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ABSTRACT 
 
A reinforced concrete railway trough bridge has 
been strengthened and loaded to failure. The aim 
was to test and calibrate methods developed in the 
European Research Project “Sustainable Bridges” 
regarding: (a) condition appraisal and inspection, 
(b) load carrying capacity analysis, (c) monitoring 

  

and (d) strengthening of existing bridges.      
The tested methods proved to be useful and to 
give accurate predictions.  A failure in combined 
shear, bending and torsion was reached for an 
applied mid span load of 11,7 MN. This was well 
predicted by enhanced methods but 20 to 50 % 
higher than ultimate load evaluated according to 
predictions based on common codes and models.  
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Figure 1 -   View from NE of tested bridge in Örnsköldsvik in northern Sweden. A plan, an 
elevation and cross sections of the bridge are given in Figures 2 and 3.  
 
  
1. INTRODUCTION 
 
Field tests have been carried out on an existing reinforced concrete railway bridge in a European 
Research Project “Sustainable Bridges”. The aim of the project was to develop improved 
procedures and methods for inspection, testing, monitoring and condition assessment, of railway 
bridges. Furthermore, the project aimed to develop methodologies for assessing the safe 
carrying capacity of bridges and better engineering solutions for repair and strengthening. A 
consortium, consisting of 32 partners drawn from railway bridge owners, consultants, 
contractors, research institutes and universities carried out the Project during 2003 – 2008, see 
SB [1] and www.sustainablebridges.net. 
 
The bridge presented in this paper was loaded to failure to demonstrate and test methods 
developed in the project regarding procedures for (a) condition assessment and inspection, (b) 
load and resistance assessment, (c) monitoring, and (d) strengthening. For cost reasons, not 
many full scale tests to failure are carried out on bridges; a few examples are reported by 
Täljsten [2] and Plos [3]. 
 
The bridge was a reinforced concrete railway trough bridge in the form of a frame with two 
spans 12+12 m, see Figures 1-4. It was located in Örnsköldsvik in northern Sweden. It 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 this gave the opportunity 
to test it to failure before that. 
 
  
2. GEOMETRY AND LOADS  
 
The geometry is given in Figures 2-3. The bridge is slightly curved. It is founded on piles with a 
length up to 6 m driven down to the bedrock.  The bridge was designed for an axle load of 200 
kN, SB7.3 [4].  In 1990 the allowable axle load was increased to 225 kN. The line was 
electrified in 1995/96. Timber and pulp have been transported by railway into the city and scrap 
iron, paper and limestone out of it. The number of axle passages of 225 kN during 1990-2005 
can be estimated to maximally 25 000.   
 

http://www.sustainablebridges.net/�
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Figure 2 - Plan and elevation of tested bridge with landfill removed at SE wings 
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Figure 3 – Sections of tested bridge. 
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Maximum design bending moments and shear forces according to the original calculations from 
1954 give section forces according to Figure 4. The maximum shear force is V = 2.3 MN 
whereof 0.7 MN from dead load as shown in figure 4. 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 
MNm due to dead load. 
 
The bending resistance in the mid span can roughly be evaluated to 10 MNm.  The shear force is 
mainly carried by inclined bars close to the supports and by stirrups in the central parts. 
 
The bridge was proposed to be tested with a vertical point load P in the middle of the SE span, 
see Figure 5. This loading may lead to a combined bending and shear failure which is interesting 
to evaluate and compare with code predictions from  BBK04 [5], CEB-FIP [6], EN 1992-2 [7], 
and with more refined models in SB [1], Bentz [8], Enochsson et al [9], and Puurula [10]. In 
order to avoid a premature bending failure and to check newly developed strengthening 
methods, the bridge was strengthened in bending before the final test with bars of Carbon Fibre 
Reinforced Polymers, CFRP. 
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Figure 4 – Design section forces for one span of the bridge. 
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Figure 5 - Proposed loading arrangement with a jack supported by anchors injected into the 
rock (some 10 m below the bridge foundation slabs). A possible combined bending-shear failure 
close to the load point is indicated. 
 
 
3. MATERIAL PROPERTIES AND MONITORING 
 
The bridge was inspected in 2005 before it was decided to carry out the full-scale loading test. 
When the decision had been taken to test it, the bridge was inspected again, first by Luleå 
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University of Technology and later by the Federal Institute for Materials Research and Testing 
(BAM) in Berlin and COWI A/S in Copenhagen, with methods developed in the Sustainable 
Bridges project using ultrasonic radar, impulse response, electrochemical potential and Laser 
Induced  Breakdown Spectroscopy (LIBS), [1], [4], [15]. In general it can be said that the bridge 
was in a good condition with few cracks and no reinforcement corrosion. 
 
The bridge was designed for strength class K400 according to the Swedish code with a 
compressive strength of 40 MPa (400 kp/cm2) measured on 200 mm cubes. This corresponds 
roughly to EC class C28/35. By 2006 the strength had increased to C55/67 (measured on drilled 
out cores, [4]). The reinforcement was mostly φ 16 and φ 25 mm of  grade Ks40 with nominal 
yield strength of 400 MPa.  
 
