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This report is one of the deliverables from the Integrated Research Project “Sustainable Bridges - Assessment for 
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unnecessary disruption to the carriage of goods and passengers, and without compromising the safety and econ-
omy of the railways.  
A consortium, consisting of 32 partners drawn from railway bridge owners, consultants, contractors, research 
institutes and universities, has carried out the Project, which has a gross budget of more than 10 million Euros. 
The European Commission has provided substantial funding, with the balancing funding coming from the Project 
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Summary 

Background - In the project Sustainable Bridges (www.sustainblebridges.net) important ob-
jectives are to increase the transport capacity and service life of existing bridges. In order to 
demonstrate new and refined methods developed in the program, field tests of existing 
bridges were carried out in Work Package 7. One of the bridges which have been tested is a 
50 year old two-span concrete bridge located in Örnsköldsvik in northern Sweden.   

Due to time, legal and cost restraints, concrete bridges are seldom tested to failure. It was 
therefore deemed vital to carry out such a test here, as it is the only way to check if applied 
analytical and numerical models do catch the essential behaviour at failure of a structure.  

Objective - The Örnsköldsvik reinforced concrete bridge was loaded to failure to test new 
and refined methods developed in the project regarding procedures for inspection and condi-
tion assessment (WP 3), load carrying capacity in combined shear, torsion and bending (WP 
4), monitoring (WP5), and strengthening (WP 6).  

To achieve a shear failure and to avoid an uninteresting bending failure, the bottom slab was 
strengthened before the final test.  Near Surface Mounted Reinforcement (NSMR) was used 
consisting of Carbon Fibre Reinforced Polymers (CFRP).  

Results – The Bridge has two spans of 12 m. A loading beam made of steel was placed in 
the centre of one of the spans. The loading beam was then pulled down with cables injected 
to the bedrock beneath the bridge. 

The methods developed in the Sustainable Bridges program showed to be reliable. The in-
spection and condition assessment indicated that bridge was in good condition with almost 
no reinforcement corrosion. This was shown to be true. Material tests gave important contri-
butions to steel and concrete properties. The load carrying capacity was underestimated with 
Swedish and European Codes, BBK04 and EN1992-2. combined with linear elastic finite 
element calculations.  Better results were obtained with non-linear methods as the Modified 
Compression Field Theory (MCFT) and the non-linear finite element program Atena, recom-
mended by the Guideline SB-LRA (2007) produced in the project.  The monitoring methods 
used for concrete and steel strains, crack initiation, deflections and damage detection worked 
well. The strengthening method also worked very well. The bridge could carry a load of 11,7 
MN which was 20 to 50 % more than predictions based on BBK04 and EN 1992-2.  

The failure test showed that the bridge without strengthening managed to carry not only one 
train, as it was designed to do, but eight trains on top of each other with an axle load of 250 
kN.  With strengthening it could carry 11 trains. This shows that concrete railway bridges 
might have a considerable reserve of extra load-bearing capacity. 
 

 
 
 
 
 
 
 



Sustainable Bridges                    SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik        4 (63) 

 



Sustainable Bridges                    SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik        5 (63) 

Acknowledgements

Contributions to the project presented in this report have been given by the European Com-
mission and by the following partners of the Sustainable Bridges Project:  

- Banverket, Borlänge, Sweden  (Björn Paulsson, Valle Jansen, Anders Kers, Katarina 
Kieksi, Anders Kronborg, and Björn Töyrä)  

- BAM, Bundesanstalt für Materialprüfung, Berlin, Germany (Ernst Niederleithinger,  Ralph 
Bäßler, Jens Wöstmann, Boris Milmann, Markus Stoppel, Matthias Behrens) 

- City University, London,UK (Fateh Abdel Kerrouche, James Leighton, W.J.O. Boyle) 
- Cervenka Consulting, Prag, Czech Republic (Jan Cervenka, Vladimir Cervenka) 
- COWI A/S, Lyngby, Denmark (Tomas Frølund, Mette Sloth) 
- LTU, Luleå University of Technology, Luleå, Sweden (Anders Carolin, Georg Danielsson, 

Lennart Elfgren, Kevin Enochsson, Ola Enochsson, Håkan Johansson, Håkan Nordin, Ulf 
Ohlsson, Arto Puurula, Gabriel Sas, Håkan Thun och Björn Täljsten) 

- LCPC, Laboratoire Central des Ponts et Chaussées, Paris, France (Christian Cremona) 
- Skanska Sverige AB, Sweden (In Göteborg: Anna Björklund, Marcus Davidson, Per Kettil 

and Jan Olofsson; In Örnsköldsvik: Hans-Erik Forslars, Jan-Arle Karlsson, Sten Lundgren)  
- Sto Scandinavia AB, Stockholm, Sweden (Otto Norling)  
- Universidade do Uminho, Guimarães, Portugal (Paulo Cruz, Rolando Estrada, Abraham 

Diaz de Leon Benar, Lukasz Topczewski, Dawid Wisniewski) 
 

The following companies and institutions outside the project have also contributed:  

- Botniabanan AB, Örnsköldsvik, Sweden (Sören Backlund, Jan Jonsson, Jörgen Moses-
son) 

- Denmark University of Technology (DTU), Lyngby, Denmark (Bradley Pease, Björn Täl-
jsten) 

- Jernhusen, Stockholm, Sweden (Leif Aker) 
- Nordisk Spännarmering, Stockholm, Sweden (Karl-Erik Nilsson, Stig Johansson, Anders 

Jansson, Rune Olsson) 
- Saviona University, Kuopio, Finland (Jean-Christophe Collin, Arto Puurula, Ahti 

Hallikainen) 
- WSP, Umeå, Sweden (Thorbjörn Sundén) 
- Ågrens Tryckeri, Örnsköldsvik, Sweden (Arne Eklund) 
- Örnsköldsviks kommun, Örnsköldsvik, Sweden (Hans Andersson, Ann-Charlotte Edholm, 

Ove Sedin, Elvy Söderström)  
 
The following persons took part in the final testing to failure of the bridge on July 10th 2006: 
Fateh Abdel Kerrouche, Anders Carolin, Jean-Christophe Collin, Georg Danielsson, Abra-
ham Diaz de Leon Benard, Lennart Elfgren, Kevin Enochsson, Ola Enochsson (test site ma-
nager), Rolando Estrada, Ahti Hallikainen, Anders Jansson, Håkan Johansson, Stig Johans-
son, James Leighton, Håkan Nordin, Otto Norling, Ulf Ohlsson, Bradley Pease, Arto Puurula, 
Gabriel Sas, Lukasz Topczewski, and Björn Täljsten.  

The editing of this report has been carried out by Lennart Elfgren, Ola Enochsson and Håkan 
Thun at Luleå University of Technology. 

The comments and suggestions of  Katarina Kieksi and Brita Schewe, the railway represen-
tatives acting as internal reviewers is very much appreciated as well as the comments from 
Dermot O’Dwyer and Patrick Vanhonacker, the external reviewers for the EC,  
 
Finally, the involvement of Jan Olofsson, the coordinator of the Sustainable Bridges project 
and Christian Cremona, the leader of WP7, is acknowledged. 
 



Sustainable Bridges                    SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik        6 (63) 

 
Participants in the final test to failure of the bridge on July 10, 2006. In the background the 
east beam of the bridge with the governing shear-bending failure crack 
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1. Introduction 

1.1 Background and objectives 
Two of the objectives of the project “Sustainable Bridges” are to increase the transport ca-
pacity and service life of existing railway bridges, see www.sustainablebridges.net. In order 
to demonstrate new and refined methods developed in the project, field tests of existing 
bridges were carried out. One of the bridges was a two-span concrete trough bridge located 
in Örnsköldsvik in northern Sweden, see Figures 1.1 - 1.2. 

Figure 1.1. Above left: Map with test 
site location in Örnsköldsvik in north-
ern Sweden. The city Örnsköldsvik is 
named to honour Per Abraham Örn-
sköld who was County governor in 
the area from 1762. The name liter-
ally means Eagle Shield Bay and can 
be pronounced “Earn'sholds'veek“.  

Above right:  Map of central Örn-
sköldsvik with Railway and Europe 
Road E4 entering from West.  The 
tested bridge is located in the central 
left part of the map.  

Right:  Aerial view of the test site 
from North with the E4 roundabout in 
the lower part of the photo and the 
tested bridge in the upper part of it.  

Bridge 
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Due to time, legal and cost restraints, concrete bridges are seldom tested to failure to check 
their ultimate behaviour. It was therefore deemed vital to carry out such a test here as it is 
the only way to check if applied analytical and numerical models do catch the essential be-
haviour of a structure.  

Thus the bridge was loaded to failure to apply and test new and refined methods developed 
in the Sustainable Bridges project.  The methods are presented in guidelines for Inspection 
and Condition Assessment, SB-ICA (2007); Load and Resistance Assessment, SB-LRA 
(2007); Monitoring, SB-MON (2007); and Strengthening SB-STR (2007), see also the pro-
ceedings from the final dissemination conference in Wroclaw,  Bien et al (2007).  

To achieve a shear failure and to avoid an uninteresting bending failure, the bottom slab was 
strengthened with innovative Near Surface Mounted Reinforcement consisting of Carbon 
Fibre Reinforced Polymers (NSMR, CFRP).  

The bridge was a reinforced concrete railway trough bridge with two spans 12+12 m, see 
Figure 1.2 - Figure 1.5. The bridge was built in 1955 and was taken out of service in 2005 
due to the building of a new high-speed railway, the Botnia Line. The bridge was planned to 
be demolished in 2006 and it was now loaded to failure before that in order to test its ultimate 
load carrying capacity after a service period of 50 years.  

 

 
Figure 1.2. Photo of the railway bridge from the North on March 9,  2005, 
about one year before the testing to failure. 

 

5800 11919 12174 6400 

36293

>4500 

 
Figure 1.3. Elevation of the bridge in Örnsköldsvik from SW with landfill re-
moved at the SE wing beams. 
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Figure 1.4. Plan of the bridge in Örnsköldsvik with landfill removed at SE 
wings  
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Figure 1.5. Sections of the bridge in Örnsköldsvik. 

 

1.2 Geometry and materials 
The geometry is given in Figure 1.3 – Figure 1.5. The concrete design quality was K400 
which corresponds to a compressive strength of 40 MPa measured on 200 mm cubes. The 
reinforcement steel was  of  quality Ks40 with a nominal yield strength of 400 MPa with bars 
diameters of φ 10,  φ 16 and φ 25 mm. Original drawings from 1954/55 are reproduced in Ap-
pendix A. Material properties are given in Appendix B.  
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1.3 Design Loads and Capacity 
The bridge was designed for an axle load of 200 kN, see Appendix C. Maximum design 
bending moments and shear forces according to the original calculations from 1954/55 are 
given in Figure 1.6. The maximum shear force is 2.3 MN whereof 0.7 MN from dead load. 
The maximum mid span moment is M = 3.6 MNm, whereof 0.8 MNm from dead load. The 
support moment is -4.7 MNm, whereof -1.5 from the dead load.  

The ultimate bending moment capacity in the mid span can roughly be estimated to ca 10 
MNm and the shear force capacity to ca 4 MN, see Appendix C. The shear force is mostly 
carried by inclined bars close to the supports and by vertical stirrups in the central parts.  

 

B C D 

A E 
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12.4 12.4 

V [MN]2.3 

0.44 

-0.46 

0.73 

-0.73 

-2.3 

-3.83 

-1.51 
-1.0 

M [MNm] -4.67 

-1.51 

0.47 

3.6 

-1.01 

+0.76 

 
Figure 1.6 Design section forces for one span of the bridge. 

The bridge was in the beginning classified to carry “stax 20 ton” (200 kN axle load). In 1990 
the classification was increased to “stax 22,5 ton” (225 kN axle load). The line was electrified 
in 1995/96. Timber and pulp have dominated the goods being transported into the city while 
scrap iron, paper and limestone have been transported out of it. 

The average total load during 1988 – 2005 was 1million tonkm/year. The distance between 
Örnsköldsvik and the next station Mellansel is 28,814 km which gives 1000 000/28,814 = 
34 700 ton/year. This corresponds to maximally 1540 axle passages per year of 22,5 ton 
during 1990-2005 and maximally 1735 axle passages per year of 20 ton during 1988 to 
1990. The total number of axle passages of 22,5 ton during 1990-2005  will then be maxi-
mally 25 000.   

1.4 State of the Art  
The development of bridge building from ancient times to our days is fascinating and is 
treated in many beautiful books; see e.g. Brown (1998), Fernández Troyano (2003), Bi-
liszczuk (2005) and Yanev (2007). The present demography of the European Railway 
bridges is presented in Bell (2004): 23% concrete, 21% metallic, 41% masonry/stone arches 
and 14% steel/concrete composite. Many railway bridges are old: only 11% are less than 20 
years old, 22% are between 20 and 50 years old, 32% are between 50 and 100 years old 
and 35% are over 100 years old.   

Bridge failures have occurred occasionally and we have successively learnt more and more 
about the safety and soundness of different structural schemes see e.g. Åkesson (2008).  
Recent failure of a steel girder Interstate highway bridge over the Mississippi River in Min-
neapolis on August 1, 2007, and of a concrete slab overpass bridge in Montreal on Septem-
ber 30, 2006, have raised the interest in the safety of existing bridges, see Mississippi Bridge 
(2007), Johnson et al (2007) and Wood (2008). 

However reports on organized full-scale tests to failure to study the behavior of bridges are 
scarce. A few examples are: 

- A large-scale test (1:3) regarding combined shear – torsion – bending in a curved concrete 
box-girder bridge was reported by Scordelis et al (1977, 1979).  Failure was caused by the 
spall off of a corner due to high shear and torsion stresses. 
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- Two full scale tests of Swedish concrete bridges have been reported by Plos (1990, 1995) 
and Täljsten (1994). A slab frame bridge with a span of 21 m and a prestressed frame beam 
bridge with a span of 31 m were tested to failure in shear and bending. For the slab beam a 
brittle failure occurred when a new shear crack with a low slope emerged for a point load of 
4.5 MN. For the prestressed bridge the failure occurred when one of the beams punched 
through the end support wall for a point load of 8,45 MN.  Neither of the failures was pre-
dicted by available codes.  

-  In Switzerland a project has studied the condition of 89 bridges during their demolition, 
Vogel and Bargähr (2006). The authors recommend improved methods for the assessment 
of real loads and for corrosion damages in prestressed concrete bridges.  

Over the last 50 years there has been a big change in the design of concrete structures, see 
e.g. ASCE-ACI 445 (1998) and Collins et al (2008).  The bending failure can be predicted 
rather well but there are big differences in the modeling of shear. The allowable concrete 
shear stress has been reduced considerably since 1950; see e.g. Enochsson et al (2004). 
The interaction between shear and bending are not obvious in all codes although the truss 
model gives a good explanation of the phenomenon, see e.g. Thürlimann (1978) or Elfgren 
et al (1972, 1974, 1979).  The influence of size, giving a more brittle failure for larger struc-
tures than for small laboratory specimen has only lately been included in code models. It can 
be explained by fracture mechanics, see e.g. Bazant et al (1998, 2007) and Elfgren et al 
(1999, 2002). The assessment of the shear strength with finite element models has recently 
been studied in a workshop in the Netherlands; see Vervuurt and Leegwater (2008).   

Methods for inspection, monitoring and safety evaluation have developed over time, see e.g. 
fib B22 (2003), SB-ICA (2007), SB-MON (2007), and SB-LRA (2007).  A state of the art re-
view on how bridge assessment and maintenance can be based on finite element structural 
models and field measurements has recently been presented by Schlune and Plos (2008). 
Management issues and Life Cycle Costs are treated in e.g. Yanev (2007), Koh and 
Frangopol (2008) and especially for concrete structures in fib B44 (2008) and Svenska 
Betongföreningen (2007).  

 

1.5 Test proposal 
The bridge was proposed to be tested with a vertical point load P in the mid span, see Figure 
1.7. The loading may lead to a combined bending and shear failure which might be interest-
ing to evaluate and compare with code predictions, see e g the Swedish Concrete Codes 
BBK94 (1994), BBK04 (2004), the CEB-FIP Model Code CEB-FIP(1999), the Eurocodes EN 
1992-1-1 (2004), EN1992-2 (2005) and with more refined models see e g SB-LRA (2007), 
SB-4.5 (2007), Bentz (2000), Enochsson et al (2004), Plos (1995) and Puurula (2004). 
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P 

anchor 

Possible bending-
shear failure 

 

 

 

 

 

Figure 1.7 Proposed loading arrangement 
with a jack supported by an anchor in-
jected into the rock (some 10 m below the 
bridge foundation slabs). A possible com-
bined bending-shear failure close to the 
load point is indicated. 

 

The planning included measurements of actual material properties of the steel in the rein-
forcement bars and of the concrete. Deflections and strains in reinforcement bars were fol-
lowed during the loading process in order to check deformations and sectional forces. It was 
also possible to check actual concrete cover values and possible corrosion of the reinforce-
ment bars. 

Preliminary test results have been presented at the final project conference in Wroclaw, Po-
land, 2007, see Bien et al (2007) and Elfgren et al (2007) and will be presented at IABMAS 
08 in Seoul, Korea, see Koh and Frangopol (2008), Puurula et al (2008), Täljsten et al 
(2008), Enochsson et al (2008), Cruz and Salgado (2008), Kerrouche et al (2008) and Cruz 
et al (2008).  
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2. Inspection and Condition Assessment (WP 3) 

2.1 General 
The bridge was inspected in 2005 before the decision was made to test it. After that it was 
inspected again, first by LTU and later by BAM and COWI, see Appendix D for details. 

Several Non Destructive Test (NDT) methods studied in WP3 have been demonstrated: ul-
trasonic, radar, impulse response, electrochemical potential and Laser Induced Breakdown 
Spectroscopy LIBS, see SB-ICA (2007). 

The corrosion detection methods worked well, but showed no evidence for corrosion at the 
bridge. The chlorine content was below the limit of detection of the LIBS method (and thus 
too low to be harmful). 

The radar methods were able to verify the position of the near surface reinforcement (axial, 
vertical and perpendicular, including some parts of the shear reinforcement). The detection 
depth and the accuracy are much better than with conventional eddy current rebar locators. 
The ultrasonic measurements failed, because the aggregate size of the bridge deck concrete 
was too large. The automatic scanning systems worked perfectly and made a precise recon-
struction calculation (3D SAFT) possible by its positional accuracy. 

The incorporation of the NDT measurements in the schedule of actions at the bridge was 
suboptimal. At the same time another crew was preparing the strengthening and the load 
test. The noise and dust level as well as access needs made problems. This should prefera-
bly be avoided by careful planning if possible. 

 

2.2 Material properties 
The original 1955 concrete quality was Swedish K400 with a compressive strength of 40 
MPa (400 kp/cm2) measured on 200 mm cubes. This corresponds roughly to EC class 
C28/35. The concrete strength had by 2006 increased to C55/67. The reinforcement is steel 
and is mostly φ 16 and φ 25 mm  of  quality Ks40 with nominal yield strength of 400 MPa. The 
bridge slab was before the final testing to failure strengthened with 9 + 9 = 18 Sto FRP Bar 
M10C with a length of 10 m, a cross section of 10 x 10 mm with Ef = 250 GPa and εr = 11‰ . 

Several methods have been used to test and evaluate the different material parameters, see 
Appendix B and SB-LRA (2007). In Table 2.1 a summary is presented which is used in the 
analysis of the bridge. First initial properties are given based on the original drawings and 
simple estimations, and then mean properties are given based on tests during 2006, and last 
updated properties are given based on the tested mean values and code requirements.  

Characteristic values refer to the 95% percentile of the strength values and to about a 50 % 
percentile of the elasticity values. The design values  in the ultimate limit state (ULS) are 
based on the characteristic values divided by partial coefficients ηγmγn, where ηγm is 1.5 for 
concrete, 1.15 for reinforcement steel, 1.05 for elasticity; and γn is the safety factor with re-
gard to injury of people, in this case safety class 3, which gives the factor γn = 1.2.  

First the concrete properties are given: the compressive strength, fc [MPa], the modulus of 
elasticity, Ec [GPa], the tensile strength, ft [MPa], and the fracture energy, GF [Nm/m]. Then 
the steel properties are given: the yield stress, fsy = Reh [MPa], the ultimate strength, fsu =Rm 
[MPa], and the modulus of elasticity, Es[GPa].  Details are given in Appendix B.  
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Table 2.1 Summary of material properties. Numbers within brackets are the stan-
dard deviation. 

Concrete Steel Stage Type of value 

fc 

[MPa] 

Ec 

[GPa]

ft 

[MPa] 

GF 

[Nm/m] 

fsy = Reh 

[MPa] 

fsu =Rm 

[MPa] 

Es 

[GPa] 

φ16: 410 b) φ16: 500 c) φ16: 200 c) 
characteristic 31a) 32 a) 1.8 a) - 

φ25: 390 b) φ25: 500 c) φ25: 200 c) 

φ16: 297.1  φ16: 362   φ16: 158.7  

Initial properties 
(These values are assumed 
or taken from original draw-
ings)  design ULS d) 17.2  25.4  1.0  - 

φ25: 282.6  φ25: 362 φ25: 158.7  

φ16: 441 g) 
(12) 

φ16: 738 g) 
(2.4) 

φ16: 192.1 g) 
(23.3) 

Mean properties 
based on tests 
(Standard deviations are 
given in parenthesis) 

mean 68.5 e)

(8) 

25.4 f)

(1.7) 

ten-
sion 

2.2 f) 
(0.5) 

uni-
axial 

154 f) 
(82) φ25: 411 g) 

(8.2) 
φ25: 706 g) 
(22.6) 

φ25: 198.3 g)

(31.5) 

φ16: 400.2 k) φ16: 730.9 k) φ16: 200i) 
characteristic 57h) 38 i) 1.5 j) - 

φ25: 374.1 k) φ25: 636.8 k) φ25: 200i) 

φ16: 278.9  φ16: 529.6  φ16: 158.7  

Updated properties 
evaluated according to 
codes 
(The values are based on the 
mean values given above) design ULS d) 31.2  30.1  0.83  - 

φ25: 271.1  φ25: 461.4  φ25: 158.7  

 

a) The concrete compressive strength is according to BVH (2005) obtained from the concrete class used in the 
bridge, i.e 400 (K400), which corresponds to the concrete class K40. K40 is approximate equivalent to the 
strength class C28/35 in Eurocode which has a characteristic compressive strength of 27 MPa, a tensile strength 
of 1.8 MPa and a E-modulus of 32 GPa, BBK04 (2004). Since the bridge is more than 10 years old the compres-
sive strength can according to BVH (2005) be increased with 15 % from 27 MPa to 1.15×27 = 31 MPa. 

b) The characteristic yield strengths are taken from BVH (2005), section 4.3.3. The bridge also contained some 
Ø10 mm bars. Their properties are assumed to be the same as the Ø16 mm bars. 

c) According to BHB-M(1994) the minimum ultimate stress is 500 MPa. According to BBK04 (2004) the character-
istic value of the E-modulus is 200 GPa.  

d) The design value = characteristic value / (ηγmγn), where ηγm is 1.5 for concrete and γn is the safety factor with 
regard for injury to people, in this case safety class 3, which gives the factor 1.2. For reinforcement steel ηγm is 
1.15 and for the E-modulus ηγm is 1.05 according to BBK04 (2004). 

e) The mean value for fc is established according to section B.1.2.1 in Appendix B (values from both beams).  
f) The mean values for Ec, ft, and GF are established according to section B1.4.1 from uniaxial tension tests.  
These values are more conservative than the ones obtained from splitting tests in section B1.3.1.(values from 
both beams).  

g) The mean values for reinforcement steel are established according to section B.2.1.  

h) The characteristic value for fc is evaluated according to prEN13971 (2006), see section B1.2.1. 

i) The E-modulus was not tested. A value for concrete class C55/67 has been chosen. 

j) The characteristic value for ft is evaluated according to BVH (2005) and BBK04 (2004), see section B1.4.2. 

k) The evaluation of Reh  and Rm has been done according to EN10080 (2001), see section B2.3.1 

l) Nominal values for Es have been chosen. They differ only slightly from the measured ones. 
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2.3 Defects and Deterioration 
Defects and deterioration were tested by BAM and COWI. In general it can be said that the 
bridge was in a good condition with almost no reinforcement corrosion although the concrete 
cover had some scars from the heavy traffic, see Figure 2.1. The corrosion measurements 
with a portable electrochemical technique is further described in Bässler et al (2007). The 
position of the reinforcement was confirmed with 2D radar scanning and with ultrasonic 
measurements, see SB-ICA (2007) and Appendix D.  

 
Figure 2.1 Timber lorry passing under the bridge. Photo by BAM. 

The bridge was concreted in two stages: 1) abutments and pillars, 2) beams and bridge 
deck. The terms abutments and pillars in the following remarks describe elements up to the 
visible interface.  

A summary of the visual inspection is presented in Table 2.2 and a full description is given in 
Appendix D. 

 
Figure 2.2  Some corrosion on ducts and  on 7 mm prestressed strands could be spotted 
when a prestressed concrete bride  was torn down on 23  May 2005. The bridge was situ-
ated only 100 m from the tested reinforced bridge and the two bridges were built at the same 
time by the same contractor. 

A 50 year old prestressed concrete railway bridge with a span of 18 m was originally situated 
close to tested bridge.  It had to be torn down too quickly to allow any testing. However, the 
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condition of the prestressing reinforcement bars was checked during the demolition process. 
Most of the bars were in good condition but patches of corrosion could be seen on the 
prestressed 7 mm strands, see Figure 2.2 and Appendix B.  

 

Table 2.2 Summary of the visual inspection of the bridge. 
 

Location Surface Joints Cracks Remark 

Northern Abut-
ment West  

smooth minor cracks 
and spalling at 
upper border 

minor cracks 
(net), 

closed, wet 

- 

Pillars smooth minor cracks 
and spalling at 
upper border 

axial crack at 
dewatering 
pipe between 
pillars 

- 

Southern Abut-
ment 

smooth minor cracks 
and spalling at 
upper border 

minor cracks 
(net), closed, 
wet 

 

Beams and 
bridge Deck 

  -  

Bottom, South 
Span 

smooth 
(except 
where 
damaged, 
see re-
marks) 

see abutments - several damage (material loss and 
scratches from truck collisions), 
mainly. 3 rows of metal fastenings 
for explosives (for destruction of the 
bridge in case of war) in east side. 

Bottom, North 
Span 

smooth 
(except 
where 
damaged, 
see re-
marks) 

see abutments - damage (material loss and scratches 
from truck collisions), mainly in west 
side. Reinforcement visible on one 
position, with only minor corrosion 
and no loss of cross section. 3 rows 
of metal fastenings as in the south 
span 

Beam, Western 
Face 

smooth 
(except 
where 
damaged, 
see bottom 
face) 

ok - see bottom face south span. In addi-
tion: reinforcement bars visible at 
several locations (very low concrete 
cover). 

Eastern Face smooth 
(except 
where 
damaged, 
see bottom 
face) 

ok - see bottom face north span. In addi-
tion: reinforcement bars visible at 
several locations (very low concrete 
cover). 

Top, sidewalks smooth screed dam-
ages towards 
tracks, delami-
nated 

minor cracks, 
mainly axial 
direction, dry, 
closed 

east, above northern span: 3 core 
holes (LTU). Reinforcement bars in 
very good condition visible (16 mm 
dia radial 11cm depth, 28 mm axial 
13.5 cm depth). West, above north-
ern span: 2 core holes (LTU). Rein-
forcement bars in very good condi-
tion visible (16 mm dia radial 11cm 
depth, 28 mm axial 13 cm depth). 
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3. Serviceability Limit State (WP4) 

A linear elastic analysis of the bridge has been carried out by Skanska Teknik, see Appendix 
G. In the calculations the initial material properties have been used according to Table 2.1  

The bridge has been modelled with the finite element analysis software Lusas version 14.0-5 
with a linear elastic model. The model can be seen in Figure 3.1 - 3.2. 

Two load cases, a permanent load case and a concentrated load case at the test load loca-
tion, were applied on the bridge.  

The first load case consists of permanent loads, i e the self weight of the concrete, ballast on 
the bridge and earth pressure outside support 1.  

The ballast is assumed to have a thickness of 0.64 m and a width of 2.9 m. Weight according 
to the Swedish bridge code BV Bro (2006) is 20 kN/m3. The ballast is applied along the whole 
length of the bridge. 

In the other load case two vertical concentrated loads P are applied at the test load location 
on top of the beams in the middle of the longest span (span 2-3). The concentrated loads 
have a value of 1000 kN each. 

 

 
Figure 3.1 Model of the bridge with beam and shell elements.  

 
Figure 3.2 The north-east and the south-west beam seen from above 

In Figure 3.3 the displacements due to the two concentrated loads can be seen. In Figure 3.4 
the displacement in the z-direction from the applied permanent load can be seen and in Fig-
ure 3.5 the displacement in the z-direction from the concentrated loads can be seen.  Details 
are given in Appendix G. 



Sustainable Bridges                    SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik        20 (63) 

 
Figure 3.3.  Displacements due to concentrated load case. 
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Figure 3.4. Displacements due to permanent load case in the south-west 
beam. 
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Concentrated load, south-west beam
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Figure 3.5.  Displacements due to the concentrated load case P = 1 MN in 
the south-west beam. 
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4. Ultimate Limit State - Capacity and Resistance (WP4) 

4.1 Initial estimation of capacity before and after strengthening 

4.1.1 Preliminary estimation  
A preliminary estimation gave a mid span bending moment capacity of about 10 MNm and a 
shear capacity of about 4 to 5 MN, see Appendix C.   

4.1.2 Eurocode 
According to Eurocode 2, EN 1992-1-1 (2004), the shear resistance VRd is calculated with a 
truss model according to Figure 4.1 
 
 

s 

s sinθ 

Fv 

V cotθ 

z cosθ 

M
σc

Fc

Ft

z

a = z cotθ

V 

M - Va
2
z

sin
V

θ

a) 

b) 

o

P P 

θ 

s

V θ 

FtFt 

σc

 
 
 

Figure  4.1   Beam with loaded in bending and shear. Sectional forces V 
and M, inner stresses and forces  σc, Fc, and  Ft and inclination  θ of com-
pressive struts in a truss model.  In (a) the shear force  V and the bending 
moment  M act on the right part of an element with the length  z cot θ with 
the lever arm  z. In (b) the vertical equilibrium is studied in an element with 
the length s (equal to the stirrup spacing).  

 

The shear capacity can be written as: 
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VRd,s = Asw fywd (z cot θ ) / s     (Equation 6.8 in Eurocode 2)          (Eq. 1) 
 
where: 

Asw  is the cross sectional area of the reinforcement (804 mm2, 4 Ø16, two hoops) 
fywd is the design yield strength of the shear reinforcement  
z is the inner level arm (900 mm = 0,9 d) 
θ  is the angle between the concrete compression strut and the beam axis (min 21.8o) 
s is the spacing of the stirrups (300 mm) 
 

Initial design values give VRd,s  = 1 792 kN and mean values give VRd,s = 2 659 kN for one 
beam. 

If instead the actual crack angle θ  ≈ 30o is used we will get VRd,s = 1 241 for initial design 
values and  VRd,s =1842 for mean values. As the bridge consists of two beams the value for 
the whole beam will twice as high.  

The same results are obtained with the new model in BBK 04 (2004) based on the EC2 truss 
model. The old model in BBK 04 (2004) where a concrete term is added to a reinforcement 
term (“addition theory”) gives somewhat lower values, section 4.1.3. 

 
In Table 4. below the result from calculations of the shear force capacity with Eurocode 2, EN 
1992-2 (2005) are presented. Details of the calculations are given in Appendix H.  The angle 
of the compression struts are assumed to be θ = 35 o,  θ = 30 oand θmin = 21,8 o .  

Table 4.1. Shear capacity for the northern beam according to Eurocode 2   
for different material properties according to Table 2.1.  

Concrete 
Stirrups

Shear 

capacity
Stirrups 

Shear 

capacity 

Stage Type of 
value 

fc 

[MPa]

ft 

[MPa]

Reh 

[MPa] 

VR 

[MN] 

Rm 

[MPa] 

VR 

[MN] 

Initial material properties 
(These values are assumed or 
taken from original drawings)  

design 

θ = 35 o 

θ = 30 o 

θ = 21,8 o 

 

17.2  

 

1.0 

φ16:  

297.1 

 

1.065 

1.241 

1.792 

φ16: 

- 

 

Mean material properties 
(These values are the result 
from performed tests) 

mean 

θ = 35 o 

θ = 30 o 

θ = 21,8 o 

 

68.5
 

 

2.2 
 

φ16:  

441 

 

1.580 

1.842 

2.659 

φ16:  

738 
 

 

2.952 

 

4.1.3 BBK94 (1994) 
The design for shear in the Swedish Code BBK94 (1994) is based on the so-called addition 
model, where the shear capacity is calculated as a sum of a concrete contribution, Vc, and a 
contribution of transverse shear reinforcement, Vs , using a concrete compression strut angle 
of 45˚. The results are presented in Fel! Hittar inte referenskälla.. Details of the calculations 
are given in Appendix H. 
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Table 4.2 Shear capacity for the northern beam according to the Swedish 
Code BBK94 (1994) for different material properties according to Table 2.1. 

Concrete 
Stirrups

Shear 

capacity
Stirrups 

Shear 

capacity 

Stage Type of 
value 

fc 

[MPa]

ft 

[MPa]

Reh 

[MPa] 

VR 

[MN] 

Rm 

[MPa] 

VR 

[MN] 

characteristic 31 1.8 
φ16:  

410 

 

1.841 

φ16:  

- 

 
Initial material properties 
(These values are assumed or 
taken from original drawings)  design 17.2  1.0 

φ16:  

297.1 

 

1.197 

φ16: 

-  

 

characteristic 57 1.5  
φ16:  

400.2 

 

1.681 

φ16:  

730.9 

 

2.511 

Actual material proper-
ties evaluated according 
to codes 
(These values are based on the 
mean values from performed 
tests) 

design 31.2 0.83 
φ16:  

278.9 

 

1.075 

φ16: 

 529.6 

 

1.704 

Mean material properties 
(These values are the result 
from performed tests) 

mean 68.5
 

2.2 
 

φ16:  

441 

 

2.100 

φ16:  

738 
 

 

2.845 

 

4.1.4   FRP Strengthening  
The strengthening design was on based on calculations regarding the original capacity, 
which was estimated to give a bending moment failure of about 10 MNm for a point load of 
approximately P = 6 MN. To obtain a shear failure the bridge needed to be loaded up to ap-
proximately P = 8 - 10 MN. The strengthening design provided an additional flexural capacity 
of 4 MNm, i.e approximately a 40 % increase in flexure, see Täljsten (2006), SB6.3 and ap-
pendix H. 

The additional 4 MNm corresponded to 18 CFRP rods, 9 per beam, with a length of 10.0 m. 
The rods chosen where provided by Sto Scandinavia AB with the brand name Sto FRP Bar 
M10C. These rods consisted of a high quality carbon fibre with the modulus of elasticity of 
250 GPa and a strain at failure of approximately 11 ‰.  

4.2 2D-Frame model 
In the following variations of frame calculations on the bridge are presented. Calculations are 
performed with Strusoft software Ramanalys 5.3.002. The northern half of the bridge is mod-
elled in the calculations. This is because the maximum field moment and shear appear there. 
The abutment on the right hand side in the northern half of the bridge is shorter and thereby 
less stiff causing maximum field moment below the steel beam in this side rather than in the 
southern half of the bridge. 

The difference is not significant between first and second order theory and 
with reinforcement considered or not. The second order theory with rein-
forcement considered can be supposed to be the one closest to the reality. 
In  

Table 4.1 results from the calculations are presented and in Appendices H and I  descriptions 
of the calculations are presented. 
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Table 4.1 Elastic calculations at load P = 5,5 MN for different combinations 
without cracking. 

theory         
1st 
order  

2nd  
order  

Reinforcement 
considered 

Mmax 
kNm 

Vleft 
kN 

Vright 
kN 

N 
kN 

ymax 
mm 

 x      11409 2714 -3070 -905 12 
  x    11424 2717  -3068 -906 12 
x   x  11370 2710 -3074  -912 17 
   x  x  11392 2713  3072 -914  17 
  x Pile foundation  10234 2630  3195 -1036  

 

 

4.3 Linear 3D-model  
The intention with this study  carried out by Skanska in Göteborg was to use the Swedish 
codes for design of bridges, Bro 2004 (2004) and BV Bro (2006), and calculate the maximum 
allowable concentrated loads at the test load location. For bridge design a linear elastic 
analysis must be used.  

The first analysis is called initial material properties analysis and the information from the 
bridge drawings are used. This analysis is then compared with an analysis which simulates a 
more realistic case, i e with tested mean material properties and without any material, load 
and safety factors. 

A summary of the calculations are presented here and a more detailed description is given  
in Appendix G. 

Similar calculations have also been performed with Brigade by LTU, see Appendix I. 

4.3.1 Initial material properties  
The bridge is modelled in the finite element analysis software Lusas version 14.0-5. The 
model can be seen in Figure 3.1, Figure 3.2, Figure 4.2 and Figure 4.3. 

Two load cases, a permanent load case and a concentrated load case at the test load loca-
tion, are applied on the bridge.  

The first load case consists of permanent loads, i e the self weight of the concrete, ballast on 
the bridge and earth pressure outside support 1.  

The ballast is assumed to have a thickness of 0.64 m and a width of 2.9 m. Weight according 
to the bridge code is 20 kN/m3. The ballast is applied along the whole length of the bridge. 

In the other load case two vertical concentrated loads are applied at the test load location on 
top of the beams in the middle of the longest span (span 2-3). The concentrated loads have 
a value of 1000 kN each. 
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Figure 4.2, Geometry of the bridge. 

 
 

Figure 4.3  Beam elements (shaded )connected with shell elements . 
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Permanent load, south-west beam
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Figure 4.4  Shear and normal forces due to permanent load case, the 
south-west beam. 

Permanant load, north-east beam
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Figure 4.5  Shear and normal forces due to permanent load case, north-
east beam.  

Permanent load, south-west beam
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Figure 4.6 Shear and normal forces due to concentrated load case, south-
west beam.  
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Permanant load, north-east beam
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Figure 4.7 Shear and normal forces due to concentrated load case, north-
east beam. 

4.3.2 Mean material properties  
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Figure 4.8  Shear and normal forces due to permanent load case, the 
south-west beam. 

Permanant load, north-east beam
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Figure 4.9 Shear and normal forces due to permanent load case, the north-
east beam. 
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Concentrated load, south-west beam
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Figure 4.10  Shear and normal forces due to concentrated load case, the 
south-west beam. 

Concentrated load, north-east beam
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Figure 4.11  Shear and normal forces due to concentrated load case, the 
north-east beam. 

4.3.3    Summary 
Two main analyses, or load cases, were performed, one with the initial material properties 
with load, material and safety factors according to the bridge codes and one with the mean 
material properties from tests. The mean material properties analysis was carried out without 
load, material and safety factors to simulate a more realistic case. However, both tests were 
linear elastic analysis as required by the bridge codes.  

No analysis with updated properties was made. It would have resulted in little lower loads 
than the initial material properties analysis, as the steel tensile strength is a little lower. The 
higher concrete properties can not contribute, as only reinforcement is used for calculation of 
shear capacity. 

The slab between the beams has no shear reinforcement, but according to studies not pre-
sented here, the slab is not more critical than the beams. 

For the initial material load case, the most critical beam for a shear failure according to a 
linear elastic analysis is the NE beam just outside the concentrated load towards the mid 
support 2 (NE2), 2950 kN. The maximum allowed load according to the bridge codes is 
therefore reached for a total load of 5900 kN.  
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However, almost as critical is the other NE beam towards the end support 3 (NE3) and the 
SW beam just outside the concentrated load towards the end support 3 (SW3). Before a real 
failure can take place (with the test set-up including both beams) there must be some non-
linear load distribution in the structure. The sum of capacity for the two beams towards the 
end support 3 is 6290 kN compared to 6700 kN towards the mid support 2, i e the most likely 
failure will therefore take place towards the end support, which also was the case in the real 
test. 

The results from the mean material properties load case are similar to the initial material 
load case, but give higher capacities, see chapter 2.2. The most critical beam is NE2, 4440 
kN, which gives a maximum allowed total load of 8880 kN. However the sum of capacity for 
both beams towards the end support 3 is lower than towards support 2, 9360 kN, compared 
to 10040 kN. 

Finally there was also some sensitivity analyses carried out, which should be compared to 
the initial material analysis.  

The two first sensitivity analyses, spring-stiffness and earth pressure, gave only minor effect 
on the results. The next with a line load instead of a concentrated load, changed the most 
critical beam from NE2 to SW3 and the capacity was increased from 2950 to 3320 kN giving 
a allowed total load of 6640 kN instead of 5900 kN. This load case is a more realistic load 
case because the steel beam will give a line load effect rather than a concentrated load. 
However, it is more likely that a normal simulation would have been to apply a concentrated 
load. 

If the beam rotation was prevented in the node where the concentrated load was applied it 
lowered the capacity. The most critical beam was NE2 with 2470 kN and an allowed total 
load of 4940 kN.  Both beam NE2 and SW3 had lower capacity but beam NE3 and SW2 got 
higher capacities.  

Finally the SLS limitation analysis, which represents the results from a bridge design for a 
new Swedish bridge if no shear crack widths calculations are carried out, the maximum ca-
pacity is already reached when the concentrated loads are about 2460 kN, or a allowed total 
load of 4920 kN. 

 If, instead, the total torsion moment in the bridge mid span section is transformed into one 
upward shear force in one beam and one downward shear force in the other, the additional 
shear force due to torsion is reduced to about 13 % giving a corresponding increase in the 
load-bearing capacity.    

4.4 Nonlinear 2D- and 3D-models  
Two types of studies have been performed. The first contains results from an analysis, 
whose objective was to predict the failure load during the field test. The other analysis in-
cludes a study of the suitability of various safety formats for the assessment of existing 
bridges using nonlinear methods. 

The first analysis contains result from a nonlinear analysis of the planed field test using the 
finite element package ATENA (see ATENA 2006). ATENA is a specialized finite element 
software system for simulation of real structural behavior, see Cervenka (2000). 

Some of the data that have been used In the calculations are: fct = 4 MPa, fcc=68.5 MPa, Gf = 
150 MN/m, E=42.6 GPa and for all other input data see Appendix F. Figure 4 shows the 
load-displacement diagram of the simulated field test and their comparison with the experi-
mental measurements. The graph axis shows the applied load in the mid-span versus the 
mid-span deflection in the tested left bridge span. 

A nonlinear 2D- analysis of the field test of the Örnsköldsvik bridge in Sweden has been per-
formed. The analysis predicted an ultimate load of 10.5 MN with deflection of 88 mm. The 
predicted failure mode is a shear failure in the middle part of the left bridge span. The results 
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compare very well with the experimental observations, where the shear failure occurred at 
about 11.6 MN and the deflection of 90 mm. The numerical failure was slightly lower by 
about 9%. This can be attributed probably to certain modeling simplifications: two-
dimensional model, only main reinforcing elements were considered in the analysis. 

A 3D-model has been analyzed by Quesada (2008). 

The next part of this study includes an investigation into various safety formats suitable for 
the nonlinear analysis and bridge assessment. Several safety formats  for the deterministic 
analysis as well as full probabilistic approach are compared. In this study, the material pa-
rameters were selected based on standard code formulas and assumptions. This means that 
the real measured material properties from the real structure were not used. The objective is 
only to compare the various safety formats regarding their suitability for nonlinear assess-
ment of railway bridges.  

The global safety approach is proposed for the bridge assessment using the nonlinear analy-
sis. A new method for verification of ultimate limit state suitable for reinforced concrete de-
sign based on non-linear analysis is described. The new method is called ECOV (Estimate of 
Coefficient Of Variation). The advantage of the proposed method is that it can capture the 
resistance sensitivity to the random variation of input variables, and thus it can reflect the 
effect of failure mode on safety. It requires two nonlinear analyses with mean and character-
istic values of input parameters respectively. Other safety formats suitable for non-linear 
analysis that are based on global resistance are presented. They are: the approach pro-
posed by EN 1992-2, fully probabilistic analysis and a simple approach based on design val-
ues of input parameters, i.e. characteristic parameters reduced by partial safety factors. The 
last approach is usually not recommended by design codes, but practicing engineers often 
overlook this fact, and use this approach if a non-linear analysis is available for them.  

The discussed safety formats are tested on this example of a reinforced concrete railway 
bridge. Other types of structures have been tested in the references Cervenka et. al. 
(2007a,b).  They include ductile as well as brittle modes of failure and second order effect (of 
large deformation). For the investigated range of problems, which is quite narrow but still 
representative, all the methods provide quite reliable and consistent results.  

Based on the limited set of examples the following conclusions are drawn: 

(a) The proposed Estimate of Coefficient of Variation (ECOV) method gives consistent 
results compared to other approaches. 

(b) The Partial Safety Factor (PSF) method, which uses input parameters with partial 
safety factors appears to be sufficiently reliable and it is a natural extension of the 
classical approach to the modern design methods based on non-linear analysis. 

(c) Fully probabilistic analysis is sensitive to the type of random distribution assumed for 
input variables. It can provide additional load-carrying capacity if statistical properties 
of the analyzed system are known or can be accurately estimated. 

The methods are currently subjected to further validation by authors for other types of struc-
tures and failure modes. 
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Figure 4.12 Finite Element Model for 2D Analysis. 
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Figure 4.13 Load-displacement Diagram, Mid-span Deflection versus 
Force.  

Initially bending cracks develop in the mid-span below the point of load application. Bending 
Moment and Shear Force Diagram just before the calculated peak load 2P = ca 10,5 MN are 
shown in Figure 4.14 and Figure 4.15. The development of shear cracks is illustrated in Fig-
ure 4.16 and Figure 4.17. 
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Figure 4.14. Bending Moment Diagram just before the  Peak Load 2P =  ca10,5 MN.  
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Figure 4.15. Shear Force Diagram just before the Peak Load 2P = ca10,5 MN.  

 
Figure 4.16.  Detailed Crack Pattern at Peak Load, Cracks Larger than > 
0.5 mm. 

 
Figure 4.17.  Detailed Crack Pattern at Last Step, Cracks Larger than > 0.1 
mm. 

Details of the calculations are given in Appendix J. 
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4.5 Modified Compression Field Theory 
The Modified Compression Field Theory, MCFT, was developed at the University of Toronto 
by Michael Collins and co-workers, se e.g Collins et al (1978, 1987, and 1996). A useful pro-
gram, Reponse 2000, has been developed by Bentz (2000). 

In a sectional analysis performed with Response 2000 the strength and ductility of a rein-
forced concrete cross-section subjected to shear, moment, and axial load are calculated. All 
three loads are considered simultaneously to find the full load-deformation response based 
on the modified compression field theory. In this analysis, the biaxial stresses and strains 
and the manner in which they vary over the height of the beam are considered. 

Mean values for material properties gives VRd,s = 2,53 MN, see Figure 4.18 for a small axial 
force N = - 0,7 MN, calculated according to 2D Frame.  This corresponds to a point load 2P = 
9 MN. For a higher axial force N = -6 MN according to Brigade we obtain VRd,s = 3,01 MN and 
2P = 12 MN, see  Appendix I.  There a simplified spread-sheet calculation is also presented. 

 

  
 

Figure 4.18.  The maximum the cross section can resist is 2,53 MN  in 
shear with a time moment of 6,16 MNm and an axial force 0,7 MN. This 
corresponds to the point load P = 9 MN. The failure load in the test situation 
for the half of the bridge was P = 5,85 MN. 
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4.6 Probabilistic Methods 
Probabilistic methods are finding an increasing role in assessment of structures; see e.g. SB-
LRA (2007) and Wisniewski (2007).  In Appendix H some applications are given for the Örn-
sköldsvik Bridge.  

 

4.7 Comparison between different models 
The results according to the different models are summarized in Table 4.3.  It can be seen 
that non-linear methods as Atena and Response give higher values which are closer to the 
test value, than the methods based on linear elastic models and  Eurocode 2,  EN 1992-2 
(2005). There might be an influence of arch action which is not considered in the EC2 calcu-
lations and thus reduces the values predicted by EC2. 
 

Table 4.3. Shear capacity VR
tot = 2VR (where VR is the capacity of one beam + half the capac-

ity of the slab) and load-carrying capacity 2P according to different models. 

Method fyd [MPa] θ [o] VR
tot [MN] 2P [MN]

EC2, design, θmin + Lusas, 3D linear FEM 297 21,8 3,58 5,8 

EC2, mean, θmin + Lusas, 3D linear FEM 441 21,8 5,32 8,8 

EC2, mean, θreal + Lusas, 3D linear FEM 441 30 3,68 6,1 

Response, nonlinear section analysis + 2D Frame 441  5,06 ≈9 

Response, nonlinear section analysis + Brigade 441  6,02 ≈12 

Atena, 2D nonlinear FEM 430 20-30 6,15 10,8 

Test, see Section 8 441 ~30  11,7 
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5. Monitoring (WP 5) 

5.1 General 
The monitoring system consisted mainly of (a) strain gauges spot welded to the reinforce-
ment, (b) an optical laser displacement sensor (Noptel PSM 200) and (c) Linear Varying Dif-
ferential Transducers (LVDTs) for deflection measurements. Measurements were mainly 
made under the point loads and close to the supports along lines 1, 4 and 7, see Figure 5.1. 
Examples of measured deflections are given in Figure 5.2. The University of Minho and City 
University also tested newly developed fibre-optic sensors for crack detection and acceler-
ometers for modal identification and damage detection, see Cruz and Diaz De Leon (2007) 
and SB-6.3. 
 

