
masonry tower has been calibrated on the results of 
an experimental campaign of dynamic identification, 

that gave important information about the material 
properties and the boundary constraints. The tower 
is surrounded on three sides by other constructions; 
the interaction of the tower with the surrounding 
constructions has been simulated utilizing springs 
of suitable stiffness. The seismic assessment of the 
structure has been performed by means of nonlin-
ear static and dynamic analysis. The capacity curve 

of the structure has been ex-
trapolated through the static 
analysis; the results obtained 
have been investigated fur-
ther through an incremental 
dynamic analysis carried out 
utilizing as seismic input the 
El Centro accelerogram. The 
implementation of the mate-
rial nonlinearity allowed to 
evaluate the damage levels 
and the collapse mechanisms 
of the structure under seis-
mic actions. The study un-
derlines the importance of 
an advanced modelling and 
analysis, taking into account 
the material nonlinearity and 
the effect related to a dy-
namic input, to evaluate the 
actual seismic capacity of the 
masonry structure. These re-
sults are of great importance 
for the definition of possible 
strengthening and restora-
tion interventions.Vertical stresses 

at collapse

Crushing pattern at the base

Crack pattern at the base

Conceptual architectural design is often, apart from 
tactile or visual aspects, not in any way materialized. 
In the Building Technology Department of Architec-
ture Faculty we specifically focus on the materiali-
zation of architectural concepts emphasizing the re-
ciprocal relationship between design, material and 
production techniques. 

Students use computers in 
support of the design process 
in the various phases of de-
sign and build a virtual master 
model that serves as  source 
for the various required geo-
metrical data used for analysis 
and rapid prototyping. In the 

Author: Eliza Guse - Faculty of 
Architecture, Delft University of 

Technology, Delft, The Netherlands 

sketch phase the CAD programs as Maya and rhino 
are used for advanced curve based modeling. The 
challenge is to generate an accurately defined virtual 
master model to be used as a source of conversion of 
the virtual design description into a format which is 

supported by analysis software and can be used for 
rapid prototyping techniques. 

The development of new interfaces and possible 
scripts to integrate a FEM analysis in the digital de-
sign process is a part of the recently started Com-
putation and Performance research program. One 
of the bottlenecks while employing the different as-
sessment tools in early design and planning stages is 
that those are hardly compatible with the extremely 
dynamic nature of these early stages. Here, options 
would have to be evaluated quickly, but since the 
different software packages are not communicating 
in real-time with each other, the designers and plan-

ners are not able to keep 
up with the pace while 
importing/exporting/con-
verting large amount of 
CAD data back and forth.

In this presentation some problems and solution to 
a data exchange between CAD programs and DIANA 
are discussed,  based on the work made by students. 
Different approaches for different geometrical prob-
lems are presented. 
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Design of frozen soil bodies for the 
construction of cross-passages between 
two shield driven tunnels in the 
Amsterdam North/South metro line
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FEM modelling for St. Petersburg Flood 
Barrier

Cross-passages are situated between the two bored 
tunnels of the North/South metro line,. These cross-
passages allow for a safe escape route to the parallel 
tunnel tube in case of an emergency. In areas where 
the two tunnels are located at separate depth levels 
a vertical shaft is situated in between. Access to this 
escape shaft is provided by a horizontal tunnel be-
tween the tunnel tube and the vertical shaft. 

The cross-passages are constructed by means of the 
New Austrian Tunnelling Method. Due to the soft soil 
conditions in Amsterdam these passages cannot be 
excavated without temporary support of the soil. By 
freezing the soil surrounding the passage the stiff-
ness and strength of the soil is increased significantly 
and the passage is sequentially excavated. After re-
moval of a soil slice a shotcrete lining is applied. After 
excavation and completion of the temporary shot-
crete a final insitu lining is constructed. When hard-
ened, the frozen soil thaws and the cross-passage is 
finished. 

The sequential excavation of the soil is most often 
modelled with a 2D plane strain model. To account 
for the force distribution in the out of plane direc-
tion a stress relief factor is applied at the excava-
tion. Now, with a more sophisticated 3D model the 
sequential excavation and shotcreting is modelled 
without the necessity to make use of an uncertain 
stress relief factor. By extensive post-processing of 
the principal stresses and comparing these with the 
Mohr-Coulomb failure surface, derived from experi-
mental test results, the safety level is determined. 