In order to prevent the unwanted flexural failure, the bridge slab was strengthened with 9 + 9 = 
18 rectangular bars of Carbon Fibre Reinforced Polymers (CFRP) Sto FRP Bar M10C with a 
length of 10 m, a cross section of 10 x 10 mm, a modulus of Elasticity Ef = 250 GPa and a 
rupture strain εr = 11‰. The rods were mounted as Near Surface Mounted Reinforcement 
(NSMR) in sawn out grooves spaced at 100 mm distances at the soffit of the decking slab, see 
Nordin and Täljsten [16], [17]. The strengthening provided an enhanced flexural resistance of 
approximately 4 MNm, which means about 40 % increase. 
 
Several methods have been used to test and evaluate the different material parameters to form a 
basis for load-carrying capacity evaluations. In Table 1 a summary of the results is presented 
which is used in the analysis of the bridge. First initial properties are given based on the original 
drawings and simple estimations.  Characteristic values refer to the 95% percentile of the 
strength values and to about a 50 % percentile of the elasticity values. The design values for the 
ultimate limit state (ULS) are based on the characteristic values divided by partial coefficients 
given in the table. Mean properties are given based on tests during 2006. 
 
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]. Definitions and test details are given in SB 7.3 [4]. 
 
The bridge was first tested in the serviceability limit state before strengthening and before the 
final loading to failure. 
 

 

Figure 6 – Grooves were 
sawn in the bottom of the 
slab (15 x15 mm) and 
then filled with a resin 
and  rods of CFRP (10 x 
10 mm) in order to 
enhance the flexural 
resistance of the slab, 
[16], [17]. 
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Table 1 - Summary of material properties.  
Stage Type of value Concrete Steel 

fc 

[MPa] 

Ec 

[GPa] 

ft 

[MPa] 

GF 

[Nm/m2] 

fsy = Reh 

[MPa] 

fsu =Rm 

[MPa] 

Es 

[GPa] 

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

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

φ25: 390 b) φ25: 500 c) φ25: 200 c) 

Design ULS d) 17.2 25.4 1.0 - φ16: 297.1 φ16: 362 φ16: 158.7 

φ25: 282.6 φ25: 362 φ25: 158.7 

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

Mean 68.5  
(8) 

25.4  
(1.7) 

tension 

2.2  
(0.5) 

uni-
axial 

154  
(82) 

φ16: 441  
(12) 

φ16: 738  
(2.4) 

φ16: 192.1  
(23.3) 

φ25: 411  

(8.2) 
φ25: 706  

(22.6) 
φ25: 198.3  

(31.5) 

 
a) The concrete compressive strength is according to BVH [11] 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 [5]. Since the bridge is more than 10 years old the compressive strength can 
according to BVH [11] be increased with 15 % from 27 MPa to 1.15×27 = 31 MPa, see also Thun [21]. 
b) The characteristic yield strengths are taken from BVH [11], 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 [12] the minimum ultimate stress is 500 MPa. According to BBK04 [5] the characteristic 
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 to 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 [5].. 
 
The monitoring system used during testing of the bridge consisted mainly of (a) strain gauges 
spot welded to the reinforcement, (b) an optical laser displacement sensor (Noptel PSM 200) 
and (c) Linear Varying Differential Transducers (LVDTs) for deflection measurements. 
Measurements were mainly made at the sections of  point loads and close to the supports. 
Examples of measured deflections are given in Figure 7. The University of Minho and City 
University also successfully tested newly developed fibre-optic sensors for crack detection and 
accelerometers for modal identification and damage detection, SB7.3 [4]. 
 
 
4. ASSESSMENT METHODS AND PREDICTED CAPACITY 

4.1 Eurocode 2 
 
The bridge was first assessed with the traditional truss model according to Eurocode 2, EN 
1992-2 [7]. The shear resistance VRd is calculated as the strength of the reinforcement crossing 
an inclined shear crack (Equation 6.8) 

 
VRd,s = Asw fywd (z cot θ ) / s 

 
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 (see Table 1) 
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) 



 

 

127 

 

 
 
 
Figure 7 - Vertical and horizontal displacements of the east and west beams in the mid span 
during the final loading to failure of the bridge. To the left two curves are shown for horizontal 
displacements. One shows that the mid span moves transversely south-westwards some 8 mm 
along the loading line and longitudinally 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. 
 
 
Initial design values from Table 1 for one of the two beams give VRd  = 1, 79 MN and mean 
values give VRd = 2, 66 MN.  If a somewhat steeper angle is used (θ =  30o instead of the 
minimum value of  21.8o) mean values give VRd = 1,84 MN. Corresponding results are obtained 
with BBK 04 [5] 
 
 
4.2 Modified Compression Field Theory 
 
The bridge was next assessed with the Modified Compression Field Theory, MCFT, which was 
developed at the University of Toronto by Michael Collins and co-workers, [13], [14]. The 
method is based on experimental studies of large reinforced concrete panels from which 
constitutive relationships were derived for cracked reinforced concrete.  Response 2000, a 
program based on MCFT, developed by Bentz [8] was employed for the assessment. 
 