 
 

LOAD 
LINE 

21 4 5 6 83 7

MIDDLE 
LINE 

EAST LINE 

WEST LINE 

 
 

Figure 5.1 . Location of some sensors along eight lines across the bridge. 

 

 
Figure 5.2. Vertical and horizontal displacements of the east and west beams in the mid span 
(at loading line 4). To the left two curves for horizontal displacements. One shows that the 
mid span moves transversally south-westwards some 8 mm along the loading line and longi-
tudinally north-westwards some 12 mm. To the right the vertical deflections of the two beams 
are shown with a maximum mid span deflection of 88 mm for the east beam and 96 mm for 
the west beam. 

Detailed results are given in Chapter 8 and Appendix F. 
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5.2 Modal Analysis and Damage Detection  
 

The following methods have been studied: 

– modal analysis techniques 

– damage detection methods applied to bridges 
The possibility of evaluating the structural behaviour of bridges from their dynamic response 
has motivated the development of Modal Analysis Techniques and damage detection meth-
ods applied to bridges. In the past, the dynamic acquisition of bridges was depended on so-
phisticated and expensive equipment for exciting the structure. In the last years, new Modal 
Analysis Techniques have been proposed called as operational modal analysis (OMA) which 
does not require knowledge about the input force. These methods have caused a revolution 
in the experimental vibration analysis of bridges. Moreover, the most recent advances in the 
instrumentation, sensors and transducers have made possible this kind of tests for more re-
searchers and practitioners. 

The advantage of having information about the dynamic behaviour of structures has encour-
aged the scientific community to propose damage detection methods based on vibration 
monitoring. These methods require information about the modal parameters of the bridge 
among several damage scenarios. Unfortunately, for acquiring this data it is necessary to 
monitor the bridge for a long term and looking for a significant change in the dynamic re-
sponse of the bridge. Recently, some bridges have been deliberated damaged at several 
damage phases in order to evaluate the vibration based damage detection methods. Up to 
now, few damage bridge tests have been carried out, but more tests are required for the big 
diversity of bridge structures considering material, size, traffic, environmental conditions and, 
certainly, the type of damage present in the bridge. 

In these tests, damage detection methods were evaluated under ambient vibration, limited 
number of measuring points and considering two limit states. The results of these experi-
ments will help with the development of a methodology for the damage detection in bridges. 

A further description of the methods and results is given in Appendix E  
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6. Strengthening (WP6) 

In order to prevent an uninteresting bending failure, the bridge slab was strengthened with 
rectangular bars of Carbon Fibre Reinforced Polymers (CFRP) which were mounted as Near 
Surface Mounted Reinforcement (NSMR) in drilled out groves in the slab, see Figure 6.1. 

The strengthening design was based on calculations regarding the original bending moment 
capacity of the bridge, which was estimated to approximately 10 MNm for the actual place-
ment of the load. To obtain a shear failure, the bridge needed to be loaded with two point 
loads P up to approximately 2P = 9 -10 MN. The strengthening design provided an additional 
flexural capacity of 4 MNm, i.e. approximately a 40 % increase in flexure. 

The additional 4 MNm corresponded to 18 CFRP rods, 9 per beam, with a length of 10.0 m. 
The rods chosen where provided by Sto Scandinavia AB with the brand name Sto FRP Bar 
M10C. These rods consisted of a high quality carbon fibre with the modulus of elasticity of 
250 GPa and a strain at failure of approximately 11 ‰. The rods were placed in the soffit of 
the bridge beams with a centric distance of 100 mm between the rods.  

 

 
Figure 6.1 Sawing of grooves for Near Surface Mounted Reinforcement 
(NSMR). 

In Figure 6.2 the placement of the CFRP rods are shown. As can be seen in this figure the 
rods are placed in the soffit of the bridge beams with a centric distance of 100 mm between 
the rods. 
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Figure 6.2 Placement of the rods in the soffit of the bridge beams. 

model with approximately 50 %. The strengthening of the bridge was very successful and a 
stress of approximately 1950 MPa was calculated from strain readings in the CFRP rods.  

.At failure a very distinct fish bone pattern had developed in the concrete and the end loca-
tion of the rods. It was found from the test that it is very difficult to predict the ultimate behav-
iour of the bridge even though it was mapped in detail before the monitoring and testing was 
carried out. The study stresses the importance of using SHM for evaluation of existing design 
models and the behaviour of real structures and it will be very interesting and challenging to 
evaluate the result from the bridge further. 

The strengthening procedure is further described in SB-6.3 (2007) and Täljsten et al (2007). 
See also the guideline SB-STR (2007). 
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7. Test Procedure (WP 7) 

7.1 General 
In Figure 7.1 the bridge is shown before testing. The East embankment has been removed to 
facilitate the traffic flow.  It slightly reduces the stiffness of the abutment which has to be con-
sidered in the analysis of the bridge.  

A big problem was to solve the traffic diversion during the test. It was finally arranged accord-
ing to Figure 7.2 and Figure 7.3, which was quite costly due to heavy traffic, bad foundation 
(clay) and a sensitive printing factory just east of the bridge.  

 
Figure 7.1 Bridge from NE, June 1, 2006. The East embankment has been 
removed. 

 
Figure 7.2 Traffic diversion and work area 
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Figure 7.3 Test site in July 2006. The diversion of the traffic in the right lane 
can be seen to the right of the bridge. 

 

Table 7.1 Planned test procedure 

Time, 2006 Activity Responsible 
Jan-June  - Planning of Test 

- Planning for Diversion of Traffic 
- Drilling of Concrete Cores 

LTU, WP3-6 

June12-17 - Visual inspection, documentation 
- Electrochemical corrosion detection on abutments and 
pillar, eventually bridge deck 
- Impulse response test, bridge deck from underneath 

LTU, BAM 
BAM  
 
COI 

June 19-24 - Diversion of Traffic LTU,Skanska 
June 26-  
July 2 

- Drilling and injection of cables for jacks 
- Preparation for strengthening of bridge. Scaffolding 
- 2D scanning ultrasonic and radar to verify construction 
plans, including shear reinforcement 
-Chloride and carbonation depth profiles 
- Durability and dynamic tests 
- Optic sensors 
- Gauges for load test 
- Speckle measurement 

Spännarmering1) 
LTU 
BAM/COWI 
 
BAM/COWI 
UMINHO 
CityU 
LTU 
LTU 

July 3 Load beam to be mounted  LTU 
July 5 Load test of trough slab LTU, Spännarmering1) 
July 6 Load test of main beams in SLS LTU, Spännarmering1) 
July 6-9 Strengthening of bridge LTU, WP6 
July 10 Load test of main beams in ULS LTU, Spännarmering1) 
July 11-  Demolition of bridge Skanska 
July -  Analysis of data  LTU, BAM, UMINHO, 

Skanska, CityU 
1) AB Spännarmering is a subsidiary of Skanska and was used as a subcontractor for the loading ar-
rangement. 
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7.2 Test set-up 
In test 1, the through slab was loaded through the ballast to check the distribution of loads 
through the ballast and the load-carrying capacity of the slab. A possible bending-shear fail-
ure could be expected where the slab connects to the beam for approximately P = 1-2 MN. 

In test 2 the two main beams were tested. Probably a bending shear failure would occur in 
the East part for 6 - 10 MN. To avoid a bending failure the bridge was strengthened. 

LOADING BEAM

1000 ton
HYDRAULIC JACK

WIRE
43xØ15,7

SUPPORT AT +8.66

+10.5
APPROX.

SECTION A-A   -1:50-

TEST NO 2
SUPPORT AT
TEST NO 1

+4.1

-2.5
(UNCERTAIN)
ROCK, APPROX.

RAILING

7725

 
Figure 7.4 Test set-up with load beam and jacks on top of the bridge in the 
middle of the East span. 



Sustainable Bridges                    SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik        43 (63) 

8. Test Results 

8.1 Loading of Bottom Slab and Preliminary Loading of Beams 
A test of the slab was carried out on July 5th and a preloading of the beams was carried out 
on July 8th. The load arrangements are given in Figure 8.1. Further test results are given in 
Appendix F. 

 1. 1. 2. 2. 

 
Figure 8.1 Test on top of ballast (1) and on beams (2).  

8.2 Final Loading of Beams 
After strengthening of the slab, see section 6, a new test with loading on the beams was car-
ried out on July 10th. 

8.2.1 Designation of sensors in given order 
Sensor type: 

St = Steel gauge 
Co = Concrete gauge 
Ca = Carbon fiber gauge 
Dl = Displacement, LVDT 
Do = Displacement, optical laser displacement sensor 
Cod = Crack opening displacement gauge 

Sensor's vertical level (depth) in bridge: 
T = Top of beam 
B = Bottom of beam or slab 
M = Middle of beam or slab (outer faces) 

Sensor's longitudinal position: 
1-8 = transversal lines from north to south 
1 = Midsupport 
4 = Loading line 
5 = 2 m south of loading line 
7 = 6 m south of loading line 

Longitudinal deviation from transversal line: 
+xxx = North of given line in cm 
-xxx = South of given line in cm 

Sensor's transversal position: 
W = West beam (west line) 
E = East beam (east line) 
M = Middle of bridge (centre line) 

Transversal deviation from longitudinal line: 
+xxx = East of given line in cm 
-xxx = West of given line in cm 

Sensor's direction of action: 
Lo = Longitudinal (in horizontal plane) 
Tr = Tranversal (in horizontal plane) 
Ve = Vertical (to horizontal plane) 
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45 = 45 degree to horizontal plane 

Example of designation: 
CaB4-10E-3 
Ca (= Carbon fibre), B (= Bottom of beam), 4 (= Transversal line 4), -10 (= Deviation from 
transversal line 4, South 10 cm), E (= East line/beam), -3 (= Deviation from longitudinal East 
line, West 3 cm). 

For location of lines, see drawing on page before. See also drawing on next page (Note: this 
page is possible to zoom in the pdf-version of the report). 

8.2.2 Loading 
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Figure 8.2 Load-time relationships from all three tests: 1) Loading of slab, 
2) preloading of beam (before strengthening) and 3) main load test of beam 
(after strengthening). 

8.2.3 Displacement 
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Figure 8.3 Placement of some of the monitoring equipment 
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Figure 8.2 Vertical and horizontal displacements of east and west beam in the 
midspan (loading line). Last designation gives the direction of action: vertical dis-
placement (Ve) positive downwards, transversal displacement of midspan positive 
eastwards in the same direction as loading line and longitudinal displacement of 
midspan positive southwards.  

The vertical displacement can be compared to the calculated elastic deformations in 
Figure 3.5. There a  load 2 P = 5 MN gives a mid-span deformation 

 w (2P = 5MN) =  0,5 · 5 · 0,0038 m = 9,5  mm. 
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Figure 8.3 Vertical and horizontal displacements of south support on the 
west side and in line 8. Last designation gives the direction of action: Verti-
cal displacement (Ve) of support positive downwards and longitudinal dis-
placement (Lo) positive southwards. 
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Figure 8.4 Vertical displacement registrated relatively to a suspended light 
weight tray in three positions along both east and west beam. One LVDT in 
line 4 (midspan) and one LVDT both 150 cm south- and northwards of line 
4. 

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

Curvature [m-1]

0

2

4

6

8

10

12

Lo
ad

 [M
N

]

East beam
West beam

 
Figure 8.5 Curvature of the east and west beam. The curvature is calcu-
lated from the displacements in Figure 8.4. Note that only curvatures > 
1/1000 are shown i.e. only if the radius of curvature < 1000 m. 
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Figure 8.6 Elongation of the concrete on the outer side of west beam. The 
elongation is calculated from displacement measured between two points 
with a distance of 400 mm, in three directions: Longitudinal, vertical and in 
45 degree. 
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Figure 8.7 Crack opening in position at crack chosen for comparison with 
UMinho’s crack opening sensors. 
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8.2.4 Strain in material at lines 
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Figure 8.8 Longitudinal strain in the concrete in top of the beams in mid-span (Line 
4) and at support (Line 7). 
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Figure 8.9 Strain in the bending reinforcement in the east beam. 
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Figure  8.10  Strain in the bending reinforcement in the west beam. 
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Figure  8.11. Longitudinal strain in the bending reinforcement in line 4. 
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Figure  8.12 . Strain in carbon fibre rods in the east beam. 
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Figure  8.13 Strain in carbon fibre rods in the west beam. 

8.2.5 Load-strain relationships for different materials 
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Figure  8.14  Strain in the concrete, carbon fibre rods and reinforcement in the 
east beam and midspan (line 4). 
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Figure  8.15 Strain in the concrete, carbon fibre rods and reinforcement in the west 
beam and midspan (line 4). 
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Figure  8.16 Strain in carbon fibre rods and reinforcement in the east beam and 
line 5. 
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Figure  8.17 Strain in the reinforcement in the west beam and line 5. 
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Figure  8.18 Strain in the concrete, carbon fibre rods and reinforcement in the east 
beam and line 7. 
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Figure  8.19 Strain in carbon fibre rods and reinforcement in the west beam and line 7. 

8.2.6 Sectional strain 
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Figure  8.20 Sectional strain at different load levels in the east beam at line 4. 
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Figure  8.21 Sectional strain at different load levels in the west beam at line 4. 
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Figure  8.22 Sectional strain at different load levels in the east beam at line 7. 

8.2.7 Photos of failure 
In Figure 8.23 and Figure 8.24 the failure of the bridge is shown. 

 
Figure 8.23 Ultimate shear-bending failure 
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Figure 8.24 Detail of vertical 16 mm stirrup after failure in a position where 
it bends around a longitudinal 25 mm bar. 

 

8.3 Conclusions 
 

The most critical beam for a shear failure according to the 3D linear elastic analysis is the NE 
beam just outside the concentrated load towards the mid support 2 (NE2). However, almost 
as critical is the NE beam just outside the concentrated load towards the end support 3 
(NE3). 

If the torsion moment is considered to be taken by a pair of shear forces in the two beams 
this will be changed and SW3 will be the most strained beam. The other beams, NE3 and 
SW2, are much less loaded in a linear elastic analysis, which means that before a real failure 
can take place (with the test set-up including both beams) there must be non-linear load re-
distribution in the structure. 

In the real test the “non-linear” shear failure came towards end support 3 and included both 
beams (NE3 and SW3). 

In Figure 8.23 and Figure 8.24 the failure of the bridge is shown. Before failure the longitudi-
nal bottom steel bars yielded, see Figure 8.22. The final failure was caused by rupture in the 
stirrups crossing the inclined shear crack in Figure 8.24.  
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Figure 8.25 The failure test showed that the bridge without strengthening managed to carry 
not only one train, as it was designed to do, but eight trains on top of each other with an axle 
load of 250 kN.  With strengthening it could carry 11 trains. This shows that concrete railway 
bridges might have a considerable reserve of extra load-bearing capacity. 
 
 
The ultimate load 2P = 11,7 MN corresponds to 11,7/25 = 47 axles with an axle load 
of 250 kN. In the span of 12 m there is only room for 4 axles. If we assume that 
about 30% of the ultimate capacity was due to the strengthening this gives us a ca-
pacity for the original bridge of 0,70  ⋅ 47/4 = 8 trains on top of each other instead of 
the one train the bridge was originally designed for. 
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9.  Discussion and Conclusions 

Procedures developed in the Sustainable Bridges Project have been tested for (a) inspection 
and condition assessment, (b) load carrying capacity, (c) monitoring, and (d) strengthening of 
a 50 year old reinforced concrete railway trough bridge. The bridge was going to be removed 
due to the building of a new railway line and this gave us the opportunity to test the bridge 
before its demolition.  

Some problems were encountered due to the tight time schedule that was given to us by the 
local authorities. This forced different research teams to work side by side with other, some-
times disturbing, activities. However, the light Swedish summer nights made it possible to 
work also after midnight to be able to catch up and meet necessary dead lines for carrying 
out the different phases of the tests. 

In the inspection and condition assessment of the bridge several Non Destructive Test (NDT) 
methods were demonstrated such as ultrasonic, radar, impulse response, electrochemical 
potential and Laser Induced Breakdown Spectroscopy (LIBS) methods. 

The load carrying capacity was predicted according to the Eurocode 2, EN 1992-1-1 (2004), 
the Swedish code BBK 94 (1994), the Modified Compression Field Theory, Collins et al 
(2008) using linear and the non-linear FEM programs as Lusas, Brigade and  Atena,  

The monitoring system consisted mainly of (a) strain gauges spot welded to the reinforce-
ment, (b) an optical laser displacement sensor (Noptel PSM 200) and (c) Linear Varying Dif-
ferential Transducers (LVDTs) for deflection measurements. We also tested newly developed 
fibre-optic sensors for crack detection and accelerometers for modal identification and dam-
age detection. 

In order to prevent an uninteresting bending failure, the bridge slab was strengthened with 
rectangular bars of Carbon Fibre Reinforced Polymers (CFRP) which were mounted as Near 
Surface Mounted Reinforcement (NSMR) in drilled out groves in the slab. 

In the final test, a failure in combined shear, bending and torsion was reached for an applied 
mid span load of 11,7 MN. Before failure the longitudinal bottom steel bars yielded, see 
Figure  8.20. The failure was caused by rupture in the stirrups crossing the inclined shear 
crack in Figure 8.23 - Figure 8.24. This was close to what was predicted by the methods de-
veloped in the project and 20 to 50 % higher than other predictions based on common codes 
and models.   

The failure test showed that the bridge without strengthening managed to carry not only one 
train, as it was designed to do, but eight trains on top of each other with an axle load of 250 
kN.  With strengthening it could carry 11 trains. This shows that concrete railway bridges 
might have a considerable reserve of extra load-bearing capacity. 

In all, the test was very successful and it is recommended to undertake more full-scale tests 
to failure in order to learn about the total behaviour of bridges.  

.   



Sustainable Bridges                    SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik        57 (63) 

10.  References 

Atena (2008): Atena is a non-linear finite element program for simulation of the real behavior 
of concrete and reinforced concrete structures developed by Cervenka Consulting, Predvoje 
22, 160 00 Praha 6, Czech Republic, see  http://www.cervenka.cz/ [cited 2008-06-30]. 

Åkesson, Björn (2008): Understanding Bridge Collapses. Routledge, UK. ISBN  978-0-415-
43623-6 

ASCE-ACI 445 (1998): Recent Approaches to Shear Design of Concrete Structures. Journal 
of Structural Engineering, Vol 124, No 12, December 1998, p. 1375-1417. 

ATENA (2006): Program Documentation, Cervenka Consulting, www.cervenka.cz 

Bazant, Zdenek, P. and Planas, Jaime (1998): Fracture and Size Effect in Concrete and 
Other Quasibrittle Materials. Boca Raton, Florida: CRC Press, 616 pp, ISBN 0-8493-8284-X. 

Bazant, Zdenek P.; Gerstle, Walter; Hanson, James; and Ju, J. Woody (2007): Justification 
of ACI 446 Proposal for Updating ACI Code Provisions for Shear Design of Reinforced Con-
crete Beams. ACI Structural Journal, Vol 104, No 5, September-October 2007, pp 601-610. 

Bäßler, R., Burkert, A., Frølund, T. (2007): Portable electrochemical technique for evaluation 
of corrosion situation on reinforced concrete. In: “Sustainable Bridges – Assessment for Fu-
ture Traffic Demands and Longer Lives”, eds. Bień, J., Elfgren, L., Olofsson, J., Dolnośląskie 
Wydawnictwo Edukacyjne, Wrocław 2007, 10 pp. 

BBK94 (1994): Boverkets Handbok om Betongkonstruktioner BBK 94. (Design Rules for 
Concrete Structures. In Swedish) Band 1 Konstruktion. Boverket, Karlskrona 1994, 185 sid. 
ISBN 91-7332-686-0. Band 2 Material, Utförande och Kontroll. Boverket, Karlskrona 1994, 
116 pp. ISBN 91-7332-687-9. 

BBK 04 (2004): Boverkets Handbok om Betongkonstruktione BBK04. (Design Rules for Con-
crete Structures. In Swedish) Updated Web version Boverket, Karlskrona 2007, 271 p. 
www.boverket.se/upload/publicerat/bifogade%20filer/2004/boverkets_handbok_om_betongk
onstruktioner_BBK_04.pdf. ISBN 91-7332-687-9  [cited 2007-08-25]. 

Bell, Brian (2004): European Railway Bridge Demography. Deliverable D1.2 from Sustain-
able Bridges - a project within EU FP6. 15 pp. Available from www.sustainablebridges.net. 

Bentz, Evan C. (2000): Sectional Analysis of Reinforced Concrete Members. A thesis submit-
ted in conformity with the requirements for the degree of Doctor of Philosophy, Graduate De-
partment of Civil Engineering, University of Toronto, Toronto 2000, 187 + 118 pp. Four pro-
grams are presented in the thesis: Membrane –2000 for plates; Response-2000 for beams 
and columns; Triax-20000 for 3D blocks; and Shell-2000 for shells with out-of-plane forces. 
They are given at the home page www.ecf.utoronto.ca/~bentz. 

Betongföreningen (2007): Vägledning för livslängdsdimensionering av betongkonstruktioner 
(Guide for life length design of concrete structures. In Swedish). Stockholm: Svenska Be-
tongföreningen, Betongrapport Nr 12, 141 pp, ISBN 91-973445-8-3. 

BHB-M (1994): Betonghandbok – Material (Concrete Handbook – Materials. In Swedish). 2nd 
Ed. Svensk Byggtjänst, Stockholm.  1127pp. ISBN 91-7332-709-3. 

Bien, Jan; Elfgren, Lennart; and Olofsson, Jan, ( Editors) (2007): Sustainable Bridges – As-
sessment for Future Traffic Demands and Longer Lives, Dolnośląskie Wydawnictwo Eduka-
cyjne, Wrocław 2007, 490 pp. ISBN 976-83-7125-161-0. Can be downloaded from 
www.sustainablebridges.net. 

Biliszczuk, Jan (2005): Mosty Podwieszone. Projektowanie i realizacja. (Bridge Design and 
Construction. In Polish). Warsaw: Wydawnictwo “Arkady” Sp. Z. o.o. 528 pp. ISBN 83-213-
4409-7 



Sustainable Bridges                    SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik        58 (63) 

Brigade (2008): Software version Brigade 2.1-4. Brigade is a suite of finite element analysis 
tools for the field of structural and civil engineering developed by Scanscot Technology, 
Ideon Research Park, SE-223 70 Lund, Sweden, see  
http://www.scanscot.com/software/software.html [cited 2008-06-30]. 

Bro 2004 (2004): Bro 2004. Vägverkets allmänna tekniska beskrivning för nybyggande och 
förbättring av broar. Vägverket, Vägverket Publ. 2004:56, Borlänge. 

Brown, David, J. (1998): Bridges. Three thousand years of defying nature. London: Mitchel 
Beazley, 1993, 1998, 176 pp, ISBN 1-840001-38-0 

BV Bro (2006). BV Bro, utgåva 8, Banverkets ändringar och tillägg till Vägverkets Bro 2004 
inklusive supplement nr 1. BVS 583.10. HK06-2192/BA45. Datum: 2006-06-08. pp. 130. 

BVH (2005): Evaluation of Concrete Railway Bridges. (Bärighetsberäkning av järnvägsbroar. 
In Swedish). Handbok BVH 583.11. Banverket, CB, Borlänge 2005-06-01. 108 p + 9 app. 

Carolin, Anders; Olofsson, Thomas; and Täljsten, Björn (2004): Photogaphic Strain Monito-
ring for Civil Engineering. Proc. 2nd Int. Conference on FRP Composites in Civil Engineering, 
CICE 2004, (Edited by R. Seracino), Routledge, UK, pp 593-600. ISBN: 978-90-5-809638-8 
(hardback), 978-0-203-97085-0 (electronic)  

CEB-FIP (1999): CEB-FIP Model Code 1990. Design Code, Comité Euro-International du 
Béton, Sprint-Druck, Stuttgart 1999, 324  p. ISBN 2-88394-042-8. 

Cervenka, V. (2000), “Simulating a Response” Concrete Engineering International 4 (4): 45-
49. 

Cervenka J., Cervenka V., Janda Z. (2007a): Safety Assessment of Railway Bridges by 
Nonlinear Analysis, Sustainable Bridges International Conference. Wroclaw. 

Cervenka J., Cervenka V., Janda Z. (2007b): Safety Assessment in Fracture Analysis of 
Concrete Structures, Int. Conf. FramCoS 6, Catania, Italy 18-21 June. 

Collin, Jean-Francois (2006): Assessment of an existing concrete structure: Örnsköldsviik 
Bridge, Sweden. Brussels: Haute Ecole Leonard de Vinci, ECAM, A.S.B.L., Institut Supérieur 
Industriel, Travail de fin d’études, 130 pp.  

Collins M.P. (1978): Towards a rational theory for RC members in shear. J. Struct. Div. Proc. 
ASCE ST4 (104) 1978, pp 649 - 666 (Disc.: ST3 (105), pp 690-691). 

Collins M.P. and Michell D (1987, 1991): Prestressed Concrete Basics. Canadian 
Prestressed Concrete Institute, Canada, 1987, ISBN 0-9691816-6-3 Collins, Revised version 
(1991):  Prestressed Concrete Structures. Prentice Hall, Englewood Cliffs, N.J., USA 1991, 
766 pp. ISBN 0-13-691635-x. Reprinted by Response Publications, Toronto 1997, 766 p, 
ISBN 0-9681958-0-6 

Collins, Michael P; Mitchell, Denis; Adebar, Perry; and Vecchio, Frank J (1996): A General 
Shear Design Method. ACI Structural Journal, Detoit, Vol 93, No 1, Paper 93-S5, January-
February 1996, pp 36-45. Regarding code development see also Elstner, R C and 
Hognestad, E (1957): Laboratory investigation of rigid frame failure. ACI Journal, Vol 53, No 
1, Jan 1957, pp. 637-668. 

Collins, Micheal P.; Mitchell, Denis and Bentz, Evan C. (2008): Shear design of concrete 
structures. The Structural Engineer, 86/10, 20 May 2008, Institution of Structural Engineers, 
London, pp 32-39. 

Cruz, Paulo and Diaz de Léon, Abraham (2007): A new sensor for crack detection in con-
crete structures. In: “Sustainable Bridges – Assessment for Future Traffic Demands and 
Longer Lives”, eds. Bień, J., Elfgren, L., Olofsson, J., Dolnośląskie Wydawnictwo 
Edukacyjne, Wrocław 2007, 10 pp. 



Sustainable Bridges                    SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik        59 (63) 

Cruz, Paulo J. S. & Salgado, R. (2008): Test of a concrete bridge in Sweden – IV. Evaluation 
of damage detection. In “Bridge Maintenance, Safety, Management, Health Monitoring and 
Informatics” edited by Hyun-Moo Koh and Dan M. Frangopol. Leiden: CRC Press/Balkema, 
Taylor & Francis Group, ISBN 978-0-415-46844-2, Abstract p 700 + full version on CD pp 
3609-3616. 

Cruz, Paulo J.S; Diaz de Léon, Abraham. & Leung, C.K.Y. (2008): Single and multiple crack 
monitoring in concrete bridges. In “Bridge Maintenance, Safety, Management, Health Moni-
toring and Informatics” edited by Hyun-Moo Koh and Dan M. Frangopol. Leiden: CRC 
Press/Balkema, Taylor & Francis Group, ISBN 978-0-415-46844-2, Abstract p 704 + full ver-
sion on CD pp 3634-3641. 

Elfgren, Lennart (1972): Reinforced concrete beams loaded in combined torsion, bending 
and shear. A study of the ultimate load-carrying capacity. Ph D Thesis. Publ 71:1, Division of 
Concrete Structures, Chalmers University of Technology, 2 nd Ed., Göteborg, 1972, 230 pp. 

Elfgren, Lennart, Karlsson, Inge and Losberg, Anders (1974): Torsion  - bending - shear 
intertaction for reinforced concrete beams. Journal of the Structural Division, American 
Society of civil Engineers (ASCE), Vol 100, No ST 8, Proc Paper 10749, New York, August 
19784, p. 1657-1676. 

Elfgren, Lennart (1979): Torsion-Bending-Shear in Concrete Beams: A Kinematic Model. 
International Association for Bridge and Structural Engineering (IABSE). Final report from 
Colloquium Copenhagen 1979: Plasticity in Reinforced Concrete. Volume 29. Zürich 1979, p. 
111-118. 

Elfgren, Lennart, editor (1989): Fracture Mechanics of Concrete Structures. From theory to 
Applications. A RILEM State of the Art Report. Chapman & Hall, London 1989, 407 pp. ISBN 
0-412-30680-8. 

Elfgren, Lennart and Nohhabai, Keivan (2002): Tension of reinforced concrete prisms. Bond 
properties of reinforcement bars embedded in concrete tie elements. Summary of a RILEM 
round-robin investigation arranged by TC 147-FMB "Fracture Mechanics to Anchorage and 
Bond. Materials and Structures, Vol 35, No 250, July 2002, p. 318-325. 

Elfgren, Lennart; Enochsson, Ola; Puurula, Arto; Thun, Håkan; Paulsson, Björn and Täljsten, 
Björn (2007): Testing to failure of a reinforced concrete railway bridge in Örnsköldsvik, Swe-
den. In “Sustainable Bridges – Assessment for Future Traffic Demands and Longer Lives”, 
edited by Jan Bien, Lennart Elfgren and Jan Olofsson. Dolnośląskie Wydawnictwo 
Edukacyjne, Wrocław 2007,  pp 445-460. ISBN 976-83-7125-161-0. Can be downloaded 
from www.sustainablebridges.net. 

EN10080 (2005). Steel for reinforcement of concrete – Weldable reinforcing steel – General. 
EN10080:2005 (E). European Committee for Standardization, May 2005. pp 71 

EN12390-3 (2001). Testing hardened concrete – Part 3: Compressive strength of test speci-
mens. European Standard, Brussels: CEN. 

EN 1991-1 (2006): Eurocode 1: Actions on structures – Part 1: General Actions. Seven 
Parts. European Standard, Brussels: CEN. 

EN 1991-2 (2003): Eurocode 1: Actions on structures – Part 2: Traffic loads on bridges. 
European Standard, Brussels: CEN. 

EN 1992-1-1 (2004): Eurocode 2: Design of concrete Structures – Part 1-1 General rules and 
rules for buildings. European Standard, Brussels: CEN. 

EN 1992-2 (2005): Eurocode 2: Design of concrete structures - Part 2: Concrete bridges - 
Design and detailing rules. European Standard, Brussels: CEN. 

Enochsson, Ola; Puurula, Arto & Elfgren, Lennart (2004): Beräkning av betongbroars bär-
förmåga. Interaktion mellan tvärkraft, vridmoment och böjning i Källösundsbron (Assessment 



Sustainable Bridges                    SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik        60 (63) 

of the Load Carrying Capacity of Concrete Bridges. Interaction between torsion, shear and 
bending in the Källösund Bridge. In Swedish) Technical Report 2004:15, Luleå: Division of 
Structural Engineering, Luleå University of Technology. Can be downloaded from: 
http://epubl.ltu.se/1402-1536/2004/15/  [cited 2007-08-25]. 

Enochsson, Ola; Hejl, Arvid; Nilsson, Martin C.; Thun, Håkan; Olofsson, Thomas; and Elf-
gren, Lennart (2002): Bro over Luossajokk. Beräkning med säkerhetsindexmetod. Böjdrag-
kapacitet I överkant av mittsnittet I korta spannet. (Bridge over Luossajokk, Assessment with 
a probabilistic safety index method. Tensile bending moment caopacity in the mid section of 
the short span. In Swedish). Technical Report 2002:06, Luleå: Division of Structural Engi-
neering, Luleå University of Technology. Can be downloaded from: http://epubl.ltu.se/1402-
1536/2002/06/  [cited 2008-06-25]. 

Enochsson, Ola; Elfgren, Lennart; Kronborg, Anders & Paulsson, Björn (2008a): Assessment 
and monitoring of an old railway steel truss bridge in northern Sweden. In “Bridge Mainte-
nance, Safety, Management, Health Monitoring and Informatics” edited by Hyun-Moo Koh 
and Dan M. Frangopol. Leiden: CRC Press/Balkema, Taylor & Francis Group, ISBN 978-0-
415-46844-2, Abstract p 701 + full version on CD pp 3617-3624. 

Enochsson, Ola; Puurula, Arto; Thun, Håkan; Elfgren, Lennart; Täljsten, Björn; Olofsson, Jan 
and Paulsson, Björn (2008b): Test of a concrete bridge in Sweden – III. Ultimate Capacity. In 
“Bridge Maintenance, Safety, Management, Health Monitoring and Informatics” edited by 
Hyun-Moo Koh and Dan M. Frangopol. Leiden: CRC Press/Balkema, Taylor & Francis 
Group, ISBN 978-0-415-46844-2, Abstract p 699 + full version on CD pp 3601-3608. 

Fernández Troyano,  Leonardo  (2003):  Bridge Engineering. A global perspective. London: 
Thomas Telford 2003, (First Spanish Ed 1999), 775 pp, ISBN 0-7277-3215-3. 

fib B22 (2003): Monitoring and safety evaluation of existing concrete structures. Lausanne: 
The International Federation for Structural Concrete, Bulletin 22, 297 pp, ISBN 2-88394-062-
2. 

fib B44 (2008): Concrete structure management: Guide to ownership and good practise. 
Lausanne: The International Federation for Structural Concrete, Bulletin 44, 201 pp, ISBN 
978-2-88394-084-0. 

Herwig, Andrin (2008): Reinforced concrete bridges under increased railway traffic loads: 
fatigue behaviour and safety measures. Thèse EPFL, no 4010, Lausanne 2008. Can be 
downloaded from:  http://library.epfl.ch/theses/?nr=4010 

Johnson, Pierre Marc; Couture, Armand; Nicolet, Roger; and Trudeau, Nicole (2007) : Com-
mission of Inquiry into the Collapse of a Portion of the de la Concorde Overpass. October 3, 
2006 – October 15, 2007. Report, Gouvernement du Québec, 222 pp, ISBN 978-2-550-
50961-5. Can be downloaded from: http://www.cevc.gouv.qc.ca/Rapport/index.html. Video 
recordings and  PowerPoint  presentations from the hearings can be downloaded from 
http://www.cevc.gouv.qc.ca/English/index.html [cited 2008-06-30]. 

Kerrouche, A.; Leighton, J. & Boyle, W.J.O. (2008): Railway Bridge loaded to failure in Örn-
sköldsvik, Sweden – strain measurement using fibre Bragg grating system incorporated in 
fibre reinforced polymer. In “Bridge Maintenance, Safety, Management, Health Monitoring 
and Informatics” edited by Hyun-Moo Koh and Dan M. Frangopol. Leiden: CRC 
Press/Balkema, Taylor & Francis Group, ISBN 978-0-415-46844-2, Abstract pp 702-703 + 
full version on CD pp 3625-3633. 

Kerrouche, A.; Boyle, W.J.O.; Gebremichael, Y.; Alwis, L.; Grattan, K.T.V.; Täljsten, B.; & 
Bennitz, A. (2008): Field test – strengthening and monitoring of the Frövi Bridge. In “Bridge 
Maintenance, Safety, Management, Health Monitoring and Informatics” edited by Hyun-Moo 
Koh and Dan M. Frangopol. Leiden: CRC Press/Balkema, Taylor & Francis Group, ISBN 
978-0-415-46844-2, Abstract p 723 + full version on CD pp 3743-3750. 



Sustainable Bridges                    SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik        61 (63) 

Koh, Hyun-Moo and Frangopol Dan M., Editors (2008): Bridge Maintenance, Safety, Man-
agement, Health Monitoring and Informatics. Proceedings of the fourth International Confer-
ence on Bridge Maintenance, Safety and Management, Seoul, Korea, 13-17 July 2008. Lei-
den: CRC Press/Balkema, Taylor & Francis Group, ISBN 978-0-415-46844-2, 732 pp + CD 
with full versions of papers, 3699 pp. 

Lusas (2008) Lusas software version 14.0-5. Lusas is a flexible software for finite element 
analysis of structures developed by LUSAS, Forge House, 66 High Street, Kingston upon 
Thames, Surrey, KT1 1HN, United Kingdom, see www.lusas.com [cited 2008-06-30]. 

Mississippi bridge (2007): I-35W Mississippi River Steel Truss Arch Bridge Disaster on  Au-
gust 1, 2007. http://www.dot.state.mn.us/i35wbridge/index.html; http://en.wikipedia.org/wiki/I-
35W_Mississippi_River_bridge 

Plos, Mario (1990): Skjuvförsök I full skala på plattrambro i armerad betong. (Full scale shear 
test of a reinforced concrete slab frame bridge. In Swedish). Göteborg: Chalmers tekniska 
högskola, Konstruktionsteknik – Betongbyggnad, Rapport 90:3, 45 +72 pp. 

Plos, Mario (1995): Application of Fracture Mechanics to Concrete Bridges. Finite Element 
Analysis and Experiments. Ph D Thesis. Publication 95:3, Chalmers university of Technol-
ogy, Division of Concrete Structures, 57 + 70 pp. 

Plos, Mario; Gylltoft, Kent; Jeppsson, Joakim; Carlsson, Fredrik; Thelandersson, Sven; 
Enochsson, Ola, and Elfgren, Lennart (2004): Evaluering av broar med hjälp av förfinade 
analysmetoder. Ett samarbetsprojekt mellan LTH, LTU och Chalmers. (Evaluation of the 
Load Carrying Capacity of Bridges Using Enhanced Methods of Analysis. A cooperation pro-
ject between LTH, LTU and Chalmers. In Swedish). Assessment of bridges with enhanced 
methods. Report 2004:03, Division of Concrete Structures, Chalmers University of Technol-
ogy, Göteborg 2004, 56 pp.  

Plos, Mario; Gylltoft, Kent; Lundgren, Karin; Elfgren, Lennart; Cervenka, Jan; Herwig, A; 
Brühwiler, Eugen; Thelandersson, Sven & Rosell, Ebbe (2008): Structural assessment of 
concrete railway bridges. In “Bridge Maintenance, Safety, Management, Health Monitoring 
and Informatics” edited by Hyun-Moo Koh and Dan M. Frangopol. Leiden: CRC 
Press/Balkema, Taylor & Francis Group, ISBN 978-0-415-46844-2, Abstract pp 705-706 + 
full version on CD pp 3642-3649. 

prEN 13971 (2006). Assessment of in-situ compressive strength in structures and precast 
concrete components. Final draft. prEN 13791:2006:E. European Committee for 
Standardization, June 2006. pp. 28. Note that this is a draft version of the standard. 

Puurula, Arto (2004): Assessment of Prestressed Concrete Bridges Loaded in Combined 
Shear, Torsion and Bending. Licentiate Thesis 2004:43, Luleå: Division of Structural Engi-
neering, Luleå University of Technology. http://epubl.ltu.se/1402-1757/2004/43/index.html 

Puurula, Arto; Enochsson, Ola; Thun, Håkan; Täljsten, Björn; Elfgren, Lennart; Olofsson, Jan 
and Paulsson, Björn (2008): Test of a concrete bridge in Sweden – I. Assessment methods. 
In “Bridge Maintenance, Safety, Management, Health Monitoring and Informatics” edited by 
Hyun-Moo Koh and Dan M. Frangopol. Leiden: CRC Press/Balkema, Taylor & Francis 
Group, ISBN 978-0-415-46844-2, Abstract p 697 + full version on CD pp 3585-3592. 

Quesada, Javier (2008): Finite Element Modelling of a Railway Concrete Bridge Tested to 
Failure. M Sc thesis, Division of Structural Engineering, Luleå University of Technology, 
2008. To be published.  

SB-ICA (2007): Guideline for Inspection and Condition Analysis of Railway Bridges. Pre-
pared by Sustainable Bridges – a project within EU FP6. Available from: 
www.sustainablebridges.net. [cited 30 November 2007] 

SB-LRA (2007): Guideline for Load and Resistance Assessment of Railway Bridges. 



Sustainable Bridges                    SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik        62 (63) 

Prepared by Sustainable Bridges – a project within EU FP6, Available from: 
www.sustainablebridges.net. [cited 30 November 2007] 

SB-MON (2007): Guideline for Monitoring of Railway Bridges. Prepared by Sustainable 
Bridges – a project within EU FP6. Available from: www.sustainablebridges.net. [cited 30 
November 2007] 

SB-STR (2007): Guide for use of Repair and Strengthening methods for Railway Bridges. 
Prepared by Sustainable Bridges – a project within EU FP6. Available from: 
www.sustainablebridges.net. [cited 30 November 2007]. 

SB-4.5 (2007): Non-Linear Analysis and Remaining Fatigue Life of Reinforced Concrete 
Bridges. Background document D4.5 to “Guideline for Load and Resistance Assessment of 
Railway Bridges”. Prepared by Sustainable Bridges – a project within EU FP6. Available 
from: www.sustainablebridges.net. [cited 30 November 2007] 

SB-6.3 (2007): Field Tests. Örnsköldsvik Bridge – Full scale testing; Vitmossen – Strength-
ening of the subsoil; Frövi Bridge – Strengthening and monitoring. Background document 
D6.3. Prepared by Sustainable Bridges – a project within EU FP6. Available from: 
www.sustainablebridges.net. [cited 30 November 2007] 

Schlune, Hendrik and Plos, Mario (2008): Bridge Assessment and Maintenance based on 
Finite Element Structural Models and Field Measurements. State-of-the-art-review. Göte-
borg: Chalmers University of Technology, Division of Structural Engineering, Concrete Struc-
tures, Report 2008:5. 90 pp.  

Scordelis, Alexander C; Larsen, Per K, and Elfgren, Lennart G (1977): Ultimate Strength of 
Curved RC Box Girder Bridge. Journal of the Structural Division, Proceedings of the Ameri-
can Society of Civil Engineers (ASCE), Vol. 103, No ST 8, Proc. Paper 13113,  New York,  
August 1977, pp 1525-1542 

Scordelis, Alex C; Elfgren, Lennart G, and Larsen, Per K (1979): Time-Dependent Behaviour 
of Concrete Box Girder Bridges. ACI Journal, Vol. 76, Title 76-9, American Concrete Insti-
tute, Detroit, January 1979, pp 159-177. 

Statliga betongbestämmelser (1949): Statliga betongbestämmelser, Del 1 Material.  (Swe-
dish Code for Concrete Structures. In Swedish). Stockholm SOU1949:64. 

Statliga belastningsbestämmelser (1960) Statliga belastningsbestämmelser av år 1960 för 
byggnadsverk. (Swedish Code for Loads on Structures. In Swedish). Stockholm: SOU 
1961:12.  50 pp. The rules supersede earlier rules for steel structures (Normalbestämmelser 
för järnkonstruktioner till byggnadsverk, SOU 1938:37) and for concrete structures (Statliga 
cement- och betongbestämmelser av år 1934, SOU 1934:17, 1957:25). 

Svenska Betongföreningen (2007): Vägledning för livslängdsdimensionering av betongkon-
struktioner (Guide for the design of the life length of concrete structures. In Swedish).       
Betongrapport nr 12, Stockholm: Svenska Betongföreningen 2007, 141 pp, ISBN 91-973445-
8-3. 

Thun, Håkan (2006): Assessment of Fatigue Resistance and Strength in Existing Concrete 
Structures. Ph D Thesis 2006:65, Div. of Structural Engineering, Luleå University of Technol-
ogy, 169 pp. ISBN 978-91-85685-03-5. Can be downloaded from:  http://epubl.ltu.se/1402-
1544/2006/65/index.html [cited 2008-06-30]. 

Thürlimann, Bruno (1978): Plastic analysis of reinforced concrete beams. IABSE Colloquim 
Copenhagen 1979, ”Plasticity in reinforced concrete”, Introductory report. Reports of the 
working commissions, International Association for Bridges and Structural Engineering 
(IABSE), Vol 28, Zürich 1978. pp 71-90. 

Täljsten, Björn (1994): Plate Bonding. Strengthening of Existing Concrete Structures with 
Epoxy Bonded Plates of Steel or Fibre Reinforced Plastics. PhD thesis 1994:152 D. Division 
of Structural Engineering, Luleå University of Technology, 2nd Ed 1994, 283 pp. 



Sustainable Bridges                    SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik        63 (63) 

Täljsten, Björn (2006): FRP Strengthening of Existing Concrete Structures. Design guide. 
Division of Structural Engineering, Luleå University of Technology, 1st Ed 2002, 4th Ed 2006, 
228 pp, ISBN 91-899580-03-6. 

Täljsten, Björn; Bergström, Markus; Nordin, Håkan; Enochsson, Ola; & Elfgren, Lennart 
(2008): Test of a concrete bridge in Sweden – II. CRP Strengthening and structural health 
monitoring. In “Bridge Maintenance, Safety, Management, Health Monitoring and Informatics” 
edited by Hyun-Moo Koh and Dan M. Frangopol. Leiden: CRC Press/Balkema, Taylor & 
Francis Group, ISBN 978-0-415-46844-2, Abstract p 698 + full version on CD pp 3593-3600. 

UIC 776-R (1979): Loads to be considered in the design of railway bridges, Paris: Interna-
tional Union of Railways. 

Vecchio, Frank, J and Collins, Michael, P. (1986): The Modified Compression-Field Theory 
for Reinforced Concrete Elements Subjected to Shear. ACI Journal, Detroit, Vol 83, No 3, 
March-April 1986, p. 219-231. 

Vervuurt, A. H. J. M. and Leegwater, G. A. (2008):  Workshop on the assessment of the 
shear strength of concrete structures. TNO Report 2008-D-R0010. TNO Built Environment 
and Geosciences, Delft. February 14, 2008, 187 pp. Can be downloaded from [25 May 2008] 
www.ducon.org/workshop_shear_2007/2008-D-R0010_Workshop6Dec2007_final14Feb2008.pdf 

Wisniewski, David F. (2007): Safety Formats for the Assessment of Concrete Bridges with 
special focus on precast concrete. Doctoral Thesis. Department of Civil Engineering, School 
of Engineering, University of Minho, Guimarães, Portugal, March 2007, 362 pp. Can be 
downloaded from [16June 2008]: 
http://repositorium.sdum.uminho.pt/bitstream/1822/6753/1/Thesis_DWisniewski.pdf 

Vogel, Thomas and Bargähr, Reto (2006): Zustandserfassung von Brücken bei deren Ab-
bruch (ZEBRA) (Condition Survey of Bridges during their Demolition, In German). Zürich, 
Eidgenössisches Departement für Umwelt, Verkehr und Kommunikation UVEK, Bundesamt 
für Strassen. Forschungsauftrag AGB 1998/101(86/98), 187 pp.  

Wood, Jonathan G. M. (2008): Implications of the collapse of the de la Concorde overpass. 
The Structural Engineer, 86/1, 8 January 2008, Institution of Structural Engineers, London, 
pp 16-18. 

Yanev, Bojidar (2007): Bridge Management, New York: John Wiley & Sons, 655 pp, ISBN  
978-0-471-69162-4 

 

 

 



 



 
 

SB-7.3 
Field Test of a Concrete Bridge 

in Örnsköldsvik, Sweden 
Appendices A - J 
 
 
 

 

 
A. Original and Test Setup Drawings    A 1 – A 12 
B. Material Properties for Concrete and Steel Reinforcement  B 1 – B 34 
C. Preliminary Estimation of Load Carrying Capacity   C 1 – C 48 
D. Demonstration of Applied NDT-Methods    D 1 – D 26 
E. Modal Identification and Damage Detection    E 1 – E 30 
F. Deformation and Strain Measurements     F 1 –  F 30 
G. Linear Elastic 3D Analysis with Lusas    G 1 – G 40 
H. Application of BBK, EC-2 and Probabilistic Methods   H 1 – H 56 
I. Linear Elastic 2D and 3D Analysis with 2D Frame and Brigade I 1   –  I 42 
J. Nonlinear Analysis with Atena      J 1  – J 22 
 
 

 

 

 

 

 
PRIORITY 6 

SUSTAINABLE DEVELOPMENT 

GLOBAL CHANGE & ECOSYSTEMS 

INTEGRATED PROJECT 

 



Sustainable Bridges           SB 7.3 Field Test of a Swedish Concrete Bridge 
                                           Appendices. 
 
 

 
This report is one of the deliverables from the Integrated Research Project “Sustainable Bridges - Assessment for 
Future Traffic Demands and Longer Lives”  funded by the European Commission within the 6th Framework 
Programme. The Project aims to help European railways to meet increasing transportation demands, which can 
only be accommodated on the existing railway network by allowing the passage of heavier freight trains and faster 
passenger trains. This requires that the existing bridges within the network have to be upgraded without causing 
unnecessary disruption to the carriage of goods and passengers, and without compromising the safety and 
economy of the railways.  
A consortium, consisting of 32 partners drawn from railway bridge owners, consultants, contractors, research 
institutes and universities, has carried out the Project, which has a gross budget of more than 10 million Euros. 
The European Commission has provided substantial funding, with the balancing funding coming from the Project 
partners. Skanska Sverige AB has provided the overall co-ordination of the Project, whilst Luleå Technical 
University has undertaken the scientific leadership. 
 