For two different horizontal passages in the North/
South metro line the safety level along the length of 
the cross-passage and in every construction phase 
is analysed. Based on this calculation, which gives 
more insight, safety of the frozen soil bodies during 
construction is validated.

Construction of the St. Petersburg flood barrier will 
be completed in 2012. Design activities started in the 
1970’s and construction started in the 1980’s, with 
an interruption between 1991 and 2002. Prior to re-
starting the construction activities, royal Haskoning 
was involved in project management and in design 
assessments. A couple of complicated technical is-
sues were verified with FEM calculations with help 
of DIANA.

The large navigation opening of the flood barrier 
consists of two floating segment gates which have a 
stand by position in docking chambers on both sides 
of the navigation channel. Ball hinges allow the gates 
to be rotated to the position in the channel and to be 
lowered on the channel bottom with an immersion 
process.

The ball joints are relatively small. During operation 
under storm surge condition the ball joints need to 
transfer a 100 MN force. 

A DIANA simulation with contact elements was per-
formed in order to verify the manual design calcula-
tions.

A second DIANA simulation was performed to verify 
the stress distribution and safety levels of the mas-

sive concrete walls of the docking chambers. The 
docking chambers are mass concrete gravity struc-
tures resting capping beams on stiff clay layers. They 
were constructed in the dry. The soil-structure inter-
action was not sufficiently addressed in the original 
design calculations and the amount of applied rebar 
needed verification. A number of models were made, 

where the results of 2D and 3D element modelling 
were compared. Also the applied geometrical sim-
plifications were verified with more accurate models 
where the actual curved geometry of the docking 
chambers was modelled.

DIANA models showed to be a strong 
support in the verification process and 
the communication about the reliability 
of the design.

Contact Stress Distribution
Ball joint 1500 mm H8 h8 with 22 deg recess

geometry [mm], stresses [Mpa]
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Three-dimensional modelling of 
building damage due to tunnelling

The activities to safeguard Venice and its lagoon 
against flooding are focused on the realization of 
mobile barriers at the lagoon inlets: the tidal floods 
will be regulated by four storm surge barriers, one 
for each inlet.

The four inlets are: Lido having two barriers: Lido 
Treporti and Lido S. Nicolò (420 m long the first,  
400m the second), Malamocco (380 m long), and 
Chioggia (360 m long).

Each barrier is made up of several prefabricated con-
crete caissons grounded at the sea bottom level, in 
which 2 or 3 flap gates will be hinged: normally the 
gates are completely recessed in the seabed so ma-
rine traffic can pass.

In case of storm surge, the rows of gates can be lift-
ed upwards, creating a barrier between the Adriatic 
Sea and the lagoon.

The dimensions of the concrete foundation caissons 
vary according to the depth of the channel and thus 
the gate size. They are usually 60 m long, 11.5 m high 
at the maximum (but in the central lower part 3-5 m 
only), while their width varies between 36 and 46 m. 
The weight of this structure can reach 200.000 kN. 
The interior is divided with a box shaped multi cell 
pattern with an average spacing of 5 m. The thick-
ness of the slabs and walls varies between 25 and 70 
cm.

The study of the structural effects of hydration heat 
and rheological properties of concrete during the 

casting phases of the caissons was performed using 
DIANA. 

A non linear finite element coupled thermal and me-
chanical analysis has been performed taking into 
account: hydration heat, dimension of the casting, 
evolution of concrete mechanical properties in time 
during the hardening reaction, creep and differential 
shrinkage.

Aim of the analysis is the numerical simulation of 
what will occur to the structure during construction 
process, that generally takes more than one year for 
each caisson, in order to prevent unforeseen crack-
ing.