Employment of mean values for material properties results in VRd = 2,53 MN for a low normal 
force and 3,01 MN for a higher normal force [4].  
 
 
4.3 Linear Elastic 3D-model 
 
The bridge has also been analyzed by Skanska with a finite element method using the computer 
program Lusas [18]. Three dimensional linear beam elements (BMS3) and thick quadrilateral 
linear shell elements (QTS4) have been used. In this way the influence of the curvature of the 
bridge could be modeled as well as the corresponding torsion moments. The model and some 
results are shown in Figure 8. As a comparison the bridge has also been modeled with the 
computer program Brigade [19] giving similar results [4]. 
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Figure 8 – Deflections due to permanent loads (top) and to a point load according to Lusas 
[18]. The three supports are numbered 1 to 3 starting from the left NW support. 
 
The most critical beam for a shear failure according to the linear elastic analysis according to 
Lusas is the NE beam just outside the concentrated load towards the mid support (NE 2). 
However, almost as critical is the SW beam just outside the concentrated load towards the end 
support (SW 3). 
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 redistributions in the structure. In the real test the “non-linear” shear failure 
came towards end support 3 and included both beams (NE3 and SW3). 
Using the capacities from the Eurocode calculation in section 4.1 the initial material properties 
give, together with the Lusas results, that the maximum capacity is reached when the two 
concentrated loads are about P = 2.95 MN, or a total of 2P = 5.91 MN. This turned out to be 
about 50 % of the failure load 11.7 MN.  
With mean material properties the maximum capacity according to the analysis is reached when 
the concentrated loads P are about 4.39 MN, or a total of 2 P = 8.78 MN. 
 
 
4. 4  Nonlinear 2D-model  
 
A non-linear analysis was performed by Cervenka Consulting using the finite element computer 
program Atena [20]. Some results can be seen in Figure 9. The analysis predicted an ultimate 
load of 10,5 MN after yielding in the longitudinal reinforcement. 
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Figure 9 - Detailed crack patters at final loading state predicted by Atena [20]. The cracks 
illustraded are of widths  > 0,1 mm]. 
 
 
4.5 Comparison 
 
The results from the different models are compared in Table 2 together with the test result. In 
the test, the longitudinal bottom steel bars and the vertical stirrups started to yield close to the 
ultimate load. The final failure was caused by rupture in the stirrups crossing the inclined shear 
crack in Figure 10.  The strengthening with near surface mounted reinforcement functioned and 
no premature bending failure did occur. Instead, a failure in combined shear, bending and 
torsion took place.  
 
In the table, the shear capacity VR of each of the two longitudinal beams are first given. The 
value also includes the influence of torsion. Then the live load capacity for the applied two point 
loads 2P is given. It can be seen that the standard linear finite element methods together with 
Eurocode 2 give quite conservative predictions. A part of this may be caused by arch actions in 
the beam which is not considered in the calculations. It can also be seen that it is important to 
use a correct value of the inclination θ  for the compressive strut. When the minimum strut 
inclination (θ = 21,8 o) is used, a hypothetical situation will arise that a higher number shear 
reinforcing units is activated than in reality.  
 
Enhanced non-linear methods as Atena and Response predict higher values for the resistance, 
which are closer to the tested value. Their stress and strain predictions are also closer to what 
has been observed in the bridge, SB7.3 [4]. 
 
Table 2 – Load carrying capacity for the bridge as predicted by different models.  VR  is the 
shear capacity for one of the two longitudinal beams and 2P is the live load capacity when the 
bridge is loaded with the load P in the middle of the span on each of the two longitudinal beams.  
Method fyd 

[MPa] 
θ  
[o] 

VR 
[MN] 

2P 
[MN] 

EC2, design, θmin + Lusas, 3D linear FEM 297 21,8 1,79 5,9 
EC2, mean, θmin + Lusas, 3D linear FEM 441 21,8 2,66 8,8 
EC2, mean, θreal + Lusas, 3D linear FEM 441 30 1,84 6,1 
Response, nonlinear section analysis + low axial force 441  2,53 ≈9 
Response, nonlinear section analysis + high axial force 441  3,01 ≈12 
Atena, 2D nonlinear FEM 430 20-30 3,07 10,5 
Test to failure 441 ~30  11,7 
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Figure 10 – Ultimate shear-bending failure with detail of stirrup rupture after yielding. 
 
 
5.   SUMMARY AND CONCLUSIONS     
 
Procedures have been tested for inspection and condition assessment, load carrying capacity, 
monitoring, and strengthening of a 50 year old reinforced concrete railway trough bridge. In this 
paper focus has been on the assessment of the load carrying capacity. In the final test, a failure 
in combined shear, bending and torsion was reached for an applied mid span load of 11,7 MN. 
This was close to what was predicted by the methods developed in the project and is 20 to 50 % 
higher than  predicted by design codes and other general models.   All the predictions were on 
the safe side and the failure was initiated by rupture of a stirrup after yielding in both stirrups 
and longitudinal reinforcement. There is a need for additional full-scale test where advanced 
load carrying models can be calibrated to real failure mechanisms.  
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