The Project has developed improved procedures and methods for inspection, testing, monitoring and condition 
assessment, of railway bridges. Furthermore, it has developed advanced methodologies for assessing the safe 
carrying capacity of bridges and better engineering solutions for repair and strengthening of bridges that are found 
to be in need of attention. 
 
The authors of this report have used their best endeavours to ensure that the information presented here is of the 
highest quality. However, no liability can be accepted by the authors for any loss caused by its use. 
 
 
Copyright © Luleå University of Technology 2008. 
 

 
 
 

Project co-funded by the European Commission  
within the Sixth Framework Programme (2002-2006) 

Dissemination Level  

PU Public X 

PP Restricted to other programme participants (including the Commission Services)  

RE Restricted to a group specified by the consortium (including the Commission Services)  

CO Confidential, only for members of the consortium (including the Commission Services)  

Project acronym: Sustainable Bridges
Project full title: Sustainable Bridges – Assessment for Future Traffic Demands and Longer Lives 
Contract No.:  TIP3-CT-2003-001653 
Project start and end date: 2003-12-01 -- 2007-11-30 Duration 48 months 
Doc. No.: Deliverable D7.3                                    Abbreviation           SB 7.3   
Author/s: WP7 participants  

Main editors:  Lennart Elfgren, Ola Enochsson, and Håkan Thun, LTU. 
Date of release:  2007-11-30.  Revised 2008-06-30   
Web site www.sustainablebridges.net 

Project co-funded by the European Commission  
within the Sixth Framework Programme (2002-2006) 

Dissemination Level  

PU Public X 

PP Restricted to other programme participants (including the Commission Services)  

RE Restricted to a group specified by the consortium (including the Commission Services)  

CO Confidential, only for members of the consortium (including the Commission Services)  



 
 

 

 

 

 

SB 7.3 App. A 
Field Test of a Concrete Bridge 

in Örnsköldsvik, Sweden 
Appendix A 

Original and Test Setup Drawings 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
PRIORITY 6 

SUSTAINABLE DEVELOPMENT 

GLOBAL CHANGE & ECOSYSTEMS 

INTEGRATED PROJECT 



Sustainable Bridges               SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik.  
                                               App A.  Original and Test Setup Drawings                                                      2 (12) 

 

This report is one of the deliverables from the Integrated Research Project “Sustainable Bridges - Assessment for 
Future Traffic Demands and Longer Lives”  funded by the European Commission within the 6th Framework 
Programme. The Project aims to help European railways to meet increasing transportation demands, which can 
only be accommodated on the existing railway network by allowing the passage of heavier freight trains and faster 
passenger trains. This requires that the existing bridges within the network have to be upgraded without causing 
unnecessary disruption to the carriage of goods and passengers, and without compromising the safety and 
economy of the railways.  
A consortium, consisting of 32 partners drawn from railway bridge owners, consultants, contractors, research 
institutes and universities, has carried out the Project, which has a gross budget of more than 10 million Euros. 
The European Commission has provided substantial funding, with the balancing funding coming from the Project 
partners. Skanska Sverige AB has provided the overall co-ordination of the Project, whilst Luleå Technical 
University has undertaken the scientific leadership. 
 
The Project has developed improved procedures and methods for inspection, testing, monitoring and condition 
assessment, of railway bridges. Furthermore, it has developed advanced methodologies for assessing the safe 
carrying capacity of bridges and better engineering solutions for repair and strengthening of bridges that are found 
to be in need of attention. 
 
The authors of this report have used their best endeavours to ensure that the information presented here is of the 
highest quality. However, no liability can be accepted by the authors for any loss caused by its use. 
 
 
Copyright © Luleå University of Technology 2008. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Project acronym: Sustainable Bridges
Project full title: Sustainable Bridges – Assessment for Future Traffic Demands and Longer Lives 
Contract No.:  TIP3-CT-2003-001653 
Project start and end date: 2003-12-01 -- 2007-11-30 Duration 48 months 
Doc. No.: Deliverable SB 7.3 Appendix  A           Abbreviation           SB 7.3  App A  
Author/s: WP7 participants  

Main editors:  Lennart Elfgren, Ola Enochsson, and Håkan Thun, LTU. 
Date of release:  2007-11-30.  Revised 2008-06-30   

Project co-funded by the European Commission  
within the Sixth Framework Programme (2002-2006) 

Dissemination Level  

PU Public X 

PP Restricted to other programme participants (including the Commission Services)  

RE Restricted to a group specified by the consortium (including the Commission Services)  

CO Confidential, only for members of the consortium (including the Commission Services)  



Sustainable Bridges               SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik.  
                                               App A.  Original and Test Setup Drawings                                                      3 (12) 

 

 

 

Table of Contents 
 
A.1 Original Bridge Drawings                                         3 

A.2 Drawings of Test Setup          11 

A.3 Data from Bridge Register          12 

 

 

 

A.1 Original Bridge Drawings 
 

On the following pages the original drawings from 1954 and 1955 are reproduced 

B1607 -1 Main drawing 

B1607- 2 Geometry 

B1607- 3 Reinforcement in beams and supports 

B1607- 4 Reinforcement in wings and front panels 
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B1707-20   Preparation for destruction of the bridge in case of war 
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B.1 Material properties for concrete 

B.1.1 General 
According to the original drawings the bridge was built in 1955 with the concrete quality K400 
with a nominal concrete strength of 400 kp/cm2 = 70 MPa. The contractor was AB Svenska 
Stenbeläggningar in Uppsala.  

The compressive and the tensile concrete strengths have during 2006 been tested on drilled 
cores with the height and diameter of approximately 100 mm. The locations where cores 
have been drilled are shown in Figure 1.1. 

Three days before testing the drilled cores were cut into a suitable length. For the specimens 
used in the uniaxial tensile test a notch was milled and they were then air-cured in the labo-
ratory at room temperature until the testing day (about 3 days). For dimensions of the speci-
mens see Figure 1.3. 

N 
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1, 2 

10, 11, 12 

13, 14, 15 

12 (15) 

11 (14) 

10 (13) 

1, 2 
(3, 4) 
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00
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east beam 
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Figure 1.1 Illustration of the O-vik bridge showing the locations of the drilled cores. See 
also Appendix A. 

B.1.1.1. Test setup compressive tests 
In the compressive strength tests a hydraulic testing machine have been used. The prepara-
tion, examination etc. of the drilled cores have been performed according to EN 12504-4.  

B.1.1.2. Test setup uniaxial tensile tests 
If a uniaxial tensile test is performed under displacement control instead of load control it is 
possible to obtain the tension-softening branch of the material. At LTU several researchers 
have performed uniaxial tensile tests using a closed-loop servo-hydraulic test machine. This 
has led to a local “standard“ for this kind of tests, see e.g. Noghabai (1998), Hedlund (2000) 
Groth (2000) and Thun et al (2007). The influence of the shape and the dimension has been 
studied by several researchers, see e.g. Hordijk(1991), Daerga (1992) and Noghabai (1998). 



Sustainable Bridges            SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik                      

                                            App B. Material Properties 6 (34) 

Every specimen has been ground and cleaned with acetone before it was attached to two 
steel plates with an adhesive. The adhesive was a two-component adhesive manufactured 
by Hottinger Baldwin Messtechnik (HBM) called “Schnellklebstoff X-60”. The adhesive was 
first put on the lower steel plate (see Figure 1.2) under a small compressive load. When it 
had hardened the test specimen and the lower steel plate were mounted in the test machine. 
Adhesive was then put on the upper side of the test specimen. Finally a compressive load 
was applied to facilitate the hardening process.  

Steel rings with holders for COD-gauges were attached to the specimen at each side of the 
notch with a centre distance of 42 mm. When the steel ring is in place a total of four Crack 
Opening Displacement gauges (COD-gauges) can be mounted with 90 degrees between 
each of them. The feed-back signal to the machine was the mean value of all four COD-
gauges. Figure 1.2 shows a photo of the test set-up. 

A Dartec servo-hydraulic test machine has been used and all the data were collected with a 
Spider8 (multi-channel electronic PC measurement unit) with the help of the computer soft-
ware Catman (HBM), see Figure 1.2 and Figure 1.3. 

 

 
Figure 1.2 Test set-up used in the uniaxial tensile tests and fatigue tensile tests. 
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~75 
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Figure 1.3 Above left: Dimensions of specimen used in the tensile fatigue test, Andersson 
(2000). Below left: Photo of a specimen, from Andersson (2000). Right: Servo hydraulic 
machine and other equipment used in the tests. 
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B.1.1.3. Photos of the locations where the cores have been drilled 

 

No. 12 

No. 11 

No. 10 

No. 15 

No. 14 

No. 13

 
Figure 1.4 Photographs showing the locations of the drilled cores in west wing (no. 10,11 
and 12) to the left and for the east wing to the right (no. 13,14 and 15). 

 
Figure 1.5The drilling position on the west beam to the right. 

 
Figure 1.6 To the right: drilling position on east beam. 
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Figure 1.7 Drilling position on west beam. 

B.1.1.4. Photos of Original concrete cores 
In Figure 1.8 and Figure 1.9 the original drilled concrete cores are shown. 

 
Figure 1.8 Concrete Cores No 1- 4 from main beams 

 
Figure 1.9 Concrete Cores No 10 - 15 from side wings. 
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B.1.1.5. Photos of failure surfaces after uniaxial tensile test 

 
Figure 1.10 Photographs showing the failure surface for test No. 1:1 after tensile test. 

 
Figure 1.11 Photographs showing the failure surface for test No. 1:2 after tensile test. 

 
Figure 1.12 Photographs showing the failure surface for test No. 2:1 after tensile test. 

 
Figure 1.13 Photographs showing the failure surface for test No. 3:1 after tensile test. 
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Figure 1.14 Photograph showing the failure surface for test No. 3:2 after tensile test. 

 
Figure 1.15 Photographs showing the failure surface for test No. 4:1 after tensile test. 

 
Figure 1.16 Photographs showing the failure surface for test No. 4:2 after tensile test. 

       
Figure 1.17 Photographs showing the failure surface for test No. 4:3 after tensile test. 
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B.1.2 Concrete compressive strength tests 
The tests have mainly been performed at LTU. Additional tests have been performed at 
Savonia University of Applied Sciences in Kuopio, Finland. 

B.1.2.1. Results from tests performed at LTU 
Test results are summarised in Table 1.1 and Table 1.2. For the two beams the mean con-
crete compressive strength is 68.5 MPa with a standard deviation of 8 MPa and a coefficient 
of variation of 12 %.  

If the two beams are considered as individuals the mean concrete compressive strength for 
the east beam is 67.7 MPa with a standard deviation of 10.2 MPa and a coefficient of varia-
tion of 15 %. The same values for the west beam are 69.3 MPa, 7.5 MPa and 11%. 

Table 1.1 - Compressive tests on beams. Definitions see Figure 1.1. 

Test no. Height Diameter Weight Loading 
rate 

Failure 
load 

Density Compressive 
strength 

Location 

 [mm] [mm] [kg] [kN/s] [kN] [kg/m3] [MPa]  

1:1 94 94.5 1.554 6.9 412 2357 58.7 West beam 

1:2 94 94.5 1.591 6.9 460 2413 65.6 West beam 

2:1 94 94.2 1.586 6.9 549 2421 78.8 West beam 

3:1 93.8 94.5 1.569 6.9 488 2385 69.6 East beam 

3:2 94 94.5 1.585 6.9 537 2404 76.6 East beam 

4:1 94.0 94.5 1.553 6.9 432 2356 61.6 East beam 

 

For the west wing the mean concrete compressive strength is 85.9 MPa with a standard de-
viation of 9.8 MPa and a coefficient of variation of 11 %.  

Table 1.2 - Compressive tests on wings. Definitions see Figure 1.1. 

Test no. Height Diameter Weight Loading 
rate 

Failure 
load 

Density Compressive 
strength 

Location 

 [mm] [mm] [kg] [kN/s] [kN] [kg/m3] [N/mm2]  

10:1 94.6 94.5 1.594 6.9 662 2402 94.4 West wing

10:2 94.5 94.4 1.590 6.9 623 2404 89.0 West wing

10:3 94.3 94.5 1.554 6.9 450 2350 64.2 West wing

11:1 94.3 94.5 1.608 6.9 685 2431 97.7 West wing

11:2 94.6 94.5 1.608 6.9 622 2423 88.7 West wing

11:3 94.3 94.5 1.573 6.9 601 2378 85.7 West wing

12:1 94.5 94.5 1.611 6.9 632 2431 90.1 West wing

12:2 94.4 94.6 1.615 6.9 561 2434 79.8 West wing

12:3 94.3 94.5 1.607 6.9 585 2430 83.4 West wing

 

Compressive strength class 

The compressive strength class has been determined according to “Assessment of in-situ 
compressive strength in structures and precast concrete components”, prEN13791 (2006).  
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Depending on the number of specimens the characteristic in-situ compressive strength, fck, is 

cube, has been calculated according to either approach A or B in section 7.3.1 in prEN13791 
(2006). The strength class is obtained from Table 1 in prEN13791 (2006) using the calcu-
lated characteristic in-situ compressive strength. The cube strength has been used and this 
decision is based on the following statement, cited from prEN13791 (2006): 

 “Where the in-situ strength is determined from cores: 

- testing a core with equal length and a nominal diameter of 100 mm gives a 
strength value equivalent the strength value of a 150 mm cube manufactured and 
cured under the same conditions” 

The in-situ characteristic compressive strength is assessed using either approach A in 7.3.2 
or approach B in 7.3.3 in prEN13791 (2006). Approach A applies where at least 15 cores are 
available and approach B applies where 3 to 14 cores are available.  

Approach A The estimated in-situ characteristic strength of the test region is the lower value 
of: 

 = − ⋅ck,is m(n),is 2f f k s  (1) 

or 

 = +ck,is is, lowest 4f f  (2) 

where s is the standard deviation of test results. If the calculated value is less than 2.0 
N/mm2, the value used in the determination of the estimated in-situ characteristic strength is 
fixed i as 2.0 N/mm2 and k2 is given in national provisions or, if no value is given, taken as 
1.48. 

Approach B The estimated in-situ characteristic strength of the test region is the lower value 
of: 

 = −ck,is m(n),isf f k  (3) 

or 

 = +ck,is is, lowest 4f f  (4) 

where fis, lowest is the lowest in-situ compressive strength test result, fm(n), is  is the mean in-situ 
compressive strength of n test results, fck  is the characteristic compressive strength of stan-
dard specimens and fck, is  is the characteristic in-situ compressive strength. The margin k 
depends on the number n of test results and the appropriate value is selected from Table 1.3 
(from prEN13791 (2006)). 

Table 1.3 Margin k associated with small numbers of test results, from prEN13791 
(2006). 

n k 
10 to 14 5 

7 to 9 6 
3 to 6 7 
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In Table 1.4 the compressive strength classes for the bridge are presented. 
Table 1.4 Compressive strength classes for the different structural parts of the Ö-vik 
Bridge. Values for the In-situ characteristic strength obtained from prEN13791 (2006). 

Location n k k2 fm(n),is 

[MPa] 
s 

[MPa]
fis, lowest

[MPa]
Lowest 

calculated 
fck, is 

[MPa] 

Compressive 
Strength 

class  

In-situ characteristic 
strength, fck, is  cube 

[MPa] 

east beam 3 7 - 67.7 10.2 58.7 60.7 C55/67 a)  57 
west beam 3 7 - 69.3 7.5 61.6 62.3 C55/67 a)  57 
both beams  6 7 - 68.5 8 58.7 61.5 C55/67 a)  57 
west wing 9 6 1.48 85.9 9.8 64.2 68.2 C60/75 b)  64 

Compare with 6.1.41 in SB-LRA(2007). 

B.1.2.2. Results form tests performed at Savonia University 
Six specimens were tested. They gave a mean concrete compressive strength of 56.8 MPa 
with a standard deviation of 5.5 MPa and a coefficient of variation of 10 %. Individual values 
are given in Table 1.5. The values are somewhat lower than the ones obtained at LTU. 

Table 1.5 Summary of properties from performed compressive tests at Savonia, Finland.  

Test no. Height Diameter Weight Failure 
load 

Density Compressive 
strength 

Location 

 [mm] [mm] [kg] [kN] [kg/m3] [MPa]  

V1 98.1 94.2 1.6098 368.5 2350 53.0  

V2a 95.9 94.2 1.5842 430.7 2370 62.0  

V2c 97.7 94.3 1.626 454.5 2380 65.0  

O1 97.8 94.3 1.6178 376.0 2370 54.0  

O2a 96.5 94.2 1.5905 386.3 2360 55.5  

O2b 97.7 94.3 1.6204 356.3 2380 51.0  

 

B.1.3 Axial tensile strength derived from splitting tests  

B.1.3.1. Results 
The axial tensile strength is set to 90% of the splitting strength, see EC2-1 (2004). 

Beams - The mean axial tensile strength for the east beam is 3.1 MPa with a standard devia-
tion of 0.2 MPa and a coefficient of variation of 5 % (for the splitting strength the same values 
are 3.5 MPa, 0.2 MPa and 6%). 

The mean axial tensile strength for the west beam is 3.4 MPa with a standard deviation of 
0.6 MPa and a coefficient of variation of 20 % (for the splitting strength the same values are 
3.4 MPa, 0.6 MPa and 19%). 

The mean axial tensile strength for both beams is 3.1 MPa with a standard deviation of 0.4 
MPa and a coefficient of variation of 13 % (for the splitting strength the same values are 3.4 
MPa, 0.4 MPa and 13%). 
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Table 1.6 The axial tensile strength derived from splitting tests performed on cores ob-
tained from the two beams. The axial tensile strength is set to 90% of the splitting 
strength, EC2-1 (2004). 

Test no. Height Diameter Weight Density Failure load Splitting
strength 

Axial tensile 
strength 

Location 

 [mm] [mm] [kg] [kg/m3] [kN] [MPa] [MPa]  

1:a 94.6 94.5 1.588 2393 38 2.7 2.4 West beam

1:b 94.5 94.5 1.590 2399 48 3.4 3.1 West beam

2 94 94.3 1.534 2337 56 4.0 3.6 West beam

3 94.6 94.6 1.578 2373 46 3.3 3.0 East beam 

4:a 94.6 94.5 1.597 2407 48 3.4 3.1 East beam 

4:b 94 94.5 1.564 2372 51 3.7 3.3 East beam 

 

Wings -The mean value of the axial tensile strength is 3.9 MPa with a standard deviation of 
0.6 MPa and a coefficient of variation of 15 %. For the splitting strength the same values are 
4.3 MPa, 0.6 MPa and 15%. 

Table 1.7 The axial tensile strength derived from splitting tests performed on cores ob-
tained from the east wing. The axial tensile strength is set to 90% of the splitting strength, 
EC2-1 (2004). 

Test no. Height Diameter Weight Density Failure
load 

Splitting
strength 

Axial tensile 
strength 

Location 

 [mm] [mm] [kg] [kg/m3] [kN] [MPa] [MPa]  

13:1 94.4 94.5 1567 2366.6961 58 4.1 3.7 east wing 

13:2 94.5 94.5 1573 2373.244 56 4.0 3.6 east wing 

13:3 94.2 94.5 1591 2408.0459 68 4.9 4.4 east wing 

14:1 93.9 94.2 1552 2371.5562 72 5.2 4.7 east wing 

14:2 94.1 94.2 1599 2438.1821 68 4.9 4.4 east wing 

15:1 93.8 94.2 1577 2412.3269 53 3.8 3.4 east wing 

15:2 94 94.1 1580 2416.9023 58 4.2 3.8 east wing 

15:3 94 94.1 1573 2406.1945 46 3.3 3.0 east wing 

 

B.1.3.2. Tensile strength class 
In the current Swedish concrete recommendations, BBK04 (2004) or the current version of 
the European concrete code, EC2-1 (2004), it is not possible to determine a tensile strength 
class based on results from tensile tests. However, this was possible in the predecessor to 
BBK04 (2004), i.e. BBK94 (1994,1996). 

Since no method is described in BBK04 (2004) a method has been presented in the Swedish 
handbook for evaluation of concrete railway bridges, BVH (2005), how to perform this 
evaluation of the tensile strength class (the text below is translated from Swedish). 

The dimensions of the cores should be diameter = length = 100 mm. Every specimen must 
be stored at least three days after cutting, grinding etc. in room temperature at 20 ± 2°C and 
60 ± 20 % relative humidity. 
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The test result should be evaluated according to approach A or B. Approach B applies where 
at least 6 cores are available and approach A applies where 3 cores are available from the 
same structural part. The numerical value in the tensile strength class T1.0 to T4.0 corre-
sponds to the characteristic tensile strength fctk. 

Approach A 

 ≥ +3 TK 0.5m f  (5) 

or 

 ≥ −TK 0.6x f  (6) 

Approach B 

 
⎛ ⎞
⎜ ⎟
⎝ ⎠≥ ⋅
1.4

TK

s
mm f e  (7) 

or 

 ≥ −TK 0.6x f  (8) 

where x is the strength value of an individual value, m is the mean value, s is the standard 
deviation (at least 0.3 MPA) and fTK is the demanded value according to Table 1.8. 

Table 1.8 Demanded values for tensile strength classes. Table B9-1 in BVH (2005). 

Strength class  T1.0 T1.5 T2.0 T2.5 T3.0 T3.5 T4.0 
fTK [MPa] 0.9 1.3 1.7 2.1 2.5 2.8 3.2 

 

In Table 1.9 the tensile strength classes for the bridge are presented. The axial tensile 
strength is based on the splitting strength and obtained by multiplying the splitting strength 
with 0.9 according to section 3.1.2 in EC2-1 (2004). 

Table 1.9 Tensile strength classes for the different structural parts of the O-viks Bridge.  

Location n m s x Lowest 
calculated 

fTK 

Tensile 
strength 

class  
east beam 3 3.4 0.5 2.4 3.0 T3.5 a)  
west beam 3 3.5 0.2 3.0 2.9 T3.5 a) 
both beams  6 3.4 0.4 2.4 2.9 T3.5 a) 

a) fTK for T3.5 is 2.8 MPa. 

 

B.1.4 Axial tensile strength derived from uniaxial tensile tests 

B.1.4.1. Results 
In Table 1.10 a summary of the result is presented. The mean uniaxial tensile strength for the 
all tests performed was 2.2 MPa with a standard deviation of 0.5 MPa (coefficient of variation 
24%).  

The mean uniaxial tensile strength for the west beam was 2.2 MPa with a standard deviation 
of 0.5 MPa (coefficient of variation 23%). 

The mean uniaxial tensile strength for the east beam was 2.2 MPa with a standard deviation 
of 0.3 MPa (coefficient of variation 15%). 
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The mean value of the elasticity modulus is 25.4 GPa with a standard deviation of 1.7 GPa 
(specimens 3:2 and 4:2 excluded, see Table 1.10).  

The mean value of the fracture energy is 153.8 Nm/m with a standard deviation of (speci-
mens 3:1, 3:2 and 4:2 excluded, see Table 1.10) 

Table 1.10 - Summary of properties from performed uniaxial tensile tests. m is the mean 
value, s is the standard deviation and CoV is the coefficient of variation (CoV=s/m). Defi-
nitions see Figure 1.20 and photographs in section B1.1.5.  

Test no. d fpeak δpeak Ec GF Note Location 
 [mm] [MPa] [mm] [GPa] [N/m]   

1:1 *) 74 2.2 0.012 23.7 193 Skew failure surface, see Figure 
1.18a. Several aggregates with 
widths about 15 mm. 

West beam 

1:2 *) 74 1.8 0.009 25.5 131 Plane failure surface (normal). One 
large aggregate in the failure sur-
face. Smallest visible width ~25 
mm, see photos in section B1.1.5. 

West beam 

2:1 74 2.7 0.011 23.2 237 Plane failure surface (normal). One 
large aggregate in the failure sur-
face. Smallest visible width ~20 
mm, see photos in section B1.1.5. 

West beam 

3:1 *) 74 3.2 0.024 27.7 401 Skew failure surface, see Figure 
1.18b. One very large aggregate 
split in the failure surface, see pho-
tos. ~47 mm smallest visible width. 

East beam 

3:2 *) 94 1.7 0.01 18.8 - Did not fail in notch, see Figure 
1.18c. 

East beam 

4:1 *) 74 2.0 0.007 26.5 170 Skew failure surface, see Figure 
1.18d. One large aggregate split in 
half, see photos. ~20 mm smallest 
visible width. 

East beam 

4:2 74 2.5 0.012 26.2 184 Plane failure surface (normal). Two 
large aggregates visible in the fail-
ure surface. ~20 mm smallest visi-
ble width. 

East beam 

4:3 94 1.8 0.008 18.9 - Did not fail in notch, see Figure 
1.18e. 

East beam 

*) Note: The meaning of the index j:i is that j represents the drill hole number according to 
Figure 1.1 and i is the cut core number. In this case it is uncertain if it is correct core num-
ber since the same index has been used on several tested cores. 
 

 

a) b) d) c), e) 
 

Figure 1.18 Illustrations showing the failure surface from the uniaxial tensile tests. 

In Figure 1.19a, the mean stress-deformation strength curve from the uniaxial tensile tests is 
shown and in Figure 1.19a the mean stress-crack-width curve is presented. 
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Figure 1.19 Mean stress-deformation curve from performed uniaxial tensile tests (mean 
curve based on 8 static tests). a) stress-deformation curves and b) stress-crack width 
curves.. 

In Figure 1.20 it is shown how the fracture energy, GF, and the crack width, w, have been 
defined and determined. 

 

Crack Width, w [mm]Deformation [mm]

St
re

ss
 [M

Pa
]

wmax 

GFEc 

fpeak 

w 

δpeak 
 

Figure 1.20 Determination of fracture energy, GF. To the left: A schematic stress-
deformation curve showing the definitions used for the peak stress, fpeak, the elastic 
modulus Ec, the deformation at peak load, δpeak, and the crack width, w. To the right: The 
stress-crack-width-curve defining the fracture energy GF and the maximum crack width 
obtained in a test, wmax. 

B.1.4.2. Concrete class 
In Table 1.9the tensile strength classes for the bridge are presented in the same way as in 
Table 1.9..  

Table 1.11 Tensile strength classes, based on strengths from the uniaxial tensile test, for 
the different structural parts of the Ö-vik Bridge.  

Location n m s x Lowest 
calculated 

fTK 

Tensile 
strength 

class  
east beam 5 2.2 0.3 1.7 1.7 T1.5 a) 
west beam 3 2.2 0.5 1.8 1.7 T1.5 a) 
both beams  8 2.2 0.5 1.7 1.6 T1.5 a) 

a) fTK for T1.5 is 1.3 MPa. 
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B.1.5 Bayesian update 
During the assessment process of a structure new information becomes available. This new 
information can be used in the safety analysis, changing the values of the parameters used 
in the analysis. One method that could be used is Bayesian updating where the prior and 
post information are combined using Bayes’ theorem. For further information see e.g. 
Melchers (1999). See also SB-LRA (2007) from where some of the text below is taken (writ-
ten in italic style). 

If a parameter with normal distribution is studied the characteristic value of this parameter, 
using the results of tests, can be obtained as: 

 ⎛ ⎞= − ⋅ +⎜ ⎟
⎝ ⎠

k vd
11x m t s
n

 (9) 

where n is the number of samples or tests, m is the mean value obtained from tests and prior 
knowledge, s is the standard deviation obtained from tests and prior knowledge and tvd is the 
coefficient of the Student distribution dependent on the sample size, prior standard deviation, 
and probability of occurrence (could be obtained from general statistic books). 

Prior information gives as estimative on the values of the mean and standard deviation in 
terms of the expected values and uncertainty. In other words, prior information gives a belief 
on the distribution of the parameter. Since this belief is not certain, it is defined in a probabil-
istic form Let’s define the expected value and the coefficient of variation of the prior mean as 
m’ and V(μ'). The expected value and the coefficient of variation of the prior standard devia-
tion are given by s’ and V(σ'). 

This prior can be considered equivalent to n’ associated with a parameter ν’ as: 

 
( )
( ) ( )
σ
μ μ

⎛ ⎞
= ⋅⎜ ⎟⎜ ⎟

⎝ ⎠

2
' 1'
' '

m
n

m V
 (10) 

 
( )σ

= ⋅
⎡ ⎤⎣ ⎦

2
1 1'
2 '

v
V

 (11) 

Equation (9) could then be written as: 

 ( ) ( )νμ σ ⎛ ⎞= − ⋅ +⎜ ⎟
⎝ ⎠

k ''
1'' '' 1
''

x m t m
n

 (12) 

where m(μ '') is the updated expected mean value, m(σ '') is the updated standard devia-
tion, n’’ is the number of samples, and tv’’ is the updated coefficient of the Student distribution 
as given in Table 1. 

The updated mean, m(μ ''), updated standard deviation, m(σ ''), updated number of sam-
ples n’’ and updated ν’’ are: 

 = +'' 'n n n  (13) 

 ( ) ( )μ
μ

⋅ + ⋅
=

' '
''

''
n m n m

m
n

 (14) 

 
ν ν

ν
ν ν
+ + >⎧
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' if ' 0
n
n

 (15) 
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If this method should be applied on the results from the compressive tests performed on 
specimens from the bridge, some prior information must be chosen. A normal distribution of 
the compressive strength must also be assumed - which could be discussed. 

In this case the choice fell on results presented in Thun (2006), since no information or ear-
lier test results are available for the actual bridge. The results in Thun (2006) are core com-
pressive strengths from bridges cast with, most likely, similar concrete as the actual bridge, 
i.e. the concrete quality K400, see Table 1.12. 

Table 1.12 Results from core compressive tests performed on Swedish railway bridges, 
cast with concrete quality K400. From Thun (2006). m = mean value, s =standard devia-
tion and V = coefficient of variation. 

Compressive strength, [MPa] Bridge no. 

Mean, m Std. dev., s 

4 62.8 5 

5 79.5 4.7 

6 61.3 6.4 

7 65.3 4.9 

8 (beams) 85.3 3.4 

8 (slab) 72.6 4.2 

Mean, m: 71.13 4.77 

Std.dev., s: 9.73 0.99 

V: 0.14 0.21 

If the values in Table 1.12 are used as prior information together with the test results pre-
sented in Table 1.1 and Table 1.2 and Eqs. (9) to (16) the result becomes as shown in Table 
1.13. 

Table 1.13 Results from the calculations using Bayesian updating.  

Part Prior information New information Bayesian updating Characteristic

 mean std. dev.            Value, xk 

 m(μ' ) V(μ' ) m(σ' ) V(σ' ) m s V n v n' v' n'' v'' m(μ'') m(σ'') tv xk 

east beam 71.13 0.14 4.77 0.21 67.7 10.2 0.15 3 2 0 11 3 13 67.7 5.9 1.771 55.6 

west beam 71.13 0.14 4.77 0.21 69.3 7.5 0.11 3 2 0 11 3 13 69.3 5.3 1.771 58.5 

both beams 71.13 0.14 4.77 0.21 68.5 8 0.12 6 5 0 11 6 16 68.5 6.0 1.746 57.2 

west wing 71.13 0.14 4.77 0.21 85.9 9.8 0.11 9 8 0 11 9 19 85.9 7.3 1.729 72.6 
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B.2 Material properties for reinforcement bars 

B.2.1 Results 
According to the original drawings the bridge was built with reinforcement bars of the quality 
Ks40 with a nominal yield strength of 400 MPa. 

The result from the tensile tests of the reinforcement bars from the bridge has been evalu-
ated according to EN10002 (2001) as far as possible. If deviations from this standard has 
been done it has been commented. 

In Figure 2.1 the definitions used in the evaluation of the properties of the steel reinforcement 
bars are shown. The E-modulus has been determined by manually picking out the stress and 
the strain for approximately 75 MPa and 150 MPa for each tensile test. Rp0.2 has also visually 
been determined in each graph. 
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Figure 2.1 Notation. 

In Figure 2.2 the six reinforcement bars with the diameter 16 mm that have been exposed to 
tensile testing are shown. As can be seen the general shape of the curves are very similar 
and that the tensile strength, Rm, is almost the same for all six bars (Ov6 deviates a bit). 
However, for bars Ov3, Ov5 and Ov6 no yielding has occurred, instead they “behaves” as 
hot rolled steel.  

An evident reason why the reinforcement bars behaves both as hot rolled steel and cold 
worked steel in the tensile tests is not present. However, there are some possible explana-
tions: 

– In the late 50’s, when the bridge were built, there was no standard for the manufacturing 
of steel which could lead to a variation of the quality/properties from manufacturer to 
manufacturer. Therefore the different behaviour seen in the tensile tests could be 
explained if the reinforcement bars are coming from different manufacturers. 

– The tested reinforcement bars have been positioned in sections of the bridge where large 
stresses have been present during the full scale test and the bars have therefore already 
been tensioned beyond the yield strength. 

– Since the reinforcement bars have been picked out after the full scale test, at the 
demolition site, bars that have been influenced by the demolition process where large 
stresses/forces are used could have been chosen. 

However, it is believed that the two last reasons are most likely the reasons for this phe-
nomenon and therefore the properties for the “cold worked steel” are excluded from the 
mean values.  
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Figure 2.2 Graph showing the six reinforcement bars with the diameter 16 that have been 
exposed to tensile tests. In the graph the maximum stress, Rm, is shown with a cross for 
each test. 
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Figure 2.3 Graph showing the yielding phase for the bars Ov1, Ov2 and Ov4, diameter 16 
mm. For the definitions of the different stresses/strain see Figure 2.1. 
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Figure 2.4 Graph showing the stress strain relationship for the bars without yielding 
phase, i.e. Ov3, Ov5 and Ov6, diameter 16 mm. For the definitions of the different 
stresses/strain see Figure 2.1. 

In Figure 2.5 the six reinforcement bars with the diameter 25 mm that have been exposed to 
tensile testing are shown. As can be seen the general shape of the curves are very similar. 
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For tests Ovs1 and Ovs2 the curves are a bit uncertain due to movement of the extensom-
eter holders. 
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Figure 2.5 Graph showing the six reinforcement bars with the diameter 25 that have been 
exposed to tensile tests. In the graph the maximum stress, Rm, is shown with a cross for 
each test. Note:  
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Figure 2.6 Graph showing the yielding phase for the bars Ovs1 and Ov5, diameter 25 
mm. For the definitions of the different stresses/strain see Figure 2.1. For test Ovs1 the 
curve is a bit uncertain due to movement of the extensometer holders. 
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Figure 2.7 Graph showing the yielding phase for the bars Ovs3 and Ov6, diameter 25 
mm. For the definitions of the different stresses/strain see Figure 2.1. 
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Figure 2.8 Graph showing the yielding phase for the bars Ovs2 and Ov4, diameter 25 
mm. For the definitions of the different stresses/strain see Figure 2.1. For test Ovs2 the 
curve is a bit uncertain due to movement of the extensometer holders. 

In Table 2.1 the results from all tensile tests are presented. The mean value of the tensile 
strength for the bars with the diameter 16 mm is 738.3 MPa (2.4 MPa) and for the upper 
yield stress the mean value is 441.1 MPa (12 MPa). The mean value of the tensile strength 
for the bars with the diameter 25 mm is 706.6 MPa (22.6 MPa) and for the upper yield stress 
the mean value is 411.3 MPa (8.2 MPa). If test Ovs1 and Ovs 2 are excluded the mean value 
of the tensile strength becomes 703.2 MPa (28.3 MPa) and for the upper yield stress the 
mean value is 410.6 MPa (10 MPa). 

The mean value of the E-modulus for the reinforcement bars with the diameter 16 mm is 
192.1 GPa with a standard deviation of 23.3 GPa (the “cold worked steel” are excluded from 
the mean values – grey marked in Table 2.1). 

The mean value of the E-modulus for the reinforcement bars with the diameter 25 mm is 
198.3 GPa with a standard deviation of 31.5 GPa.  

Table 2.1 Results from the tensile tests of the reinforcement bars with the diameter 16 
and 25 mm. E = modulus of elasticity, ReH = Upper yield stress (AeH is the corresponding 
strain), Re, = Lower yield stress (AeL is the corresponding strain), Rm Tensile stress (Agt is 
the corresponding strain), Ry = stress at point y see Figure 2.1 (Ay is the corresponding 
strain), Fm = the maximum force, At = strain at facture, Rp0.2 = stress at 0.2% limit (Ap0.2 is 
the corresponding strain). 

Reinforcement bars with the diameter 16 mm 
Test 
no. 

AeH ReH AeL ReL Ay Ry Agt Rm Fm 
 

At E Ap0.2 Rp0.2 Remark 

 [%] [MPa] [%] [MPa] [%] [MPa] [%] [MPa] [kN] [%] [GPa] [%] [MPa]  

Ov1 0.37 427.3 0.49 427.3 0.94 428.4 15.39 736.2 148.0 23.05 218.9 - -  

Ov2 0.20 446.4 0.92 439.3 1.17 429.0 14.95 734.8 147.7 23.31 180.7 - -  

Ov3 - - - - - - 15.33 740.5 148.9 19.38 143.6 0.2 400 No yielding

Ov4 0.28 449.5 0.96 443.8 1.36 432.8 15.67 738.1 148.4 24.01 176.8 - -  

Ov5 - - - - - - 15.46 740.0 148.8 21.47 160.4 0.2 390 No yielding

Ov6 - - - - - - 13.77 740.3 148.8 20.08 167.25 0.2 420 No yielding

Mean 0.28 441.1 0.79 436.8 1.16 430.1 15.3 737.4 148.3 22.4 192.1 0.20 403.3  

Std 0.09 12.02 0.26 8.53 0.21 2.39 0.30 2.58 0.54 2.07 23.3 0.00 15.3  

CoV 0.30 0.03 0.33 0.02 0.18 0.01 0.02 0.00 0.00 0.09 0.09 0.00 0.04  
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Reinforcement bars with the diameter 25 mm 
Ovs1 0.52 408.8 0.55 406.9 1.15 401.7 13.08 713.3 350.1 13.68 141.6 - - a) 

Ovs2 0.20 416.3 0.22 405.7 0.98 395.4 14.09 713.5 350.2 14.09 192.7 - - a) 

Ovs3 0.21 411.1 0.23 403.0 1.17 395.2 12.89 707.9 347.5 17.67 191.5 - -  

Ovs4 0.42 418.5 0.47 413.0 0.85 411.4 10.52 721.5 354.2 10.76 218.2 - -  

Ovs5 0.15 396.4 0.20 384.3 1.17 374.4 14.47 661.8 324.9 22.55 218.7 - -  

Ovs6 0.36 416.5 0.39 412.6 0.97 408.9 12.82 721.5 354.2 17.63 227.3 - -  

Mean 0.31 411.3 0.34 404.2 1.05 397.8 12.98 706.6 346.8 16.06 198.3 - -  

Std 0.15 8.2 0.14 10.5 0.13 13.3 1.38 22.6 11.1 4.12 31.5 - -  

CoV 0.47 0.02 0.42 0.03 0.13 0.03 0.11 0.03 0.03 0.26 0.16 - -  
a) Uncertain values due to movement of the extensometer holders. 

B.2.2 Photos showing the reinforcement bars 
Figure 2.9 is showing the reinforcement bars before testing and in Figure 2.10 the testing 
equipment used in the tensile test is shown. 

 

  
Figure 2.9 Reinforcement bars of the diameter 16 and 25 mm before testing. 

  
Figure 2.10 Photos showing the testing of the reinforcement bars 
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B.2.3 Evaluation of the characteristic yield stress, fyk 
In EC2 (2004),section 3.2.1 clause 4, the following is written regarding the evaluation of the 
material properties of steel:  

“(4) The required properties of reinforcing steels shall be verified using the testing 
procedures in accordance with EN10080 (2005).  
Note: EN10080 refers to a yield strength Re, which relates to the characteristic, minimum 
and maximum values based on the long-term quality level of production. In contrast fyk is 
the characteristic yield stress based on only that reinforcement used in a particular struc-
ture. There is no direct relationship between fyk and the characteristic Re. However the 
methods of evaluation and verification of yield strength given in EN10080 (2005) provide 
a sufficient check for obtaining fyk.” 

B.2.3.1. Evaluation according to EN10080 (2005): 
In EN10080 (2005) a method for assessment of the long term quality level is proposed in 
section 8.5. The following requirement should be satisfied for Re, which is equal to the upper 
yield stress Reh or Rp0.2 (see section 7.2.3.3 in EN10080 (2005)): 

− ⋅ = vx k s C  
 (17) 

where Cv is the specified characteristic value, x  is the average value and s is the estimate of 
the standard deviation of the population and k is the coefficient listed in table 16 in EN10080 
(2005) for Re. and is related to the number of test results, n.  

For the reinforcement bars with the diameter 16 mm: 

The results presented in Table 2.1 gives the following values of Cv: 

for 
⎫= ⇒ =⎧ ⎪

⎨ ⎬= ⎪⎩ ⎭

5 3.4
441.1

n k
x

Eq.(17) gives ≤ − ⋅ ≤v 441.1 3.4 12.02 400.2C  MPa 

In this case only three tests are available and according to EN10080 (2005) at least five test 
result must exist. However, since no k-value is available for only three tests k for n = 5 has 
been used, see table 16 in EN10080 (2005). The evaluation results in a specified character-
istic yield stress of 400.2 MPa. 

If it is assumed that this procedure also could be applied for the tensile strength the charac-
teristic value for Rm becomes 738.9 MPa. 

For the reinforcement bars with the diameter 25 mm: 

The results presented in Table 2.1 gives the following values of Cv: 

for 
⎫= ⇒ =⎧ ⎪

⎨ ⎬= ⎪⎩ ⎭

6 3.09
411.3

n k
x

Eq.(17) gives ≤ − ⋅ ≤v 411.3 3.09 12.02 374.1C  MPa 

The evaluation results in a specified characteristic yield stress of 374.1 MPa.  

If it is assumed that this procedure also could be applied for the tensile strength the charac-
teristic value for Rm becomes 636.8 MPa. 

B.2.3.2. Evaluation according to BBK04 
A method for evaluation of the characteristic yield stress, fyk is also proposed in the Swedish 
concrete recommendations BBK04 (2004) and this method has been used below. 
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In appendix B, section B5, “Evaluation of the reinforcement properties”, the following proce-
dure could be found (the lowest value of, fyk, should be chosen): 

≥ + ⋅x yk x1.4m f s  MPa  (18) 

≥ ⋅ yk0.93x f MPa  (19) 

where fyk is the characteristic value of the yield stress for the reinforcement, x is the stress for 
a single test, mx is the mean value of all test x and sx is the standard deviation of all tests. For 
hot rolled reinforcement mx and x corresponds to the upper yield stress ReH and for cold 
worked steel mx and x corresponds to the proof stress Rp0.2. 

For the reinforcement bars with the diameter 16 mm: 

The results presented in Table 2.1 gives the following values of fyk: 

Eq.(18) gives ≤ − ⋅ ≤ − ⋅ ≤yk x x1.4 441.1 1.4 12.02 424.3f m s  MPa 

Eq. (19) gives 

⎧
⎪

⎧⎪
⎪ ⎪≥ ⋅ ⇒ = = =⎨ ⎨
⎪ ⎪

⎩⎪
⎪⎩

yk yk

427.3
0.93 459.5
446.40.93 480

0.93 0.93
483449.5

0.93

xx f f MPa 

The evaluation results in a characteristic yield stress of 424.3 MPa for the “cold worked 
steel”. 

For the “hot rolled steel” the same equations give a fyk of 381.9 MPa. 

For the reinforcement bars with the diameter 25 mm: 

The results presented in Table 2.1 gives the following values of fyk: 

Eq.(18) gives ≤ − ⋅ ≤ − ⋅ ≤yk x x1.4 411.3 1.4 8.2 399.8f m s  MPa 

The lowest single value is 396.4 MPa and gives: 

Eq. (19) gives ≥ ⋅ ⇒ = = =yk yk
396.40.93 426.2

0.93 0.93
xx f f MPa 

The evaluation results in a characteristic yield stress, fyk, of 399.8 MPa. 
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B.3  Prestressed Reinforcement in a Neighbour Bridge 
Some 100 m north of the tested bridge another bridge was situated on the same line. It had a 
span of 18 m and was prestressed with 7 mm Freysinnet strands. This bridge was also built 
in 1955 and it carried the railway over the lower part of the ski jump in Örnsköldsvik.  

The bridge was demolished on May 23, 2005 due to the building of the new Botnia Railway 
Line. Due time restrictions it was not possible to test this bridge to failure. However, the con-
dition of the reinforcement was inspected by Valle Janssen from Banverket and Bror Seder-
holm from the Swedish Corrosion Institute, Sederholm (2005a, b), see Figures 3.1-3.4. 

 
Figure 3.1. Demolishment on May 23, 2005 of a 50 year old prestressed concrete bridge 
situated close to the tested reinforced concrete bridge in Örnsköldsvik, Sederholm (2005a).  

 
Figure 3.2. Corroded duct in a 50 year old prestressed concrete bridge situated close to the 
tested reinforced concrete bridge in Örnsköldsvik, Sederholm (2005a).  
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Figure 3.3. Corroded strands and not corroded ordinary reinforcement in a 50 year old 
prestressed concrete bridge situated close to the tested reinforced concrete bridge in Örn-
sköldsvik, Sederholm (2005a).  

 

There were 18 cables in the bridge each with 12 strands in ducts filled with injection grout. It 
could be seen that the grout had not filled up the ducts completely and that the ducts were 
corroded on the inside with several holes in the walls of the ducts. Many of the strands had 
surface corrosion and one strand which was examined in the laboratory had a 1,1 mm deep 
pit and a 5% reduction of the surface area. The non-prestressed reinforcement had no corro-
sion, see Figure 3.3. 

Six stands were tested at the Swedish Corrosion Institute, Sederholm (2005b), three cor-
roded strands, A-C, and three without corrosion, D-E.  Results are given in Figure 3.4 and in 
Table 3.1.   

 

 

 

 

 

 

 

 

 

Figure 3.4.  Stress-strain diagram 
for corroded (A, B, C) and not cor-
roded (D, E, F) 50 years old 7 mm  
prestressing strands, Sederholm 
(2005 b).  
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The three corroded stands had a more brittle failure at less deformation (4%) compared to a 
ductile failure at larger deformation (8%) for the not corroded bars. The change is probably 
due to hydrogen embrittlement. The results can be compared to tests performed during the 
building of the bridge, see Table 3.2, SP(1955).  For the not corroded bars the properties are 
close to the original values. 

 

Table 3.1. Test of 7 mm 50 year old prestressing strands, Cederholm (2005 b). 

 
 

Table 3.2. Original tests of 7 mm prestressing strands, SP(1955) 

 

B.4 Discussion and Conclusions 
Concrete - compressive strength  

The mean compressive concrete strength is higher in the wing than the mean value for the 
two beams of the bridge. The mean value for the two beams is 68.5 MPa and for the west 
wing the mean compressive strength is 85.9 MPa. These two compressive strengths give 
two different concrete strength classes, i.e. C55/67 and C60/75 respectively. 

If Bayesian updating is used when evaluating the compressive strength the mean compres-
sive strength becomes for both beams 68.5 MPa (standard deviation of 6 MPa) resulting in a 
characteristic strength of 57.2 MPa (95% confidence interval). If the standard deviations in 
Table 1.4 and Table 1.13 are compared it is shown that Bayesian updating results in lower 
standard deviations which also influence the characteristic values. 

If the compressive strength in the west wing is studied it is seen that for the three drill holes 
the mean value is almost the same for the three levels. For drill hole no. 12 the mean value is 
84.4 MPa with a standard deviation of 5.2 MPa, for no 11 the mean value is 90.7 MPa with a 
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standard deviation of 6.2 MPa and for no 10 the mean value is 82.5 MPa with a standard 
deviation of 16.1 MPa. For drill hole no. 10 it is the compressive strength for one specimen 
that drastically lowers the mean value. 

Normally the compressive strength is higher in the bottom than in the top of a structure but in 
this case the mean value from the bottom of the wing is almost as high as the mean value 
from the top. Highest mean value comes from the cores in the middle. The reasons for this 
are not evident. 

Concrete - tensile strength 

This phenomenon could also be seen for the tensile strength derived from splitting tests. The 
mean axial tensile strength for both beams is 3.1 MPa with a standard deviation of 0.4 MPa 
and a coefficient of variation of 13 % (for the splitting strength the same values are 3.4 MPa, 
0.4 MPa and 13%). The mean value of the axial tensile strength for the wing is 3.9 MPa with 
a standard deviation of 0.6 MPa and a coefficient of variation of 15 %. For the splitting 
strength the same values are 4.3 MPa, 0.6 MPa and 15%. However this is not reflected in 
the tensile strength class since it is the same for both parts, i.e. T3.5 (fctk = 3.5 MPa). 

Regarding the tensile strength derived from uniaxial tensile strength the mean uniaxial tensile 
strength for the all tests performed was 2.2 MPa with a standard deviation of 0.5 MPa (coef-
ficient of variation 24%). This gives a tensile strength class of T1.5 (fctk = 1.5 MPa).  

If the different properties in Table 1.10 are studied, it is shown that the rather large aggre-
gates which are present in some failure surfaces, is reflected in e.g. the fracture energy witch 
varies a lot and is very high in some cases. The tensile strength derived from uniaxial tensile 
test is also lower than the tensile strength derived from splitting strength giving a ratio of 
about 0.7.  