Cracking can seriously compromise durability and 
long-term service life of concrete structures. The in-
gress through the cracks of aggressive agents com-
ing from surrounding environment often worsen 
structural degradation.  The avoidance of cracking 
in concrete structures is very difficult due to the in-
trinsic behaviour of concrete. The control of crack 
opening is nevertheless of fundamental importance 
for durability, especially in highly aggressive marine 
environment and for long life structures like MOSE 
dam.

The work has been performed by a joint team of spe-
cialists coming from Technital S.p.A. and Politecnico 
di Torino, whereas the activities to safeguard Venice 
are implemented by the Ministry of Infrastructure 
and Transport – Venice Water Authority through  the 
Consorzio Venezia Nuova, which the authors would 
like to thank for the cooperation and authorization 
to divulgate design results.

Tunnelling excavation in urban areas is a three-di-
mensional process which involves the mutual inter-
action between the construction activity, the ground 
deformation and the adjacent structures response. 

2D analytical assessment methods cannot take into 
account all the complexity of this phenomenon. 
Therefore, 3D finite element analyses of the coupled 
problem have been performed, including non-line-
ar models for the soil behaviour and the tunnelling 
process, and a relatively simple representation of the 
affected structures.

In this study, a 3D finite element model of a tunnel 
excavation in soft soil under a masonry building is an-
alyzed. In order to take into account the effect of the 
stress redistribution due to the settlement induced 
damage of the building, a total strain rotating crack 
model is adopted for the masonry. Openings like 
windows and doors are included in the masonry fa-
cades. The soil structure interaction is modelled by a 

non-linear interface, and the excavation advance and 
the lining installation are represented using a phased 
analysis, in order to evaluate the three-dimensional 
effect of the tunnelling process on the structural 
response. Different locations of the building with 
respect to the tunnel are considered, to analyze the 
effect of sagging and hogging settlement troughs.

The mutual interaction between the ground defor-
mation and the presence of the building is evaluat-
ed, comparing the longitudinal and transversal set-
tlement troughs resulting from the analysis with the 
Greenfield ones. The effect of the tunnelling advance 
on the structural damage, which is governed by a 
moving longitudinal settlement profile, is studied.

results in terms of crack pattern of the structure are 
presented and discussed.
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Numerical and experimental cyclic response of 
alternative column to foundation connections 
of RC precast structures:  comparisons

This paper presents an engineering method devel-
oped at Stucky SA for design and structural analysis 
of large arch dams by means of DIANA. The objec-
tive of the method is defining an optimal shape of 
the dam.

The method starts by setting the design criteria nec-
essary for the structural analysis and the evaluation 
of the dam design. 

Next, the excavations needed to provide a sound 
rock base and smooth footprint of the dam are de-
fined in a CAD drawing. The optimal shape of the 
dam body is determined by an iterative procedure in-
volving geometrical definition of the dam, finite ele-
ment static and dynamic analysis of the dam-founda-
tion-reservoir system, and engineering evaluation of 
the solution. The geometry of the dam is defined for 
a discrete number of dam arches by a program de-
veloped in Stucky and working in AutoCAD environ-
ment. The program produces a FEMGEN archive file, 
which is imported into DIANA to define points, lines, 
surfaces, bodies and sets of geometrical entities. 

After the initial iteration, only the point coordinates 
are changed and introduced into the FEM model by 
a batch file. 

Each design solution for the dam is evaluated quali-
tatively considering the design criteria applied to the 

Satisfactory dam excavation layout

structural analysis results, as well quantitatively on 
the basis of the required dam concrete volume. 

Finally, the optimal solution is defined as the one that 
meets the design criteria and involves a reasonable 
concrete volume.

The paper presents the practical application of the 
proposed procedure to the feasibility level design 
(FDL) of the 200 m high Khudoni arch dam planned 
to be built in Georgia. A total of six dam shape vari-
ants have been investigated. The optimal FDL solu-
tion proves the feasibility of the dam and will be fur-
ther improved  in the final design phase.

Principal stresses in the dam body

The cyclic response of a column to foundation con-
nection system is examined in this presentation. This 
system is based on the mechanical connection be-
tween steel shoes embedded into the column base 
and protruding steel bolts anchored into the founda-
tion. This connection is to be considered as an alterna-
tive solution compared to the traditional reinforced 
concrete  precast pocket foundations. The hysteretic 
behaviour and the global collapse mechanism of the 
connections, to be compared to an equivalent mon-
olithic solution, are studied through three full scale 
specimens subjected to a constant axial load and to 
a quasi-static cyclic horizontal top displacement his-
tory at increasing drift levels.