Reinforcement bars 

Three of the tested reinforcement bars (diameter of 16 mm) “behaved” as hot rolled steel 
with a mean upper yield stress, ReH, of 441.1 MPa (standard deviation of 12 MPa). The char-
acteristic yield stress evaluated according to EN10080 (2005) was 400.2 MPa. 

For the reinforcement bars with the diameter 25 mm all bars “behaved” as hot rolled steel 
with a mean upper yield stress, ReH, of 411.3 MPa (standard deviation of 8.2 MPa). The char-
acteristic yield stress evaluated according to EN10080 (2005) was 374.1 MPa. 

If it is assumed that this procedure also could be applied for the tensile strength the charac-
teristic value for Rm becomes 636.8 MPa (diameter 16 mm) and 738.9 MPa (diameter 25 
mm). 

The mean value of the E-modulus for the reinforcement bars with the diameter 16 mm is 
192.1 GPa with a standard deviation of 23.3 GPa (the “cold worked steel” are excluded from 
the mean values – grey marked in Table 2.1). 

The mean value of the E-modulus for the reinforcement bars with the diameter 25 mm is 
198.3 GPa with a standard deviation of 31.5 GPa.  

 

B.5 Summary 
Out of the results from the methods that have been used to determine the different parame-
ters presented in chapter B1-B3, the values given in Table 5.1 are suggested to be used in 
the analysis of the bridge. Details regarding the parameters in Table 5.1 are given in sections 
B1-B3. 

The values presented in Table 5.1 that should be used in the calculations are the ones called 
“design” and “mean”. This results in three different “levels” of the analysis.  
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No tests have been performed on reinforcing bars with the diameter 10 mm. It is suggested 
that the parameters for the diameter 16 mm are used. 

Tests on six prestressing strands from a neighbour bridge of the same age as the tested one 
showed that many of the strands had started to corrode. Their ultimate stress was not af-
fected but the corroded strands had a more brittle failure and only half the failure strain of not 
corroded strands. The ordinary reinforcement was free from corrosion both in this bridge and 
in the tested one.  

  
Table 5.1 Summary of material properties that could be used in different analysis of the 
bridge. Numbers within bracket are the standard deviation. 

Concrete Steel Stage Type of value 
fc 

[MPa]
Ec 

[GPa]
ft 

[MPa]
GF 

[Nm/m]
fsy = Reh 
[MPa] 

fsu =Rm 
[MPa] 

Es 
[GPa] 

φ16: 410 b) φ16: 500 c) φ16: 200 c) 
characteristic 31a) 32 a) 1.8 a) - 

φ25: 390 b) φ25: 500 c) φ25: 200 c) 
φ16: 297.1 φ16: 362   φ16: 158.7 

Initial properties 
(These values are assumed 
or taken from original draw-

ings)  design ULS d) 17.2 25.4 1.0  - 
φ25: 282.6 φ25: 362 φ25: 158.7 
φ16: 441 g)

(12) 
φ16: 738 g) 

(2.4) 
φ16: 192.1 g)

(23.3) 
Mean properties 
based on tests 

(Standard deviations are 
given in parenthesis) 

mean 68.5 e)

(8) 

25.4 f)

(1.7) 
ten-
sion 

2.2 f)

(0.5) 
uni-
axial 

154 f)

(82) φ25: 411 g) 

(8.2) 
φ25: 706 g) 

(22.6) 
φ25: 198.3 g)

(31.5) 

φ16: 400.2 k) φ16: 730.9 k) φ16: 200i) characteristic 57h) 38 i) 1.5 j) - 
φ25: 374.1 k) φ25: 636.8 k) φ25: 200i) 
φ16: 278.9 φ16: 529.6  φ16: 158.7 

Updated properties 
evaluated according to 

codes 
(The values are based on the 

mean values given above) 
design ULS d) 31.2 30.1 0.83 - 

φ25: 271.1 φ25: 461.4  φ25: 158.7 
 

a) The concrete compressive strength is according to BVH (2005) obtained from the concrete class used in the 
bridge, i.e 400 (K400), which corresponds to the concrete class K40. K40 is approximate equivalent to the 
strength class C28/35 in Eurocode which has a characteristic compressive strength of 27 MPa, a tensile strength 
of 1.8 MPa and a E-modulus of 32 GPa, BBK04 (2004). Since the bridge is more than 10 years old the compres-
sive strength can according to BVH (2005) be increased with 15 % from 27 MPa to 1.15×27 = 31 MPa. 

b) The characteristic yield strengths are taken from BVH (2005), section 4.3.3. The bridge also contained some 
Ø10 mm bars. Their properties are assumed to be the same as the Ø16 mm bars. 

c) According to BHB-M(1994) the minimum ultimate stress is 500 MPa. According to BBK04 (2004) the character-
istic value of the E-modulus is 200 GPa.  

d) The design value = characteristic value / (ηγmγn), where ηγm is 1.5 for concrete and γn is the safety factor with 
regard for injury to people, in this case safety class 3, which gives the factor 1.2. For reinforcement steel ηγm is 
1.15 and for the E-modulus ηγm is 1.05 according to BBK04 (2004). 

e) The mean value for fc is established according to section B.1.2.1 in Appendix B (values from both beams).  

f) The mean values for Ec, ft, and GF are established according to section B1.4.1 from uniaxial tension tests.  
These values are more conservative than the ones obtained from splitting tests in section B1.3.1.(values from 
both beams).  

g) The mean values for reinforcement steel are established according to section B.2.1.  

h) The characteristic value for fc is evaluated according to prEN13971 (2006), see section B1.2.1. 

i) The E-modulus was not tested. A value for concrete class C55/67 has been chosen. 

j) The characteristic value for ft is evaluated according to BVH (2005) and BBK04 (2004), see section B1.4.2. 

k) The evaluation of Reh  and Rm has been done according to EN10080 (2001), see section B2.3.1 

l) Nominal values for Es have been chosen. They differ only slightly from the measured ones. 
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C.1 General 
The calculations presented in this Appendix C are a first assessment (simplified calculation) 
of the load carrying capacity of the railway bridge in Örnsköldsvik. The calculations are per-
formed according to the Swedish concrete code, BBK04 (2004)1.  

Data are obtained from the original bridge drawings dated in 1954 and 1955 issued by   
”Kungliga Järnvägsstyrelsen, Bantekniska byrån, Broavdelningen” with the designation:  
Vägport för Järnvägsvägen. Bandelen Mellansel-Örnsköldsvik. Km 64+844.  

In Figure 1 to Figure 4 relevant extracts are presented from the original drawings B1607-1, -
2, -3, -4, -5, and -20.  In Figure 5 a clarification of Figure 4 is presented. More detailed ver-
sions of the drawings are given in Appendix A. 

The original design calculations from 1955 have also been available and are reproduced in 
section C5. 

 

 

 

                                                 
1 BBK04 (2004). Swedish Code for Concrete Structures. (Boverkets handbok om betongkonstruktioner, BBK 04. 
In Swedish). Boverket, Karlskrona 2004. pp. 271.  
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Figure 1 Elevation of bridge. Extract from drawing B1607-1. 

 
Figure 2 Plan of the bridge. Extract from drawing B1607-1. 

 
Figure 3 Section A-A. Extract from drawing B1607-3. 



Sustainable Bridges    SB 7.3 Field Test of a Swedish Concrete Bridge 5 (47) 

                                   App. C. Estimation of Load Carrying Capacity  

 
Figure 4 Cross section. Extract from drawing B1607-5. 
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Figure 5 Section of the bridge showing the reinforcement. 

It is not clear how long the legs of the bent up bars are. It seems reasonable to suppose that 
they overlap each other so that the bent up and bent down bars can act as stirrups resulting 
in φ16 with a spacing of 150 mm. 

C.2 2. Bending Moment Capacity 

C.2.1 General 
The moment capacity is calculated as: 

s sM A f z= ⋅ ⋅  
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where 

(1 / 2)z d ω= − , note: z is only estimated so far 

and the mechanical reinforcement ratio is: 

s s

c

A f
bdf

ω =  

C.2.2 Longitudinal direction 
Two Main Beams 

 
Midspan 
(Section G) 

              Support 
 

 bottom top top bottom  

Bar diameter, φ = 25 25 25 25 mm 

Bar area = 490.9 490.9 490.9 490.9 mm2 

Number of bars, n = 50 16 68 16 - 

Total bar area, As = 24543.757854 33379.5 7854 mm2 

Yield stress, fs = 450 450 450 450 N/mm2 

Fs = As·fs = 11.04 3.53 15.02 3.53 MN 

Lever arm, z = 0.9 0.9 0.9 0.9 m 

Moment, M = 9.940 3.181 13.519 3.181 MNm 

      

Bar diameter, φ = 16 16 16 16 mm 

Bar area = 201.1 201.1 201.1 201.1 mm2 

Number of bars, n = 2 4 4 2  

Total bar area, As = 402.12 804.25 804.25 402.12 mm2 

Yield stress, fs = 470 470 470 470  

Fs = As·fs = 0.189 0.378 0.378 0.189 MN 

Lever arm, z = 0.6 0.65 0.65 0.6 m 

Moment, M = 0.113 0.246 0.246 0.113 MNm 

      

Slab      

 bottom top layer   

Bar diameter, φ = 10 10   mm 

Bar area = 78.5 78.5   mm2 

Number of bars, n = 13 10   - 

Total bar area, As = 1021.02 785.4   mm2 

Yield stress, fs = 480 480   N/ mm2 

Fs = As·fs = 0.490 0.377   MN 
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Lever arm, z = 0.9 0.7 m, to top of beam   

Moment, M = 0.441 0.264 MNm   

      

Sum Total Moment = 10.759 3.427 13.764 3.294 MNm 
 

C.2.3 Slab. Transverse direction 
 

Bar diameter, φ = 16 mm 

Bar area = 201 mm2 

Number of bars, n = 10.00 /m 

Total bar area, As = 2010 mm2/m 

Yield stress, fs = 480 N/mm2 

Fs = As·fs = 0.965 MN/m 

Lever arm, z = 0.297 m 

Moment, M = 0.287 MNm/m 
   

Lever arm, a = 0.725 m 

P = 2M/a = 0.790 MN/m 

 

C.3 Shear force capacity 

C.3.1 General 
The shear force capacity for concrete, Vc, is according to BBK04 (2004) calculated as : 

( )c w ctd1 50 0.3V b d fξ ρ= ⋅ ⋅ + ⋅ ⋅ ⋅   (1) 

where bw is the smallest width of the beam width within the effective depth in the actual sec-
tion, d is the effective depth in the actual section. ξ is determined according to : 

ξ = 1.4 for d ≤ 0.2 m 

ξ = 1.6 – d for 0.2 m < d ≤ 0.5 m 

ξ = 1.3 – 0.4 for 0.5 m < d ≤ 1.0 m 

ξ = 0.9 for 1.0m  < d 

And reinforcement content, ρ, is calculated according to: 

0s

w

A
b d

ρ =
⋅

 , not higher than ρ = 0.02 (2) 

As0 is the smallest amount of reinforcement due to bending in the tension zone, in actual 
beam section, between the zero-point of the bending moment and its maximum point. As an 
alternative the amount of reinforcement that has a length of (d+lb) and that passes the actual 
section can be used. lb is the length that is required to anchor the design tension force. 

For members with inclined shear reinforcement, the shear resistance is: 
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(cot cot )sins v v
zV nA f

s
θ αα +

= ⋅ ⋅   (3) 

where Av is the cross-sectional area of the shear reinforcement, n is the number of bars, s is 
the spacing of the stirrups, fv is the design yield strength of the shear reinforcement, α is the 
shear reinforcement inclination and θ  is the concrete strut inclination. 

C.3.2 Longitudinal direction 
 

Section Midspan  Support  
Height, h = 1.1  1.1 m 

Width, b = 2  2 m 

ξ = 1  1 - 

ρ = 0.012  0.016 - 

fct = 2.5  2.5 MPa 

Vc = 2.653  2.932 MN 

Note: fct = 2 MPa is also a reasonable value 

 

C.3.2.1. Bent up bars 
 

θ = 45 45 30 degrees 

Av = 490.9 490.9 490.9 mm2 

fv = 450 450 450 N/mm2 

α = 45 45 45 degrees 

sin α = 0.707 0.707 0.707 - 

cot θ+cot α = 2.000 2.000 2.732 - 

Lever arm z = 0.9 0.9 0.9 m 

s = 0.000 0.132 0.132 m 

Number of walls, n =  2 2 - 

Vs(φ25) =  4.249 5.804 MN 

 

 

 

 

 

 

C.3.2.2. Stirrups 
The calculation is carried out for two values of spacing of the stirrup, s = 150 mm and s = 300 
mm.  In the bridge the spacing is s = 150 mm. 
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 s = 150  mm   

 
   s = 300 mm  

 Midspan θ = 30 Support θ = 30 Midspan θ = 30 Support θ = 30  

Av = 201.1 201.1 201.1 201.1 201.1 201.1 201.1 201.1 mm2 

fv = 470 470 470 470 470 470 470 470 N/ mm2 

α = 90 90 90 90 90 90 90 90 degrees

sin α = 1 1 1 1 1 1 1 1 - 

θ = 45 30 45 30 45 30 45 30 degrees

cot θ+cot α = 1 1.732 1 1.732 1 1.732 1.000 1.732 - 

Lever arm, z = 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 m 

s = 0.15 0.15 0.15 0.15 0.3 0.3 0.3 0.3 m 

Number of walls, n = 4 4 4 4 4 4 4 4 - 

Vs(φ16) = 2.268 3.928 2.268 3.928 1.134 1.964 1.134 1.964 MN 

          

Sum Vc + Vs = 4.921 3.928 9.449 9.732 3.787 1.964 8.315 7.768 MN 
  No Vc  No Vc  No Vc  No Vc  

 

C.3.3 Slab. Transverse direction 
 Midspan Support  

Height, h = 0.35 0.35 m 

Witdth, b = 1 1 m 

As = φ16 s 100  - 

As = 2010  mm2/m 

ξ = 1 1 - 

ρ = 0.005743 0 - 

fct = 2.5 2.5 MPa 

Vc = 0.338 0.263 MN/m 
 

In Figure 6 the shear and moment capacities are illustrated. 
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10.8 

L = 12.4 m  
Figure 6. The figure illustrates the capacities for shear and moment. The dotted lines in the 
shear diagrams refer to a truss  with θ  = 30o and no concrete contribution. 

C.4 Possible loads 

C.4.1 General 
 

Design Loads according to the original calcu-
lations from 1955, see page no 9 in C5. 

 
 Left Midspan Right  

V = 2.30 0.50 2.30 MN 

Mtop = -4.67 -1.01 -3.83 MNm

Mbot = 0.47 3.60 -1.00 MNm

The capacities are approximately three times the 
design values, compare Figure 6 and Figure 7. 

 

 

 

 

Figure 7. Design loads according to the 
original calculations from 1955 for an axle  
load of 200 kN. 
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Figure 8.  Shear forces and moments for three elementary cases: (a) Mid-span loading of a 
beam with fixed supports; (b) Mid-span loading of a beam with one end fixed and one end 
simply supported; and (c) A two-span beam with fixed end supports and simply supported in 
the middle and with a point-load in the middle of one of the spans. 

C.4.2  Dead load 
Concrete area = 3.5 m2  

Concrete density = 24 kN/m3  

Qc = 84 kN/m  

Ballast area = 1.86 m2  

Ballast density = 18 kN/m3  

Qb = 33.48 kN/m  

Q = Qc + Qb = 117.48 kN/m  

L = 12.4 m 11.775 

Vsup = Q·L/2 = 728 kN 692 

Msup = Q·L2/12 = 1505 kNm 1357 

Mspan = Q·L2/24= 753 kNm 679 
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C.4.3 Section forces for P = 1 MN in the mid-span 
 Flexible right joint, (c) in Fig. 8 Free right joint, (b) in Fig. 8  

 Left Mid Right Left Mid Right  

Shear, V = 0.594 -1 0.406 0.688 -1 0.312 MN 

Moment, M = -0.156PL 0.140PL -0.062PL -0.187PL 0.156PL 0 MNm 

Span length L = 12.4 12.4 12.4 12.4 12.4 12.4 m 

M(P = 1MN) = -1.934 1.736 -0.769 -2.319 1.934 0.000 MNm 

        

Real length L = 11.775 11.775 11.775 11.775 11.775 11.775 m 

M(P = 1MN) = -1.837 1.649 -0.730 -2.202 1.837 0.000 MNm 

C.4.4 Total Allowable Point load PB on two Beams 

C.4.4.1. Stirrups s = 0.15 m, L = 12 m 
Capacities Flexible right joint, (c) in Fig.8 Free right joint, (b) in Fig. 8 

Shear force Left 
Mid Min 
θ=30, Vc=0 

Mid Max 
θ=45, Vc>0 Left Mid Min Mid max  

Capacity, VR = 9.449 3.928 4.921 9.449 3.928 4.921 MN 

Dead load, VG = 0.728 0.000 0.000 0.728 0.000 0.000 MN 

Remaining, VP = 8.720 3.928 4.921 8.720 3.928 4.921 MN 

P = VP/V(P=1) = 14.681 6.613 8.285 12.675 5.710 7.153 MN 

        

Moment Left end Mid Right endLeft Mid Right  

Capacity, MR = 13.764 10.759 13.764 13.764 10.759 13.764 MNm

Dead load, MG = 1.505 0.753 1.505 1.505 0.753 1.505 MNm

Remaining, MP = 12.259 10.006 12.259 12.259 10.006 12.259 MNm

P = MP / M(P=1) = 6.337 5.764 15.946 5.287 5.173 Infinite MN 

Failure may be caused by yielding in the longitudinal reinforcement in mid-span for 

 PB = 5.8 MN. 

Preferably the moment capacity should be increased to accommodate PB = 8.3 MN which 
corresponds to the max shear capacity and requires a moment capacity of: 

 Left end Mid-span  
M req = 8.285 · M(P=1)  8,3*1,9 = 16.027 8,3*1,74 = 14.383 MNm

which is an increase of ΔM = Mreq - Mcap 

 Left end Mid-span  

Mcap = 12.259 10.006 MNm 

ΔM = Mreq - Mcap = 3.767 4.377 MNm 
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The bending moment capacity needs to strengthened with approximately 4,4 MNm in order 
not to obtain a bending failure. 

  

C.4.5 Allowable Point Load PS on the Slab 
 

Moment capacity, C2.3,  M = 0.287 MNm/m 

Lever arm, a = 0.725 m 

P = 2M/a = 0.790 MN/m 

For a 2 m strip   

PS = 1.581 MN 
   
Shear capacity, C3.3 , Vc = 0.338 MN/m 

For a 2m strip   

PS = 4Vc = 1.352 MN 
 

Failure may be caused by yielding in the longitudinal reinforcement or by a shear (punching) 
failure close to the beams for Pslab > 1,4 MN. 

 

C.5  Original Design Calculations 
In the following pages the original Design Calculations are reproduced. They were carried 
out in March 1955 by Sune Lilliengren at the Royal Swedish Railway Board in Stockholm.  
The axle load was originally 25 ton for load case F46. However, it was during the design 
process reduced to load case E46 with an axle load of 20 ton and with the revised values 
written on top of the original ones. With an axle distance of 1,6 m it gives distributed loads of 
25/1,6 = 15,6 ton /m  and 20/1,6 =12,5 ton/m. A dynamic load factor of 56 % (46 % account-
ing for ballast) was used. 

The calculations have the following disposition: 

Main Frame Forces (page 1) 

Influence Lines for Bending Moments due to Point Loads (page 3) 

Moment caused by Temperature (page 6) 

Summary of Bending Moments (page 8) 

Reinforcement for Bending Moments (page 11) 

Shear (page 12) 

Torsion (page15) 

Slab Forces transferred to Beams (page 18) 

Wings (page 20) 

Foundation and Piles (page24) 
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1 Summary 

This report summarizes the work of BAM and COWI in 2006 at the demonstration bridge in 

Örnsköldsvik, Sweden. It will be a part of Deliverable D7.3. Detailed information about the 

bridge will be documented by LTU. 

Several Non Destructive Techniques (NDT)  methods under consideration in WP3 have been 

demonstrated: ultrasonic, radar, impulse response, electrochemical potential and Laser In-

duced Breakdown Spectroscopy, LIBS. 

The corrosion detection methods worked well, but showed no evidence for corrosion at the 

bridge. The chlorine content was below the limit of detection by the LIBS method (and thus 

too low to be harmful). 

The radar methods were able to verify the position of the near surface reinforcement (axial, 

vertical and perpendicular, including some parts of the shear reinforcement). The detection 

depth and the accuracy are much better than with conventional eddy current rebar locators. 

The ultrasonic measurements failed, because the aggregate size of the bridge deck concrete 

was too large. The automatic scanning systems worked perfectly and made a precise recon-

struction calculation (3D SAFT 1) possible by its positional accuracy. 

 
The incorporation of the NDT measurements in the schedule of actions at the bridge was 

suboptimal. At the same time another crew was preparing the strengthening and the load 

test. The noise and dust level as well as access needs made problems. In real projects this 

should be avoided by careful planning. 

                                                 

1 Synthetic Aperture Focusing Technique is a digital signal processing method (DSP) 
for ultrasonic testing (SAFT UT). It provides an accurate measurement of the spatial 
location and extent of flaws contained in objects such as structural components and 
welds and nuclear power reactor systems. Transit-time for the ultrasonic beam 
to travel to and from a point is a hyperbolic function of the probe position and target 
depth. When the equation of this hyperbola is known, A-scan signals can be shifted 
in time and added together. 
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2 Identification of targets 

At the selected railway concrete bridge in Örnsköldsvik in Sweden the successful application 
of several NDT-methods was to be demonstrated. Main tasks were: 

- Delineation of potential corrosion activity at the bottom of the abutments  

- Delineation of potential damages and delaminating in the bridge deck 

- Verification of the position of reinforcement  

- Usability and reliability of the automatic scanning system developed in Deliverable  
SB 3.6, Scanning Systems for concrete surfaces. 
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3 Method description 

3.1 Selection of methods for field testing 
The methods described below have been selected for different reasons.  

During the planning of the load tests the accuracy of the existing drawings was questioned 
(e.g. position of the shear reinforcement). As the concrete cover was more than the maxi-
mum detection ranges of standard eddy current devices (cover meters) the radar (SB 3.52) 
and ultrasonic methods were used. 

The Galvapulse methods (GPM) for corrosion detection caused some doubts during the work 
on SB 3.93. The test in Örnsköldsvik is part of a program for the settlement of the differences. 
Coring and Chemical analysis were done for verification. Laser Induced Breakdown Spec-
troscopy (LIBS) measurements (SB 3.124) have been done to show the potential of this 
method (e.g. advantages compared to standard chloride detection). All this work was not 
triggered by potential damages of the bridge. 

To detect existing major problems in the bridge deck, the “impulse response” method was 
selected because of its speed. 

One-page information about the methods including fields of application, requirements, limita-
tions and examples are shown in SB 3.165 of Sustainable Bridges  “NDT-toolbox for the In-
spection of Railway Bridges”. The NDT toolbox will be published as SB 3.16 and as annex to 
the WP3 Guideline for Inspection and Condition Analysis of Existing European Railway 
Bridges, SB-ICA (2007) that can be downloaded from www.sustainablebridges.net 

3.2 Corrosion detection 
The electrochemical potential mapping is a well established and widely used method in 
order to evaluate the corrosion stage of reinforcement in steel reinforced and pre-stressed 
concrete structures which is described in detail in SB 3.93. A potential difference is deter-
mined between reinforcement and a reference electrode attached to the concrete surface. By 
stepwise movement of the electrode any grid of measurement points can be recorded, and 
so the potential values and distribution of the reinforcement can be determined. From it con-
clusions regarding corrosion stage can be drawn. Due to the fact that single potentials can-
not be measured directly, the potential is determined by a measurement of working electrode 
(reinforcement) versus a reference electrode (known potential), as shown in figure 1. 

                                                 
2 SB 3.5 (2007): Combination of radar data of different polarisation. SB Deliverable 
3 SB 3.9 (2007): Electrochemical methods for corrosion. SB Deliverable 
4 SB 3.12 (2007): Steel bar corrosion. LBS (Laser Breakdown Spectroscopy). SB Deliverable 
5SB 3.16 (2007): NDT Toolbox. Annex to SB-ICA (2007). SB Guideline, which can be downloaded from 
www.sustainablebridges.net. 
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concrete

reinforcement

voltmeterreference 
electrode

 
 

FIGURE 1: Principle of potential measurement 

The Galvanostatic Pulse Method (GPM) is especially suitable for cases, where potential 
mapping does not provide clear results about reinforcement situation or if a better classifica-
tion regarding corrosion risk is requested (SB 3.9). For this, conclusion can be drawn regard-
ing to the status of the system basing on registered system response during or short after a 
short time external stimulation. For the actual measurement a short time (3 to 60 s) anodic 
DC pulse is applied to the observed location of reinforcement by a counter elec-
trode (figure 2). The pulse height can be modified depending on the conditions at the object. 
Simultaneously the caused potential variation is recorded.  

 

V

reinforcementA

guard ring

reference electrode

counter electrode

contact sponge

 
FIGURE 2: Galvanostatic pulse measurement 

 
The results can be interpreted right on site. If a potential shift of some 100 millivolts in anodic 
direction is observed it can be stated that the location is passive. If in the same conditions a 
significantly smaller shift is detected, active corrosion in this area needs to be considered. 
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3.3 Bridge deck integrity 
The applied method is called the "Impulse Response" test method. The equipment consists 
of a special hammer with a built-in load cell, a geophone and a data logger.  

Measurements are carried out creating a stress-wave in the structure by an impact from the 
above mentioned hammer. The geophone is held in close contact with the structure and the 
response from the reflected sound wave is "recorded" at the data logger together with the 
response from the load cell in the hammer. The frequency spectrum in the reflected signal is 
hereafter compared with the frequency spectrum from the impact with the hammer. The fre-
quency range in question is 0- 800 cps. 

 

The response from the geophone is converted to "the influence from a unit hammer impact". 
At this basis it is possible to compare and quantify the results from the measurements. By 
the analysis more independent parameters are taken in to account, such as: 

• Average Mobility 

• Dynamic Stiffness 

• Mobility Slope (ratio between peak and average mobility) 

• Voids Index 

• Mobility x Slope (average mobility x ratio between peak and average  mobility) 
 

The results from the analysis is utilised in a series of graphical plots, and from here the final 
analysis and evaluation is made. At the evaluation potential defects are pointed out by their 
position and type (change in plate thickness,  micro cracking, honeycombing concrete, poor 
adhesion, lack of support etc). If a more precise description is needed, the results must be 
calibrated against data collected from core samples. 

The Impulse Response method is suitable to point out "anomalies", i.e. parts of a structure 
which deviate from what is "normal". The method is unique to get an overview. 

 

3.4 Reinforcement localisation 
 

Ground penetration radar (GPR) is a NDT technique based on the propagation of electro-
magnetic waves. High frequencies between 20 MHz and 2.5 GHz are used for civil engineer-
ing applications. Radar can be very effectively applied to locate metal reinforcement. How-
ever, electromagnetic waves cannot penetrate through metal. The penetration depth of the 
signal depends mainly on the damping and the frequency of the radar pulse. Some more 
information to these parameters is readable in deliverable 3.5 of Sustainable Bridges 
“Evaluation program to combine radar data of different polarisation”. 
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For the measurements presented in this report, a commercial radar system SIRveyor SIR-20 
has been used together with bistatic 1.5 GHz antennas from Geophysical Survey Systems 
Inc. (GSSI). All measurements were done with an antenna polarisation perpendicular to the 
antenna movement. In addition to the measurements done with automatic scanning systems 
(see below) two 2D testing areas were investigated with profile distance of 5 cm using of a 
2D scanning system (Figure 3). In addition a set of single horizontal and vertical profiles were 
measured manually using a survey wheel for distance calibration. 

 

Figure 3: Radar measurements with a suction (left) or screw mounted 2D scanning sys-
tems(right). 

 

Ultrasonic echo is an acoustic method. To research the potential of ultrasonic investigations 
first experiments on concrete specimens started in the beginning of the 1990’s. Acoustic im-
pulses are reflecting at interfaces, where the acoustic impedance of the materials changes. 
Metal ducts can be penetrated. Today, thickness measurements, localisation of tendon ducts 
and the characterisation of surface cracks are typical applications in practice. The acoustic 
methods are also very promising for investigation of the grouting condition inside metal 
ducts.  

One-page information about the methods including fields of application, requirements, limita-
tions and examples are shown in deliverable 3.16 of Sustainable Bridges “NDT-toolbox for 
the Inspection of Railway Bridges”. The NDT toolbox will be annex 3 of the final summarising 
report of WP3  SB-ICA (2007).. 

The use of the NDT-methods for a large-scaled assessment of structure areas is associated 
with dense measurement grids. The distance between the measurement traces of radar 
should be between 5 and 10 cm. The distances between the measurement points of the 
acoustical sensors have to be chosen between 2 and 5 cm. The demand for higher efficiency 
and better performance led to the development of automated scanning systems at BAM. 
The systems used in Örndsköldsvik, a suction mounted 2D system with a scanning area of 
1.2*1.6 m (Figure 3 left), and a screw mounted smaller one (right) are described in SB 3.6.  
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4 Results  

4.1 Corrosion Detection 

4.1.1 Electrochemical Potential Mapping 
On the northern abutment a potential map and GPM-map was recorded after localizing the 
reinforcement. Significant locations were marked for future core extraction in order to deter-
mine chloride content, possible carbonation and real corrosion stage of reinforcement. 

2 m2 m

5 m5 m  
Figure 4: Bridge in Örnsköldsvik and measurement field 

 On the northern wall measurements were performed in 25 cm steps.  

Potential mapping (figure 6) has shown potential values between -200 to +100 mV (vs. 
Ag/AgCl). A local area of slightly lower potential suggesting somewhat increased possibility 
of corrosion were found and verified by GPM (Figure 5, coordinates 15/2).  
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Figure 5 : Potential map (values in mV vs. Ag/AgCl) 

FIGURE 6:  
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Figure 7: GPM-results (current density values in µA/cm²) 

Values determined by both techniques are very low and stand for low to no corrosion. Verifi-
cation was done by investigation of cores taken from positions 15/2 (highest possibility of 
corrosion, Nr. 2 in Figure 8), 7/3 (possibility of local effect, Nr.1) and 9/6 (no corrosion, Nr.3). 
For that locations were marked and cores were taken for evaluation of chloride profile and 
visual inspection of reinforcement. 

4.1.2 Coring, LIBS, chloride content 
For verification of the results described in section 4.1.1, cores where taken by LTU. The posi-
tions are shown in Figure 8. 
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Figure 8: coring positions 

Cores 1 to 3 have been splitted in halves, and one half then been analysed by COWI for 
chloride content by Volhart titration (Table 4-1). All values are well below any critical level. 
Nevertheless they are a  little bit higher in core 1 and 2 compared to reference core 3, 
probably due to spray. This is probably the reason for the slightly enhanced corrosion poten-
tials described in 4.1. 

Table 4-1: Chloride content (% of concrete weight) vs. depth 

depth [mm] core no. 

0-20  20-40 40-60 

1 0,07 0,04 0,02 

2 0,05 0,04 0,05 

3 0,00 0,01 0,02 

  

The cores 1-3 have been investigated using the LIBS technique (D3.12) to check the accu-
racy of this new technique in comparison to the standard analytical method. The cores were 
scanned line by line (see photo in Figure 10). For each line 85 measurements where per-
formed (1 measurement / mm). The distance between two lines was 2 mm. 

For all measured cores (1-3) no significant chlorine spectral line was visible. The evaluation 
of the very small chlorine signal is ih this case hindered by the iron spectral line located close 
to the chlorine spectral line (see Figure 11). At some points on core 1 an additional signal 
which is neither dedicated to chlorine nor dedicated to iron is observed (see figure 17). 
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Figure 9: Typical chlorine and iron spectral line at 837 and 838 nm and signal measured at 
core 1 in that wavelength region. Alka 2.1 (purple curve): reference core. 

      
 

  

Figure 10: Comparison of photo, Ca distribution (green), Cl distribution (red) and Na distribu-
tion (blue) at concrete core 3. The outer surface of the core is at the top of the photo. . 
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Figure 11: Visualization of points were at the position of the chlorine spectral line an addi-
tional signal or a clear iron signal were measured. .Left: LIBS- Signal at Cl-peak, Right:. 
Evaluation. Topside down compared to Figure 10 for technical reasons. 

In Figure 11 the points where the additional signal was visible where a clear iron signal was 
evaluated are visualized. The iron signal is correlated with the position on a rebar (see bright 
spot in the photo in Figure 10). The additional signal is correlated with some aggregates but 
not with the region of measured chlorine content by standard chemical tests. Thus LIBS 
could not detect any chlorine signal in the measured cores. The signals are below the current 
limit of detection. 

 

4.2 Bridge deck integrity 
The bridge, which is cast as a "monolithic" structure, consists of a two span continuous 
girder, with a concrete wall as intermediate support. The cross section of the girder is de-
signed as a trough. Investigations are carried out to the south at the bottom of the trough and 
at the lower part of the front wall at the northern abutment, see figure 12. 

Southern span: In connection with the measurements a measurement grit with approx. 0.5 
m mesh size has been marked on the underside of the investigated deck section. Due to 
problems with the scaffolding, the investigation of the deck is split up in two sub-sections, 
covering a total area of approx. 12 x 5m. 

Average Mobility is in the interval of:   4-27 

Mobility Slope covers interval up to   : max. 12.6 

In general Mobility Slope is at the level of:  1.2 -3. 
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Area Mobility  Stiffness 

Slab 
northern 
part 

  

Slab 
south-
western 
part 

Abutment 

Figure 12: Impulse Response results 

 

At the northern abutment wall the lower part of the front wall has been investigated. The 
section covers approx. 2 x 5 m (2 m in height). 

Average Mobility is in the interval of:   7-26 

Mobility Slope covers intervals up to:   max. 6.0 

In general the inspections in the investigated areas shows that problems are not likely to be 
expected with regard to the condition of the structure/properties of the concrete. The "Aver-
age Mobility" is constantly low and "Dynamic Stiffness" is high. At few places in the investi-
gated areas a "Mobility Slope" is seen slope values which indicate possible honeycombing. 

As when performing any other kind of indirect "remote-sensing" method, it is recommended 
to supplement with a few selected direct measurements, e.g. in the form of core drillings with 
for example Ø 100 mm core drill for calibration/verification of the performed measurements. 
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The samples from the selected drillings have shown no problems with regard to the condition 
of the construction/the properties of the concrete.  

In general the investigations show that in the investigated areas you are not likely to expect 
problems with regard to the condition of the structure/the properties of the concrete. 

 

4.3 Reinforcement localisation 

4.3.1 Radar 
Measurements have been performed in four areas, 2 adjacent to each other at the bottom of 
the bridge (1+2 in Figure 13 and Figure 14) , one on the eastern side (3) and one on the top 
(4). Acquisition parameters are listen in Table 4-1. Generally a standard data processing 
consisting of length correction, static correction to the first maximum of the reflection on the 
surface and a linear gain function was applied. For areas 1+2 and 3 SAFT (Synthetic Aper-
ture Focusing Technique) reconstructions have been calculated (SB 3.5).  

 

Figure 13: Measurement areas (top view) 

 

Figure 14: Measurement areas (view from west) 

Measurement area  1 und 2 (bottom of bridge deck) 

A reference point (0,0) for all measurements was set at the south-east connection of the 
middle pier with the bridge deck (Figure 15). 
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Location of the 
profiles  

Measurement characterization  Setup parameter and using antenna 
frequency 

1+2: Bottom of 
bridge deck 

 21 horizontal and 31 vertical 
profiles at 2 testing areas of 
1.50 m x 1.00 m 

 2D-scanning system, continu-
ous data collection based on 
scanner movement (330 scans 
per meter), 1.5 GHz antenna 

3: eastern side 
face 

 11 horizontal and 31 vertical 
profiles at a testing area of 
1.50 m x 0.50 m 

 2D-scanning system, continu-
ous data collection based on 
scanner movement (330 scans 
per meter), 1.5 GHz antenna 

4: top of sidewalk  7 profiles perpendicular to 
bridge axis,  
trace length 1.20 m  

 3 profiles parallel to bridge 
axis,  
trace length 2.00 m 

 Manual data collection, distance 
measurement by survey wheel, 
1.5 GHz antenna 

Table 4-2 Set of different data acquisition modes at different locations. 

 

 

Figure 15: Reference point (0,0), coordinate system and scanner assembling at field 1. 

Fields 1+2 together have a size of 300 cm (x) by 100 cm (y). Offset to the reference point 
was 102 cm (x) and 4,5 cm (Y) due to the skew of the bridge and poor concrete condition at 

(0,0) 

X 

Y 
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the eastern edge. Radar traces have been recorded in both directions with a trace distance 
of 5 cm and a point distance of 3 mm. The distance between the antenna and the surface 
was 1-2 cm.  

 

Figure 16: Area 1: Radargram along line y=169,5 cm in field 1 

 

 

Figure 17: Area 1: Same trace as in Figure 16, after 3D SAFT (Synthetic Aperture Focus-
ing Technique) processing, showing near surface reinforcement and indication for deeper 
features. (16 mm bars according to original drawings) 

 

Figure 16 shows the radargram of a trace perpendicular to the bridge axis after standard 
processing. Several diffraction hyperbolas, which are indications for reinforcement, are visi-
ble near the surface. But detailed interpretation is difficult. Figure 17 shows the same trace 
after 3D SAFT reconstruction and data fusion of traces in both directions (D 3.5). The near 
surface reinforcements are now clearly visible. The depth varies between 4 and 7 cm. The 
distance between reinforcement bars is not constant. Some indications for deeper features 
do also appear, but can’t be clearly identified as the shear reinforcement. The backwall 
(here: upper face of sidewalk) does not appear in the traces, as the thickness of 1 m is well 
above the max. penetration depth of 1.5 GHz antennas (about 0.5 m). 

Figure 18 shows two horizontal sections (“C-scans”) in 55 and 75 mm depth, respectively. 
The section in 55 mm depth shows the reinforcement perpendicular to the bridge axis only, 
which is nearer to the surface. The distance between the bar varies between 5 and 15 cm.  

reinforcement 
indications 
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Some bar seem to touch. Several bar seem to disappear gradually at their upper or lower 
end (red ellipses in Figure 18, top). This means, that the depth of the rebars (concrete cover) 
is also not constant. They are inclined upwards or downwards, which can be delineated by 
the calculation of other depth sections.  

The lower section (Figure 18, bottom), shows additionally the axial reinforcement. Irregular 
spacing and inclination is also visible. At the upper right corner some rebars seem to disap-
pear, possibly due to upward bending (shear reinforcement).  

Due to the dens reinforcement the radar method could only at some position (where the re-
bars are unintentionally more distant) visualize the deeper bars.  

Figure 19 shows a section in 255 mm depth, visualizing several axial rebars. The distance 
between them is 20 to 30 cm. This is much more than in the drawings, but may be due to 
limited visibility of other rebars. The visible rebars do not continue until the edges of the 
measurement field. This may be again due to upward bending. 

 

 

 

Figure 18: Area 1+2: Horizontal sections (parallel to face) in 55 mm (top) and 75 mm (depth) 
of bottom slab.  In the top picture mostly reinforcement transverse to bridge axis are shown 
whereas in the bottom picture also reinforcement parallel to the bridge axis are shown (with 
diameter 16 mm and 150 mm  spacing according to original drawings) 

Inclined 
rebars 

Shear reinfor-
cement ? 
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Figure 19: Area 2: Horizontal section in 255 mm depth. 

 

Measurement field 3 (side) 

Measurement field 3 was measured on the side face of the bridge, starting at the same posi-
tion as field 1 (x=102 cm). Measurement could not start directly at the edge due to poor con-
cret condition (lorry impacts). The length of field 3 is 200cm, the height 50 cm (Figure 20). 

  

Figure 20: Measurement field 3 

 

The data of field 3 have been processed as in field 1+2. Three sections parallel to the face 
are shown in Figure 21. The vertical bar are clearly visible, concrete cover is mostly more 
than 5 cm. Distance between bars is around 15 cm. These bar correspond the bar perpen-
dicular to the bridge axis visible in field 1+2 (bended 90° near the edge). Three extra bars 

rebar 

z 
x 
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appear in the two upper section, showing bar which are bended about 250 mm above the 
lower edge.  

Three horizontal bars are visible, at z=510, 360 and 100 mm. The last one seems to be 
deeper (visible only in the deepest section) than the other and bended by 45° upwards at 
x=1530 mm, the clearest indication of shear reinforcement. 

 

 

 

 

Figure 21: Area 3: Sections parallel to the face in 65, 80 and 115 mm depth. 

Figure 22 sows a cross section calculated from the radar data of field 3. The three horizontal 
rebars mentioned above are clearly visible. Deeper features unfortunately not, probably due 
to the near surface reinforcement. 

upper stirrups 
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Figure 22: cross section from field 3, face on the left. 

 

Measurement field 4 (top of sidewalk) 

Additional radar traces have been acquired on top of the sidewalk above field 1, 3 in axial 
(traces 8-10) and 7 in perpendicular direction (1-7). 

 

 

Figure 23: View on field 4 with marked radar traces on the surface 

These traces were measured to obtain additional information about the reinforcement on top 
of the girder. 3D-SAFT reconstruction was not possible due to lack of data density. Two 
traces are shown below as examples: 

The radargram of the axial trace 8 (20 cm from the edge) is shown in Figure 24. The perpen-
dicular rebars show themselves as distinct hyperbolas. An axial rebar is visible as long line. 
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The concrete cover varies between more than 15 cm on the left and around 10 cm on the 
right. 

 

Figure 24: radargram of axial trace 8 

The perpendicular trace 5 is shown in Figure 25. Several axial rebars are visible, three 
clearly at the edge side (depth 12-15 cm), less prominent at the track side. An axial rebar can 
be seen between distance 60 and 130 cm at a depth of nearly 20 cm.  

 

Figure 25: radargram of perpendicular trace 5. 

4.3.2 Ultrasonics 
The ultrasonic measurements (using 2 Acsys A1220 shear wave heads) have been per-
formed as they have in theory a better penetration depth and the ability to look behind near 
surface reinforcement. Unfortunately the method failed in this case. Only in some cases it 
was possible to get a picture from the near surface reinforcement (Figure 26), but much less 
clear then from the radar data. In most cases just scatter was visible, both in raw and proc-
essed data. An example is shown in  Figure 27. 

 

Rebars (perpendicular) Rebar (axial) 

Rebars (axial) 
Rebar (perpendicular)
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Figure 26: Field 2: vertical section (ultrasonics, 3-D SAFT). 

 

 

Figure 27: Field 1: vertical section (ultrasonics, 3-D SAFT). 

The reason for the failure was assumed to be related to the aggregate size of concrete. As 
seen after demolition  general the size was around 60 mm, but a lot of material had  lengths 
of 100 mm and more. As the wavelength of the ultrasonic waves used here is of the same 
size, scattering occurs by laws of physics and can’t be avoided (with lower frequencies rein-
forcement can’t be detected).  

To check the hypothesis (scatter due to aggregate size) some test measurements have been 
done on the face of the middle pier (Figure 28), known to be of a different concrete type. The 
backwall reflection is clearly visible in this case, ensuring that the device works properly. 
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Figure 28: Test data from pier (ultrasonics, raw data). 

 

backwall 
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5 Conclusion 

Several non destructive testing (NDT)  methods, standard and innovative, have been tested 
at the demonstration bridge. All devices have worked properly. Some of the methods had 
success, some not: 

• Potential mapping/Galvapulse for corrosion detection (D3.9): devices worked well, but as 
no serious corrosion is present, the detection validation has to be done elsewhere (WP8). 
Important: no false alarms. 

• LIBS (Laser Induced Breakdown Spectroscopy): Worked well, but did not detect any seri-
ous level of chloride content. 

• Impulse response for bridge deck integrity: No structural deficiencies are to be expected 

• NDT scanner (D3.6): worked successful and reliable with radar and ultrasonic probes. 

• Radar for reinforcement detection: Successful up to depths of 20 cm. Deeper elements 
not detected , because of dense near surface reinforcement. 

• Ultrasonics: Not successful, because of aggregate size (>70 mm). 

 

Further recommendations: 

• NDT surveys have to be planned carefully to avoid interference with other works.  

• Feasibility checks (e.g. for ultrasonic) should be done at bridge visits before finalizing NDT 
survey plans. 
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PRIORITY  6 

SUSTAINABLE DEVELOPMENT 

GLOBAL CHANGE & ECOSYSTEMS 

INTEGRATED PROJECT 



 

This report is one of the deliverables from the Integrated Research Project “Sustainable Bridges - Assessment for 
Future Traffic Demands and Longer Lives”  funded by the European Commission within the 6th Framework Pro-
gramme. The Project aims to help European railways to meet increasing transportation demands, which can only 
be accommodated on the existing railway network by allowing the passage of heavier freight trains and faster 
passenger trains. This requires that the existing bridges within the network have to be upgraded without causing 
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Summary 
The possibility of evaluating the structural behavior of bridges from their dynamic response 
has motivated the development of Modal Analysis Techniques and damage detection meth-
ods applied to bridges. In the past, the dynamic acquisition of bridges was depended on so-
phisticated and expensive equipment for exciting the structure. In the last years, new Modal 
Analysis Techniques called as operational modal analysis (OMA) which do not require knowl-
edge about the input force have been proposed. These methods have caused a revolution in 
the experimental vibration analysis of bridges. Moreover, the most recent advances in the 
instrumentation, sensors and transducers have made possible this kind of tests for more re-
searchers and practitioners. 

The advantage of having information about the dynamic behavior of structures has encour-
aged the scientific community to propose damage detection methods based on vibration 
monitoring. These methods require information about the modal parameters of the bridge 
among several damage scenarios. Unfortunately, for acquiring this data it is necessary to 
monitor the bridge for a long term and looking for a significant change in the dynamic re-
sponse of the bridge. Recently, some bridges have been deliberated damaged at several 
damage phases in order to evaluate the vibration based damage detection methods ([1] and 
[2]). Up to now, few damage bridge tests have been carried out, but more tests are required 
for the big diversity of bridge structures considering material, size, traffic, environmental con-
ditions and, certainly, the type of damage present in the bridge. 

In these tests, damage detection methods were evaluated under ambient vibration, limited 
number of measuring points and considering two limit states. The results of these experi-
ments will help with the development of a methodology for the damage detection in bridges. 

 

 

 

 

 

 

 

 



 

 



SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik  (29) 

App E.  Modal Identification and Damage Detection. 
7

E.1 Introduction 

Nowadays, there are several bridges around the world that have arrived to their service life 
and thus, damage is expected. The easiest solution for this problem consists of replacing all 
these bridges for new ones; nevertheless this task is very expensive and almost impossible 
even for the most developed countries. The most feasible solution is to extend the remaining 
service life of these bridges considering the inspection of the bridge looking for damage and 
its consequent rehabilitation. In the case of bridge inspection, the most usual method is 
based on visual inspection. This method does not give for the bridge inspector information 
about internal damages or about damages located in less accessible parts of the bridge. By 
using this method, the evaluation of the bridge becomes subjective and varies from inspector 
to inspector. Recently, several methods have been proposed in order to solve this problem 
over. The most promising evaluation methods fall in the field of structural dynamic vibration. 
This topic won interest since it was recognized that vibration parameters of structures, such 
as resonant frequencies and mode shapes, can be influenced by damage. However, the 
changes of these vibration parameters are always small and they can be hidden or confused 
with noise present during the data acquisition. In the last years, a new vibration based dam-
age detection methods have appeared. These methods try to magnify the differences in vi-
bration parameters caused by damage.  

For the evaluation of the vibration based damage detection methods some bridges have 
been tested in the last years. In 1993, the I-40 Bridge in USA was tested and the dynamic 
response was obtained during different damage stages [1]. Later, in 1997, the Z-24 Bridge in 
Switzerland was also deliberated damaged considering several scenarios [2]. In the last 
years, other bridges have also been tested and, in some cases, their dynamic response has 
been acquired. However, no final conclusions about damage detection methods have been 
obtained so far. This was the result of the accuracy of these methods which change with the 
ambient conditions, the bridge geometry, the material and the quality of the gathered infor-
mation. Therefore, until a certain level of maturity in these damage detection methods is 
achieved, it will be necessary to carry out several deliberated damage tests over bridges. 

In this report, modal analysis, damage location and identification were applied over the dy-
namic response of Övik Bridge considering two damage scenarios. The results will be useful 
for the development of a methodology for the damage detection in railway bridges.  

E.2 Bridge Description  
The Övik bridge was built in 1955 in Örnsköldsvik, a city located in the north of Sweden (see 
Figure 1). This bridge was part of an old railway line which has been already replaced by a 
new line. The bridge tested to the failure is a concrete frame structure with two spans of 12 m 
approximately. The bridge was curved in plan and it presented a transversal and longitudinal 
slope. Its cross sections consisted of two lateral beams linked by the slab. The plan and 
cross section of the bridge is shown in Figures 2 and 3 respectively. 
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Figure 1. Location of the bridge 
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Figure 2. Plan of the bridge 
 

  

Figure 3. Cross sections 
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E.3 Failure Test Description 

The failure test on the Övik Bridge was part of the Sustainable Bridges Project Work Pack-
age 7 related with experimental tests for finding out the real structural behaviour of railway 
bridges [3]. The tests were taken over by Luleå University Technology with the participation 
of several partners involved in this European Project. Dynamic tests were carried out by Uni-
versity of Minho with the objective of identifying damage through modal identification. Several 
different tests were carried out by other partners as well. 

The failure test over Övik Bridge was divided into two main parts [5]. Firstly, before any inter-
vention, the general condition of the Övik Bridge was considered satisfactory without appar-
ently severe damage. Some loss of concrete cover was detected in the bottom slab due to 
the hits of wood freight lorries. This kind of damage was not considered relevant. In the first 
experimental part, the bridge was loaded until the serviceability limit state (SLS). The test 
procedure consisted of locating a steel beam at the mid-length of one of the spans and load-
ing the slab through to the ballast as indicated in Figure 4. Tendons located in the two beam 
edges were loaded using two hydraulic jacks. A bending shear failure was expected in the 
joint between the slab and the longitudinal beams when the tendon load achieved between 1 
to 2 MN. 

 

 

ballast

bearings
first test bearings

failure test

jack jack
loading beam

tendons tendons

  

Figure 4. Loading beam location for the damage tests 
 

In the second part of the test, the same load configuration shown in Figure 4 was adopted. 
However, the load was applied directly to the concrete beams after removing the contact 
supporters with the ballast. A shearing failure in the beams was expected when the tendon 
load achieved between 6 to 10 MN, which corresponded to the Ultimate Limit State (ULS).  

E.4 Dynamic test procedure 
The dynamic tests were carried out by the University of Minho with the support of Luleå Uni-
versity. The equipment employed for those tests consisted of a Data Acquisition System 
(DAQ) including an amplification module. Five accelerometers 941B, two horizontal and 
three vertical with adjusting sensitivity levels were also used. Accelerometers and DAQ sys-
tem were developed by Technical University of Beijing. To convert the acquired data from the 
DAQ System into information in a portable computer the SPIDER 8 DAQ system was used. 
The advantages of ambient vibration excitation like not required expensive equipment and 
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not interfere with the failure tests were the reasons for being considered as force excitation. 
Furthermore, this kind of load excitation has some advantages as it does not interfere with 
the normal operation of the bridge or any other activities carried out at the same time. In 
Figure 5, the equipment and typical procedure for acquiring the dynamic test is shown.  

  

Figure 5. Typical arrangement of equipment during the dynamic tests 
  

A preliminary structural model was made in order to obtain the required parameters for the 
dynamic tests. The interest frequency range was calculated between 10 to 100 Hz. However, 
taking into account the uncertainties in the interaction soil-structure and the elimination of 
one of the embankments, a sample frequency of 600 Hz and an acquisition time of 300 sec-
onds for each data set were finally adopted. The vertical reference sensor was located in the 
mid-length of the undamaged span where the maximum vertical displacement was expected. 
In Figure 6 and Table 1 the preliminary structural model and resonant frequencies are shown 
respectively. 

 

 

Figure 6. Preliminary structural model for obtaining the acquisition parameters 
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Table 1. Resonant frequencies obtained with the preliminary structural model 

Mode Frequency 
(Hz) 

Description 

1 8.65 Longitudinal and vertical bending 

2 9.75 Vertical bending 1 

3 11.81 Vertical bending 2 

4 12.82 Lateral 

5 15.19 Torsional 1 

6 16.60 Torsional 2 

7 17.59 Torsional 3 

8 26.88 Transversal and vertical bending 

9 29.66 Vertical bending 3 

10 47.96 Transversal, vertical and longitudinal 

11 91.32 Vertical 

 

E.4.1 Measuring points and degree of freedoms (DOF) 
For the purpose of damage detection, a denser grid of measuring points should be located 
near the probable damage location. It means that for the purpose of damage detection, a 
prediction of type of damage, location and severity should be done a priori. In this particular 
problem, the most probable damage location during the two damage tests was supposed to 
occur near the loading beam. In consequence, several measuring points were located 
around this place. It was also supposed that the damage would be mostly affected by the 
vertical DOF. Moreover, the longitudinal DOF was also considered for the purpose of a com-
plete modal identification. 30 measuring points were acquired and distributed in 11 data sets. 
From those 30 measuring points, 22 were vertical located on the top deck over the lateral 
sidewalks; the remaining 8 were horizontal located over the lateral abutments and the pillars. 
In Figure 7, the measuring points and their corresponding DOF are shown. 

 

a) 
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Figure 7. Measuring points and DOF for the dynamic test in Övik Bridge. a) Plan b) 3D view 

E.4.2 Detailed description of dynamic tests 
The campaign of dynamic test over the Övik Bridge was performed during the 2 phases of 
the damage tests. Unfortunately, dynamic tests in the bridge before damage tests were not 
performed due to technical reasons. The first test was done on the 9th of July of 2006, after 
the load achieved the SLS. During the dynamic acquisition, the loading beam and the applied 
load on the tendons were kept. Those elements over the bridge might deal to a different 
structure than the bridge itself; however it was not possible to remove those elements before 
the next test. Traffic below the bridge was never interrupted in the south direction. This traffic 
was responsible for the bridge excitation in the vertical direction. It is important to point out 
that this test was performed on Sunday and traffic load decreased significantly compared 
with working days. The dynamic measurements were done between 10 AM to 5 PM. During 
this time, the average temperature achieved 21ºC, the average wind speed was 21 km/h in 
south direction and the humidity was 50% [4]. In this test, the damage caused by the applied 
force was localized in the span where the load was applied. Damages consisted of small 
cracks which apparently would not change notably the total stiffness of the bridge. A typical 
damage due to this first load step is shown in Figure 8. 

The second dynamic test was performed on the 11th of July of 2006 after the load achieved 
the ULS. The loading beam and the applied load were removed before the dynamic test 
started. The acquisition of the data was done between 9 AM to 3PM. During acquisition, the 
average temperature was 17ºC with a wind speed of 17 km/h in south direction. The humidity 
presented was 50% [4]. Traffic passing below the bridge increased significantly compared 
with the previous acquisition. This was main responsible for the excitation of the bridge. The 
main damage in this case consisted of a bending-shearing failure along the point of load ap-
plication. Severe damage was also present on the bottom deck of the bridge. In Figure 9 the 
damage described above is shown. 

 

b) 
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Figure 8. Cracking in the lateral beam due to the first damage test 
 

 

Figure 9. Main failure in the final failure test 

E.5 Processing Information from the Dynamic Tests 

Accelerations obtained from the dynamic tests were processed in order to obtain the dy-
namic parameters of the bridge, namely mode shapes, resonant frequencies and damping 
ratios. As mentioned before, only ambient vibration was considered in the dynamic tests and, 
in consequence, the input force was unknown. Fortunately, several procedures have been 
developed recently working only with the output information. These methods, known as op-
erational modal analysis (OMA), have arisen as an alternative to the traditional methods 
based on the knowledge of the forced excitation. In fact, OMA methods can also be applied 
to problems when the exciting force is known. A review of several modal analysis techniques 
applied to bridges can be consulted in Ref. [6].  

For obtaining the dynamic parameters of the bridge, three OMA methods were used. The 
Frequency Domain Decomposition method (FDD), the Enhanced Frequency Domain De-
composition method (EFDD) and Stochastic Subspace Identification (SSI) methods were 
applied to the acquired data through ARTeMIS and MATLAB computer programs ([7] and 
[8]). 
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E.5.1 Brief description of various modal identification techniques 

E.5.1.1. Peak picking (PP) method 
This method identifies the modal parameters of the structure in the case of ambient vibration 
from the output spectrum matrix, Sy(z). This output spectrum matrix includes the Cross Spec-
tral Density (CSD) Functions of all the measuring points in the data set. If low damping and 
very well separated resonant frequencies are present near a local maximum, the output 
spectrum matrix can be expressed as: 

{ } H
iiiiy vvjS αω ≈)(  (1) 

where αi is a factor which depends on the modal parameters, the superscript H denotes com-
plex conjugate transpose and vi can be considered as an estimation of the mode shape at 
the selected circular frequency ωi. 

This method has the main advantage of being very simple. However, it also has several dis-
advantages. Firstly, very well separated resonant frequencies are not always fulfilled and 
noise can make more difficult the identification of peaks related with structural modes. More-
over, damping ratio estimated with Half Power method (see Ref. [9]) can give not reliable 
results when peaks are not well defined.  

E.5.1.2. Frequency Domain Decomposition (FDD) method 
This method uses the singular value decomposition (SVD) of the output spectrum matrix for 
obtaining the modal parameters of the structure. 

)()()( ωωω jUjjUS H
y Σ=  (2) 

where U is a unitary matrix related with the estimated mode shapes; Σ are the positive singu-
lar values containing information about the spectrum. 

If only one mode has a significant importance at the circular frequency ωi, the spectrum at 
one-rank matrix can be written as: 

{ } )()()( 111 i
H

iiy jujujS ωωσω ≈  (3) 

The Equation 3 is very similar to Equation 1 proving that u is an estimated mode shape for 
the first singular values. In the case of several mode shapes present at the same resonant 
frequency, other singular vectors ui related to these resultant singular values can also be 
considered as estimated mode shapes. The damping ratios associated with these mode 
shapes can be determined using the Half Power method. More details about this method can 
be consulted in Ref. [10]. 

E.5.1.3. Enhanced Frequency Domain Decomposition (EFDD) method 
In this method, a new procedure based on FDD for estimating the resonant frequencies and 
damping ratio is proposed [10]. As indicated in Equation 3, around a peak the singular vector 
is considered as an estimated mode shape and the equivalent singular value is the auto 
power spectral density (PSD) function for a single degree of freedom (SDOF) system. This 
PSD for a SDOF can be identified near the peak comparing the estimated vector with the 
singular values using the Modal Assurance Criterion (MAC) method. Singular values and 
vectors are selected from those which have more than a predefined MAC value near the vi-
cinity of the peak. Later, the selected SVD PSD is taken back to the time domain where the 



SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik  (29) 

App E.  Modal Identification and Damage Detection. 
15

damping ratio and the frequency are estimated through the logarithm decrement and estimat-
ing crossing times methods respectively. 

E.5.1.4. Stochastic Subspace Identification (SSI) methods 
These methods fit a parametric model to the acquired raw data trying to minimize the devia-
tion between the model and the system response [11]. The most common representation of a 
stochastic subspace system used in OMA analysis of linear and time-invariant systems is: 

ttt

ttt

vCxy
wAxx

+=

+=+1   (4) 

in which A is a matrix that describes the dynamics of the system; C is the output matrix; yt is 
the measured output vector; xt is de discrete input vector; wt and vt are the process noise and 
the measurement noise respectively. 

The main objective consists of estimating the optimal number of model parameters. For this 
purpose, several techniques, called stochastic subspace identification methods, have been 
proposed. The most common SSI methods are: Unweigthed Principal Component (UPC), 
Principal Component (PC) and Canonical Variate Analysis (CVA). A more detailed explana-
tion of these methods can be read in Ref. [12]. 

After choosing the parameters which better adjust the model to the acquired data, the trans-
fer function of Equation 4 is given by: 

IKAIzCzH +−= −1)()(  (5) 

where K is obtained from the noise parameters wt and vt and z is the frequency dependent 
complex number. 

Equation 5 can be rearranged using the eigenvectors of A as follows: 

[ ]( ) IuIzCzH j +Ψ−= −1)(   (6) 

Finally, the natural frequencies, fi and the damping ratio, ζI, are calculated from the next defi-
nition: 

Tf
j

jjjeu )1(2 2ζζπ +±−=   (7) 

in which T is the sampling interval. 

E.5.2 Modal Identification of Övik Bridge 
With the purpose of obtaining more information about the dynamic behaviour of the bridge, a 
preliminary modal analysis was carried out. From this analysis, the interesting frequency 
range was set from 0 to 75 Hz. Moreover, the maximum state-space dimension for SSI 
methods was found out to be bigger than 100 for all the SSI methods. An important computa-
tional effort was needed for estimating the modal parameters from these methods. As a re-
sult, it was decided to decimate in order 4 the acquired data, giving a final sampling fre-
quency of 150 Hz and a Nyquist frequency of 75 Hz. The maximum state space dimension in 
the SSI methods was 200 and 140 for the first and final test in that order. This procedure 
allowed us to focus the attention in the interesting range and save computational effort. 

E.5.2.1. Modal Identification after the first damage test 
In this first test, the modal parameters were obtained comparing the results of applying the 
FDD, EFDD, UPC, PC and CVA SSI methods. The SVD spectral density function used for 



SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik  (29) 

App E.  Modal Identification and Damage Detection. 
16

calculating the modal parameters in the FDD and EFDD methods and the selected mode 
graph used for the same purpose in the SSI methods are shown in Figures 10 and 11. 

Figure 10 shows a SVD spectral density function very contaminated with noise. In fact, force 
excitation in the vertical direction due to traffic was not enough for a clear modal identifica-
tion. Moreover, several noise modes related with the loading beam and tendons were located 
in the spectral. Therefore, in this graph, no clear peaks are visible. In Figure 11, several 
noise modes (high damping) were located near the probable location of structural modes. 
Evidently, modal identification was indeed complicated. Several feasible frequencies were 
chosen along the spectrum according to the mode shapes found in the preliminary structural 
model. Using this procedure, four estimated mode shapes were identified. The frequencies 
and damping ratios for the modal parameters are shown in Tables 2 and 3. 
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Figure 10.  Average Singular Value Decomposition (SVD) Spectral Density Function of all 
data sets for the first damage test 
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Figure 11. Selected mode graph for Unweigthed Principal Component (UPC) Stochastic Sub-
space Identification (SSI) method after first failure test 
 

Results from table 2 indicate quite similar values in the frequencies found with all the in-
volved methods. On the other hand, very high values were found for the damping ratios es-
timated with SSI methods in Table 3. This can be explained from Figure 11, in which those 
modes are correlated with noise modes.  
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Table 2. Estimated frequencies for the first test failure  

Frequency (Hz) Mode 
Shape 

FDD EFDD UPC PC CVA 

 1 6.229 6.331 6.445 6.998 6.508 

2 15.38 15.48 15.82 15.48 15.79 

3 18.68 18.62 18.82 17.78 18.49 

4 42.92 43.00 43.16 43.18 43.14 

FDD = Frequency Domain Decomposition 
EFDD = Enhanced FDD 
PC = Principal Component 
UPC = Unweigthed PC 
CVA = Canonical Variate Analysis 
 

Table 3. Estimated damping ratios for the first test failure 

Damping ratio (%) Mode 
Shape FDD EFDD UPC PC CVA 

1 3.94 2.882 20.06 9.959 8.652 

2 3.23 1.109 4.514 4.976 6.811 

3 1.74 2.219 6.067 5.025 8.972 

4 2.50 0.510 2.072 2.113 2.186 

 

In Table 4, the comparison of the MAC values between mode shapes are shown. In this 
case, mode shapes from EFDD were chosen as a baseline. Bad correlation was obtained for 
the first mode shapes in SSI methods. However, the identified first mode shape was in fact 
the same for all the methods, i.e.  a longitudinal mode shape.  

 

Table 4. Model Assurance Criterion (MAC) values between modal identification methods 

MAC mode shapes Mode 
Shape FDD EFDD UPC PC CVA 

1 0.9843 1 0.6127 0.6722 0.5508 
2 0.9889 1 0.8536 0.9089 0.9197 
3 0.99 1 0.9152 0.6180 0.8711 
4 0.9881 1 0.9557 0.9124 0.9161 

 

In conclusion, SSI methods were discarded for giving modal parameters outside of the ex-
pected range (high damping ratios). It is possible that the noise present in the data could 
have reduced the quality of the results. Therefore, the modal parameters obtained from 
EFDD method were adopted as the final results. In Figure 12, the mode shapes obtained 
with EFDD method are presented. 
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Figure 12. Estimated Mode Shapes for the first damage test 

E.5.2.2. Modal Identification after the failure test 
Modal Identification after the failure test was obtained using the same methods as in the first 
damage test. Under those conditions, the SVD spectral density function showed clearer 
peaks than in the previous dynamic test. SSI methods showed also better results than in 
previous analyses. In Figures 13 and 14 are showed the SVD spectral and the selected 
mode graph for SSI UPC method. 
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Figure 13. Average SVD spectral density function of all data sets for the final failure test 
 

The frequencies calculated with the modal identification methods (see Table 5) were very 
close to each other for the same mode shape. In the same way, the obtained damping ratios 
were more congruent and less scatter than in the previous analysis (damping ratios less than 
5 %) as indicated in Table 6. Regarding damping ratios, special attention to the first mode 
shape must be considered. In this case, damping ratio calculated with all the methods was 
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around 6 %. The damping ratio increased to the double if compared with the first test. Severe 
damage present after the final test could increase the damping ratio in this way. 
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Figure 14. Selected mode graph for UPC SSI method. Final failure test 
 

The comparison of mode shape MAC values given in Table 7 indicates that the mode shapes 
are almost the same1. An exception was the third mode shape in which MAC values obtained 
with SSI methods are rather far from 1. The comparison of this mode shape with the consid-
ered methods pointed out that the identified mode shape is approximately the same. 

The modal parameters obtained with EFDD were chosen among the comparisons of the mo-
dal analysis methods. Mode shapes obtained with EFDD method were smoother and all its 
modal parameters were congruent. In Figure 15 the obtained mode shapes with EFDD 
method are shown. 

 In Figure 15 the first mode shape has a lateral movement and it can be compared with the 
mode shape calculated in the first dynamic test (see Figure 12). The influence of the loading 
beam, and tendons during the first test were not significant for this mode shape. The remain-
ing modes are vertical bending. It is possible to distinguish a clear disturbance near the 
damage zone in all those modes. 

 

Table 5. Estimated frequencies for the final failure test 

Frequency (Hz) Mode 
Shape FDD EFDD UPC PC CVA 

1 6.226 6.246 6.192 6.215 6.20 
2 12.60 12.65 12.73 12.68 12.70 
3 17.14 17.24 17.33 17.26 17.30 
4 25.05 25.04 25.04 25.15 24.91 
5 34.64 34.46 34.51 34.09 33.59 

 

 

 

 

 

                                                 
1 MAC=1, two compared vectors are the same. MAC=0, two compared vectors are orthogonal. 
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Table 6. Estimated damping ratio for the final failure test 

Damping ratio (%) Mode 
Shape FDD EFDD UPC PC CVA 

1 6.07 6.415 6.043 5.957 6.249 

2 2.17 1.781 1.730 2.924 3.264 

3 3.21 1.976 3.518 3.677 3.249 

4 0.52 0.576 1.628 6.894 2.679 

5 0.65 0.592 2.012 14.06 3.333 

 

Table 7. MAC mode shapes for the final failure test 

MAC mode shapes Mode 
Shape FDD EFDD UPC PC CVA 

1 0.9992 1 0.9952 0.9943 0.9936 

2 0.9980 1 0.9944 0.9941 0.9896 

3 0.9626 1 0.5663 0.7494 0.5696 

4 0.9970 1 0.9907 0.9107 0.9893 

5 0.9123 1 0.9328 0.9290 0.9428 

 

 

Figure 15. Estimated mode shapes for the final test failure 
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E.5.2.3. Comparison of modal parameters for the two damage tests. 
Even though the structural behaviour during dynamic measurements for the two damage 
tests was not the same, some similarities can be found in their dynamic behaviour. Compari-
son of mode shape MAC values gave quite concordance between the first three mode 
shapes identified in each damage test as summarized in Table 8. Furthermore, resonant 
frequencies were diminished after the final failure tests, what was a clear indication that 
some severe damage may have happened. Regarding damping ratios, it is interesting to 
mention that the first mode shape had a significant increment of the damping ratio from 2.882 
to 6.415 %. One reason for that could be that severe damage introduced after the final test 
increased the damping ratio for the lateral movement associated mainly with this first mode 
shape. In Figure 16, a comparison side by side of the first three mode shapes obtained after 
the damage tests is illustrated. 

 

Table 8.  Comparison of modal parameters between damage tests 

Frequencies (Hz) MAC Damping ratio (%) Mode 
Shape 1st test Final test 1st and final test 1st test Final test 

1 6.33 6.25 0.6649 2.882 6.415 
2 15.48 12.65 0.8983 1.109 1.781 
3 18.62 17.24 0.5978 2.219 1.980 
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Figure 16. Comparison among the first three mode shapes of damage tests 
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E.6 Damage detection methods applied to Övik Bridge. 

Deliberated damage caused to the Övik Bridge was detected using several vibration based 
damage detection methods. As previously mentioned, the dynamic acquisition of the evalu-
ated damage scenarios was performed with different structural characteristics of the bridge 
(see section E.4.2). Therefore, only methods using the damaged modal parameters of the 
bridge could be used. In this investigation, the performance of Curvature Method and Wave-
let Analysis Methods were evaluated. In the latest methods, the Continuous Wavelet Trans-
form (CWT) method and the Wavelet Packet Signature (WPS) method were included. Mode 
Shapes and accelerations along the two sidewalks of the bridge were used as damage pa-
rameters. A brief description of the used methods is explained in the next section. 

E.6.1 Curvature method 
This method, proposed by Pandey and et al [13], considers that the curvature mode shapes 
are related to the flexural stiffness of the beam at any point by  

,2

2

EI
M

dx
d

==
ϕκ  (8) 

where κ  is the curvature mode shape, M the bending moment of the cross section, E the 
Young’s modulus, I the moment of inertia and d2ϕ /dx2 is the second derivative of the mode 
shape with respect to the longitudinal distance, x.  

In this way, if a crack appears, the flexibility of the beam (EI) will decrease causing an incre-
ment in the magnitude of the curvature. The accuracy of this method depends on the tech-
nique for calculating the second derivative of the data. Two second derivate methods have 
been proposed for obtaining mode shape curvatures, namely the central difference method 
and the mixed approach method. The latter method is recommended for not smoothing mode 
shapes. A more detailed description of the two last mathematical methods can be reviewed 
in Ref. [14]. 

E.6.2 Wavelet Analysis methods 
Wavelet analysis methods have become popular because they do not require differentiation 
of the measured data (numerical differentiation frequently introduce more noise to the result) 
and it is possible to detect damage only with the existing damaged information. These meth-
ods, based on Continuous Wavelet Transform (CWT) and considered as an improvement of 
Fourier Transform, allow analyzing the measured data with variable size windows making 
possible the detection of small singularities related with damage. A more complete explana-
tion about Wavelet Theory can be found in Refs. [15], [16] and [17]. 

Another Wavelet Analysis method is based on The Wavelet Packet Transform (WPT). The 
last technique is a generalization of the wavelet transform defined as the linear decomposi-
tion of the evaluated function. In WPT the signal is decomposed in approximations and de-
tails (discrete evaluation of CWT). These two results are themselves decomposed into an-
other level of decomposition. Then this process is repeated until the required level of accu-
racy is achieved. A variant of this method, called Wavelet Packet Signature (WPS) obtains 
the entropy energy of the dynamic response at the measured points and the second deriva-
tive of this entropy energy along the beam is calculated [18]. Here, the second derivative 
process was eliminated from this last method in order to reduce the noise effect. A similar 
method as in FDD is applied in WPS for obtaining the operating energy shapes. More details 
about damage detection methods applied to bridges can be checked in Refs. [19], [21] and 
[21]. 
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E.6.3 Damage Detection Results  
The results of applying the damage detection methods to the mode shapes and accelera-
tions along the sidewalks of the bridge were analyzed. In the case of the CWT method, a 
Gauss 4 mother wavelet was applied to mode shapes. In the WPS method, accelerations 
were decomposed at 8 level of decomposition using Daubechies 4 mother wavelet. Subse-
quently, the energy of each decomposition was calculated using the Shannon method. Fi-
nally, the decomposition with the highest peaks was chosen. Before applying the damage 
detection methods, the mode shapes were interpolated using piecewise cubic Hermit interpo-
lation. The reason for doing that obeys to the evaluated damage detection methods have 
better performance when more points are considered in the analysis. The interpolated mode 
shapes along the sidewalks of the bridge are illustrated in Figures 17 and 18 for the two dy-
namic tests. 
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Figure 17. Modes shapes along the bridge sidewalk for the first damage test 
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Figure 18. Mode shapes along the bridge sidewalk for the final failure test 
 

From Figures 17 and 18, it is possible to distinguish a disturbance in the area near the load-
ing beam located very close to the damage zone. This disturbance is clearer for the final fail-
ure test, when severe damage was detected. However, it cannot be taken as a final conclu-
sion for successful damage detection, because the disturbances are not present in all the 
mode shapes and, they are sometimes too small for being identified correctly. 

E.6.3.1. Damage detection in the first damage test 
When the damage detection methods were applied to the vibration parameters calculated 
from the first damage test, a clear disturbance which consisted of peaks in the probable 
place of damage was obtained. The results of applying the damage detection methods are 
shown in Figures 19 and 20.  

In Figures 19 and 20, damage was detected in every method near the loading beam. The 
clearest peak was obtained with WPS method, but this peak in the south sidewalk is located 
relatively far to the damage zone. The main reason for this behaviour may be that the operat-
ing energy shape was obtained with very few points if compared with the remaining damage 
methods. As mentioned above this method gives better results when it involves more points 
in the analysis. Curvature and CWT methods located the damage more precisely. However, 
other peaks, smaller in amplitude, are also present in Curvature and CWT methods outside 
the damage zone. This was not the case of WPS method which only had one very significant 
peak.  

During the visual inspection after the first damage test, no severe damage was detected. 
However, it existed the possibility that some severe inner damage had already taken place. 
On the other hand, the loading beam and axial loaded tendons were not removed during the 
dynamic test. They might have had some influence in the mode shapes. This influence af-
fected mode shapes mainly in a global way; therefore it was not considered relevant because 
the evaluated damage had a local influence in the mode shapes. 
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Figure 19. Damage detection methods applied to south sidewalk line .First damage test. 
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Figure 20. Damage detection methods applied to north sidewalk line. First damage test. 
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E.6.3.2. Damage detection in the final failure test 
Damage detection methods in the final failure test had better behaviour compared with the 
previous case. Now, the detection is clearer for all the mode shapes. Once again, the WPS 
method gave the biggest peak, located very close the loading beam. Curvature and CWT 
methods had bigger peaks in the damage zone compared with the last case. In spite of this 
improvement, the peak locations in Figure 21 do not coincide with the external severe dam-
age located before the loading beam (see Figure 9). This behaviour can be explained be-
cause only one sensor was located in the place of severe damage in the south sidewalk (left 
side of the loading beam). In contrast, three sensors were located in the north sidewalk 
where damage was identified in the correct place for all the damage detection methods as 
shown in Figure 22. 
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Figure 21. Damage detection methods applied to the south sidewalk line after the final failure 
test. 
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Figure 22. Damage detection methods applied to the north sidewalk line after the final failure 
test  

E.7 Conclusions 

In this study, the modal and damage identification of the Övik Bridge was carried out though 
different deliberated damaged phases. The structural behaviour of this bridge was evaluated 
in two damage tests and its dynamic response was acquired after each one.  

In the modal identification for the first damage test, the obtained Single Value Decomposition 
(SVD) spectral density function was very contaminated with noise and not clear peaks asso-
ciated with resonant frequencies were identified in the spectral. Resonant frequencies were 
almost the same for the involved modal analysis methods; in contrast, damping ratios had a 
big deviation mainly with SSI modal identification methods which had very high damping ra-
tios due to noise. Moreover, the loading beam and axial loaded tendons might have influ-
enced in the dynamic behaviour of the bridge. After comparing different modal analysis 
methods, four more shapes were identified. Their modal parameters were taken from the 
Enhanced Frequency Domain Decomposition (EFDD) method which gave the most coherent 
frequencies, mode shapes and damping ratios for this bridge. 

In the final failure test, clearer peaks were identified in the SVD spectral density function. 
Two factors had contributed for that. Firstly, loading beam and tendons were removed from 
the bridge and secondly, the structure was excited stronger than in the first damage test due 
to the mild wind. In this modal analysis, 5 mode shapes were identified. 

Comparison of the modal parameters between the two damage tests indicated close simili-
tude among the first three mode shapes. A special mention has to be done to the damping 
ratio for the first mode shape. Its value increased more than two times from the first to the 
final test. Damage present in the bridge might increase the damping in the lateral movement 
related with this mode. 
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Three damage detection methods for the damage bridge tests were evaluated, namely, the 
Curvature, the Continuous Wavelet Transformation (CWT) and the Wavelet Package signa-
ture (WPS) methods. These methods were applied to the dynamic response and modal pa-
rameters along the sidewalks of the bridge. Sensors located in pillars and abutments with 
horizontal Degrees Of Freedom (DOF) were not considered relevant for damage detection 
purposes because the damage caused to the bridge affected specially its vertical movement. 

For the first damage test, damage was identified by sharp peaks near the location of the 
loading beam. An exception was the WPS method which peak was located relatively further 
to the loading beam if compared with the other methods. The reason of this offset damage 
location with the WPS method may be explained by the limited number of points used for 
obtaining the operating energy shapes in comparison with the other damage detection meth-
ods. Curvature and CWT methods had quite similar results although the CWT had bigger 
peaks in the damage zone.  

In the final failure test, damage detection methods had better behaviour in comparison with 
the first damage test. Now, WPS had better performance with peaks closer to the damage 
zone (near the loading beam). Curvature and CWT gave clear peaks near the loading beam. 
It is important to highlight that severe damage appeared after the final failure test on the left 
of the loading beam. Analysis carried out from the information acquired in the south sidewalk 
indicated damage on the right of the loading beam. These results may be understood be-
cause sensors were closer distributed on the right loading beam side in contrast with the 
north sidewalk where sensors were located on the left loading beam side and a correct loca-
tion of damage was identified. 

In summary, the damage detection methods used in this investigation allowed to successfully 
identify the damage. A close grid of sensors near the probable damage zone is required in 
order to acquire the local disturbance in mode shapes. 
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This report is one of the deliverables from the Integrated Research Project “Sustainable Bridges - Assessment for 
Future Traffic Demands and Longer Lives”  funded by the European Commission within the 6th Framework Pro-
gramme. The Project aims to help European railways to meet increasing transportation demands, which can only 
be accommodated on the existing railway network by allowing the passage of heavier freight trains and faster 
passenger trains. This requires that the existing bridges within the network have to be upgraded without causing 
unnecessary disruption to the carriage of goods and passengers, and without compromising the safety and econ-
omy of the railways.  
A consortium, consisting of 32 partners drawn from railway bridge owners, consultants, contractors, research 
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F.1  Introduction 
In this appendix results from the first two load tests are presented and compared to the final 
load test to failure.   

F.2  Sensor Location and Notation 
  

LOAD 
LINE 

2 1 4 5 6 83 7

MIDDLE 
LINE 

EAST LINE 

WEST LINE 

 
Figure 2.1. Plan with location of sensors. 
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The notation is explained below. The location is also illustrated in Figures 2.2 – 2.4 on the 
following pages. 

Sensor type: 
St = Steel gauge 

Co = Concrete gauge 

Ca = Carbon fiber gauge 

Dl = Displacement, LVDT 

Do = Displacement, optical laser displacement sensor 

Cod = Crack opening displacement gauge 

Sensor's vertical level (depth) in bridge: 
T = Top of beam 

B = Bottom of beam or slab 

M = Middle of beam or slab (outer faces) 

Sensor's longitudinal position: 
1-8 = transversal lines from north to south 

1 = Mid support 

4 = Loading line 

5 = 2 m south of loading line 

7 = 6 m south of loading line 

Longitudinal deviation from transversal line: 
+xxx = North of given line in cm 

-xxx = South of given line in cm 

Sensor's transversal position: 
W = West beam (west line) 

E = East beam (east line) 

M = Middle of bridge (centre line) 

Transversal deviation from longitudinal line: 
+xxx = East of given line in cm 

-xxx = West of given line in cm 

Sensor's direction of action: 
Lo = Longitudinal (in horizontal plane) 

Tr = Tranversal (in horizontal plane) 

Ve = Vertical (to horizontal plane) 

45 = 45 degree to horizontal plane 

Example of designation: 
CaB4-10E-3 
Ca (= Carbon fibre), B (= Bottom of beam), 4 (= Transversal line 4), -10 (= Deviation from transversal 
line 4, South 10 cm), E (= East line/beam), -3 (= Deviation from longitudinal East line, West 3 cm). 
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F.3  Comparison of Results from Slab and Beam Tests  

F.3.1 General 
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Figure 3.1 Loading of Slab, Preloading of beam (unstrengthed) and Main load test of 
beam. 

 

F.3.2  Displacement 
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Figure 3.2.  Vertical displacement of East side for Slab test, Preloading and Main load 
test up to 3 MN. 
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Figure 3.3.  Vertical displacement of West side for Slab test, Preloading and Main load 
test up to 3 MN. 
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Figure 3.4. Longitudinal displacement of East side for Slab test, Preloading and Main 
load test up to 3 MN. Movement northwards is positive. 
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Figure 3.5. Transversal displacement of West side for Slab test, Preloading and Main 
load test up to 3 MN. Movement eastwards is positive. 
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F.3.3  Concrete Strain 
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Figure 3.6.  Concrete strain at Line 4 in East beam for Preloading and Main load test up 
to 3MN. 
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Figure 3.7. Concrete strain at Line 4 in West beam for Slab test, Preloading and Main 
load test up to 3 MN. 
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Figure 3.8. Concrete strain at line 7 for Slab test (East beam) and Main load test (West 
Beam) up to 3 MN. 
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F.3.4  Steel Strain 
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Figure 3.9.  Steel strain at line 1 for Slab test, Preloading and Main load test up to 3 
MN. 
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Figure 3.10.  Steel strain at line 4 in beams for Slab test, Preloading and Main load 
test up to 3 MN. 
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Figure 3.11.  Steel strain at line 4 in longitudinal direction in mid of slab for Slab 
test, Preloading and Main load test up to 3 MN. 



Sustainable Bridges               SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik, Sweden  
 App F. Deformation and Strain Measurements                                 12 (29) 

-150 -100 -50 0 50 100 150 200 250 300 350 400 450

Strain [µm/m]

0

0.5

1

1.5

2

2.5

3
Lo

ad
 [M

N
]

Slab, E+3
Slab, M
Pre, E+3
Pre, M

 

Figure 3.12.  Steel strain at line 4 in transversal direction for Slab test, Preloading and 
Main load test up to 3 MN. 
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Figure 3.13.  Steel strain at line 5 for Slab test, Preloading and Main load test up to 3 
MN. 
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Figure 3.14. Steel strain at line 7 for Slab test, Preloading and Main load test up to 3 
MN. 
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F.3.5  Carbon Strain 
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Figure 3.15. Carbon strain at East line. 

-2000-1000 0 1000 2000 3000 4000 5000 6000 7000 8000

Strain [µm/m]

0

2

4

6

8

10

12

Lo
ad

 [M
N

]

Line 4
Line 7
Line 7-5
Line 7-10

 

Figure  3.16.  Carbon strain at West line. 

 

F.4 Deformations during Final Test 

F.4.1 Displacements 
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Figure 4.1 Placement of some of the monitoring equipment 
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Figure 4.1 Vertical and horizontal displacements of east and west beam in the mid span 
(loading line). Last designation gives the direction of action: vertical displacement (Ve) posi-
tive downwards, transversal displacement of mid span positive eastwards in the same direc-
tion as loading line and longitudinal displacement of mid span positive southwards.  

The vertical displacement can be compared to the calculated elastic deformations in Figure 
3.5 in the main report. There a load 2 P = 5 MN gives a mid-span deformation  w (2P = 5MN) 
=  0,5 · 5 · 0,0038 m = 9,5  mm. 
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Figure 4.2. Vertical and horizontal displacements of south support on the west side and 
in line 8. Last designation gives the direction of action: Vertical displacement (Ve) of 
support positive downwards and longitudinal displacement (Lo) positive southwards. 
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Figure 4.3. Vertical displacement registrated relatively to a suspended light weight tray 
in three positions along both east and west beam. One LVDT in line 4 (midspan) and 
one LVDT both 150 cm south- and northwards of line 4. 
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Figure 4.4. Curvature of the east and west beam. The curvature is calculated from the 
displacements in Figure 8.4. Note that only curvatures > 1/1000 are shown i.e. only if 
the radius of curvature < 1000 m. 
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Figure 4.5. Elongation of the concrete on the outer side of west beam. The elongation 
is calculated from displacement measured between two points with a distance of 400 
mm, in three directions: Longitudinal, vertical and in 45 degree. 
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Figure 4.6 Crack opening in position at crack chosen for comparison with UMinho’s 
crack opening sensors. 
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F.4.2 Strains  
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Figure 4.7 Longitudinal strain in the concrete in top of the beams in mid-span (Line 4) 
and at support (Line 7). 
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Figure 4.8. Strain in the bending reinforcement in the east beam. 
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Figure  4.9 Strain in the bending reinforcement in the west beam. 
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Figure  4.10 Longitudinal strain in the bending reinforcement in line 4. 
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Figure  4.11.  Strain in carbon fibre rods in the east beam. 
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Figure  4.12. Strain in carbon fibre rods in the west beam. 
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Figure 4.13  Strain in the concrete, carbon fibre rods and reinforcement in the east 
beam and midspan (line 4). 
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Figure 4.14. Strain in the concrete, carbon fibre rods and reinforcement in the west 
beam and mid span (line 4). 



Sustainable Bridges               SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik, Sweden  
 App F. Deformation and Strain Measurements                                 20 (29) 

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Strain Line 5 [µm/m]

0

2

4

6

8

10

12
Lo

ad
 [M

N
]

StB5+3E+1
CaB5-10E-3

 
Figure  4.15. Strain in carbon fibre rods and reinforcement in the east beam and line 
5. 
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Figure  4.16. Strain in the reinforcement in the west beam and line 5. 
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Figure  4.17. Strain in the concrete, carbon fibre rods and reinforcement in the east 
beam and line 7. 
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Figure  4.18. Strain in carbon fibre rods and reinforcement in the west beam and line 7. 

 

F.4.3 Strain variation with height 
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Figure   4.19. Sectional strain at different load levels in the east beam at line 4. 
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Figure  4.20. Sectional strain at different load levels in the west beam at line 4. 
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Figure  4.21. Sectional strain at different load levels in the east beam at line 7. 
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F.5 Photographic Strain Measurements 
By Gabriel Sas, Ph D Student, LTU 

F.5.1 General 
Photographic (or photometric) strain measurements can be used to monitor and determine 
the global strain behavior of a specific surface, see Figure 8.1. The measurements involve 
taking images of a predefined area. Prior to the start of the tests a reference picture is taken. 
A predefined sequence of load steps is determined, and for each step images are taken. The 
obtained images are analyzed using tailor-made software developed at Luleå University of 
Technology, by Thomas Olofsson, see Carolin et al (2004). The images are divided into dif-
ferent geometrical rectangular sections and the centre of gravity of each section is deter-
mined. By comparing the processed reference images, taken at a desired loading level, with 
the reference image, strains are obtained. The method is called Digital Speckle Photography 
(DSP). 
 
There exist different methods for performing these measurements, and they are 
sometimes presented under different names, see Svanbro (2004) .In this study a ran-
dom pattern and speckle pattern correlation has been used and will be described. 
This application has also recently been used by Blanksvärd (2007). 

 
Figure 5.1.  Preparation for photometric strain measurements with Digital Speckle Photogra-
phy. The studied area is marked with a red box on the bridge beam in the centre of the photo 
(below and slightly to the left of the beam used for applying the load on the bridge).   
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For the speckle pattern correlation method a random pattern on a surface is used. Carolin et 
al (2004) used black and white sand that was mixed and bonded to the surface.  At different 
load levels, the loading was paused and a photo was taken. The pictures were trimmed so 
that only the interesting area remained. Every trimmed photo then ended up in black and 
white containing about 37 Megapixels. A magnified part of such a picture is shown in Figure 
5.2. The picture shows also a schematic division of the pattern into sub-pictures. One of the 
sub-pictures is shown in Figure 5.3. This sub-picture is then subjected to a threshold value 
making dark colours black and light colours white as shown in Figure 5.4. The centre of grav-
ity for the sub-picture is calculated. The larger sub-picture that is chosen the better the accu-
racy becomes. On the other hand the centre of gravity is calculated for the whole sub-picture, 
which then will give the average position for the sub-picture even if there is non uniform 
strain distribution within it. Because of the large number of pixels within the sub-picture, the 
accuracy of positioning becomes high. With use of speckle correlation the same sub-picture 
is found in the second loading condition even if it has deformed, moved or been slightly 
damaged. For the evaluation the size of the sub pictures is chosen as desired. The distance 
between sub-pictures may also be chosen as desired. Sub-pictures can be overlapping or 
have a certain distance between. For these test it was found satisfactory with sub-pictures of 
128 x 128 pixels with 128 pixel between centres.  

 

   

Figure 5.2. Part of studied 
area with applied pattern. 

Figure 5.3. Magnification of 
sub-picture 

Figure 5.4. Sub-picture after 
threshold process 

 

F.5.2 Application to the bridge in Örnsköldsvik 
To obtain a good correlation between the images and adequate results when the software is 
used, the photographed area needs to be defined by a random pattern. Different random 
patterns can be obtained by painting, by black and white sand glued to the surface through 
epoxy resins, etc. Since a vertical surface was monitored in this case, the pattern was de-
fined using the painting method. A first layer of white paint was used to cover the whole sur-
face. After the white paint was dried the black paint was applied by manually spraying with a 
thin brush. The size of the black paint drops has to be as small as possible to obtain a good 
correlation between the sections defined by the program. The surface area (1,3x1,0 m) under 
monitoring was limited by the performance of the photographic equipment, see Figure 5.1. A 
too large distance, measured from the surface to the position of the photographic equipment, 
decreases the quality of the images; hence the software accuracy is decreased. For this ex-
periment the photographic equipment consisted of a digital camera (Canon EOS 5D) and a 
professional lightning set. 

 

 



Sustainable Bridges               SB 7.3 Field Test of a Concrete Bridge in Örnsköldsvik, Sweden  
 App F. Deformation and Strain Measurements                                 25 (29) 

F.5.3 Results 
In the following results are presented for the Beam loading (before strengthening) and the 
Ultimate Limit State loading,. The maximum value of the load for which photos were taken 
was 10 MN, This was lower than the ultimate load (11.7 MN) due to safety reasons.  

The strains (in principle directions) are compared in Figure 5.5 and Figure 5.6 for loadings 
before and after strengthening at 3 MN.  

 

Figure 5.5. Strains in principle direction 1 (tension) at P = 3MN before (left) and after 
strengthening (right). Red colours indicate compression, while blue colours indicate tension. 
The  tensile strains are reduced due to the strengthening. In the crack to right the strains are 
reduced from 800 μm/m to 600 μm/m. The concrete cracking strain is approximately εt  =  σt / 
E  ≈  2,5 / 25000 = 0,1 ⋅10-3 = 100 μm/m. 

 

Figure 5.6.  The strain in principle direction 2 (compression) at P = 3 MN before (left) and after 
strengthening (right). Red colours indicate compression, while blue colours indicate tension. 

It can be seen that the tensile strains are reduced after the strengthening. The graphs can be 
compared with Figure 3.10 where the strain in the bottom steel for P = 3 MN is reduced from 
about 300 to 230 μm/m due to the strengthening. In compression a comparison can be made 
with Figure 3.6 with compressive strains around 200 μm/m as in Figure 5.6 above. 
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As a comparison the crack development can be illustrated by using vector plots of the princi-
pal strains. In figure 5.7 three examples are presented of principle tensile (blue) and com-
pression (red) strain arrows for three loading stages: 3MN, 6MN and 10MN.  

 

 

P = 3 MN 

 

P = 6 MN 

 

P = 10 MN 

Figure 8.7.  Principle tensile (blue) and compressive (red) strains for three loads P = 3 MN, 6 
MN and 10 MN. The forming and development of inclined bending-shear cracks in the bot-
tom of the beam can be seen. 

 

The evolution of the principal strains is illustrated in Figure 8.8 for the same three load levels 
i.e. P = 3, = 6, and = 10 MN. In Figure 8.9 a comparison is made for P = 10 MN of principal 
strain vectors (top), principle tensile strains (middle) and a photo with crack pattern (bottom).  
The concrete cracking strain is approximately εt  =  σt / Ec  ≈  2,5 / 25000 = 0,1⋅10-3 = 100 
μm/m.  The maximum compressive strain at failure is usually taken as εcu ≈ 3,5 ⋅10-3 = 3500 
μm/m.  Steel yielding takes place at about εsy = fsy/Es ≈  411 / 193000 = 2,1 ⋅10-3 = 2100 
μm/m.  

The tensile strain values in Figures 8.8 and 8.9 can be compared to the steel and carbon 
strains in Figure 4.14. For P = 6 MN the steel and carbon tensile strains are about 1000 
μm/m according to the gages and varies between 500 and 3000 μm/m according to the 
photometric graphs. For the concrete the compressive strain is about 750 μm/m according to 
the gage and varies between 500 and 4000 μm/m in top of the photometric graph  
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Figure 8.8. Principal strain 1 (tension – left) and 2 (compression – right) for three loads P = 3 
MN, 6 MN and 10 MN. The scales are different for each figure. In the figures to the left, high 
tension is indicated with blue and green; smaller tension with yellow and light red; and com-
pression with dark red colours. In the figures to the right, high compression is indicated with 
red and yellow; smaller compression with green and light blue; and tension with dark blue 
colours. The maximum tensile strain for the highest load is about  0,03 = 30 000 μm/m in the 
biggest crack which is higher than steel yielding εsy = fsy/E ≈ 411/193000 = 2,1⋅10-3 = 2100 
μm/m .   The maximum compressive strain is about 0,003 = 3 000 μm/m which is close to 
compression failure (εcu ≈ 3,5 ⋅10-3 = 3500 μm/m ) 
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Figure 8.9. Comparison for the load P = 10 MN of principal strain vectors (top), 
principal tensile strains (middle) and a photo with crack pattern (bottom). Several areas with 
a principal strain of 0,005 = 5000 μm/m (brown) indicate cracks that cannot yet be seen in 
the photo or for the naked eye.   
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For the load P = 10 MN the steel and carbon tensile strains are about 2000 and 4000 μm/m 
respectively according to the gages in Figure 4.14 indicating yielding in the steel and varies 
between 5000 and 30000 μm/m according to the photometric graphs. For the concrete the 
compressive strain is about 1500 μm/m according to the gage in Figure 4.14 and varies be-
tween 500 and 1000 μm/m in top of the photometric graph in Figure 8.8. This is reasonable 
because the concrete gage is situated at the top of the slab whereas the photometric graph 
starts some is 350 mm below (due to the thickness of the slab, which is not included in the 
photometric study).  The comparisons indicate that the different measurement techniques 
complement each other in a good way.  The photometric graphs provide an excellent over-
view of the strains at the surface which cannot be obtained with gages which only report the 
strain at their specific locations.  

 
 

F.5.4 Discussion and Conclusions 
The strain and crack development on the studied area could be followed quite well with the 
method. Concrete cracking and steel yielding was indicated when the load was gradually 
increased.    

For accurate measurements it is important that the measurement tools (cameras and flash 
lights) are not displaced or relocated to another position and should be always standing on 
an independent structure from the one tested. The pattern used for monitoring the desired 
area should be random and defined by high contrast colours. An accurate timing and correla-
tion with the loading steps has to be defined and followed during the measurements specially 
when comparing the results for the same element tested in different loading situations and 
configurations (i.e. non strengthened and strengthened, in this case), otherwise two loading 
steps could lead to a wrong interpretation of the results. 
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Introduction 

The intention with this report is to use the Swedish codes for design of bridges, Bro 2004 (VV 
Publ 2004:56) and BV Bro (BVS 583.10), and calculate the maximum allowable concentrated 
loads at the test load location. For bridge design a linear elastic analysis must be used.  

The first analysis is called initial material properties analysis and the information from the 
bridge drawings are used. This analysis is then compared with an analysis which simulates a 
more realistic case, i e with tested mean material properties and without any material, load 
and safety factors. 

Finally some sensitivity analyses are carried out to evaluate the importance of different as-
sumptions. 

A full 3D analysis is used for all analyses to get important 3D effects from this slightly curved 
and skewed bridge.  

 

G.1. Model of the bridge 
The bridge is modelled in the finite element analysis software Lusas version 14.0-5. The 
model can be seen in Figure 1. 

 

 
Figure 1  Model of the bridge 

 

The bridge material is concrete with a mass density of 25 kN/m3 (according to bridge codes). 
The concrete is modelled as linear elastic.  
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G.1.1 Geometry 
In Figure 2 the widths and lengths of the model can be seen.  

 

 
 

 

Figure 2  Geometry of the bridge 
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G.1.2 Elements 
The bridge is modelled by thick three-dimensional linear beam elements (BMS3) and thick 
quadrilateral linear shell elements (QTS4). 

 

G.1.2.1 Shell elements 
A mesh with element size of 0.25x0.25 m was considered as appropriate. The mesh can be 
seen in Figure 3. 

 
Figure 3  Shell elements 

 

 

The thicknesses of the shell elements representing the bridge can be seen in Figure 4. 
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Figure 4  Thickness of shell elements 

G.1.2.2 Beam elements 
The beams along the length of the bridge are modelled with beam elements. The cross-
section of the beam elements can be seen in Figure 5. 