Contemporaneously, three-dimensional  finite ele-
ment models, characterized by non-linear proper-
ties of materials and geometry, are developed and 
calibrated in order to analyze and capture the lo-
cal experimental response of the connections and 

to compare it to the be-
haviour of a cast-in place 
equivalent connection. 
Tetrahedrical 4 node ele-
ment and contact surface 
element have been used in 
order to capture the local 
behaviour at the interface 
between mortar and con-
crete (246438 degrees of 
freedom corresponding 
to 459676 number of ele-
ments). Concrete has been 
modelled using an elastic 
modulus of 34500 MPa, 
Poisson’s  ratio of 0.15 and 

weight density of 2.5e-5 N/mm3; a total strain crack 
approach with fixed scheme has been used together 
with a secant stiffness calculation during the iterative 
approach; the lateral crack effect uses the Vecchio 
and Collins approach and the confinement effect has 
been taken into account using the Selby and Vecchio 
method. Steel has been modelled with a classical Von 
Mises approach.

The aim of this research is to develop a global numer-
ical model able to carefully predict the response of 
similar connection typologies to cyclic loading.

28 AUTUMN 2010 - DIANAELEMENTS 29                                                                                               AUTUMN 2010 - DIANAELEMENTS



Numerical study on shrinkage cracking 
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Continuous reinforced concrete slabs on grade have 
been widely used in several applications such as in-
dustrial pavements, highways and airports. 

The development of cracks in slabs during service 
can reduce bearing capacity and promote the fatigue 
failure velocity. It is well known that concrete shrink-
age as well as thermal effects tend to be the principal 
reasons for the initial crack formation in slabs since 
these elements present large size, low thickness and 
high degree of restraint. A numerical study on the 
risk of cracking due to shrinkage in slabs on grade is 
presented herein.

The numerical analyses were carried out by consider-
ing different size and thickness of slabs in order to 
evaluate the influence of these parameters on the 
development of crack patterns. Shrinkage stresses 

Industrial shed with average dimensions: 5000m2 surface 
and 20cm thickness

in slabs on grade are considerably in-
fluenced by external and internal con-
straints which counteract the contrac-
tion on these elements. Accordingly, 

Joint spacing for shrinkage

Construction Joints

several sub-grade conditions have been considered. 
Moreover, different environment conditions were 
adopted.

The numerical analyses evidence many features con-
cerning the risk of cracking due to shrinkage with re-
spect to concrete strength class, slab geometry, sub-
grade and environment conditions.

Author: Dirk Jan Peters - royal Haskoning, 
Nijmegen, The Netherlands

FEM modelling for block 
revetment research

Dutch flood prone areas are protected with clay 
dikes with pitched natural stone revetments. A mod-
ern version of this structure is the concrete block re-
vetment. The blocks or columns are 0.25 to 0.55 m 
thick. 

The design of these systems, characterized with the 
stone weight, the hydraulic properties, the slope 
angle, the joints and the interlocking, the toe struc-
ture, etc, were developed empirically. Since the 
1970’s laboratory testing started. In practice small 
damages happened to occur regularly under not se-
vere conditions during yearly storms. The research 
was intensified with full scale testing in the 1980’s 
and 1990’s. 

Over the years 2002-2008 a re-
search programme of royal 
Haskoning and rijkswaterstaat 
has been carried out which re-
sulted in improvement of the 
physical models and new design 
rules. The research included 
all testing that was carried out 
in the past. Apart from the full 
scale tests with typical wave 
loads, a huge number of sim-
ple single stone pull tests were 
available. In addition to that, 
royal Haskoning developed and 
executed a number of other 
tests.

The tests were studied and the 
knowledge of the results of the 

overall failure values and the tested mechanisms 
were  brought into integrated models of the physi-
cal behaviour of the revetment systems. Definition 
of failure probabilities was among the research ob-
jectives. 