 
Figure 5  Beam elements 
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G.1.3 Material properties and load factors 
Material properties are taken from Table 2.1 in the main report. Load factors are taken from 
the bridge codes. 

G.1.3.1 Initial material properties analysis 
The initial material properties are based on information on original drawings and calculations. 
Load factors are according to the bridge codes and can be seen in Table 1. The test load has 
been given the load factor 1.0. 

 

Table 1 Load factor, initial properties 

Loads Load factors 

Selfweight 1.05 

Ballast 1.25 

Earth pres-
sure 1.1 

 

Mean material properties analysis 
The mean material properties from tests carried out during 2006 are used without any con-
sideration of the standard deviation. All load, material and safety factors are set to 1.0.  

G.1.4 Boundary conditions 
In Figure 6 the group of piles can be seen. The piles are assumed to be made of concrete 
C32/40 with a modulus of elasticity of 33.0 GPa. The groups of piles are modelled by 
springs. The stiffness of each spring support is calculated according to the following equation 
and can be seen in  

Table 2. 

slab

piles

LA
nEA

k =  
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Figure 6  Group of piles. 

Table 2 Spring support stiffness 

Group 
of piles 

Number of 
piles, n 

Area of slab, 
Aslab [m2] 

E-modulus, 
E [GPa] 

Length,  
L [m] 

Cross-section area      
of piles, Apiles [m2] 

Spring stiff-
ness, k [kN/m2]

1 24 2.6 x 6.5 33.0 5,5 0.25 x 0.25 532544 

2 18 2.4 x 5.9 33.0 5,5 0.25 x 0.25 476695 

3 24 2.6 x 6.5 33.0 5,5 0.25 x 0.25 532544 

 

The displacements of the supports are fixed in the x- and y-direction. The fixation in the x-
direction is caused by beams, which connect ground slab 1 with 2 and 2 with 3. The rotation 
around the z-axis is also fixed, see Figure 7.  

 

 
Figure 7 Boundary conditions 

Loads  
Two load cases, a permanent load case and a concentrated load case at the test load loca-
tioin, are applied on the bridge.  

The first load case consists of permanent loads, i e the self weight of the concrete, ballast on 
the bridge and earth pressure outside support 1.  

The ballast is assumed to have a thickness of 0.64 m and a width of 2.9 m. Weight according 
to the bridge code is 20 kN/m3. The ballast is applied along the whole length of the bridge, 
see Figure 8. 
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Figure 8 Ballast 

A triangular load is applied perpendicular to support 1 to represent the earth pressure, see 
Figure 9. K0 is set to 0.34, in accordance with the bridge code, and the weight of the earth, γ, 
to 20 kN/m3.  

 
Figure 9 Earth pressure 

In the other load case two vertical concentrated loads are applied at the test load location on 
top of the beams in the middle of the longest span (span 2-3), see Figure 11. The concen-
trated loads have a value of 1000 kN each. The concentrated loads are applied in the FE-
model at a node of the beam where the beam and the plate are connected, see Figure 5. To 
compensate the eccentricity of the test load location compared to the concentrated load ap-
plied in the FE-model, a moment is applied together with the concentrated load, see Figure 
10. 
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Figure 10 Moment applied to compensate the eccentricity of the test load 

 
Figure 11 Concentrated loads. 

 

G.3. Results 
Since the shear capacity is of interest in this test, the shear forces from the permanent loads 
and the concentrated loads are studied. The beams are called the north-east and the south-
west beam to simplify the presentation of the results. In Figure 12 the north-east and the 
south-west beam can be seen. 
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Figure 12 The north-east and the south-west beam seen from above 

G.3.1 Initial material properties analysis 
In this section the displacement, the normal forces, the shear forces and the torsion mo-
ments of the beams along the bridge when initial material properties are used are presented. 
The three supports can easily be identified in the figures.   

In Figure 13 and Figure 14 the displacements due to the different loads can be seen. In     
Figure 15 and Figure 16 the displacement in the z-direction from the applied permanent load 
can be seen and in Figure 17 and Figure 18 the displacement in the z-direction from the con-
centrated load can be seen. 

In Figure 19 and Figure 20  the normal and the shear forces from the applied permanent load 
case can be seen and in Figure 21 and Figure 22 the normal and the shear forces from the 
concentrated load case are shown.  

In Figure 23 and Figure 24 the torsion moments from the permanent load case can be seen 
and in Figure 25 and Figure 26 the torsion moments from the concentrated load case are 
plotted. 

 
Figure 13 Displacements due to permanent load case 

 
Figure 14 Displacements due to concentrated load case 
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Permanent load, south-west beam
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Figure 15 Displacements due to permanent load case, the south-west beam 

Permanant load, north-east beam
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Figure 16 Displacements due to permanent load case, the north-east beam 

Concentrated load, south-west beam
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Figure 17 Displacements due to concentrated load case, the south-west beam 
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Concentrated load, north-east beam
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Figure 18 Displacements due to concentrated load case, the north-east beam 

Permanent load, south-west beam
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Figure 19 Shear and normal forces due to permanent load case, the south-west beam 

Permanant load, north-east beam
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Figure 20 Shear and normal forces due to permanent load case, north-east beam  
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Concentrated load, south-west beam
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Figure 21 Shear and normal forces due to concentrated load case, south-west beam 

Concentrated load, north-east beam
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Figure 22 Shear and normal forces due to concentrated load case, north-east beam 

Permanent load, south-west beam 
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Figure 23 Torsion moments due to permanent load case, south-west beam 
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Permanent load, north-east beam
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Figure 24 Torsion moments due to permanent load case, north-east beam 

Concentrated load, south-west beam
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Figure 25 Torsion moments due to concentrated load case, south-west beam 

Concentrated load, north-east beam
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Figure 26 Torsion moments due to concentrated load case, north-east beam 
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G.3.2 Mean material properties analysis 
In this section the displacements, the normal forces, the shear forces and the torsion mo-
ments of the beams along the bridge when mean materials properties analysis are pre-
sented. No load factors are used. 

In Figure 27 and Figure 28 the displacements due to the different loads can be seen. In     
Figure 29 and Figure 30 the displacement in the z-direction from the applied permanent load 
can be seen and in Figure 31 and Figure 32 the displacement in the z-direction from the con-
centrated load can be seen. 

In Figure 33 and Figure 34 the shear forces from the applied permanent load case can be 
seen. In Figure 35 and Figure 36 the shear forces from the concentrated load case can be 
seen. In Figure 37 and Figure 38 the torsion moments from the permanent load case can be 
seen and in Figure 39 and Figure 40 the torsion moments from the concentrated load case 
can be seen. 

 
Figure 27 Displacements due to permanent load case 

 

 
Figure 28 Displacements due to concentrated load case 
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Permanent load, south-west beam

-0,002

-0,0018

-0,0016

-0,0014

-0,0012

-0,001

-0,0008

-0,0006

-0,0004

-0,0002

0
-20 -15 -10 -5 0 5 10 15 20

x-coordinate [m]

D
is

pl
ac

em
en

t i
n 

z-
di

re
ct

io
n 

[m
]

 
Figure 29 Displacements due to permanent load case, the south-west beam 

 

Permanant load, north-east beam
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Figure 30 Displacements due to permanent load case, the north-east beam 
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Concentrated load, south-west beam
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Figure 31 Displacements due to concentrated load case, the south-west beam 
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Figure 32 Displacements due to concentrated load case, the north-east beam 
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Permanent load, south-west beam
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Figure 33 Shear and normal forces due to permanent load case, the south-west beam 
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Figure 34 Shear and normal forces due to permanent load case, the north-east beam 
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Concentrated load, south-west beam
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Figure 35 Shear and normal forces due to concentrated load case, the south-west beam 
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Figure 36 Shear and normal forces due to concentrated load case, the north-east beam 
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Permanent load, south-west beam
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Figure 37 Torsion moments due to permanent load case, the south-west beam 
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Figure 38 Torsion moments due to permanent load case, the north-east beam 
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Concentrated load, south-west beam
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Figure 39 Torsion moments due to concentrated load case, the south-west beam 
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Figure 40 Torsion moments due to concentrated load case, the north-east beam 
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G.4. Shear force capacity 

The shear force capacity for one beam is calculated below according to the bridge codes.  

 

G.4.1 Initial material properties analysis 
Calculations of the shear force capacity for the initial material properties study are presented 
below. 
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G.4.2 Mean material properties analysis 
Calculations of the shear force capacity for the mean material properties study are presented 
below. No material and safety factors are used.  
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G.5. Capacity factor 

The results achieved from the FE-model is the shear 
force from the permanent load, Vper., the torsion moment 
from the permanent load, TSd,per., the shear force from the 
concentrated load, Vconc. and the torsion moment from 
the concentrated load, TSd,conc.. The concentrated load 
applied is, as mentioned before, 1000 kN at each beam. 

 

A torsion moment can be transferred into a couple of 
forces. By adding the forces achieved from the torsion 
moments to the shear forces, the total shear force can be 
calculated, see  Figure 41. 

 

By study the most critical half of the beam, i.e. the half 
where the shear force and the force from the torsion 
moment have the same direction, this equation is 
achieved: 

beamhalfconcTdperTd
concper VVV

VV
=+++ .,.,

..

22
  

To calculate the capacity of the whole beam this equa-
tion is used: 

totconcTdperTdconcper VVVVV =×+×++ .,.,.. 22  

The total shear forces acting on one beam, received from 
the existing permanent load case and the assumed con-
centrated load case, are then known. The shear capacity 
of one beam, VRsd, is also known. 

 

 

 

                    

 Figure 41 Torsion moments                        
and shear forces 

 

To find out how much the bridge can be loaded at the concentrated test load location a ca-
pacity factor, cload, is calculated from the equation below.  

RsdloadconcTdperTdloadconcper VcVVcVV =××+×+×+ .,.,.. 22  

 

where 

cload  is the capacity factor 

Vper.   is the shear force from the permanent load case 

Vconc.  is the shear force from the concentrated load case at the test load location 
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V Td,per.  is the shear force calculated from the torsion moment achieved from the permanent 
load case 

V Td,conc.  is the shear force calculated from the torsion moment achieved from the concen-
trated load case 

VRsd   is the shear force capacity 

 

The force achieved from the torsion moment, VTd, is calculated 
according to: 
 

 
 

  

   

   

TSd =  kNm (torsion moment) 

Aef = 865847 mm2 (effective area according to eq. 3.8.4) 

zef = 921 mm (see figure) 

 

 

 

The beams are divided into different parts, see Figure 42. The part of the south-west beam 
against support 3 is called SW3 and against support 2 SW2. The part of the north-east beam 
against support 3 is called NE3 and against support 2 NE2.  

 

 
Figure 42 Names of different parts of the beams 
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G.5.1 Initial material properties analysis 
The maximum shear capacity of a beam, including contribution from both bent up longitudinal 
bars and vertical shear reinforcement, is about 3146 kN, as can be seen in Section G.4.1. 
This is much higher then the shear capacity in the middle of the span close to the concen-
trated loads, as only vertical shear reinforcement is present here. The shear capacity in the 
middle of the span is 1792 kN. A shear failure caused by increased concentrated loading in 
the mid span will therefore appear on either side of this load.  

SW3      NE3     

   cload with cload     cload with cload

Vper. [kN] = 4.6  4.6  Vper. [kN] = -23.4  -23.4

Vconc. [kN] = 531.1 3.17 1683.2  Vconc. [kN] = 441.3 3.12 1377.5

TSd,per. [kNm] = -14.5  -14.5  TSd,per. [kNm] = -25.1  -25.1

T Sd,conc. [kNm]  = -26.4 3.17 -83.7  T Sd,conc. [kNm]  = -123.9 3.12 -386.8

V Td,per. [kN] = 7.7  7.7  V Td,per. [kN] = 13.3  13.3

V Td, conc. [kN]  = 14.0 3.17 44.5  V Td, conc. [kN]  = 65.9 3.12 205.7

VRsd [kN]= 1792.2    VRsd [kN]= 1792.2   

           

→       →     

cload = 3.17    cload = 3.12   

           

SW2      NE2     

   cload with cload     cload with cload

Vper. [kN] = 4.6  4.6  Vper. [kN] = -23.4  -23.4

Vconc. [kN] = -409.4 3.75 -1536.8  Vconc. [kN] = -507.4 2.95 -1495.0

TSd,per. [kNm] = -6.4  -6.4  TSd,per. [kNm] = -31.7  -31.7

T Sd,conc. [kNm]  = -63.4 3.75 -238.0  T Sd,conc. [kNm]  = -76.6 2.95 -225.7

V Td,per. [kN] = -3.4  -3.4  V Td,per. [kN] = -16.9  -16.9

V Td, conc. [kN]  = -33.7 3.75 -126.6  V Td, conc. [kN]  = -40.7 2.95 -120.0

VRsd [kN]= -1792.2    VRsd [kN]= -1792.2   

           

→       →     

cload = 3.75    cload = 2.95   

 

The most critical beam is the NE2 beam, even if both the NE3 and the SW3 beams are al-
most as critical. The maximum capacity is reached when the concentrated loads are about 
2950 kN, or a total of 5900 kN.  

G.5.2 Mean material properties analysis 
The maximum shear capacity of a beam, including contribution from both bent up longitudinal 
bars and vertical shear reinforcement, is about 4943 kN, as can be seen in Section G.4.2. 
This is much higher then the shear capacity in the middle of the span close to the concen-
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trated loads, as only vertical shear reinforcement is present here. The shear capacity in the 
middle of the span is 2660 kN. A shear failure caused by increased concentrated loading in 
the mid span will therefore appear on either side of this load.  

 

SW3      NE3     

   cload with cload     cload with cload 

Vper. [kN] = 3.6  3.6  Vper. [kN] = -21.9  -21.9

Vconc. [kN] = 532.3 4.72 2514.9  Vconc. [kN] = 442.1 4.64 2050.3

TSd,per. [kNm] = -12.3  -12.3  TSd,per. [kNm] = -23.1  -23.1

T Sd,conc. [kNm]  = -25.6 4.72 -121.0  T Sd,conc. [kNm]  = -123.1 4.64 -570.9

V Td,per. [kN] = 6.5  6.5  V Td,per. [kN] = 12.3  12.3

V Td, conc. [kN]  = 13.6 4.72 64.3  V Td, conc. [kN]  = 65.5 4.64 303.6

VRsd [kN]= 2660.2    VRsd [kN]= 2660.2   

           

→       →     

cload = 4.72    cload = 4.64   

           

SW2      NE2     

   cload with cload     cload with cload 

Vper. [kN] = 3.6  3.6  Vper. [kN] = -21.9  -21.9

Vconc. [kN] = -408.2 5.60 -2285.6  Vconc. [kN] = -506.6 4.44 -2249.9

TSd,per. [kNm] = -5.1  -5.1  TSd,per. [kNm] = -29.0  -29.0

T Sd,conc. [kNm]  = -62.6 5.60 -350.5  T Sd,conc. [kNm]  = -75.7 4.44 -336.2

V Td,per. [kN] = -2.7  -2.7  V Td,per. [kN] = -15.4  -15.4

V Td, conc. [kN]  = -33.3 5.60 -186.4  V Td, conc. [kN]  = -40.3 4.44 -178.8

VRsd [kN]= -2660.2    VRsd [kN]= -2660.2   

           

→       →     

cload = 5.60    cload = 4.44   

 

Also for the mean material properties analysis the NE2 beam is the most critical beam. The 
maximum capacity is reached when the concentrated loads are about 4440 kN, or a total of 
8880 kN.  
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G.6. Sensitivity analyses 

The initial material properties study in 5.1 is used for the sensitivity analyses. 

 

G.6.1 Spring-stiffness 
The result of a ten times stiffer support spring-stiffness is analysed. 

 

SW3      NE3     

   cload with cload     cload with cload

Vper. [kN] = 0.8  0.8  Vper. [kN] = -27.7  -27.7

Vconc. [kN] = 538.0 3.16 1699.7  Vconc. [kN] = 446.7 3.12 1395.7

TSd,per. [kNm] = -14.2  -14.2  TSd,per. [kNm] = -25.4  -25.4

T Sd,conc. [kNm]  = -22.8 3.16 -72.0  T Sd,conc. [kNm]  = -119.5 3.12 -373.4

V Td,per. [kN] = 7.6  7.6  V Td,per. [kN] = 13.5  13.5

V Td, conc. [kN]  = 12.1 3.16 38.3  V Td, conc. [kN]  = 63.6 3.12 198.6

VRsd [kN]= 1792.2    VRsd [kN]= 1792.2   

           

→       →     

cload = 3.16    cload = 3.12   

           

SW2      NE2     

   cload with cload     cload with cload

Vper. [kN] = 0.8  0.8  Vper. [kN] = -27.7  -27.7

Vconc. [kN] = -402.6 3.83 -1542.2  Vconc. [kN] = -502.1 2.99 -1500.4

TSd,per. [kNm] = -6.0  -6.0  TSd,per. [kNm] = -31.9  -31.9

T Sd,conc. [kNm]  = -60.0 3.83 -229.8  T Sd,conc. [kNm]  = -72.4 2.99 -216.4

V Td,per. [kN] = -3.2  -3.2  V Td,per. [kN] = -17.0  -17.0

V Td, conc. [kN]  = -31.9 3.83 -122.2  V Td, conc. [kN]  = -38.5 2.99 -115.1

VRsd [kN]= -1792.2    VRsd [kN]= -1792.2   

           

→       →     

cload = 3.83    cload = 2.99   

 

The results above is only slightly changed compared to the 5.1 results, i e the effect of 
changing the spring stiffness in the analysis has only a marginal effect.  
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G.6.2 Earth pressure 
The effect to take away the earth pressure behind support 1 is analysed. 

 

SW3      NE3     

   cload with cload     cload with cload

Vper. [kN] = -5.1  -5.1  Vper. [kN] = -33.4  -33.4

Vconc. [kN] = 531.1 3.19 1692.0  Vconc. [kN] = 441.3 3.14 1383.8

TSd,per. [kNm] = -14.9  -14.9  TSd,per. [kNm] = -26.8  -26.8

T Sd,conc. [kNm]  = -26.4 3.19 -84.1  T Sd,conc. [kNm]  = -123.9 3.14 -388.5

V Td,per. [kN] = 7.9  7.9  V Td,per. [kN] = 14.3  14.3

V Td, conc. [kN]  = 14.0 3.19 44.7  V Td, conc. [kN]  = 65.9 3.14 206.6

VRsd [kN]= 1792.2    VRsd [kN]= 1792.2   

           

→       →     

cload = 3.19    cload = 3.14   

           

SW2      NE2     

   cload with cload     cload with cload

Vper. [kN] = -5.1  -5.1  Vper. [kN] = -33.4  -33.4

Vconc. [kN] = -409.4 3.73 -1528.4  Vconc. [kN] = -507.4 2.93 -1486.7

TSd,per. [kNm] = -6.5  -6.5  TSd,per. [kNm] = -33.2  -33.2

T Sd,conc. [kNm]  = -63.4 3.73 -236.7  T Sd,conc. [kNm]  = -76.6 2.93 -224.2

V Td,per. [kN] = -3.46  -3.5  V Td,per. [kN] = -17.7  -17.7

V Td, conc. [kN]  = -33.7 3.73 -125.9  V Td, conc. [kN]  = -40.7 2.93 -119.2

VRsd [kN]= -1792.2    VRsd [kN]= -1792.2   

           

→       →     

cload = 3.73    cload = 2.93   

 

The beam capacities are only slightly changed compared to the 5.1 results.  

 

G.6.3 Line load 
The effect of using a 0.7 m long line load, which is a more realistic load, applied along the 
beams in the simulation instead of a concentrated load is analysed. The eccentricity of the 
load is considered in the same way as for the concentrated load, see Chapter 2. The as-
sumed shear failure is also moved to the side of the line load, see Figure 43. This will affect 
the shear force capacity since the assumed inclination of the expected shear crack will 
change. The inclination of the crack is changed because of the bent up bars. The crack will 
probably not appear through the bent up bars. 
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Figure 43 Shear crack 

SW3      NE3     

   cload with cload     cload with cload

Vper. [kN] = 24.3  24.3  Vper. [kN] = -0.3  -0.3

Vconc. [kN] = 493.8 3.32 1641.5  Vconc. [kN] = 453.0 3.68 1665.4

TSd,per. [kNm] = -17.2  -17.2  TSd,per. [kNm] = -17.4  -17.4

T Sd,conc. [kNm]  = -1.3 3.32 -4.35  T Sd,conc. [kNm]  = -1.3 3.68 -4.9

V Td,per. [kN] = 9.1  9.15  V Td,per. [kN] = 9.3  9.3

V Td, conc. [kN]  = 0.7 3.32 2.32  V Td, conc. [kN]  = 0.7 3.68 2.6

VRsd [kN]= 1688.7    VRsd [kN]= 1688.7   

           

→       →     

cload = 3.32    cload = 3.68   

           

SW2      NE2     

   cload with cload     cload with cload

Vper. [kN] = -14.5  -14.5  Vper. [kN] = -40.6  -40.6

Vconc. [kN] = -437.0 3.82 -1669.5  Vconc. [kN] = -471.4 3.43 -1617.8

TSd,per. [kNm] = 0.6  0.6  TSd,per. [kNm] = 33.0  33.0

T Sd,conc. [kNm]  = -1.3 3.82 -5.08  T Sd,conc. [kNm]  = -1.3 3.43 -4.5

V Td,per. [kN] = 0.3  0.3  V Td,per. [kN] = 17.6  17.6

V Td, conc. [kN]  = -0.7 3.82 -2.7  V Td, conc. [kN]  = -0.7 3.43 -2.4

VRsd [kN]= -1688.7    VRsd [kN]= -1688.7   

           

→       →     

cload = 3.82    cload = 3.43   
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The interesting thing is that the capacity is increased and that the most critical beam now is 
the SW3 beam. The maximum capacity is reached when the concentrated loads are about 
3320 kN, or a total of 6640 kN.  

 

G.6.4 Beam rotation prevented in node of applied load 
The effects to prevent the beams to rotate at the location where the concentrated loads are 
applied are analysed. 

 

SW3      NE3     

   cload with cload     cload with cload

Vper. [kN] = 11.2  11.2  Vper. [kN] = -26.0  -26.0

Vconc. [kN] = 491.2 2.83 1388.1  Vconc. [kN] = 413.4 4.33 1791.6

TSd,per. [kNm] = 67.5  67.5  TSd,per. [kNm] = -106.3  -106.3

T Sd,conc. [kNm]  = -154.6 2.83 -436.9  T Sd,conc. [kNm]  = 30.3 4.33 131.3

V Td,per. [kN] = 35.9  35.9  V Td,per. [kN] = -56.5  -56.5

V Td, conc. [kN]  = -82.2 2.83 -232.4  V Td, conc. [kN]  = 16.1 4.33 69.8

VRsd [kN]= 1792.2    VRsd [kN]= 1792.2   

           

→      →     

cload = 2.83    cload = 4.33   

           

SW2      NE2     

   cload with cload     cload with cload

Vper. [kN] = 11.2  11.2  Vper. [kN] = -26.0  -26.0

Vconc. [kN] = -389.1 4.28 -1665.5  Vconc. [kN] = -468.5 2.47 -1159.4

TSd,per. [kNm] = -78.8  -78.8  TSd,per. [kNm] = -40.9  -40.9

T Sd,conc. [kNm]  = 48.7 4.28 208.5  T Sd,conc. [kNm]  = -214.0 2.47 -529.6

V Td,per. [kN] = -41.9  -41.9  V Td,per. [kN] = -21.8  -21.8

V Td, conc. [kN]  = 25.9 4.28 110.9  V Td, conc. [kN]  = -113.8 2.47 -281.7

VRsd [kN]= -1792.2    VRsd [kN]= -1792.2   

           

→      →     

cload = 4.28    cload = 2.47   

 

The result differs from 5.1. The capacity is lower for NE2 and SW3, but higher for NE3 and 
SW2 when the beam rotation is prevented at the test load location.  
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G.6.5 SLS limitations 
In the present Swedish bridge design codes there is a limit to only use 250 MPa for shear 
reinforcement in ULS to avoid calculation of shear crack widths in SLS. This is the result if no 
shear crack widths are calculated.  

 

SW3      NE3     

   cload with cload     cload with cload

Vper. [kN] = 4.6  4.6  Vper. [kN] = -23.4  -23.4

Vconc. [kN] = 531.1 2.66 1413.3  Vconc. [kN] = 441.3 2.63 1158.8

TSd,per. [kNm] = -14.5  -14.5  TSd,per. [kNm] = -25.1  -25.1

T Sd,conc. [kNm]  = -26.4 2.66 -70.3  T Sd,conc. [kNm]  = -123.9 2.63 -325.3

V Td,per. [kN] = 7.7  7.7  V Td,per. [kN] = 13.3  13.3

V Td, conc. [kN]  = 14.0 2.66 37.4  V Td, conc. [kN]  = 65.9 2.63 173.0

VRsd [kN]= 1508.1    VRsd [kN]= 1508.1   

           

→      →     

cload = 2.66    cload = 2.63   

           

SW2      NE2     

   cload with cload     cload with cload

Vper. [kN] = 4.6  4.6  Vper. [kN] = -23.4  -23.4

Vconc. [kN] = -409.4 3.16 -1292.9  Vconc. [kN] = -507.4 2.46 -1250.2

TSd,per. [kNm] = -6.4  -6.4  TSd,per. [kNm] = -31.7  -31.7

T Sd,conc. [kNm]  = -63.4 3.16 -200.2  T Sd,conc. [kNm]  = -76.6 2.46 -188.7

V Td,per. [kN] = -3.4  -3.4  V Td,per. [kN] = -16.9  -16.9

V Td, conc. [kN]  = -33.7 3.16 -106.5  V Td, conc. [kN]  = -40.7 2.46 -100.4

VRsd [kN]= -1508.1    VRsd [kN]= -1508.1   

           

→      →     

cload = 3.16    cload = 2.46   

  
If the present limitation in the codes for shear reinforcement is used only about 2460 kN is 
allowed to be applied on each beam, i e a total of 4920 kN. 
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G.7.  Discussion and Conclusions 

Two main analyses, or load cases, were performed, one with the initial material properties 
with load, material and safety factors according to the bridge codes and one with the mean 
material properties from tests. The mean material properties analysis was carried out without 
load, material and safety factors to simulate a more realistic case. However, both tests were 
linear elastic analysis as required by the bridge codes.  

No analysis with updated properties was made. It would have resulted in little lower loads 
than the initial material properties analysis, as the steel tensile strength is a little lower. The 
higher concrete properties can not contribute, as only reinforcement is used for calculation of 
shear capacity. 

The slab between the beams has no shear reinforcement, but according to studies not pre-
sented here, the slab is not more critical than the beams. 

As can be seen in chapter 5.1 for the initial material load case, the most critical beam for a 
shear failure according to a linear elastic analysis is the NE beam just outside the concen-
trated load towards the mid support 2 (NE2), 2950 kN. The maximum allowed load according 
to the bridge codes is therefore reached for a total load of 5900 kN.  

However, almost as critical is the other NE beam towards the end support 3 (NE3) and the 
SW beam just outside the concentrated load towards the end support 3 (SW3). Before a real 
failure can take place (with the test set-up including both beams) there must be some non-
linear load distribution in the structure. The sum of capacity for the two beams towards the 
end support 3 is 6290 kN compared to 6700 kN towards the mid support 2, i e the most likely 
failure will therefore take place towards the end support, which also was the case in the real 
test. 

The results from the mean material properties load case are similar to the initial material 
load case, but give higher capacities, see chapter 5.2. The most critical beam is NE2, 4440 
kN, which gives a maximum allowed total load of 8880 kN. However the sum of capacity for 
both beams towards the end support 3 is lower than towards support 2, 9360 kN, compared 
to 10040 kN. 

Finally there was also some sensitivity analyses carried out, which should be compared to 
the initial material analysis.  

The two first sensitivity analyses, spring-stiffness and earth pressure, gave only minor effect 
on the results. The next with a line load instead of a concentrated load, changed the most 
critical beam from NE2 to SW3 and the capacity was increased from 2950 to 3320 kN giving 
a allowed total load of 6640 kN instead of 5900 kN. This load case is a more realistic load 
case because the steel beam will give a line load effect rather than a concentrated load. 
However, it is more likely that a normal simulation would have been to apply a concentrated 
load. 

If the beam rotation was prevented in the node where the concentrated load was applied it 
lowered the capacity. The most critical beam was NE2 with 2470 kN and an allowed total 
load of 4940 kN.  Both beam NE2 and SW3 had lower capacity but beam NE3 and SW2 got 
higher capacities.  

Finally the SLS limitation analysis, which represents the results from a bridge design for a 
new Swedish bridge if no shear crack widths calculations are carried out, the maximum ca-
pacity is already reached when the concentrated loads are about 2460 kN, or a allowed total 
load of 4920 kN. 
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H.1  2D-frame model 
 

In the following variations of frame calculations on the Övik Bridge are presented. Calcula-
tions are performed with Strusoft software Ramanalys 5.3.002. The northern half of the 
bridge is modelled in calculations, see Figure 1, section A-A. This is because the maximum 
field moment and shear force are the cross sectional forces we are seeking. The abutment 
on the right hand side in the northern half of the bridge is shorter and thereby less stiff caus-
ing maximum field moment below the steel beam compared with the southern half of the 
bridge. 

H.1.1  Geometry 
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Figure 1 Section A-A shows the part of the bridge used in frame calculations. Only the north-
ern half of the bridge is modelled in the calculations.  

 
 

Figure 2 Section B-B shows the cross section of the bridge used in frame calculations.  
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Figure 3 Figure shows an example of how the division to the elements is carried out. A new 
element starts where reinforcement bars either start or finish.  

 

 
Figure 4 Figure shows the division of the half bridge to elements  

 
Figure 5 Figure shows how the elements are located to each others in the model. 
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P=5750 kN 

A 

B

C
A 

 
Figure 6 Figure shows the point load P=5750 kN which was the failure load when the bridge 
was tested. Cross section A-A refers to Figure 9, B-B to Figure 10 and C-C to Figure 11 
showing examples of reinforcement used in the model. 

 

         
Figure 7 Figure on the left side shows half of the abutment in reality, this free shape doesn’t 
allow to be reinforced in the frame program used. The figure on the right side is a standard 
cross section where reinforcement is allowed to be used in the calculations. 

    
Figure 8 Figure on the left side shows half of the bridge as it is in the reality, see also black 
shaded area in the Figure 2, this free shape doesn’t either allow to be reinforced. The figure 
on the right side is a standard cross section where reinforcement is allowed to be used in the 
calculations. 
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H.1.2  Reinforcement 

 
Figure 9 Figure shows an example of the reinforcement in the abutment elements, see sec-
tion A-A in the Figure 6 and Figure 7. 

 
Figure 10 Figure shows the reinforcement in the bridge beam element over the middle sup-
port; see section B-B in the Figure 6 and Figure 8. 
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Figure 11 Figure shows the reinforcement in the bridge beam element under the steel beam 
and point load,, see section C-C in the Figure 6.The carbon fibre reinforcement, Near Sur-
face Mounted Reinforcement, NSMR, with the total area of 900 mm2 are inserted as a part of 
the lowest layer of the reinforcement. The NSMR rods are inserted as 10Φ11 mm bar with 
total area =950 mm2 to compensate the higher position in the cross section. In reality the 
carbon fibre rods are located 7.5 mm from the bottom surface. 

H.1.3  Material 
The frame calculations are performed as far as possible following the material properties 
according to table 4.1 in the main rapport, mean material properties, which are results from 
performed material tests. 

H.1.4  Concrete 
Concrete quality used is C60/75 for abutments and mid support and C55/67 for the bridge 
beams. The concrete material values are then divided by the program with partial coefficients 
in the ultimate limit state.  

H.1.5  Reinforcement 
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Figure 12 The Frame analysis (Ramanalys) program uses the yield strength as the upper 
limit of the reinforcement tension strength. 

H.1.6  NSMR, carbon fibre rods 

 
Figure 13 Material values of the Near Surface Mounted Reinforcement (NSMR) carbon fibre 
rods. 

 

H.1.7   Stiffness of the cross section 
Cross sectional values for the cross section consisting of concrete and reinforcement are 
calculated from cross sectional values for net concrete section i.e. concrete area minus area 
of the reinforcement and the reinforcement section when the differences in the elastic 
modulus are considered. 

Material relation can be expressed as a factor: 

α = Es / Ec                           (1) 

By calculating areas and static moment around the coordinate axis the values for the cross 
section can be calculated as: 

A = Acn + α As                          (2) 

Sy = Scny + α Ssy                          (3) 

The centre of gravity can be determined from: 

ycg = Sy /A                           (4) 

The moment of inertia can then be calculated according to  

Iycg = Icny + α Isy                                                                                                              (5) 
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H.1.8  Loads 
Table 1 Base load cases. 

concrete self weight B1 

ballast B2 

soilpressure from left B3 

steelbeam self weight B4 

pointload 5750 kN from steelbeam B5 

 

 
Figure 14 Concrete mass density is 25 kN/m3. Pointmoments are added to compensate the 
overhang of the abutments. 

 
Figure 15 Ballast is assumed to have a thickness of 0.64 m and a width of 1,54m for half 
bridge. Ballast weight according to the bridge code is 20 kN/m3. The load of ballast becomes 
then 19.65 kN/m. 
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Figure 16 A triangular load is applied perpendicular to the left support  to represent the earth 
pressure. K0 is set to 0.34, in accordance with the bridge code, and the weight of the earth, γ, 
to 20 kN/m3. Load breadth against abutment is assumed to 2.8 m. 

 
Figure 17 Steel beam self weight is 68 kN total and for half of the bridge 34 kN. 

 
Figure 18 Point load applied from the steel beam was at failure 5750 kN for half of the bridge. 

144 kN/m2 

P=5750 kN 

P=34 kN 
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H.1.9  Ultimate limit state, failure load 
Loadcase 
1. All loads, P=5750 kN, B1+B2+B3+B4+B5  

 

Vright  

Mmax 

Vleft ymax 

 
Figure 19 Elastic calculations at failure load with different combinations without cracking. 

 

Table 2 Elastic calculations of the cross sectional forces, see Figure 19, at failure load with 
different combinations without cracking. 

theory         

1 th 
order  

2 th  
order  

 Reinforcement 
considered 

Mmax 
kNm 

Vleft 
kN 

Vright 
kN 

N 

kN 

ymax 

mm 

 x      11409 2714 -3070 -905 12 

  x    11424 2717  -3068 -906 12 

 x             x 11370 
 
  2710 -3074  -912 17 

   x  x 11392    2713 3072 -914  17 
 x Pile springs 10609 2665 3156 938 See App I 
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H1.10  Summary 
The difference between first and second order theory and calculation with reinforcement 
considered or not is not significant. The second order theory with reinforcement considered 
when stiffness of the cross sections is calculated can be supposed to be the one closest to 
the reality. 
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H.2  Initial estimation of capacity before and after strength-
ening 

H2.1  The Swedish Code BBK94 
The design for shear in the Swedish Code BBK94 is based on the so-called addition model, 
where the shear capacity is calculated as a sum of a concrete contribution, Vc+Vp , and a 
contribution of transverse shear reinforcement, Vs , using concrete compression strut angle of 
45˚,  

The addition method is empirical and is not even claiming to describe the behaviour of a 
concrete cross section in shear failure. The empirical basis is large, even if there are no full 
scale tests done before on large constructions as bridges. 

When measuring the tension in the shear reinforcement it has been found that the tension is 
negligible before the first cracks are formed. The tension then increases in the same angle 
as in the 45˚ truss model. This is illustrated in Figure 20. The broken line shows the tension 
calculated according to the 45˚ truss model and the dots and the continuous line shows the 
tension measured in tests. The lines of the measured tension have the same angle as the 
calculated ones but are transferred parallel a distance which correspond to crack loading or 
the ‘concrete’ shear capacity Vc. 

Tension in shear rein-
forcement in test 
beams according to  
Leonhardt&Walter. 
The beams had same 
T-cross section with 
flange width 960 mm, 
web width 160 mm 
and effective height  
375 mm. Bending rein-
forcement  6φ 24 in  all 
beams. Spacing of 
stirrups was same, 
113 mm, but diameter 
was φ 12, 10, 8 and 6 
mm. Concrete about 
K30. 

100

5004003002001000

500

450

400

350

300

250

200

150

σ s
 M

P
a,

 b
yg

el
sp

än
ni

ng

50

0
600

Last P [kN]

TA 10

TA 10

TA 11

TA 11TA 12

TA 12

TA 9

TA 9

 

Figure 20 Tension in the shear reinforcement according to Leonhardt & Walter. (The figure is 
from the compendium in Reinforced Concrete, KTH), Westerberg (2002b). 
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In the Swedish Code, BBK94 (1994), the resistance for shear is given as 

c s p i f

w cc i

V   V V   V    V

0,25b df  VdV
+ + + +⎧⎪≤ ⎨

+⎪⎩
                                    (6) 

where 

Vc = the concrete contribution 

Vs = the contribution from the transversal reinforcement based on the original 45˚ truss model 
by Mörsh 

Vp = the shear capacity due to prestress and/or axial compressive forces 

Vi = the shear capacity due to variation in effective depth or non horizontal normal force 

Vf = the contribution from the Fibre Reinforced Polymer, FRP strengthening, this term is not 
in BBK94, but is proposed in Täljsten (2003) 

In the following the interesting contributions regarding Övik Bridge, Vc and Vs , are explained 
more in detail. 

Vc , the concrete contribution 
For a structure with a constant section the concrete contribution to the shear capacity is cal-
culated from 

Vc=bwd·fv                                         (7) 

where            bw = the smallest web-width  

d   = the effective depth  

fv  = the formal shear stress capacity  

The formal shear stress capacity is calculated from  

fv=ξ(l+50ρ)0.3fct                                                           (8) 

where   fct = the concrete tensile strength  

ρ = the reinforcement ratio,  

ρ = Aso/bwd, where Aso is the area of minimum bending moment reinforcement 
between the zero point of the bending moment and the maximum bending 
moment point. The maximum value of the ratio is set to ρ = 0.02. The term 
l+50ρ consider the dowel effect of the longitudinal reinforcement. 

ξ = is a factor considering the size effect and it is calculated from: 

ξ = 1.4 when d ≤  0.2m 

ξ = 1.6 - d when 0.2 ≤  d ≤ 0.5 m 

ξ = 1.3 - 0.4·d when 0.5 ≤  d ≤  1.0 m 

ξ = 0.9 when 1.0 m ≤  d m  
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Vs , the contribution from the transversal reinforcement 
The contribution from the transverse reinforcement is calculated according to the original 
model for shear derived by Mörsch. In this so-called 45˚ truss model, see Section J.2.1.3, the 
shear crack has propagated at an angle of θ = 45° and the shear reinforcement is designed 
at an angle of β, see Figure 21. The shear force resisted by the transversal reinforcement is 
calculated from 

( )0.9 sin cossv sv
s

A f dV
s

β β⋅
= +                                         (9) 

 
Figure 21 The shear reinforcement term, Vs , is derived looking on a section where the shear 
reinforcement has an angle, β, and the shear depth, z, is assumed to be 0.9d, where d is the 
effective depth of the section. Gabrielsson (1999) 

The 45˚ truss model 
In the 45˚ truss model, see Collins and Mitchell (1997), the diagonal compressive stresses in 
the concrete act as diagonal members of the truss while the stirrups act as vertical tension 
members. The bottom chord of the truss consists of the longitudinal tension reinforcement 
while the flexural compression zone of the beam acts as the top chord, see Figure 22. 

 
Figure 22 Equilibrium considerations for 45˚ truss, Collins and Mitchell (1997) 
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As the total diagonal compressive force 2

2
wf b jd⋅ ⋅

 equals 2V , the principal compressive 

stress is given by 

2
2

w

Vf
b jd

=                                      (10) 

The longitudinal component of the diagonal compressive force will equal V, see Figure 22b. 
This force must be counteracted by an equal tensile force, Nv, in the longitudinal reinforce-
ment. Hence the tensile force in the longitudinal reinforcement caused by shear is given by 

Nv =V                                                    (11) 

From the free-body diagram shown in Figure 22c, it can be seen that the diagonal compres-
sive force, 2 / 2wf b s , has a vertical component 2 / 2wf b s , which must be balanced by tensile 
force in the stirrup, Avfv. Substituting for f2 from Eq. 10 gives 

jd
V

s
fA vv =                                   (12) 

where Av , is the cross-sectional area of the stirrup legs, s is the stirrup spacing, fv is the ten-
sile stress in the stirrups. 

Shear capacity calculation on the Övik Bridge, Swedish code,  example 
The following example of calculation of the shear capacity for half of the Övik Bridge accord-
ing to Swedish Code, BBK94 is performed with mean material properties when the yielding 
strength of stirrups is used.  

Material parameters      

      

Concrete tension strength fctm 2.20 MPa   

Concrete compression strength fccm 68.5 MPa   

Shear reinforcement, stirrups Φ16 fsvm 441 MPa   

      

Bending moment reinforcement As 0.01368 m2   

 Main bending reinforcement 25fi25= 12272 mm2   + Slab bottom 0.5*13fi10= 511 mm2 

  + Slab bottom 9*Af=9*100 mm2= 900 mm2 

bw  0.95 m   

d  1.04 m   

      

Concrete contribution, Vc      

  0.993 MN   

  1.005    

      

  0.0138    

      

ζ=0.9, when 1.0 m < d (m)  0.9    

      

      

ctv ff 3,0)501( ρξ +=

db
A

w

s=ρ

vwc dfbV =
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Shear reinforcement contribution, Vs    

 

 
 

     

vertical stirrups  1.107 MN   

      

Asv=2Φ16  402 mm2   

s  0.15 m   

      

VR=Vc+Vs  2.100 MN   

      

which corresponds to pointload from steelbeam of 4753 kN in frame calculation   

also to be compared to the pointload from steelbeam of 5750 kN in frame calculation  

with Vmax = 3.072 MN       

      

Control of the web compression failure    

 

 
 

 16.92 MN > Vmax → OK !   

Summary 
Table 3 Shear capacity for half of the Övik Bridge in the northern beam Section B-B, see 
Figure 2 according to Swedish Code BBK 94 calculated as in the example in Section H. 
above for different settings of material properties according to Table 2.1 in the main rapport. 

 
Concrete Stirrups Shear 

capacity Stirrups Shear 
capacity 

Stage Type of 
value 

fc 
[MPa]

ft 
[MPa]

Reh 
[MPa] 

VR 

[MN] 
Rm 

[MPa] 
VR 

[MN] 

characteristic 31 1.8 φ16:  
410 

 
1.841 

φ16:  
? 

 
Initial material properties 
(These values are assumed or 
taken from original drawings)  design 17.2 1.0 φ16:  

297.1 
 

1.197 
φ16: 

?  
 

characteristic 57 1.5  φ16:  
400.2 

 
1.681 

φ16: 
730.9 

 
2.511 

Actual material proper-
ties evaluated according 
to codes 
(These values are based on the 
mean values from performed 
tests) 

design 31.2 0.83
φ16:  

278.9 
 

1.075 
φ16: 

529.6 
 

1.704 

Mean material properties 
(These values are the result 
from performed tests) 

mean 68.5
 

2.2
 

φ16:  
441 

 
2.100 

φ16:  
738 

 

 
2.845 

 

s
dfA

V svsv
s

9,0
=

ccwd dfbV 25,0≤
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H.2.2  Eurocode 
The design of members according to Eurocode 2 (2002) with shear reinforcement is based 
on a variable angle truss model, described in the following section, see also Section J.2.2.2. 

Limiting values for the angle of the inclined struts in the web are given in Eq.13. 

In Figure 23 the following notations are shown:  

 

α    is the angle between shear reinforcement and the main tension chord (measured positive 
as shown) 

θ    is the angle between concrete compression struts and the main tension chord 

Ftd is the design value of the tensile force in the longitudinal reinforcement 

Fcd is the design value of the concrete compression force in the direction of the longitudinal 
member axis. 

bw  is the minimum width between tension and compression chords 

z   is the inner lever arm, for a member with constant depth, corresponding to the  maximum 
bending moment in the element under consideration. In the shear analysis, the approxi-
mate value z = 0.9d may normally be used. 

 
Figure 23 Truss model and notation for shear reinforced members, Eurocode 2 (2002). 

The angle θ should be limited. The recommended limits are given as 

1 ≤ cotθ ≤ 2,5                                     (13) 

For members with vertical shear reinforcement, the shear resistance, VRd is the smaller value 
of: 

, cotsw
Rd s ywd

AV zf
s

θ=                                                    (14) 

and 

.max /(cot tan )Rd c w cdV b z fα ν θ θ= +                              (15) 

where: 
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Asw  is the cross-sectional area of the shear reinforcement 

s      is the spacing of the stirrups 

fywd  is the design yield strength of the shear reinforcement  

ν      takes account that concrete is cracked in the compression strut and under tension 
perpendicular to the compression.  

The recommended value of cα is: 

1 for non-prestressed structures 

0,6 1
250

ckfν ⎡ ⎤= −⎢ ⎥⎣ ⎦
  (fck and σcp in Mpa)                            (16) 

The additional tensile force, ΔFtd, in the longitudinal reinforcement due to shear VEd may be 
calculated from: 

0.5 (cot cot )td EdF V θ αΔ = −                                 (17) 

MEd/z+ΔFtd should be taken not greater than MEd,max/z. 

Variable-angle truss model 
In Collins and Mitchell (1997) the Eq.14 and Eq.15 are derived as follows: 

Figure 24 summarizes the equilibrium conditions for the variable-angle truss model.  

 
Figure 24 Equilibrium conditions for variable-angle truss. Collins and Mitchell (1997). 

The required magnitude of the principal compressive stresses, f2, can be found from the free-
body diagram shown in Figure 24b. Equilibrium requires that the resultant, D, of the diagonal 
stresses must equal V/sinθ. As D must equal f2bw jd cosθ, the principal compressive stress is 

( )2 tan cot
w

Vf
b jd

θ θ= +                                 (18) 

The longitudinal component of the diagonal compressive force will equal Vcotθ, see Figure 
24b. This force must be counteracted by an equal tensile force, Nv, in the longitudinal rein-
forcement. Hence the tensile force in the longitudinal reinforcement due to shear is 

cotvN V θ=                                   (19) 
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From the free-body diagram shown in Figure 24c it can be seen that the diagonal compres-
sive force, f2bwssinθ, has an outward thrust of f2bwssin2θ, which must be counteracted by the 
tensile force, Avfv, in the stirrup. Substituting for f2 from Eq.18 gives 

tanv vA f V
s jd

θ=                                  (20) 

which corresponds to the Eq.14, the EC2 expression for design of stirrups. 
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Shear capacity calculation on the Övik Bridge, Eurocode, example 
The following example of calculation of the shear capacity in the northern beam, section B-B, 
see Figure 2, for half of the Övik Bridge according to Eurocode 2(2002) is performed with 
mean material properties  in Table 4.1 in the main rapport, when the yielding strength of stir-
rups is used. 

 
Material parameters        

        

Concrete tension strength fctm 2.20 MPa     

Concrete compression strength fccm 68.5 MPa     

Shear reinforcement fsv 441 MPa     

        

bw  0.95 m     

D  1.04 m     

        

For members with vertical shear reinforcement, requiring design shear reinforcement, the design value for the 
shear resistance VRd is given by the lesser value of VRd,s and VRd,max 

 

 
 

       

  1.580 MN     

        

which corresponds to pointload from steelbeam of 2891 kN in the frame calculation  

also to be compared to the failure pointload from steelbeam of 5750 kN in frame calculation  

with Vmax = 3.072 MN         

        

θ, angle between concrete compression struts and the main tension chord  

θ, angle measured from failure photo  35 degree     

 

 
 

       

 cotθ= 1.43 < 2.5     

Asv=2Φ16  402 mm2     

z=0.9d  0.94 m     

s  0.15 m     

 

 
 

       

  17.0 MN     

        

 

where 
 

       

  0.59      

        

θcot, s
zfAV svsvsRd =

)250/1(6,0 ctf−=υ

θθ
υ

cottanmax, +
= ccw

Rd
fzb

V

5,2cot1 ≤≤ θ
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The shear reinforcement can be calculated as statically functioning shear reinforcement if  

 

 
 

       

  286 mm2/m < 2681 mm2/m =Asw 

        

Summary 
Table 4 Shear capacity for half of the Övik Bridge in the northern beam Section B-B, see 
Figure 2 according to Eurocode 2 (2002) calculated as in the example in Section J.2.2.2 
above for different settings of material properties according to Table 4.1 in the main rapport. 

 
Concrete Stirrups Shear 

capacity Stirrups Shear 
capacity 

Stage Type of 
value 

fc 
[MPa]

ft 
[MPa]

Reh 
[MPa] 

VR 

[MN] 
Rm 

[MPa] 
VR 

[MN] 

characteristic  
31 

 
1.8 

φ16:  
410 

 
1.469 

φ16:  
? 

 
Initial material properties 
(These values are assumed or 
taken from original drawings)  design  

17.2 
 

1.0 
φ16:  

297.1 
 

1.065 
φ16: 

?  
 

characteristic  
57 

 
1.5  

φ16:  
400.2 

 
1.434 

φ16: 
730.9 

 
2.619 

Actual material proper-
ties evaluated according 
to codes 
(These values are based on the 
mean values from performed 
tests) 

design 31.2 0.83
φ16:  

278.9 
 

0.999 
φ16: 

529.6 
 

1.898 
 

Mean material properties 
(These values are the result 
from performed tests) 

mean 
 

68.5
 

 
2.2

 

φ16:  
441 

 
1.580 

φ16:  
738 

 

 
2.645 

 

Table 4a. Shear capacity for alternative geometry 

Asw mm2 804 804 804 804 804 804 804 804 894
fyvd n/mm2 297,1 297,1 297,1 297,1 441 441 441 441 738
theta  35 35 30 21,8 35 35 30 21,8 35
cot theta  1,4281 1,4281 1,7320 2,500 1,4281 1,428 1,732 2,500 1,428
z mm 900 940 900 900 900 940 900 900 900
s mm 300 300 300 300 300 300 300 300 300
VR kN 1023 1069 1241 1792 1519 1587 1842 2659 2827
 

 

 

 

 

 

 

 

 

sww
yk
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sw Ab
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f
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H2.3  Modified Compression Field Theory 
 

Modified compression field theory 
 

The modified compression field theory, MCFT, is based on the research of Michael P Collins 
and his co-workers at the University of Toronto during the last 30 years. The method is used 
at the present in the American Codes, AASHTO (2002) and in the Swedish design handbook 
for High Performance Concrete Structures, HPCS (2000).  

 

Before the web of the beam cracks the shear is carried by the diagonal tension and com-
pression stresses in the direction of the principal stresses. The principal stresses acts at an 
inclined angel, θ, to the longitudinal axis of the beam, see Fig.25. After increasing the loading 
the tensile stresses exceed the tension capacity of the concrete and diagonal cracks will 
form. This leads to rearrangement of the internal stresses in the section. The tensile stresses 
decrease and the shear reinforcement becomes activated. The tensile stress varies from 
zero in the cracks to the maximum value in the middle of the cracks. In the modified com-
pression field theory the shear is carried by diagonal compression stresses, f2, tension in the 
stirrups and diagonal tension stresses, f1, in the concrete between the cracks, see Fig.26.  

 

The shear stress ν, in the web is assumed to be uniformly distributed 

v v

Vv
b d

=                                      (21) 

The maximum shear stress can be expressed with the Mohr’s circle as 

 

1 2 1 2
1 2sin 2 ( )sin cos

2 tan cot
f f f fv f fθ θ θ

θ θ
+ +

= = + =
+

                      (22) 

where     f2  = principal compression stress 

              f1 = principal tension stress 

             θ = angel between diagonal strut and the longitudinal axis of the beam 
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f2 
f1 

ν 

ν 
θ 

f2 f1 

ν 
θ 2θ 

a) b)  
Figure 25: Stresses in a beam loaded in shear 
                        a) Stresses acting on an infinitesimal element in the web of the beam  

                        b) Mohrs circle for shear stresses ν and principal stresses f1 and f2.  
                           The figure is modified from Gabrielsson (1999), Enochsson et al 

(2004). 

 
Figure 26:  The equilibrium in the modified compression field theory.  

                  Figure modified from Gabrielsson (1999). 

 

 

θ
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The diagonal compression stresses pull the flanges apart but the tension stresses normal to 
the cracks keep the beam together.  Because the compression stresses, f2, can become 
much higher than the tension stresses, f1, the difference must be taken by the tension in the 
stirrups. This equilibrium can be expressed as, see the left hatched area in Fig.26. 

( )2 2
2 1sin cosv v vA f f f b sθ θ= −                                (23) 

where 

fv = the average stress in the stirrups 

 

with f2 from the Eq.22 gives  

 

1
cotcot v

v v v v c s
dV f b d A f V V

s
θθ= ⋅ + = +                               (24) 

 

The equation expresses the load carrying capacity for shear as a sum of the concrete contri-
bution, due to the tension in the concrete and, the shear reinforcement contribution due to 
the tension in the stirrups. 

 

If there is no axial forces acting on the section the axial component of the diagonal compres-
sion shall be taken by tension in the axial reinforcement. The equilibrium in axial direction 
can be expressed as, see the right hatched area in Fig.26. 

 

Nv = Asxfl  + Apxfp = (f2cos2θ – f1sin2θ)bvdv                                   (25) 

 

where fl and fp are the average stresses in the axial, longitudinal reinforcement and the 
prestressed reinforcement, f2 from the Eq.22 gives  

 

Nv = Asxfl  + Apxfp = Vcotθ – f1bvdv                                    (26) 

 

When the web of the beam cracks, the average stresses, f1, decreases and the principal 
strains, ε1, increases. The tensile stresses in the cracked concrete stiffen the beam, reduce 
the strains in the concrete and make it possible for the beam to resist larger shear forces 
before the beam fails. 

 

The stresses in the cracks differ from the average stresses being calculated with in the equa-
tions above. The tension stresses in the concrete in cracks become zero but the stresses in 
the stirrups increase. The load carrying capacity for shear is limited by the capability of the 
crack to transfer the forces across the crack. When the shear is still low the tension is trans-
ferred over the crack by locally increased stresses in the stirrups. When the shear is in-
creased the stirrups reach the yielding limit in the crack. At even higher shear forces the local 
shear stresses, vci, on the surface of the crack need to be activated to transfer the tension 
stresses across the crack, see Fig.27. When the principal strains and the crack widths in-
crease the shear capacity in the web is limited by the ability of the cracks to transfer the 
stresses across the crack. Coarseness of the crack surface gives the upper limit for the load 
transferring capacity across the crack, se Fig.27a.  
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When the concrete has cracked the forces in the crack have to be equal in amount with the 
forces in the space between the cracks. Equilibrium gives the upper limit for the average ten-
sile stresses, see Fig.27b. 

 

                                     (27)                

 

 

                                     (28) 

 

 

 
Figure 27: a) Local shear stresses, vci , in the crack, Collins, Mitchell (1997) 

                 b) The two cross sections used in the Eq.27 to calculate the upper limit for the   
average principal tension stresses. In the crack, cross section A-A, the stirrups 
are yielding.  Section B-B is located in the space between the cracks.              
Figure modified from Gabrielsson (1999). 

vci 

( )

1

1

sin cos
tan sin tan sin

tan

v v v v v v
v vy ci v v

v
ci vy v

v

d b d d b dA f v A f f
s s

Af v f f
sb

θ θ
θ θ θ θ

θ

⎛ ⎞ ⎛ ⎞+ = +⎜ ⎟ ⎜ ⎟
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Assumptions made in the Modified Compression Field Theory, MCFT, are presented in Fig. 
28.  

 
Figure 28: Assumptions made in the Modified Compression Field Theory, MCFT, 

Bentz(2000). 

Bentz have modified the tension stiffening relationship given in Fig.28 to better take the size 
effect into the consideration. The relationship used by Bentz is dependent on whether the 
cracked concrete is well reinforced or poorly reinforced. The tension stiffening is largely a 
bond phenomenon. That is, it is the bond between the reinforcing bar and the concrete that 
causes any tension to develop in the concrete between cracks. Thereby at locations where 
the concrete is reinforced with closely spaced array of small diameter bars, the average ten-
sile stress in the cracked concrete can be expected to be higher than at locations reinforced 
with a widely spaced array of large diameter bars. An appropriate parameter to indicate the 
bond characteristics of different arrays of reinforcement is to divide the area of concrete in 
tension by the perimeter of all the reinforcing bars bonded to the area.  

For well reinforced cracked concrete following relationship is proposed: 

1
11 3,6

tff
m ε

=
+ ⋅

                                           (29) 

c

b

Am
d π

=
∑

 

where  m = the bond parameter in millimetres 

Ac = the area of concrete effectively bonded to the bar 

db = diameter of bar in concrete stiffened area 
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Response -program  
 

The Response -program was developed at the University of Toronto by Evan Bentz in a pro-
ject supervised by Professor Michael P. Collins. 

In a sectional analysis performed with Response -2000 program the strength and 
ductility of a reinforced concrete cross-section subjected to shear, moment, and axial 
load is calculated. All three loads are considered simultaneously to find the full load-
deformation response based on the modified compression field theory. In this analy-
sis, the biaxial stresses and strains and the manner in which they vary over the 
height of the beam are considered.  
In Bentz (2000) there is a detailed description of the Response 2000 –program in 
Evan Bentz doctoral thesis.  

Assumptions in the Sectional Analysis  
The first assumption in Response-2000 is the traditional engineering beam theory assump-
tion that plane sections remain plane. This is appropriate for beams and columns that are 
more than 4 times their depth. The second assumption is that there is no significant trans-
verse clamping stress acting through the depth of the beam. If there is transverse clamping, 
the real strength of the beam will be higher than that predicted by the program, see Figure . 
The third assumption is that the Modified Compression Field Theory (MCFT) can be used for 
biaxial stress-strain behaviour throughout the depth of the beam.  

 
Figure 29 Kani Shear tests: Shear strength vs. a/d Ratio  

General 
The MCFT is a general model for the load-deformation behaviour of two-dimensional cracked 
reinforced concrete subjected to shear. It models concrete considering concrete stresses in 
principal directions summed with reinforcing stresses assumed to be only axial. The most 
important assumption in the model is that the cracked concrete in the reinforced concrete 
can be treated as a new material with empirically defined stress-strain behaviour. This be-
haviour can differ from the traditional stress-strain curve of a cylinder, for example. The 
strains used for these stress-strain relationships are average strains, that is, they lump to-
gether the combined effects of local strains at cracks, strains between cracks, bond-slip, and 
crack slip. The calculated stresses are also average stresses in that they implicitly include 
stresses between cracks, stresses at cracks, interface shear on cracks, and dowel action. 
For the use of these average stresses and strains to be a reasonable assumption, the dis-
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tances used in determining the average behaviour must include a few cracks. Sectional 
models satisfy this by needing to be at least a couple of section depths long.  

An explicit check must be made to ensure that the average stresses are compatible with the 
actual cracked condition of the concrete. This so-called crack check is a critical part of the 
MCFT. The crack check involves limiting the average principal tensile stress in the concrete 
to a maximum allowable value determined by considering the steel stress at a crack and the 
ability of the crack surface to resist shear stresses. 

The Longitudinal Stiffness Method 
Response-2000 calculates the distribution of shear stress that vary through the depth of the 
beam cross section. The distribution will be affected by the width of the section, the material 
properties of the concrete, and the location and amount of reinforcement. The technique 
used is based on equilibrium of longitudinal stresses as derived by Jourawski in 1856. 

Traditional Shear Stress Calculation 

Consider the prismatic beam on simple supports shown in Figure . The right side of the figure 
is a free body diagram of the part of the beam between sections A and B. 

 
Figure 30 Shear stress calculation 

This section of beam is dx units long, and subjected to constant shear V and no axial load. 
The moment at section A is taken as M, and, due to the shear, the moment at section B will 
be higher, M + dM = M + V·dx. The assumed linear longitudinal strain gradient from the mo-
ment will cause a longitudinal stress profile with compression on the top and tension on the 
bottom of the cross section. Consider the shaded section at the top right of Figure  as a free 
body diagram of the top of the beam, from elevation z up to the top of the beam. It is sub-
jected to a force on the left from the moment, but a higher force on the right from the slightly 
higher moment. This requires a balancing force on the cut plane of the beam, shown as H. 
Due to the summation of moments about a point equalling zero, the shear stress in a hori-
zontal plane at a point must equal the vertical shear stress. As such, the force H divided by 
the beam width and dx results in the vertical shear stress on the beam at depth z. This is the 
same derivation used to produce Jourawski's relationship: 

Ib
VQv =                            (30) 

 
Figure 31 Internals of shear stress calculation 

The stress profile that will occur at Section A and B, as in Figure , are drawn together on the 
same axis for comparison in Figure . As section A has a smaller moment, it will have a 
smaller stress profile than at section B where the moment is larger. The shaded region 
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represents the difference in stress profiles between the two sections. It is this difference that 
defines the shear stress profile. Also shown is the shear stress distribution, which for this 
case is a parabola. Note that the slope of the shear stress plot with respect to depth is zero 
at mid-depth, and maximum at the top and bottom of the section. These slopes are directly 
proportional to the difference in the longitudinal stresses at sections A and B. That is, the 
shaded area on the middle plot at any given depth is proportional to the derivative of the 
shear stress plot with respect to the beam depth. 

In this case, the difference in longitudinal stresses between sections A and B is linear, so the 
shear stress profile is parabolic. For general nonlinear materials, however, the difference in 
longitudinal stress profiles will not necessarily be linear. The difference in strains between 
sections A and B, on the other hand, will always be linearly distributed over the depth when 
the assumption of plane sections remaining plane is used. If this change in longitudinal strain 
profile is known along with the longitudinal stiffness (i.e. rate of change of longitudinal stress 
with longitudinal strain) over the height of the beam, the shear stress profile can be gener-
ated. This is the basis of The Longitudinal Stiffness Method 

Previous state-of-the-art 
To use Jourawski's theory for shear stress distribution for the analysis of reinforced concrete 
beams, the nonlinear behavior of concrete must be included. The nonlinearity means that the 
problem generally must be solved numerically rather than analytically. In the previous state-
of-the-art for sectional analysis of concrete beams including shear a beam is divided into a 
fixed number of layers and assumes that the stress-strain state is constant for that layer. 
Each layer may have a different width. The shear stress is then calculated at the interface of 
each of these layers. A full load-state/strain-state analysis is done at sections A and B in Fig 
30, separated by the distance dx, suggested by Vecchio and Collins as d/6. The "dual sec-
tion analysis" procedure then numerically integrates the stresses above each layer interface 
in the section and calculates the resulting shear stress profile down the depth.  

The Longitudinal Stiffness Method 
The Longitudinal Stiffness Method works by taking the limit as the distance dx between sec-
tions A and B in Figure  goes to zero. It remains a numerically implemented method, but it no 
longer requires the calculation of behaviour at both sections A and B. Recall that the old 
method took the difference between the longitudinal stresses at sections A and B and divided 
by the distance between them, in the process of calculating the shear stress. This step is 
replaced by calculating the derivative of longitudinal stress with respect to longitudinal strain 
at each point in the depth of the cross section. 

The use of derivatives mean that the solution for only one location need be obtained rather 
than the two needed for the earlier method. As there is only one section, the axial forces and 
shears are guaranteed to match on each "side" of the analysis.  
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Calculation scheme for Modified Compression Field Theory, MCFT 
Modified Compression Field Theory, MCFT, is an iterative calculation method. In the pro-
gram the cross section is divided into about 50 horizontal layers. The program makes itera-
tions according to Figure to get the strains and stresses on each layer.  

 
Figure 32 Calculation scheme for Modified Compression Field Theory, MCFT, Gabriels-
son(1999). 



Sustainable Bridges      D7.3 Field Test of a Concrete Bridge in Örnsköldsvik, Sweden            

                                      App  H.  BBK, EC2, Probabilistic Methods                                                         34 (56) 

 

Response calculations on the Övik Bridge 
 

Response -2000 -program allows analysis of beams subjected to arbitrary combinations of 
axial load, moment and shear. On the first page the input data is defined, see Figure 33.  The 
cross section data is produced by a wizard that allows a section to be created easily. There 
are functions to define material properties for concrete, reinforcement and prestressed rein-
forcement. The reinforcement can be placed individually, exactly on their positions in the 
cross section. The loading can be defined as initial loading plus incremental steps for further 
loading. 

After solving the sectional response a window with two control plots and 9 plots with the 
given variable plotted over the depth of the section for the load stage indicated by the control 
plot will show up, see Figure 34.  

The two control charts in Figure 34:  
The upper control chart the “V-Gxy” curve shows the shear force-shear strain plot. 

When the user clicks anywhere on the control plot, all the plots will automatically change 
depending on the new location on the control plot. 

The lower control chart shows a moment curvature plot. 

The 9 plots in  Figure 34: 
In the top left the cross section is drawn darker in regions where it is predicted not to have 
cracked. Yielding of stirrups is marked with red colour and bright red colour indicates that 
ultimate strength of reinforcement is reached. 

The top centre plot shows the longitudinal strain versus depth for the section showing the 
basic assumption that plane sections remain plane. 

The top right shows the variation in transverse strain over the depth. When the stress in the 
peak exceeds the tensile strength of the stirrups yielding of stirrups is shown with red colour. 

The middle left shows the crack diagram with the predicted angles and widths of cracks in 
millimetres as well as an estimate of the pattern of cracking.  

The middle centre plot shows shear strain plot, which shows increasing values in peak 
strains indicating shear deformation failure in the cracked part of the section. 

The middle right shows the shear stress plot. Two curves are shown. A blue one is based on 
shear strain and the green one on the stiffness in the longitudinal direction of the cracked 
concrete. If the curves differ much form each others it indicates that the reliability of the cal-
culation is limited. 

The bottom left plot shows the principal compressive stress values. The red line at the left of 
the plot is the maximum allowed stress versus depth and the right blue line shows the ap-
plied stress. If the two lines on this plot are about to touch each others, it indicates that the 
section is about to fail by crushing of the diagonal concrete strut. 

The bottom middle plot shows the shear on crack. The actual stress on crack is shown with 
red colour and the allowed stress with blue, when the curves touch each others there will 
occur a crack slip, shear failure in the direction of the crack surface. 

The bottom right plot shows principal tensile stress. When the tensile stresses exceed the 
tensile strength of the concrete new cracks will form and the tensile stresses will decrease. 

More examples are given in Appendix I. Figures 35-45 are omitted
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Figure 33.  Input page in the Response program fo cross section and  forces in section A in 
Figure  4.1 in App. I.  Material values are the mean values according to the material tests. 

 
Figure 34. Cross section behaviour according to Response program for the Brigade cross 
section forces in figure 33. Stirrups are yielding and shear on crack is close to failure. 

Stir-
rups 
are 
yielding 

Close to failure 
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H.3  Statistical evaluation 
 

H.3.1  Probabilistic assessment of structures 
 

In Melchers (1999) the basic structural problem is written as  

 

R-S                                       (31) 

 

where 

 

R is resistance and S load effect. 

 

The desired state can be formulated as 

 

R-S ≥  0                                      (32) 

 

Failure occurs when  

 

R-S < 0                                      (33) 

 

The problem becomes probabilistic and a reliability problem when statistical distribution of 
the variables is taken into account. The basic structural problem can be rewritten to 

 

pf = P(R-S ≤  0)                                   (34) 

 

where pf  is the probability of failure 

 

or in general 

 

pf = P[G(R,S) ≤  0]                                   (35) 

 

where G( ) is termed the ‘limit state function’ and the probability of failure is identical with the 
probability of limit state violation. 

 

General (marginal) density functions fR and fS for R and S respectively are shown in Fig.46 
together with the joint (bivariate) density function fRS(r,s). For any infinitesimal element (ΔrΔs) 
the latter represents the probability that R takes on a value between r and r+Δr and S a value 
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between s and s+Δs as Δr and Δs each approach zero. In Fig.46 the equations are repre-
sented by the hatched failure domain D, so that the failure probability becomes 

pf = P[(R-S) ≤ 0 ] = ( ),RS
D

f r s drds∫ ∫                             (36) 

When R and S are independent, fRS(r,s)=fR(r)fS(s)  Eq.36  becomes: 

( ) ( ) ( )
s r

f R Sp P R S f r f s drds
∞ ≥

−∞ −∞

= − = ∫ ∫                            (37) 

 
Figure 46:  Two random variables joint density function fRS(r,s), marginal density functions fR 

and FS and failure domain D.  Melchers (1999).  

 

Noting that for any random variable X, the cumulative distribution function is given by 

 

( ) ( )( )
x

x xF x P X x f y dy
−∞

= ≤ = ∫                              (38) 

 

Provided x ≥  y, it follows that for common, but special case when R and S are independent 
Eq. 38 can be written in the single integral form 

 

( ) ( )( 0)f SR
p P R S F x f x dx

∞

−∞
= − ≤ = ∫                          (39) 

 

FR(x) is the probability that R ≤  x or the probability that the actual resistance R of the mem-
ber is less than some value x. Let this represent failure. The term fs(x) represent the probabil-
ity that the load effect S acting in the member has a value between x and x+Δx in the limit as 
Δx →0. By considering all possible values of x, i.e. by taking the integral over all x, the total 
failure probability is obtained. This is seen in Fig.47 where the density functions fR and fS 
have been drawn along the same axis. 
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Figure 47:   Basic R – S problem: fR( ) fS( ) representation, Melchers (1999) 

 

In Fig 48 the definition of the safety index β for a normalized failure function, see also Fig.50, 
is presented.  

 
Figure 48:   Definition of the safety index β for a normalized failure function. Figure modified 

from course material in structural safety, LTU. 

 

 

H.3.2  First –order second –moment reliability method  

The Hasofer-Lind safety index 
 

In the general case the density functions and failure domain is described in Schneider (1997) 
as in Fig.49. The respective two-dimensional joint probability density is represented as a 
hump. Its volume is 1 and the contours are concentric curves.  

In Fig. 49 R and S are plotted as marginal probability density functions on the r and s axes. 
The limit state equation G = R - S = 0 separates the safe from the unsafe region, dividing the 
hump volumetrically into two parts. The volume of the part cut away and defined by s > r cor-
responds to the probability of failure. The design point (r*;s*) lies on this straight line where 
the joint probability density is greatest: if failure occurs it is likely to be there.  
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Figure 49: Un-normalized variables, Schneider (1997) 

 

The procedure when defining the Hasofer-Lind -safety index β is as follows 

 

First step:  

 

Normalize the basic variables by, see Fig.50: 

 

( )
( )

i i
i

i

X E XZ
D X
−

=        (0,1)Zi N⇒ ∈                       (40) 

 

where E(Xi) is the expectation value and D(Xi) the standard deviation for the stochastic vari-
able X.   

 

Second step: 

 

Express the failure function in normalized basic variables 

 

( ) ( ),...i ng Z g z z=                         (41) 
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Figure 50:  Non-linear failure function. Normalized variables 

 

The safety index β is defined as the shortest distance from origin in the z-coordinate system 
to the failure surface g(z1,z2)=0, see Fig.50. 

 

Third step: 

 

In the failure point the failure function g(zi,…,zn) = 0 is approximated with g*(αiβ,… αnβ) = 0 
where α is the sensitivity factor for which the following is valid, see Fig. 51 

 
2 2... 1i nα α+ + =                          (42) 

 

 
 
Figure 51:  Sensitivity factor 
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The normal vector to g(zi,…,zn) in the failure point (αiβ,… αnβ) is given by the vector 

 

( ) ( ),..., ,...,,...,i i n n i i n n

i n

g g
z z

α β α β α β α β∂ ∂
− −

∂ ∂
                 (43) 

The length of this normal vector is 

 

( ) ( )2 2

,..., ,...,,...,i i n n i i n n

i n

g g
z z

α β α β α β α β⎛ ⎞ ⎛ ⎞∂ ∂
+⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟∂ ∂⎝ ⎠ ⎝ ⎠

               (44)  

 

In the failure point the normal vector coincides with the unit vector ( ,...,i nα α ) 

( ) ( )2 2

,..., ,...,,...,

i
i

i i n n i i n n

i n

g
z

g g
z z

α
α β α β α β α β

∂
−
∂

=
⎛ ⎞ ⎛ ⎞∂ ∂

+⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟∂ ∂⎝ ⎠ ⎝ ⎠

             (45) 

 
. 

. 

. 

( ) ( )2 2

,..., ,...,,...,

n
n

i i n n i i n n

i n

g
z

g g
z z

α
α β α β α β α β

∂
−
∂

=
⎛ ⎞ ⎛ ⎞∂ ∂

+⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟∂ ∂⎝ ⎠ ⎝ ⎠

 

 

In the general case, a non-linear iterative method is used to calculate the safety index β and 
sensitivity index αi… αn  

 

Usually the convergence is good with the Newton - Raphson method. 

 

There are computer programs available which perform these calculations with ease, e.g. the 
VaP, Variables Processor program presented in Section J.3.4. 
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H.3.3  Monte Carlo simulation  
 

With Monte-Carlo simulation, the exact or approximate calculation of the probability density 
and of the parameters of an arbitrary limit state function of variables 

 

G=G(a0,X1,X2,...Xi,...Xn)                                      (46) 

                          

is replaced by statistically analyzing a large number of individual evaluations of the function 
using random realizations xik of the underlying distributions Xi see Fig. 52. 

 
Figure 52: Simulation procedure for member strength statistical properties, Melchers (1999). 

 The index "k" stands for the "k"-th simulation (k = 1, 2 ... z) of a set of Xi. Each set of the k 
realizations gives a value  

 

gk = G(a0, X1k X2k, ... Xik,... Xnk)                                        (47) 

 

 
Figure 53:   Random number, Schneider (1997) 
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The resulting z numbers gk are evaluated statistically. The heart of the method is a random 
number generator that produces random numbers aik between 0 and 1, see Fig.53. Such a 
number is interpreted as a value of the cumulative distribution function FXi(xi) and delivers the 
associated realization xik of the variable Xi.  

 

In some computer programs, e.g. VaP (Variables Processor), the resulting values gk are con-
tinuously presented in a histogram, see Fig.54, thus giving immediately an idea of the prob-
ability density of the variable VR. 

 

 
 

Figure 54:  A typical result of a Monte Carlo simulation computed with the VaP program  

 

Monte Carlo simulation computed with the program VaP produces following information con-
nected to Fig 54: 

 

Crude Monte Carlo Analysis of Vc: 

> 1 run with 100000 samples: 

   1.  mean = 4049   sdev = 350.9  skew = 0.414  kurt = 3.31  p = 0.000000 

 

These histograms are usually approximated by some of the most common distributions. 
Standard deviation is a measure of dispersion of the distribution. In Schneider (1997) the 
higher order moments are explained. The skewness δ and the kurtiosis ε, are parameters of 
a distribution function. For symmetrical distributions δ = 0. Values greater than zero indicate 
a left skewness distribution whose mode is less than the mean. For the normal distribution ε 
= 3. Values greater than 3 indicate a distribution which is fatter in the region of the tails than 
the normal distribution. 
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H.3.4  Variables Processor, VaP  
 
The program is developed at the Institute of Structural Engineering, Swiss Federal Institute of 
Technology. 

The program VaP (Variables Processor) processes stochastically defined numerical quanti-
ties Xi, so-called variables, in given algebraically defined functions G(Xi). VaP computes the 
expectation, the standard deviation and, if applicable higher moments of G, shows the shape 
of the probability density function of G, and calculates the probability that G is less than zero. 
All input is introduced by means of clearly arranged windows, by inputting the corresponding 
algebraic functions as well as by clicking and inputting numerical values. All input values can 
be easily changed at any time. In this way the sensitivity of the result to parameter variation 
can be readily investigated.   

Windows  
The central window of VaP on the computer screen is the Results window designed as an 
editor and compatible to normal text editor programs. Into this window the confirmation of the 
input data and the results of all computations are written. Figures - e.g., histograms, probabil-
ity density functions or the results of computations with the Monte Carlo method - can be 
stored as a bit-map and, later on, processed further. Another window, called Inspector, 
shows the input functions and lists the associated variables. The variables are defined in the 
Variables window. All input can be saved and called again later.   

Input  
The user first defines, directly in the Inspector window, the function in the form of an alge-
braic expression and thus defines the mathematical model for the problem at hand. All terms 
appearing in this expression are assumed to be variables. VaP manages several functions 
linked together by common variables. In the Variables window the usual distribution types 
are available by a mouse click. In order to facilitate changing of the distribution type, the 
moments - the mean and the standard deviation of the variables - are input. The input can be 
switched from Moments to Parameters of the variable. Variables may also be defined by 
means of a histogram. In this way actual test results can be introduced into the computation.   

Solution Methods  
The analysis of a defined function is carried out using well-known methods The First Order 
Reliability Method (FORM), the crude Monte Carlo method (MC) and a numerical integration 
method (MOMENTS) have been implemented. The latter delivers the computational result in 
the form of the accompanying moments and the parameters of the equivalent Johnson curve, 
while the Monte Carlo method provides the results in the form of a histogram. 

.  
Figure 55: Windows in VaP, Variables Processor program. 
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H.3.5  BBK 94, VaP  
  
Statistical evaluation 

Addition model 

 

Limit state function for shear according to BBK 94 
 

)(SVVV
SRV

sc −+=
−=

                         (48) 

where 
 

0.3fct 0.02)50(10.9db w ××+××=cV  
 

   
s

0.9dfA2 svsv=sV  

 

Vc , contribution of concrete 
 

 
Table 5: Summary of bending reinforcement  

 

Bending reinforcement, As:   

Main bending reinforcement 25fi25 12272 mm2 

Reinforcement in slab bottom 
0,5*13fi10 511 mm2 

Carbon fibre rods in slab bottom 
9*Af=9*100 mm2 900 mm2 

As, total 13682 mm2 
ρ =As/bwd 0,0138 max 0,02 

ξ 0,9 for  d > 1,0m 

 

Function Vc :  

 
Vc = bw*d*0.9*(1+50*0.0138)*0.3*fct          BBK 94 (Eq. 3.7.3.2a)         (49) 

 
 

 

Variables of Vc: 
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Table 6: Summary of stochastic variables of Vc , contribution of concrete  

 

Variable Unit Symb Distribu-
tion 

mean 
μx 

Standard- 
deviation 
σx 

COV (%) 

Width m bw Normal 0,95          0,010  

Effective height m d Normal 1,04   0,010  

Tensile 
strength 

Mpa  fct     Lognormal 2,2 0,5 22,7 % 

 

 

Vc (E[X]) = 991.8 kN 

 

Crude Monte Carlo Analysis of Vc: 

 
Figure 56: Crude Monte Carlo Analysis of Vc , contribution of concrete, according to BBK94. 
 

> 1 run with 100000 samples: 

   1.  mean = 0.9925  sdev = 0.2255  skew = 0.686  kurt = 3.85  p = 0.000000 

 

μ = 992.5 kN  

σ  =225.5 kN 

COV= 22,7 % 

 

Histogram counted as lognormal distribution gives the characteristic value, 5% fraction:  

)05,0(1−Φ××−×= VcCOV
Vcck eV μ  

 

Vck= 683 kN 
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Vs , contribution of shear reinforcement 
 

Table 7: Summary of stochastic variables of Vs , contribution of shear reinforcement. 

 

Variable Unit Symb Distribu-
tion 

Xnom mean 
μx 

 
μx 

standard- 
deviation 
σx 

 
σx 

COV
[%] 

The cross-
sectional area 
of the shear 
reinforcement 

mm2 Asv Normal 201,06

 
1,02*Xnom 205,08

 
0,015*μx 3,08 

 
1,5 %

The design 
yield strength 
of the shear 
reinforcement 

MPa fsv Log-
normal 

  441  12 2,72 %

  

Effective height m d Normal   1,04  0,01  

Spacing of the 
stirrups 

m s Log-
normal 

  0,15  0,015  

 

Function Vs :  

 
Vs = 2*Asv*fsv*0.9*d/s  BBK94 (Eq.3.7.4.2a)              (50) 
 

Vs (E[X]) = 1128.7 kN 

 
Crude Monte Carlo Analysis of Vs: 

 
Figure 57: Crude Monte Carlo Analysis of Vs, contribution of shear reinforcement, according 

to BBK94. 
 
> 1 run with 100000 samples: 

   1.  mean = 1.14e+06  sdev = 1.2e+05  skew = 0.320  kurt = 3.17  p = 0.000000 
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μ = 1140  kN  

σ  =120  kN  

COV= 10,5 % 

 

Histogram counted as lognormal distribution gives characteristic value  

)05,0(1−Φ×××= VsCOV
Vssk eV μ  

Vsk = 959 kN 

 

VR, shear resistance  
 
Funktion VR :  

 

VR = Vc+Vs                           (51) 

 

Table 8: Summary of stochastic variables of VR,, shear resistance  

Variable   Symb Distribution Mean 
Standard 
deviation COV[%] 

Vc, contribution of concrete kN Vc Lognormal 992.5 225.5 22,7 % 

Vs, contribution of shear rein-
forcement kN Vs Lognormal 1140 120   10,5  % 

 
 VR (E[X]) = 2132.5 kN     

 Crude Monte Carlo Analysis of VR :  
 

 
Figure 58: Crude Monte Carlo Analysis of VR, shear resistance, according to BBK94.  
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> 1 run with 100000 samples: 

   1.  mean = 2134   sdev = 256.4  skew = 0.526  kurt = 3.63  p = 0.000000 

 

μ = 2134  kN  

σ = 256.4 kN  

COV = 12,0 % 

 

Histogram counted as normal distribution gives characteristic value 

 

( ) εε σμ 05,01−Φ−=pkV  
 

VRk, =   1712 kN  

 

Histogram counted as lognormal distribution gives characteristic value  

 

)05,0()(
,

1−Φ×−×= VsCOV
Vskshear eV μ  

VRk, =   1751 kN  

 

If calculated with the lesser of the values above dimensioning value, VR in the ultimate state 
becomes 

 

VRd,FRP = 1712/1,2 

             = 1427 kN 

 

VS, shear load effect 
 

Concrete, ballast and steelbeam selfweights and soil pressure represent only 2.2 percent of 
the total shear below the steelbeam, the pointload stands for the rest. There must be differ-
ent kind of insecurities involved in the pointload. Also the frame model used in the frame cal-
culations involves many assumptions. Anyhow the pointload was well documented and 
therefore it should be reasonable to assume that shear force is deterministic. 

 

According to VS counted according to frame calculation 

 

VS=3072 kN 
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V(R-S), FORM Analysis of shear capacity  
 

Limit State Function 

 

V(R-S) = bw*d*0.9*(1+50*0.0138)*0.3*fct*1000+2*Asv*fsv*0.9*d/(s*1000)-VS        (52) 

 

 Crude Monte Carlo Analysis of V(R-S): 

 
 

Figure 59: Crude Monte Carlo Analysis of the Limit State Function, V(R-S), according to 
BBK94. 

V(R-S)(E[X]) = -951.497 kN 

> 1 run with 100000 samples: 

   1.  mean = -941.4  sdev = 255.7  skew = 0.523  kurt = 3.57  p = 0.998160 

 

Table 9: Summary of FORM Analysis of V(R-S): 

FORM Analysis of V(R-S): 

     HL - Index = -2.96        P(G<0) =   0.998 

     Name        Alpha        Design Value 

     Asv        -0.043          205.476 

     bw          -0.044             0.951 

     d            -0.068            1.042 

     fct           -0.950             4.033 

     fsv          -0.079         443.644 

     s             0.288             0.137 

 

Sensitivity analysis shows that fct tension strength is the most important factor with Alpha= 
-0.95, the second important factor is space between stirrups, s with Alpha=0.288. 

The probability for failure is 99,8 %. 
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H.3.6  Eurocode 2, VaP 
 
Statistical evaluation 

Truss model 

 

Limit state function for shear according to EC2. 

 

)(. SVV
SRV

sRd −=
−=

                          (53) 

 

where 

 

 

 

 

VRd,s, contribution of shear reinforcement 
 
Table 10: Summary of stochastic variables in the truss model, VRd,s, contribution of shear                      

reinforcement, according to EC2  

  

Variable Unit Symb Distribution Xnom mean
μx 

 
μx 

standard- 
deviation 
σx 

 
σx 

COV[
%] 

The cross-
sectional area 
of the shear 
reinforcement 

mm2 Asv Normal 201,06

 
1,02*
Xnom 

205,08

 
0,015*μx 3,08 

 
1,5 %

The design 
yield strength 
of the shear 
reinforcement 

MPa fsv Lognormal   441  12 2,72 %

  

Inner lever 
arm 

m d Normal   1,04  0,01  

Spacing of 
the stirrups 

m s Lognormal   0,15  0,015  

cotθ   Deterministi
c 

  1,43 θ= 35◦   

V(S)   Deterministi
c 

  3072    

θcot, ywd
sw

sRd zf
s

AV =
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Function VRd,s :         

 
(EC2 Eq 6.8)        (54) 

       

VRd,s (E[X]) = 1620.93 kN 

 

Crude Monte Carlo Analysis of VRd,s: 

 
 Figure 60: Crude Monte Carlo Analysis of function VRd,s  , contribution of shear reinforce-

ment according to EC2. 

> 1 run with 100000 samples: 

   1.  mean = 1637   sdev = 172.6  skew = 0.315  kurt = 3.19  p = 0.000000 

μ = 1637   kN    

σ = 172.6  kN  

COV  10,5 %  

 

V(R-S), FORM Analysis of shear capacity  
 

Limit State Function 

 

V(R-S) = 2*Asv*fywd*z*1.43/(1000*s)-VS                (55) 

  

Table 11: Summary of FORM Analysis of shear capacity, V(R-S) according to EC2 
 

G(E[X]) = -1451.07 

 

FORM Analysis of V(R-S): 

      

     HL - Index = -6.04        P(G<0) =       1 

θcot, ywd
sw

sRd zf
s

AV =
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     Name        Alpha        Design Value 

     Asv          -0.141         207.714 

     fywd         -0.260         460.057 

     s              0.950              0.084 

     z             -0.101              0.946 

 

Sensitivity analysis shows that space between stirrups, s, with Alpha=0.95 is the most impor-
tant factor and second important factor is tension strength of stirrups, fywd  , with Alpha= 
-0.26.  

The probability for failure is100 %. 

 

 

H.3.7  Summary 
 
 

 
 

Figure 61: Distributions for shear, resistance, VR, according to Swedish Code, BBK 94 and 
EC2 and load effect, VS. 

 

Eurocode, EC2 with variable truss angle model gives lower capacity compared with the 
Swedish Code, BBK94 with addition model. Both models give clearly lower shear capacity for 
the Övik Bridge than it could take in the loading test. 
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1. Introduction 
The intention with this report is to model the Örnsköldsvik Bridge in a way which corre-
sponds to the behavior of the bridge during the test loading.  
A simplified 3d analysis is used to illustrate two different ways of 3d-modeling the bridge. 
First a solid model and then a shell model combined with wires as edgebeams of the bridge 
are investigated. The bridge is slightly curved and skewed in reality but in this analysis a 
straight model is used. 
The bridge is modeled in the finite element analysis software Brigade/Plus Version 2.1-4. 
The aim with this rapport is also to compare these Brigade calculations with the Skanska cal-
culations with Lusas program. Cross sectional behavior and capacity is investigated according 
to modified compression field theory with Response program. 
The bridge material in both models is concrete and the concrete is modeled as linear elastic. 
Only the mean material properties with concrete E-modulus = 25.4 GPa from tests carried out 
during 2006. All load, material and safety factors are set to 1.0. 
Also a 2d-frame calculation is performed with Strusoft software Frame analysis 5.3.004. 
Finally the results of the 2d and 3d calculations are compared. 
 
2. Solid model of the bridge 
The model is presented in figure 2.1.  

 
 
Figure 2.1  Model of the Örnsköldsvik-bridge. 
 
The main geometry of the bridge is according to Skanska Lusas calculations, see Appendix G. 
However, the curvature with R = 300 m is neglected here.. 
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2.1 Elements 

 
Figure 2.2  The bridge modeled with solidelements.  
 
The solid model in figure 2.2 is built up with elements of type C3D20R:  A 20-node quadratic 
brick, reduced integration. The elements sizes are approximately 0.3-0.4m. This choice of 
elements gave quick convergence of results. When elements of type C3D8R:  An 8-node lin-
ear brick, reduced integration, hourglass control where used the required element size had to 
be reduced to 0.125 m to get the convergence i.e. the results don’t change with reduced ele-
ment size. 
 

2.2 Boundary conditions 

 
 
Figure 2.3  The ground plate is fixed in x, y and z directions at support 1. Support 2 and su-

port 3 are not fixed. 

Support  1 

Support 2

Support 3 
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Figure 2.4  Piles are modeled as springs, each pile as a separate spring located according to 

the original design drawing. The spring stiffness’s are calculated according to 
equation 2.1.  

 
The stiffness of each pile modeled as a spring is calculated according to the following equa-
tion 
 
                             (2.1) 
 
 
where 
 
k = spring stiffness, [N/m] 
E = E-modulus,  [GPa] 
L = length of the pile, [m] 
A = cross-section area a pile, Apile [m2] 
 

Piles under ground 
plates 

horizontal vertical 

Single 
piles under 

the con-
nection 
beams

71300982 285203929 311274510
71300982 285203929 
71300982 285203929 

 
Table 2.1  Spring stiffness’s according to equation 2.1. The horizontal stiffness’s are consid-

ered in order to take the inclination of piles into account in the longitudinal and 
transversal direction of the bridge according to the original drawings.

L
EAk =
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2.3 Loads  

Loads applied on the bridge: 
- self weight of the concrete 
- ballast on the bridge 
- earth pressure outside support 1 
- self weight of the steel beam  
- -load from the steel beam 

  

2.4 Self weight of the concrete 
 

 
 
Figure 2.5  Load of self weight of concrete 
 
The bridge material is concrete with a mass density of 25 kN/m3.  
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2.5 Ballast on the bridge 
 
The ballast is assumed to have a thickness of 0.64 m. Weight of the ballast according to the 
bridge code is 20 kN/m3. The ballast is applied along the whole length and width of the bridge 
and even against the inner sides of the edgebeams, see figure 2.6. 

 
Figure 2.6  Load of ballast, also the pressure against edgebeams is included. 

2.6 Earth pressure at support 1 

        
Figure 2. 7  Earth pressure                      
                                               
The earth pressure is zero at the top and on the inner side of the edgebeam increasing to the 
bottom of the wing. Also the earth pressure from outside is modeled increasing on the same 
way as the earth pressure on the inside of the wings. The horizontal pressure then becomes : 
 

hKh **0 γσ =                         (2.2) 
 
where 
 
K0 =  0,34 
γ  =  20 kN/m3, weight of the earth 
h  =  height from the earth surface 
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2.7 Self weight of the steel beam  

 
Figure 2. 8  Concentrated loads of self weight of the steel beam. The loads are applied as 

pressure against the surface of the edgebeams. The pressure corresponds to 34 kN 
on each side of the bridge. 

2.8 Applied load from the steel beam 

 
Figure 2.9  Applied loads from the steel beam on the edgebeams. The loads are applied as 

pressure against the surface on the edgebeams. The pressure corresponds to 5750 
kN on each side of the bridge. 
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2.9 Loadcase: all loads at the same time 
 

 
 
Figure 2.10      Displacements due loadcase: all loads at the same time.  
                         Deformation scale factor is 100. The vertical displacement of the midsupport 
                         and right support is between 0.51-3.6 mm. The mid deflection in the middle    
                        span of the edge beam is 31.69 mm.  

 
 
Figure 2.11       Displacements due loadcase: all loads at the same time.  
                         The twist of the edgebeams due to torsion moment can be seen under the point 
                         load location. 
                         The picture on the right hand side shows a clip section through the mid sec-   
                         tion under the steel beam of  the bridge. The edgebeams are twisted outwards  
                         and the slab is curved upwards. 
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Figure 2.12      Stresses due loadcase: all loads at the same time.  
                        Deformation scale factor is 100.  
                        The concrete compression stress on the upper side of the edge beam is  
                        48.9 MPa. The concrete compression stress on the bottom of the edge 
                        beam is  37.8 MPa. 
 

 
 
Figure 2.13      Strains due loadcase: all loads at the same time.  

 Deformation scale factor is 100.  
 The strain on the concrete compression side on the upper side of the edge 
beam is 2.4 ‰. 
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3. Shell model of the bridge 
 

 
 
Figure 3.1 The bridge is modeled with shell elements and ‘wires’ with assigned beam ele-

ments 
 
The main geometry of the shell model of the bridge is mainly according to Skanska calcula-
tions, see Appendix G, Figure 2. The bridge deck and the edge beamsare modeled according 
to figure 3.2 for a straight bridge 
The thicknesses of the shell elements are according to Skanska calculations see Appendix G, 
figure 4. 

 
 
Figure 3.2 The red line in the figure shows how the bridge slab is located in the cross section 

in the model. The blue edgebeams are modeled as ‘wires’ with assigned beam ele-
ments according to the figure. 

 
The shell elements are of type S4R: linear quadrilateral, 4-node doubly curved thin or thick 
shell, reduced integration, hourglass control, finite membrane strains. The sides of the shell 
elements vary between 0.3 and 0.75m. 
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The edgebeams are of shear-flexible element type B31: 2-node linear beam in space. The 
beam element length is approximately 0.25m. The location of the ‘wires’ is fixed in order to 
get the right eccentricity of the point loads. The beam profile is according to the blue area in 
figure 3.2, a thin walled arbitrary shape profile with a L-shape. This beam profile should be 
changed to generalized numerical profile in the further studies, because the chosen arbitrary 
profile showed to be intended for thin walled profiles.  
The point loads applied from the steel beam at the test 2* P=5750 kN and the self weight of 
the steel beam 2*34 kN were distributed on the two flanges of the steel beam. The distributed 
loads became q= 12777,8  kN/m respective 75,6 kN/m in  figure 3.1. 
 

3.1 Loadcase: all loads at the same time, P=5750 kN 
In the following the cross section force diagrams are presented for the load case: all loads at 
the same time. The max values are collected in table 3.1 
. 
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Figure 3.3 Deflections and cross sectional forces of the edgebeams according to Brigade cal-

culation. The x-coordinate starts from the left end of edgebeams see figure 3.1. 
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In table 3.1 a comparison is made of the maximum section forces for Brigade and Lusas for 
the loadcase all loads at the same time, P = 5750 kN on each edge beam.  
 
 North-east edge beam South-west edge beam 

 Brigade Lusas Brigade Lusas 
Vertical displace-
ment 

29,5 mm 30 mm 29,5 mm 30 mm 

Axial force 7.4 MN 7.5 MN 7.4 MN 7.8MN 
Bending moment 7.6 MNm  7.6 MNm - 
Shear force 2.98 MN 2.6MN 3.0 MN 2.3MN 
Torsion moment 1,42 MNm 1.56MNm 1,42 MNm 1.73MNm 
 
Table 3.1 Comparisons of the maximum section forces between Brigade and Lusas calcula-

tions for the loadcase all loads at the same time, P=5750 kN on each edgebeam. 
Note that maximum section forces don’t act in the same cross section. 

 
 
4. Brigade shell model combined with the Modified Compression 
Field Theory (MFCT) according to the Response program 
When cross section forces obtained from the Brigade shell model calculation are used as input 
in the Response –program, which calculates the cross section response to increasing loads, the 
following results are obtained for the North-East edgebeam. The cross section forces accord-
ing to Brigade –program are taken in the section x = 25,169 m in figure 4.1, close to the sec-
tion where the failure was initiated. The strains in figure 4.7 are measured in line below the 
edgebeam i.e. about 1 meter from the cross section considered in Response calculations pre-
sented here. The Modifeid Compression Field Theory is presented in Appendix H. 
 
 
 
 
 
 

 
 
Figure 4.1 The cross section forces used in the Response calculation according to Brigade – 
                 program are taken in the section A. Figure shows the South-West edgebeam, the  
                North-East edgebeam is in the other side of the bridge.  

 P 

anchor 

X = 25,169 m 

A 

A
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Figure 4.2 Input page in the Response program for the Brigade cross section forces in section 

A in figure 4.1. Material values are the mean values according to the material tests. 

 
Figure 4.3 Cross section behavior according to Response program for the Brigade cross sec-

tion forces in section A in figure 4.1, stresses and strains at load level axial 
load=5279.7 kN, moment=4466.7 kNm and shear=2276.5 kN. Stirrups are yielding 
and shear on crack is close to failure. 

Stir-
rups 
are 
yield-
ing 

Close to failure 
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Figure 4.4 Cross section behavior according to Response program for the Brigade cross sec-

tion forces in section A in figure 4.1, stresses and strains at load level axial 
load=6078.2 kN, moment=5148.3 kNm and shear=2616.8 kN. 

 

 
 

yielding 
Stir-
rups 
are 
yield-
ing 

Shear failure in 
crack 

yielding 
Stir-
rups 
are 
yield-
ing 

Shear failure in 
crack 
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Figure 4.5 Cross section behavior at failure according to Response program for the Brigade 

cross section forces in section A in figure 4.1, stresses and strains at failure. 
 

 
 
Figure 4.6 Cross section behavior for the Brigade cross section forces at failure in section A 

in figure 4.1. Stresses and strains in the reinforcement. Stirrups are yielding. Lon-
gitudinal strains on compression side are about one half of the measured strains 
and on the tensile side strains are close to the measured strains before yielding 
during the test, see figure 4.7. Longitudinal tensile reinforcement is yielding as it 
was yielding at failure during the test.  
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Figure 4.7 Strain in North-East edge beam, measurement line 4, below the steel 

beam. Blue line is carbon fibre reinforcement, red line steel reinforce-
ment and black line concrete compression. 
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    Brigade  Response 

Brigade 
/ 
Response  Brigade  Response 

Brigade 
/ 
Response  Brigade  Response 

Brigade 
/ 
Response 

   
AllLoads 
SF1 

AllLoads 
SF1   

AllLoads
SM1 

AllLoads 
SM1   

AllLoads 
SF2 

AllLoads 
SF2   

    AxialLoad  AxialLoad  AxialLoad 
Moment
Axis1 

Moment 
Axis1 

Moment 
Axis1  Shear  Shear  Shear 

  X  kN  kN    kNm  kNm    kN  kN   

  1  2  3  4  5  6  7  8  9  10 

  22,313 5626 6705 0,84 4163 4957 0,84 2849 3396 0,84 
  22,672 6230 7072 0,88 4912 5578 0,88 2805 3185 0,88 
  23,031 6730 7008 0,96 5698 5932 0,96 2798 2915 0,96 
  23,391 7110 8470 0,84 6528 7776 0,84 2722 3242 0,84 
steelbeam  23,750 7351 8977 0,82 7239 8838 0,82 2082 2549 0,82 
flange 1  23,975 7422 9525 0,78 7544 9685 0,78 412 516 0,80 
  24,100 7413 8589 0,86 7561 8762 0,86 43 54 0,80 
steelbeam  24,225 7417 8124 0,91 7538 8258 0,91 326 360 0,90 
flange 2  24,450 7332 8883 0,83 7223 8748 0,83 2168 2627 0,83 
  24,809 7074 8302 0,85 6500 7628 0,85 2808 3296 0,85 
   25,169 6679 6973 0,96 5655 5902 0,96 2883 3008 0,96 
  25,528 6168 6882 0,90 4851 5411 0,90 2890 3226 0,90 
  25,888 5559 6511 0,85 4082 4772 0,86 2933 3428 0,86 
  26,247 4877 5966 0,82 3337 4077 0,82 2949 3598 0,82 
  26,606 4144 5199 0,80 2607 3267 0,80 2971 3711 0,80 
  26,966 3386 4278 0,79 1883 2383 0,79 2983 3749 0,80 
  max   0,96   0,96   0,96 
  min   0,78   0,78   0,80 

 
Table 4.1 Cross section forces for the North-East edgebeam according to Brigade and corre-

sponding capacity calculations with Response for the loadcase ‘All loads at the 
same time, P=5750 kN on each edgebeam. 