As a part of this research a number of FEM models 
have been made with DIANA. Amongst them quasi 
static hindcasting models for parameter estimation 
of the structural joints and a simulation of the wave 
load cycle in a time-integrated dynamic response 
calculation.

The FEM modelling results contribute to better un-
derstanding of the physics and failure probabilities 
of the revetment systems.
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Introduction

In all concepts suitable for bridge designs with large 
spans the cable is one of the key construction ele-
ments. Where in the suspension bridge and the arch 
bridge concept the cables between the deck struc-
ture and the main structural component (respective-
ly the main cable and the arch) are more or less ver-
tical, in the cable stayed bridge concept the cables 
are inclined. This inclination leads to longer and less 
effective cables. A concept exists where the cables 
in a cable stayed bridge become shorter and more 
vertical, this is the so called V-shaped pylon concept. 
In this concept the vertical pylon is replaced by two 
pylon legs that have a V-shape, the tips of the pylon 
legs are connected to each other by a cross member.  
Due to their inclination one of the tips of the pylon 
is located above the main span and the other above 
the side span. The cables are connected at these tips 
and thus are shorter and more vertical. During the 
thesis a theoretical study was performed on the me-
chanical behaviour and design consequences of the 
V-shaped pylon concept. The thesis focuses on the 
design of an asymmetrical cable stayed bridge with 
a main span of 300 meters. 

Stiffness of the cable plane

Before calculations were made with a FEM mod-
el first the V-shaped pylon concept was analyzed 
analytically. A general analysis of the mechanical  

behaviour of a cable under an angle was made, 
which showed the dramatic decrease in effective-
ness for cables under large angles. Using this knowl-
edge the effect of the V-shaped pylons on the cable 
system was analysed, which concluded that it would 
lead to a general increased vertical support stiff-
ness of the deck structure. This increase in stiffness 
leads to a decrease in maximum deformation, rota-
tion and curvature (which is related to the bending 
moment) of the deck, the deformation is decreased 
most, rotation and curvature less. This decrease in 
deformation, rotation and curvature can be benefi-
cial because of comfort restrictions, for instance in 
the case of railway traffic.

Influence on the pylon 

With the use of two inclined pylons instead of one 
vertical, stability is influenced negatively. As the sur-
face of the cross section for each pylon leg is halved, 
either the overall stability is reduced by more than 
half or the local stability is reduced. Leading to either 
global buckling or local buckling issues.  The cross 
member transverse a large tension force, as it trans-
fers the tension force from the cables in the main 
span to the anchor cable.  For the cross member it 
was chosen to use S355 or S460 as construction ma-
terial, if a cable would be chosen as the cross mem-
ber element, elongation would be up to 3.2 times 
higher than in the case of S355 construction steel, 
resulting in a reduced stiffness of the cable plane 
and higher bending moments in the pylon legs.

Finite element model 

From a simple FEM model it was concluded that a 
rotation of the front pylon in the range of 15-30 de-
grees would lead to the best results, using these re-
sults a second more detailed model was made. The 
more detailed model used the real loads from traffic 
and the cables were tensioned to obtain a horizon-
tal deck under the permanent loading. The cross sec-
tions of each individual element were optimized in 
terms of stresses. From the results it was concluded 
that with increasing rotation of the front pylon the 
amount of material for the cables was reduced signif-
icantly, while the amount of material for the pylons 
was increased. At an angle of 20 degrees the most 
optimal results were found, the cost of the bridge 

only increases slightly while deforma-
tion, rotation, curvature, bending mo-
ment and normal force in the deck are 
reduced. With higher angles the costs 
increase more rapid as the extra cost 
for the pylons are not compensated 
by the decrease in cable cost.

Conclusions 
 Angle of rotation of the front py-• 
lon should be approximately 20 de-
grees
 Strains in the cross member should • 
be kept low
 More stiffeners needed in the py-• 
lons
 Deformations  and normal force in • 
the deck is reduced
 Cables become shorter• 

Lower cable cost• 
 Better dynamic behavior• 

Pylon cost are higher, mainly due • 
to the cross member

Betondag 2010 (Concreteday 2010) - 18 November 2010, “de doelen”, 
Rotterdam, The Netherlands “Innovations in roles & Technology - 

The New Concrete Chain?”