 
Response program produces the cross section capacity calculation. The ration between Bri-
gade cross section forces and Response capacity is between 0,78 and 0,96. 
 
The combined use of Brigade and Response programs can predict the failure location quite 
accurately. In the cross section x = 25,169 m, which is very close to the place where the fail-
ure was initiated i.e. the right end of the failure crack in figure 4.1, the ration between Brigade 
cross section forces and Response capacity is 0.96 without consideration of shear due torsion. 
 
The effect of torsion moment in investigated in the next chapter, chapter 5.
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5. Design shear force when torsion moment included 
 
According to the Swedish Code, BBK 04, chapter 3.8.6 stirrups can be designed for the com-
bined action of shear force and torsion moment when the truss model for calculating the shear 
capacity is used. Massive cross section can be treated as a fictive box cross section according 
to figure 5.1. The effect of torsion moment in form of shear force according to equation 3.8.6 
in BBK 04 can be added to the shear force in the actual box wall when the direction of the 
shear force due to torsion moment has been taking into account, see figure 5.2. 
The shear forces are known from previous Brigade calculations. The equivalent shear force 
due to the torsion moment can be calculated as:     
 

 
               (5.1) 
 

   
 
Figure 5.1 
 
where, in the cross section x = 25,169 m  in figure 4.1 

 
 
 
Vd = 0.5*VSd + VTd                         (5.2) 
 
where 
 
VSd = 2883 kN     the shear force from Brigade calculations in cross section x=25,169 m, Ta-

ble 4.1 
VTd =  603 kN  the shear force from Brigade calculations in cross section x=25,169 m cal-

culated due to the torsion moment according to the BBK 04 equation (3.8.6) 
above. 

 
Vd  becomes 
 
Vd1 = 0.5*2883 kN + 603 kN = 2044,5 kN 
Vd2= 0.5*2883 kN - 603 kN =  838,5 kN 

TSd = 1076 kNm torsion moment in the cross section x=25,169 m 

Aef = 865847 mm2 (effective area according to 3.8.4, BBK 04) 

zef = 970 mm (see figure) 
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The calculation of the design shear force is shown in figure 5.2.    

 
 

+ 

 

= 

 
 
Figure 5.2 Calculation of design shear force by combinations of actual shear and torsion 

moment. Note the opposite and outwards acting torsion moments, compare with 
figure 2.11. 

 
The design shear force at the outer side of the edgebeam becomes thereby VSd = 2044,5 kN, 
which is to be compared with the shear capacity according to truss model used in EuroCode. 
The shear capacity according to truss model for only half of the edgebeam with one stirrup leg 
Φ16 s150 is according to Appendix H, section J.2.2.3, VR= 0,5*2645=1322,5 kN, when the 
ultimate tensile strength fsv=738 MPa is used for stirrups in the shear capacity calculation. 
When the yield strength fsv=441 MPa is used for stirrups the shear capacity becomes, VR= 
0,5*1580=790 kN.  

Td

VSd = 0,5*2883= 1441,5 kN 

VSd =1441,5 kN 

VTd = 603 kN 

VTd = 603 kN 

VSd2=838,5  kN 

VSd1=2044,5 kN 
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According to Response calculations in figures 4.2-6 stirrups have capacity left after the fail-
ure. The tensile stress in stirrups is 452.2 MPa at crack according to figure 4.6. The ultimate 
failure stress of stirrups according to figure 4.2 is 738 MPa. It might be interesting to evaluate 
the shear capacity according to the truss model used in EuroCode due the difference Δfsv = 
738-452.2 = 285,8 MPa in the cross section x=25,169 m. 
 
(col 9 in table 4.1)/2+ΔVRd,s = 3008/2+512 = 2016 kN 
 
 = half of the shear force at failure according to Response, col9, table 4.1 + 
   shear capacity calculated according to EuroCode, equation 5.3, using measured shear 
   crack angle of 35 ˚ at failure at test as θ and  Δ fsv calculated above. 
 
                   
                                   (5.3) 
 
 
The ratio between Brigade shear capacity according to figure 5.2 and Response shear capacity 
added with the rest capacity of stirrups becomes thereby 2044,5/2016=1,01. 

kN
s
zfAV svsvsRd 51210*35cot

15,0
04,1*9,0)2,452738(

4
16*cot 3

2

, =°−=Δ=Δ −πθ
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6. 2D-frame model of the bridge 
 
In the following variations of frame calculations on the Övik Bridge are presented. Calcula-
tions are performed with Strusoft software Ramanalys 5.3.002, see Appendix H. The North-
East half of the bridge is modeled in calculations, see figure 6.1, section A-A. This is because 
the maximum field moment and shear force are the cross sectional forces we are seeking. The 
abutment on the right hand side in the northern half of the bridge is shorter and thereby less 
stiff causing maximum field moment below the steel beam compared with the southern half of 
the bridge. 
 

6.1 Geometry 
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Figure 6.1 Section A-A shows the part of the bridge used in frame calculations. Only 
the North-East half of the bridge is modeled in the calculations.  

 
 

Figure 6.2 Section B-B in figure 6.1 shows the cross section of the bridge used in 
frame calculations.  
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Figure 6.3 The 2d- frame model of the bridge with piles modeled as springs. The 
reinforcement is considered in the model. A new element starts always when 
the tensile reinforcement is changed. 

6.2 Ultimate limit state, failure load 
Loadcase 
1. All loads, P=5750 kN, B1+B2+B3+B4+B5  

 
Figure 6.4 Elastic calculations at failure load. 
 
2 th  
order  

 Reinforcement 
considered 

Mmax 
kNm 

Vleft 
kN 

Vright 
kN 

N 
kN 

 x  x 10234  
 

2630 3195 -1036 
 

Table 6.1 Elastic calculations of the cross sectional forces of the North-East half of the 
bridge, see figure 6.4, at failure load.  
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6.3 2D-frame model combined with Modified compression field theory 
according to the Response program 

 

 
Figure 6.5  Start page in Response program for the 2d-frame calculation cross sec-

tion forces in section A, x = 25.169 m in figure 4.1. In this figure model 
consists also half of the slab. Note the difference of cross section compared 
with figure 4.2.  
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Figure 6.6 The maximum the cross section can resist is 2525.4 kN in shear with the 
same time moment of 6157.4 kNm. 
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Figure 6.7 The reinforcement stress’s at failure state. 

 
7. Train Load BV 2000, Surface Load  
 
Train Load BV 2000, Axle Loads is presented in the next figures, figures 7.1 and 7.2. The 
Train Load BV 2000, Surface Load, which is used in the following calculation, is basically 
the same vehicle, modeled with surface loads instead of axle loads, thus giving a slightly 
lower response. This is applicable when the ballast allows for a spreading of the pressure from 
the point loads, reducing the response in the deck. 
 
According to the Swedish Design Code for Railway Bridges, it is required to evaluate the 
response of the live loads not only for the intended position of the tracks, but for the case 
when the tracks, due to thermal deformations, are moved 10 cm to either side of the intended 
position. 
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Figure 7.1 In the picture on the left the definition of the number of axles and the axle load intensi-

ties for the Train Load BV 2000, Axle Loads. To the right the definition of the lane 
width, axle width, number of simultaneous vehicles, reduction factors, etc for the Train 
Load BV 2000, Axle Loads. 

 

 
 
Figure 7.2  Load coefficients for the load combination Trainload1
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In the following the enveloped cross section forces for the North-East edgebeam are presented for 
the Train Load BV 2000, Surface Load. The enveloped forces are the maximum and mini-
mum forces for each cross section along the edgebeam when the train load is moving with the 
steps of 0.25 m over the bridge. 
 
The axle load is 330 kN which is much higher than the 250 kN the bridge was designed for. 
. 
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Figure 7.3   The enveloped cross section forces for the North-East edgebeam for the Train Load 

BV 2000, Surface Load. 
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8. Discussion and Conclusions 
 
  Max vertical  

displacement 

Stress on the top of 
the edgebeam 

Stress on the bottom 
of the edgebeam 

 mm MPa MPa 

Brigade (solid model) 31,69 48,9 37,8 

Brigade (shell model) 29,7    

2d-frame 17,2 29,9 21,9 

 
Table 8.1 Comparison of cross section forces according to Brigade shell model and 2d-frame 

model versus Response capacity calculations in section A, x = 25.169 m, see figure 
4.1,  where the failure occurred 

 
 Shear 

In cross section A,  
x = 25.169 m 

Max bending mo-
ment 

Brigade (shell model) 

Test failure load 

2,883 MN ~7,6 MNm 

Brigade (shell model) 
Loadcase: All loads 
(incl. Train Load BV 
2000, Surface Load)  
 

0,314 MN 0,84 MNm 

Brigade (shell model) 

Trainload /  
Test failure load 

9,2 9,1 

 

 
Table 8.2 Comparison between test failure load  (2p 0 11,5 MN) and loadcase: All loads = 

permanent loads + Train Load BV 2000, Surface Load. The bridge can sustain ap-
proximately 9- fold load in shear compared with Train Load BV 2000 with 33 ton 
axle load in cross section A, x = 25.169 m and in maximum bending moment. 
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 Shear Bending moment Axial load 2P 

 kN kNm kN MN 

Brigade (shell model) 2883 5655 6679 11,5 

Response, Fig. 4.6 3008 5902 6973 11,5*3,0/2,9=12,0

Brigade/Response 0,96 0,96 0,96 0,96 

2d-frame  3231 6198 938 11500 

Response, Fig. 6.6 2525 6157 728 11,5*2,5/3,2=9,0 

2d-frame/Response 1,28 1,01 1,29 1,28 

 
Table 8.3 Comparison of cross section forces according to Brigade shell model and 2d-frame 

model for 2P = 11,5 MN versus Response capacity calculations in section A, x = 
25.169 m, see figure 4.1,  where the failure occurred 

 
The solid model is to prefer when a study of displacements, stresses and strains is desired. 
The shell model with beam elements is practical when the cross section forces for design of 
reinforcement of the edgebeams are to be calculated. 
 
Brigade cross section forces correlate well with Response capacities, the ratio Bri-
gade/Response is 0.96. If the strength reserve between yielding strength and ultimate rupture 
strength of stirrups are taken into account for the shear due to torsion the ratio Bri-
gade/Response becomes 1.01. 
 
2D-frame correlates also well with corresponding Response moment capacity with the ratio 
2D-frame/Response 1.01. For shear and axial load the correlation is not that good with the 
same ratio of 1.28 resp 1.29.  
 
The much higher axial load in Brigade shell model is because the tension force in the slab 
needs to be balanced in the edgebeams to maintain the equilibrium of longitudinal forces in 
the cross section through the bridge. 
 
The bridge can sustain approximately a  9- fold load in shear and bending moment compared 
with Train Load BV 2000 with 33 ton axel load when strengthened with NSMR, carbon fibre 
rods. This corresponds to about ( 33/25) * 9 = 12 times the original axle load which the bridge 
was designed for.  
 
In section II in a sub-appendix  MCFT calculations are also carried out by a simplified 
method. The results can be summarized in the following way.  
 
The high normal forces (-6,7 MN for Brigade) compared to the lower normal forces for (0,9 
MN for 2D Frame) gives a higher shear force (2,9 MN compared to 2,5 MN) and a higher 
load (2P = 11,4 MN compared to 9,0 MN), with all values from the simplified analysis. 
 
The simplified calculation gives a similar result as Respons for the 2D Frame analysis (Vf = 
2,5 MN in both cases) whereas it gives a somewhat smaller load for the Brigade values (Vf = 
2, 9 MN compared to 3,0 MN). 
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Sub-Appendix: Spread-sheet calculations.               30 June 2008 LE 

I. Treatment of Torsion in App G: Linear Elastic 3D-Analysis with LUSAS 
The torsion can be carried in two ways: (1) by two opposite shear forces in the two beams or    
(2) by a pair of shear forces in each of the two beams.      
          
1. Torsion carried by opposite forces in the two beams    
          
1.1 Initial Material Properties       
The section forces in the beams have been calculated by the program Lusas, with a linear elastic  
 finite element model in Appendix G. The torsion moments in the two beams are summed up.    
The resulting torsion moment is carried by two shear forces of opposite direction in the two beams.  
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SW3  cload   NE3  cload   
VG [kN] 4,6  4,60  VG [kN] -23,4  -23,40  
VP [kN] 531,1 3,13 1660,05  VP [kN] 441,3 4,52 1995,18  
TG [kNm] -14,5    TG [kNm] -25,1    
ΣTG [kNm] -39,6    ΣTG [kNm] -39,6    
TP [kNm] -26,4    TP [kNm] -123,9    
ΣTP [kNm] -150,3    ΣTP [kNm] -150,3    
VTG=ΣTG/b 9,9  9,90  VTG=ΣTG/b -9,9  -9,90  

VTP =ΣTP/b 37,575 3,13 117,45  
VTP 
=ΣTP/b -37,575 4,52 -169,88  

ΣV 583,175  1792,00  ΣV 370,425  1792,00  
ΣVSW3+NE3     953,6 <1000   
          
VS [kN] 1792    VS [kN] 1792    
          
cload 3,13    cload 4,52    
          
          
SW2  cload   NE2  cload   
VG [kN] 4,6  4,60  VG [kN] -23,4  -23,40  
VP [kN] -409,4 4,82 -1974,97  VP [kN] -507,4 3,24 -1645,57  
TG [kNm] -6,4    TG [kNm] -31,7    
ΣTG [kNm] -38,1    ΣTG [kNm] -38,1    
TP [kNm] -63,4    TP [kNm] -76,6    
ΣTP [kNm] -140    ΣTP [kNm] -140    
VTG=ΣTG/b 9,525  9,53  VTG=ΣTG/b -9,525  -9,53  

VTP =ΣTP/b 35 4,82 168,84  
VTP 
=ΣTP/b -35 3,24 -113,51  

ΣV -360,275  -1792,00  ΣV -575,325  -1792,00  
ΣVSW2+NE2     -935,6 <1000   
ΣVSW 943,45 <1000   ΣVNE 945,75 <1000   
          
VS [kN] -1792    VS [kN] -1792    
          
cload 4,82    cload 3,24    
          
The maximum is determined by beam SW3. 2 Pmax =2 cloadmin*1000 kN =  6251   
          
However, the shear force carried by the beams is smaller than the applied load 2*1000 kN.   
The rest of the vertical load is carried by the slab.       
We do not want the slab to carry any shear, as there is no shear reinforcement present.   
We have to adjust for this by decreasing the loads on the beams proportionally.   
ΣVSW + NE 1889,20  Reduction cslab = (ΣVSW+NE)/2000 0,94  
          
The maximum load for beam SW3 will be Pmax = cloadmin*cslab*1000 kN =  2953   
The maximum load for the bridge will be twice the capacity of SW3 i.e 2Pmax =  5905   
          
Ratio to test value 2Ptest =  11700,00  2Pmax / 2Ptest = 0,50   
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1.2 Mean Material Properties        
          
SW3  cload   NE3  cload   
VG [kN] 3,6  3,60  VG [kN] -21,9  -21,90  
VP [kN] 532,3 4,65 2474,72  VP [kN] 442,1 6,65 2937,78  
TG [kNm] -12,3    TG [kNm] -23,1    
ΣTG [kNm] -35,4    ΣTG [kNm] -35,4    
TP [kNm] -25,6    TP [kNm] -123,1    
ΣTP [kNm] -148,7    ΣTP [kNm] -148,7    
VTG=ΣTG/b 8,85  8,85  VTG=ΣTG/b -8,85  -8,85  

VTP =ΣTP/b 37,175 4,65 172,83  
VTP 
=ΣTP/b -37,175 6,65 -247,03  

ΣV 581,925  2660,00  ΣV 374,175  2660,00  
          
VS [kN] 2660    VS [kN] 2660    
          
cload 4,65    cload 6,65    
          
SW2  cload   NE2  cload   
VG [kN] 3,6  3,60  VG [kN] -21,9  -21,90  
VP [kN] -408,2 7,15 -2919,21  VP [kN] -506,6 4,86 -2461,69  
TG [kNm] -5,1    TG [kNm] -29    
ΣTG [kNm] -34,1    ΣTG [kNm] -34,1    
TP [kNm] -62,5    TP [kNm] -75,7    
ΣTP [kNm] -138,2    ΣTP [kNm] -138,2    
VTG=ΣTG/b 8,525  8,53  VTG=ΣTG/b -8,525  -8,53  

VTP =ΣTP/b 34,55 7,15 247,08  
VTP 
=ΣTP/b -34,55 4,86 -167,89  

ΣV -361,525  -2660,00  ΣV -571,575  -2660,00  
ΣVSW 943,45 <1000   ΣVNE 945,75 <1000   
          
VS [kN] -2660    VS [kN] -2660    
          
cload 7,15    cload 4,86    
          
The maximum load is determined by SW3. 2 Pmax = 2 cloadmin*1000 kN =  9298   
However, the shear force carried by the beams is smaller than the applied load 2*1000 kN.   
The rest of the vertical load is carried by the slab.       
We do not want the slab to carry any shear, as there is no shear reinforcement present.   
We have to adjust for this by reducing the loads on the beams proportionally.    
ΣVSW + NE 1889,20  Reduction cslab = (ΣVSW+NE)/2000 0,94  
          
The maximum load for beam SW3 will be Pmax = cloadmin*cslab*1000 kN =  4392   
The maximum load for the bridge will be twice the capacity of SW3 ie 2Pmax =   8783   
          
Ratio to test value 2Ptest =  11700,00 kN 2Pmax / 2Ptest = 0,75   
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2. Torsion carried by the two beams by themselves      
   
If instead the torsion is taken by each beam individually we obtain the following values    
in the same way as in Appendix G       
       
2.1 Intial material properties  (G5.1)       
          
SW3  cload   NE3  cload   
VG [kN] 4,6  4,60  VG [kN] -23,4  -23,40  
VP [kN] 531,1 3,17 1683,26  VP [kN] 441,3 3,12 1377,42  
TG [kNm] -14,5    TG [kNm] -25,1    
TP [kNm] -26,4    TP [kNm] -123,9    
2VTG [kN] 15,4  15,40  2VTG [kN] 26,6  26,60  
2VTP [kN] 28 3,17 88,74  2VTP [kN] 131,8 3,12 411,38  
ΣV 579,1  1792,00  ΣV 576,3  1792,00  
          
VS [kN] 1792    VS [kN] 1792    
          
cload 3,17 3,17   cload 3,12    
          
SW2  cload   NE2  cload   
VG [kN] 4,6  4,60  VG [kN] -23,4  -23,40  
VP [kN] -409,4 3,75 -1536,80  VP [kN] -507,4 2,95 -1494,97  
TG [kNm] -6,4    TG [kNm] -31,7    
TP [kNm] -63,4    TP [kNm] -76,6    
2VTG [kN] -6,8  -6,80  2VTG [kN] -33,8  -33,80  
2VTP [kN] -67,4 3,75 -253,00  2VTP [kN] -81,4 2,95 -239,83  
ΣV -479  -1792,00  ΣV -646  -1792,00  
ΣVSW 1058,1    ΣVNE 1222,3    
          
VS [kN] -1792    VS [kN] -1792 2V = -3,58  
          
cload 3,75     2,95    
          
ΣP= 2*cload,min 5,89 (=2*2,95)       
          
          
          
Notation          
VG [kN] Shear force caused  by dead  load    
VP [kN] Shear force caused  by two loads 2P    
TG [kNm] Torsion moment caused  by dead  load    
TP [kNm] Torsion moment caused  by two loads 2P    
VTG [kN] Shear force caused  by torsion moment TG   
VTP [kN] Shear force caused  by torsion moment TP   
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2.2 Mean Material Properties (G5.2)       
          
SW3  cload   NE3  cload   
VG [kN] 3,6  3,60  VG [kN] -21,9  -21,90  
VP [kN] 532,3 4,72 2514,89  VP [kN] 442,1 4,64 2049,89  
TG [kNm] -12,3    TG [kNm] -23,1    
TP [kNm] -25,6    TP [kNm] -123,1    
2VTG [kN] 13  13,00  2VTG [kN] 24,6  24,60  
2VTP [kN] 27,2 4,72 128,51  2VTP [kN] 131 4,64 607,41  
ΣV 576,1  2660,00  ΣV 575,8  2660,00  
          
VS [kN] 2660 1862,00   VS [kN] 2660    
          
cload 4,72 3,30   cload 4,64    
          
SW2  cload   NE2  cload   
VG [kN] 3,6  3,60  VG [kN] -21,9  -21,90  
VP [kN] -408,2 5,60 -2285,34  VP [kN] -506,6 4,44 -2249,42  
TG [kNm] -5,1    TG [kNm] -29    
TP [kNm] -62,6    TP [kNm] -75,7    
2VTG [kN] -5,4  -5,40  2VTG [kN] -30,8  -30,80  
2VTP [kN] -66,6 5,60 -372,86  2VTP [kN] -80,6 4,44 -357,88  
ΣV -476,6  -2660,00  ΣV -639,9  -2660,00  
ΣVSW 1052,7    ΣVNE 1215,7    
          
VS [kN] -2660    VS [kN] -2660 -1862,00   
          
cload 5,60     4,44 3,08   
          
ΣP= 2*cload,min 8,88 for V = 2660  theta = 21,8 2V = 5,32  
ΣP= 2*cload,min 6,16 for V = 1862  theta = 30  3,72  
          
          
3. Comparison         
          
3.1 Initial Material Properties       
Torsion carried by a pair of forces, one in each of the two beams 2P = 5,91 MN (SW3) 
Torsion carried separately by each of the two beams  2P = 5,89 MN (NE2)  
          
          
3.2 Mean Material Properties       
Torsion carried by a pair of forces, one in each of the two beams 2P = 8,78 MN (SW3) 
Torsion carried separately by each of the two beams  2P = 8,88 MN (NE2)  
          
The difference is rather small. The NE2 beam gets the highest load when the torsion is carried separately  
by the two beams, whereas the SW3 beam gets the highest load when the two beams act together.  
If the 6% reduction due to elimination of slab shear would not be considered, the case with torsion   
carried by a pair of forces would result in a corresponding higher capacity.    
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II. The Modified Compression Field Theory, MFCT.      
 
1. Introduction.         
The aim is to illustrate the Modified Compression Field Theory, MCFT,    
with a Spread-sheet calculation. The calculation follows Collins et al (2008)[a]     
and the Canadian Code A23:3 (2004)[b].       
         
[a] Collins, Micheal P.; Mitchell, Denis and Bentz, Evan C. (2008): Shear design    
of concrete structures. The Structural Engineer, 86/10,      
20 May 2008, Institution of Structural Engineers, London, pp 32-39.    
         
[b] CSA  A23:3 (2004): Design of concrete Structures      
Canadian Standards Association, CSA Committee A23:3.      
Mississauga, Ontairo, Canada, 2004, 214 pp. Cited from Collins et al (2008)   
         
The nominal shear stress can be written as      
vn = Vf / (bwdv )  where       
Vf  is the shear force        
bw is the smallest width of the section       
dv is the effective depth odf the section       
         
The shear stress capacity can according to the MCFT be written as    
vn = β sqr fc + Asy fy cot θ /(s bw)  sqr fc < 8 MPa [1]   
where          
 β is an aggegate interlock parameter that depends on the widths sxe of the cracks and the  
aggregate size ag        
fc MPa 68,5 concrete compression strength, mean value  

Asy mm2 804
vertical reinforcement 
area 4fi 16    

fy MPa 441 yield stress, mean value    
s mm 300 spacing of stirrups     
bw mm 900 smallest width of one beam of the trough section  
θ o  angle of compression struts    
         
β =[0,4 /(1+1500 εx)] [1300/(1000 + sxe)]     [2]   
where εx is the longitudinal strain at mid-depth and is taken      
as one half of the tensile strain in the flexural reinforcement     
εx = (Mf/dv + Vf - Vp + 0,5Nf - Apfpo) / 2(EsAsx + EpAp)  [3]   
         
The effective crack spacing sxe is taken as      
sxe = 35 sx/(15 + ag) > 0.85 sx    [4]   
         
For fc > 70 MPa, ag is reduced to zero. The reduction starts at  fc = 60 MPa   
The reduction is due to smother cracks for higher compressive strengths.   
If minimum stirrups are present sxe can be taken as 300 mm      
         
The angle of the principal compressive stress is taken as     
θ = (29o + 7000 εx)(0,88 + sxe/2500) <75o    [5]   
         
If there is a minimum amount of links (stirrups), the second parenthesis is taken as 1.   



Sustainable Bridges       SB7.3 Field Test of Concrete Bridge in Örnsköldsvik, Sweden 
                                       App I. Lin Elastic 2D and 3D Analyses with 2D Frame and Brigade   41 (42) 
 
         
2. Example. Mean materials data. 2D Frame Analysis Forces    
         
To solve the set of equations, iterations are needed.     
We use the 2D Frame Analysis in Appendix I to obtain a relationship between the sectional forces 
at the critical section located approximately dv from the point load P  (x = 25,17 m )   
         
At failure (2P = 11,5 MN) we have according to 2D Frame   Respons  
Vf [kN] 3231      2525  
Mf [kNm] 6198 1,92 *Vf    6157  
Nf [kN] -938 -0,29 *Vf    728  
dv [m] 1        
         
We start with the following Vf [kN] and iterate:  3231 2200 2526 2525  
In the column to the right we compare with a more rigorous analysis with the program Respons,  
see appendix I.        
We use [3] to get the strain εx       
Mf/dv + Vf  + 0,5Nf 2,773135 *Vf 8960,00 6100,90 7004,94   
Vp = Apfp = 0        
Es [Mpa] 198000        
Asx 
[mm2] 12983        
Ef [Mpa] 250000 CFRP       
Asf 
[mm2] 900        
2(EsAsx + EfAf) [kN] 5591268       
εx  4,95976E-07 *Vf 0,001602 0,001091 0,001253 0,00055  
1500 εx  0,000743964 *Vf 2,403748 1,636721 1,879253   
β 0,4/(1+1500ex)  0,117518 0,151704 0,138925   
θ 29 + 7000*ex   40,217 36,638 37,770 ca 35  
cot θ    1,183 1,345 1,291   
β sqr fc β*8 MPa  0,940 1,214 1,111   
Asfy/bs 1,3132 MPa       
Asfycotθ / bs MPa  1,553 1,766 1,695   
vn = β sqr fc + (Asfy/bs) cot θ  2,493 2,979 2,806   
Vf = vn b d kN  2243,822 2681,459 2525,582 2525  
2P =11,5*(Vf)/3231 MN  7,986 9,544 8,989 8,99  
         
3. Example. Mean materials data. Brigade Analysis Forces    
         
We use the Brigade Analysis in Appendix I to obtain an alternative relationship    
High normal forces are here acting in the beam section in order to balance tensile forces in slab  
         
At failure (2P = 11,5 MN) we have      Respons  
Vf [kN] 2883      3008  
Mf [kNm] 5665 1,96 *Vf    5902  
Nf [kN] -6679 -2,32 *Vf    -6973  
dv [m] 1        
We start with Vf [kN]  =    2883 2864  3008  
In the column to the right we compare with a more rigorous analysis with the program Respons,  
         
Mf/dv + Vf  + 0,5Nf 1,806625 *Vf 5208,50 5174,17    
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We use [3] to get the strain εx       
Es [Mpa] 198000        
Asx 
[mm2] 12983        
Ef [Mpa] 250000 CFRP       
Asf 
[mm2] 900        
2(EsAsx + EfAf) [kN] 5591268       
εx  3,23115E-07 *Vf 0,000932 0,000925  0,00224  
1500ex  0,000484673 *Vf 1,397309 1,388100    
β 0,4/(1+1500ex)  0,166854 0,167497    
θ 29 + 7000*ex   35,521 35,478  ca 35  
cot θ    1,401 1,403    
β sqr fc β*8 MPa  1,335 1,340    
Asfy/bs 1,3132 MPa       
Asfycotθ /bs MPa  1,840 1,843    
vn = β sqr fc + (Asfy/bs) cot θ  3,174 3,183    
Vf = vn b d kN  2857,007 2864,268  3008  
2P =11,5*Vf /2883 MN  11,396 11,425  12,00  
         
The high normal forces (-6,7 MN for Brigade compared to 0,9 MN for 2D Frame)   
gives a higher shear force (2,9 MN compared to 2,5 MN) and a higher load   
(2P = 11,4 MN compared to 9,0 MN), with all values from the simplified analysis.   
         
The simplified calculation gives a similar result as Respons for the 2D Frame analysis   
(Vf = 2,5 MN in both cases) whereas the simplified calculation gives a somewhat smaller load   
than Respons for the Brigade values (Vf = 2, 9 MN compared to 3,0 MN).    
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J.1  Introduction 
Within the framework of the European project Sustainable Bridges a concrete bridge in Örn-
sköldsvik in northern Sweden is to be tested to demonstrate the new assessment methods 
developed during the project. The bridge is a reinforced concrete railway trough bridge with 
two spans 12+12 m (see Fig. 0-1). The bridge was built in 1955 and has now been taken out 
of service due to the building of a new high-speed railway, the Botnia Line. The bridge is 
planned to be demolished in 2006 and the idea is to load it to failure before that in order to 
test its remaining ultimate load carrying capacity after a service period of 50 years. 

 
Fig. 0-1: Concrete Bridge in Örnsköldsvik 

This report contains result from a nonlinear analysis of the planed field test using the 
finite element package ATENA (ATENA 2006). Geometry and material properties 
were taken from report (Elfgren 2006). ATENA is a specialized finite element soft-
ware system for simulation of real structural behavior (Cervenka 2000). It is espe-
cially suited for the simulation of concrete and reinforced concrete structures. The 
program includes advanced material models for concrete based of fracture mechan-
ics and plasticity (Cervenka et. al. 1998). Fracture mechanics is incorporated using 
the „crack band model“ (Bazant and Oh 1983). The reinforcement is modeled using 
the embedded approach with truss elements and plasticity material models. More 
details can be found in ATENA (2006). 
Two types of studies have been performed in this document. Section 0 contains re-
sults from a analysis, whose objective was to predict the failure load during the field 
test. Section 0 includes a study of the suitability of various safety formats for the as-
sessment of existing bridges using nonlinear methods. 
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Fig. 0-2: Geometry and Reinforcement of the Bridge from original Drawings 
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Fig. 0-3: Slab and Beam Reinforcement from the Original Drawings 

J.2  Numerical Model 
The two-dimensional model for ATENA is shown in Fig. 0-1 and Fig. 0-2. The model is com-
posed of four noded isoparametric quadrilateral elements. The load will be applied in the 
middle of the left span in the planed experiment. Because of that the beam in the left span is 
modeled using a fined mesh then the rest of the structure. 
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Fig. 0-1: Geometry of model 

 
Fig. 0-2: Finite Element Model 
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Fig. 0-3: Discrete Reinforcement Model 
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Fig. 0-4: FE Mesh Model 

 
Fig. 0-5: Detail of FE mesh model 



Sustainable Bridges        Field Test of a Concrete Bridge in Örnsköldsvik, Sweden                      9 (22) 

                                        App J. Non-linear Analysis with ATENA         
 

 

J.3  Field Test Prediction  
This section summarizes the main results from the two-dimensional nonlinear analysis of the 
Örnsköldsvik bridge. The objective of this study was to predict the failure load of the bridge 
during the field test.  Fig. 0-1 shows the load-displacement diagram of the simulated field test 
and their comparison with the experimental measurements. The graph axis shows the ap-
plied load in the mid-span versus the mid-span deflection in the tested left bridge span. The 
analysis was performed by arc-length method, which allows to capture also the post-peak 
response. The peak load was calculated at 8-11MN while the experimental failure occurred 
at about 11.6MN. The analyses denoted as Original were performed before the test. There 
are two such analyses: one without considering the strengthening by fiber-carbon rods and 
one including the strengthening. In the actual field test, the middle slab was strengthened 
with 18 bars with the cross-section 10x10 mm. In the original pre-test analysis, the material 
properties nor the exact number of these CFRP rods was not known. In addition, during the 
test it was discovered that the middle section of the bridge is reinforced by stirrups with the 
diameter of 16 mm and spacing 300 mm. These stirrups were not considered in the original 
analysis as well as the details about the strengthening rods. This is the reason why the origi-
nal results under-predicted the failure load. After the stirrups and correct properties of the 
CFRP rods were considered in the analysis a very good agreement was obtained. 

Fig. 0-3 shows the moment distribution in the tested span at peak load. Similarly Fig. 0-4 
shows the shear forces in the same load step. 

Initially bending cracks develop in the mid-span below the point of load application. During 
the subsequent loading shear cracks develop as it is shown in Fig. 0-5 and Fig. 0-6. The 
damage is mainly localized in the sidewalls of the bridge as can be seen from the plots of 
maximal principal strains (Fig. 0-8 and Fig. 0-9). The final failure is however due to the crush-
ing of the diagonal compressive strut to the left from the location of the loading plate. This is 
well demonstrated by the plot of principal stresses (Fig. 0-10), which shows that the com-
pressive strength of 40MPa is reached at this location.  

Table 0-1: Material Properties for Field Test Analysis 

Materials 

Material n. 1 - concrete 

Name : SBeta Material 

 Type: CCSBETAMaterial 

 Elastic modulus E = 4.264E+04 [MPa] 

 Poisson''s ratio sm = 0.200 [-] 

 Tensile strength F_t = 4.000E+00 [MPa] 

 Compressive strength F_c = -6.850E+01 [MPa] 

 Type of tension softening : Exponential 

 Specific fracture energy G_f = 1.500E-04 [MN/m] 

 Crack model: Fixed 

 Compressive strain at compressive strength in the uniaxial compressive test Eps_C 
= -3.210E-03 [-] 

 Reduction of compressive strength due to cracks CompRed = 0.800 [-] 

 Type of compression softening : Crush Band 

 Critical compressive displacement Wd = -2.0000E-03 [m] 

 Shear Retention Factor Variable 

 Tension-compression interaction : Linear 
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 Specific material weight Rho = 2.400E-02 [MN/m3] 

 Coefficient of thermal expansion Alpha = 1.200E-05 [1/K] 

 

Material n. 2 - Discrete Reinforcement 

  

Name : Reinforcement 

 Type: CCReinforcement 

 Typ: MultiLinear 

 Function:  (0.000E+00; 0.000E+00) (2.000E-03; 4.000E+02) (1.000E-01; 7.000E+02) 

 (1.200E-01; 7.000E+02) (1.500E-01; 1.000E+01) 

 Specific material weight RHO = 7.850E-02 [MN/m3] 

 Coefficient of thermal expansion ALPHA = 1.200E-05 [1/K] 

 

Material n. 3 - Smeared Reinforcement 

  

Name : Stirrups Mid 

 Type: CCSmearedReinf 

 Typ: MultiLinear 

 Function:  (0.000E+00; 0.000E+00) (2.000E-03; 4.300E+02) (5.000E-02; 8.600E+02) 

 (2.400E-01; 8.600E+02) (2.500E-01; 1.000E+01) 

 Relative area of the smeared reinforcement Ratio = 0.001500 [-] 

 Direction of the smeared reinforcement Direction = 0.0000 1.0000 [m] 

 Specific material weight RHO = 7.850E-02 [MN/m3] 

 Coefficient of thermal expansion ALPHA = 1.200E-05 [1/K] 

 

Material n. 5 - CFRP Reinforcement 

  

Name : CFRP 

 Type: CCReinforcement 

 Typ: BiLinear with Hardening 

 Elastic modulus E = 2.600E+05 [MPa] 

 Sigma Y = 2500.000 [MPa] 

 Sigma T = 2500.000 [MPa] 

 Eps Lim = 1.100E-01 [-] 

 Specific material weight RHO = 7.850E-02 [MN/m3] 

 Coefficient of thermal expansion ALPHA = 1.200E-05 [1/K] 
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Fig. 0-1: Load-displacement Diagram, Mid-span Deflection versus Force  

 

 
 

 Step 40, 
  Cracks: in elements, <5.000E-03; ...), openning: <-4.092E-04;4.226E-02>[m], Sigma_n: <-1.912E+01;2.009E+00>[MPa], Sigma_T : <

 
Fig. 0-2:Comparison of Experimental and Numerical Failure Pattern 
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Fig. 0-3: Moment Line before the Peak Load at the Load of cca 10.5MN 
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Fig. 0-4: Shear Forces before the Peak Load in the Loaded Span at the Load Level of cca 
10.5MN 

 
Fig. 0-5: Detailed Crack Pattern at Peak Load, Cracks Larger than > 0,5 mm 
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Fig. 0-6: Detailed Crack Pattern at Last Step, Cracks Larger than > 0,1 mm 

Fig. 0-7: Stress at Bottom Longitudinal Reinforcements showing Yielding in Mid-span 
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Fig. 0-8: Maximal Principal Strain on Deformed Structure showing Damage Local-
ization at Peak Load 
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Fig. 0-9: Maximal Principal Strain on Deformed Structure showing Damage Local-
ization at Last Step 

 
Fig. 0-10: Principal Stresses in Concrete below the Loading Plate showing the 
Crushing of Diagonal Compressive Struts 
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J.4  Comparison of Safety Formats for Nonlinear Analysis 

J.4.1 General 
 

The objective of this section is to investigate various safety formats for the assessment of 
railway bridges using the nonlinear analysis. In this study, the real material properties that 
were measured on the Örnsköldsvik bridge were not used, but rather standard Eurocode 
material properties were used in order to simplify the comparison of various safety formats. 

Our aim is to extend the existing safety format of partial factors and make it compatible with 
nonlinear analysis. First we introduce a new design variable of resistance R=r(f, a, ..., S). 
Resistance represents a limit state. In a simple case this can be a single variable, such as 
loading force, or intensity of a distributed load. In general this can represent a set of actions 
including their loading history. We want to evaluate the reliability of resistance, which is ef-
fected by random variation of basic variables f - material parameters, a – dimensions, and 
possibly others.  

The resistance is determined for a certain loading pattern, which is here introduced by the 
symbol of actions S. It is understood that unlike material parameters and dimensions, which 
enter the limit state function r as basic variables, the loading is scalable, and includes load 
type, location, load combination and history. It is the objective of the resistance R to deter-
mine the loading magnitude for given loading model. 

Random variation of resistance is described by a statistical distribution characterized by fol-
lowing parameters: 

mR  mean value of resistance, 

kR  characteristic value of resistance, , i.e. 5% kvantile of the resistance 

dR  design value of resistance. 

The design condition is defined in analogy with partial safety factor method by  

<d dE R  (1) 

γ γ γ= + +1 1 2 2 ......d S n S n Si niE S S S  (2) 

In general, dE and dR  represent set of actions and the limit state is a point in a multi-
dimensional space, respectively. It is therefore useful to define a resistance-scaling factor 

Rk , which describes safety factor with respect to the considered set of design actions. In the 
simplified form, considering one pair of corresponding components it can be described as: 

=R
d

Rk
E

 (3) 

Then, the design condition (1) can be rewritten as: 

γ <R Rk  (4)  

Where γR  is required global safety factor for resistance. Factor Rk  can be used to calculate 
the relative safety margin for resistance 

= −1R Rm k  (5) 

The task now remains to determine the design resistance dR . The following methods will be 
investigated and compared: 
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1. ECOV method, i.e. estimate of coefficient of variation for resistance. 

2. EN 1992-2 method, i.e estimate of dR  using the overall safety factor from Eurocode 2 
EN 1992-2. 

3. PSF method, i.e. estimate of dR using the partial factors of safety 

4. Full probabilistic approach. In this case dR  is calculated by a full probabilistic non-
linear analysis. 

Furthermore, the limit state function r can include some uncertainty in model formulation. 
However, this effect can be treated separately and shall not be included in the following con-
siderations.  

It should be also made clear, that we have separated the uncertainties of loading and resis-
tance (and their random behavior). Our task is reduced to describe the resistance side of 
design criterion (1). 

J4.2  ECOV method – estimate of coefficient of variation 
This method is newly proposed by the authors. It is based on the idea, that the random dis-
tribution of resistance, which is described by the coefficient of variation RV , can be estimated 
from mean mR  and characteristic values kR . The underlying assumption is that random dis-
tribution of resistance is according to lognormal distribution, which is typical for structural 
resistance. In this case, it is possible to express the coefficient of variation as:    

⎛ ⎞
= ⎜ ⎟

⎝ ⎠

1 ln
1.65

m
R

k

RV
R

 (6) 

Global safety factor γR of resistance is then estimated as: 

γ α β= exp( )R R RV  (7) 

where αR is the sensitivity (weight) factor for resistance reliability and β  is the reliability in-
dex. The above procedure enables to estimate the safety of resistance in a rational way, 
based on the principles of reliability accepted by the codes. Appropriate code provisions can 
be used to identify these parameters. According to Eurocode 2 EN 1991-1, typical values 
are β = 4.7  (one year) and α = 0.8R . In this case, the global resistance factor is: 

γ ≅ −exp( 3.76 )R RV  (8) 

and the design resistance is calculated as: 

γ= /d m RR R  (9) 

The key factor in the proposed method is to determine the mean and characteristic values  
Rm , Rk. It is proposed to estimate them using two separate nonlinear analyses using  mean 
and characteristic values of input material parameters, respectively. 

= =( ,...) , ( ,...)m m k kR r f R r f  (10) 

The method is general and reliability level β  and distribution type can be changed if re-
quired. The advantage of this approach is that the sensitivity to individual parameters such 
as for instance steel or concrete strength can be estimated. The disadvantage is the need for 
two separate non-linear analyses. 
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J4.3  EN1992-2 method 

Design resistance is calculated from 

γ= % %( , ..., ) /d ym cm RR r f f S  (11) 

Material properties used for resistance function are shown in table above. 

The global factor of resistance shall be γ =1,27R  

The evaluation of resistance function is done by nonlinear analysis assuming the material 
parameters according to the above rules. 

 
Table 0-1: Material parameters used in EN1992-2 method 

=% 1.1ym ykf f  Steel yield strength 

=% 1.1pm pkf f  PRESTRESSING STEEL 
YIELD STRENGTH 

γ
γ

=% 1.1 s
cm ck

c
f f  

Concrete compressive 
strength, where γ s and γ c are 
partial safety factors for steel 
and concrete respectively. 
Typically this means that the 
concrete compressive strength 
should be calculated as 

=% 0.843cm ckf f  

J4.4  PSF method – partial safety factor estimate 

Design resistance Rd can be estimated using design material values as 
= ( ,..., )d dR r f S  (12) 

In this case, the structural analysis is based on extremely low material parameters in all loca-
tions. This may cause deviations in structural response, e.g. in failure mode. It may be used 
as an estimate in absence of a more refined solution. 

J4.5  Full probabilistic analysis 

Probabilistic analysis is a general tool for safety assessment of reinforced concrete struc-
tures, and thus it can be applied also in case of non-linear analysis. A limit state function  can 
be evaluated by means of numerical simulation.  In this approach the resistance function r (r) 
is represented by non-linear structural analysis and loading function s(s) is represented by 
action model. Safety can be evaluated with the help of reliability index β, or alternatively by 
failure probability Pf taking into account all uncertainties due to random variation of material 
properties, dimensions, loading, and other.  

Probabilistic analysis based on numerical simulation include following steps: 
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(1) Numerical model based on non-linear finite element analysis. This model describes the 
resistance function r (r) and can perform deterministic analysis of resistance for a given set 
of input variables. 

(2) Randomization of input variables (material properties, dimensions, boundary conditions, 
etc.). This can also include some effects of actions, which are not in the action function s (s) 
(for example pre-stressing, dead load etc.). Random properties are defined by random distri-
bution type and its parameters (mean, standard deviation, etc.). They describe the uncertain-
ties due to statistical variation of resistance properties.  

(3) Probabilistic analysis of resistance and action. This can be performed by numerical 
method of Monte Carlo-type of sampling, such as LHS sampling method. Results of this 
analysis provide random parameters of resistance and actions, such as mean, standard de-
viation, etc. and the type of distribution function for resistance. 

(4) Evaluation of safety using reliability index β or probability of failure. 

Probabilistic analysis can be also used for determination of design value of resistance  func-
tion r (r) expressed as Rd. Such analysis involves the steps (1) to (3) above and Rd  is deter-
mined for required reliability β  or failure probability fP . 

Table 0-2: Material Parameters for the deterministic Analyses for various Safety Formats 

 
 

Table 0-3: Maximal Loads for the deterministic Analysis using various Safety Formats 

 
 

       PSF 

  EN1992-2 

Mean

Characterist. 

Safety Format Peak Load [MN] 

PSF 

EN 1992-2

Mean 

Characteristic
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Fig. 0-1: Load-Displacement Response from the Deterministic Analyses 

 
Table 0-4: Stochastic Properties of the Material Parameters for the Probabilistic Analysis 

 

 
Fig. 0-2: Load-Displacement Responses from the Probabilistic Analyses 

Ch t i t
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Table 0-5: Summary of Results from the Probabilistic Analysis 

 
 

 

 

 

 

 

 

 
 

Table 0-6: Design Resistance Calculated by various Methods 

 
 

Method 
Resistance Design 

Resistance 

Probabilistic analysis 

Code 

Mean 

Characteristic 

Design 



Sustainable Bridges        Field Test of a Concrete Bridge in Örnsköldsvik, Sweden                      21 (22) 

                                        App J. Non-linear Analysis with ATENA         
 

 

J.5  Conclusions 
A nonlinear analysis of the field test of the Örnsköldsvik bridge in Sweden has been per-
formed. The analysis predicted an ultimate load of 10.5 MN with deflection of 88 mm. The 
predicted failure mode is a shear failure in the middle part of the left bridge span. The results 
compare very well with the experimental observations, where the shear failure occurred at 
about 11.6 MN and the deflection of 90 mm. The numerical failure was slightly lower by 
about 9%. This can be attributed probably to certain modeling simplifications: two-
dimensional model, only main reinforcing elements were considered in the analysis. 

The next part of this study includes an investigation into various safety formats suitable for 
the nonlinear analysis and bridge assessment. Several safety formats  for the deterministic 
analysis as well as full probabilistic approach are compared. In this study, the material pa-
rameters were selected based on standard code formulas and assumptions. This means that 
the real measured material properties from the real structure were not used. The objective is 
only to compare the various safety formats regarding their suitability for nonlinear assess-
ment of railway bridges.  

The global safety approach is proposed for the bridge assessment using the nonlinear analy-
sis. A new method for verification of ultimate limit state suitable for reinforced concrete de-
sign based on non-linear analysis is described. The new method is called ECOV (Estimate of 
Coefficient Of Variation). The advantage of the proposed method is that it can capture the 
resistance sensitivity to the random variation of input variables, and thus it can reflect the 
effect of failure mode on safety. It requires two nonlinear analyses with mean and character-
istic values of input parameters respectively. Other safety formats suitable for non-linear 
analysis that are based on global resistance are presented. They are: the approach pro-
posed by EN 1992-2, fully probabilistic analysis and a simple approach based on design val-
ues of input parameters, i.e. characteristic parameters reduced by partial safety factors. The 
last approach is usually not recommended by design codes, but practicing engineers often 
overlook this fact, and use this approach if a non-linear analysis is available for them.  

The discussed safety formats are tested on this example of a reinforced concrete railway 
bridge. Other types of structures have been tested in the references Cervenka et. al. 2007a,b  
They include ductile as well as brittle modes of failure and second order effect (of large de-
formation). For the investigated range of problems, which is quite narrow but still representa-
tive, all the methods provide quite reliable and consistent results.  

Based on the limited set of examples the following conclusions are drawn: 

(a) The proposed EVC method gives consistent results compare to other approaches. 

(b) The PSF method, which uses input parameters with partial safety factors appears to 
be sufficiently reliable and it is a natural extension of the classical approach to the 
modern design methods based on non-linear analysis. 

(c) Fully probabilistic analysis is sensitive to the type of random distribution assumed for 
input variables. It can provide additional load-carrying capacity if statistical properties 
of the analyzed system are known or can be accurately estimated. 

The methods are currently subjected to further validation by authors for other types of struc-
tures and failure modes. 
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