Deflection of vertical pylon 
(above) and 20 degree rotated 

pylon (below)

Normal force for vertical pylon (left) and pylon inclined by 20 
degrees (right)

Summary of results for S460 designs

Between 13-15 October 2010, we held our regularly organised midas GTS training session “3D Finite Element Analysis for Geo-
technical & Tunnel Engineering”.   This latest course attracted almost 20 participants from the Netherlands, the UK, Turkey, 
Spain, Hungary, Greece, Austria and Poland.   The attendees were from engineering companies and academia and took the 
opportunity to further their knowledge in numerical modelling in geotechnical and tunnel engineering problems with a focus 
on 3D analysis, including learning how to master midas GTS modelling and analysis capabilities.   

This course is held on a regular basis, keep an eye on our website or sign up on the website for the GTS newsletter to hear 
about future courses.

RECENT & UPCOMING EVENTS IN 2010

Betondag (Concreteday) 2010 will focus on the changes which are taking place in the construction sector.  
With over 150 exhibitors and more than 3000 delegates expected, the TNO DIANA team (both DIANA & Civil) 
look forward to seeing you there.   you can find us at Booth no. 118.   For further information and registration 
for the event see www.betonvereniging.nl  
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New Additions

Author:  Hee-Jeong Kang- TNO DIANA BV, Delft, The Netherlands 

midas CIVIL & midas GEN 2011 - New Releases

Abhijeet Roy
Sales Manager
midas CIVIL, GEN 
& FEA

Abhijeet received his Bachelor in Civil Engineering from Anna Univer-
sity (Chennai, India) after which he worked for CADS in Chennai.   

He then moved to the UK to undertake his Masters in Structural Engi-
neering at Cardiff University and now joins us from Thorp Precast Ltd 
at Newcastle under Lyme (England) where he has been working as a 
Project Engineer since completing his Masters. 

Abhijeet was welcomed into the team here in the Netherlands at the 
beginning of November to take the sales of midas CIVIL  and midas 
GEN in the UK and Ireland.

midas CIVIL 2011 V1.1 and midas GEN 
2011 V1.1 will be released before the 
end of 2010. New functions include:

General Section Check: This module • 
produces section properties, PM 
curves, MM curves, moment-cur-
vature curves and stress contours 
for any shape of sections includ-
ing DB sections, user-defined sec-
tions and AutoCAD DXF sections. It 
also verifies the section resistance 
based on the given member forces. 
It supports reinforced concrete, 
steel and composite sections.

Irregular column section check as • 
per EUrOCODE 2: Now general 
column sections can be checked 
against EUrOCODE 2.

Tendon profile DXF import/export: • 
Existing tendon provfile DXF im-
port function has been enhanced and tendon profile DXF export function has been added.  

Irregular sections in Beam Detail Analysis: Now for irregular sections, stresses can be calculated at any •	
points and the results can be exported as an Excel report.

Section Manager: Existing functions ‘Section Stiffness Scale Factor’ and ‘Cross Section Viewer’ have been •	
integrated. Rebar input becomes more versatile and easier. Stress check points can be defined for any 
sections and even additional points can be defined.  

Local Direction Force Sum for unstructured mesh: Local Direction Force Sum can be calculated at any •	
cross section of the mesh. 

Time History Analysis: Damping ratios can be defined by material. Consistent mass can be considered. •	
More hysteresis material models have been added.

Pushover Analysis: Construction stage results • 
can be used as an initial load. Boundary condition 
change can be considered. Section stiffness scale 
factor change can be considered.

midas CIVIL 2011 V2.1 will be available in the first half of 
2011. Functions to be included are:

EUrOCODE 1 UK National • 
Annex vehicle loads 

EUrOCODE 1 train load • 
analysis

We will notify the details about 
the new releases soon at our 
web site (www.tnodiana.
com). Please send any inquir-
ies to info@tnodiana.com. 

Tendon profile import & 
export (DXF format)

General section design
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