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Abstract 

Four bridges of different types have been tested to failure and the results have been compared to 
the load-carrying capacity calculated using standard code models and advanced numerical 
methods. The results may help to make accurate assessments of similar existing bridges. Here it is 
necessary to know the real behaviour, weak points, and to be able to model the load-carrying 
capacity in a correct way. 
 
The four bridges were: (1) a one span steel truss railway bridge; (2) a two span strengthened 
concrete trough railway bridge; (3) a one span concrete trough bridge tested in fatigue; and (4) a 
five span prestressed concrete road bridge. 
 
The unique results in the paper are the experiences of the real failure types, the 
robustness/weakness of the bridges, and the accuracy of different codes and models.  

 

Keywords: bridges, testing, assessment, load-carrying capacity, reinforced concrete, prestressed 
concrete, steel, analysis, codes.  

 

 

1 Introduction 

Assessment of the load-carrying capacity of 
existing bridges is an important task. Four bridges 
in Sweden have been tested to failure and 
assessed using standard code models and 
advanced numerical methods.  

The results may help to make more accurate 
assessments of similar existing bridges. Here it is 
necessary to know the real behaviour, weak 
points, and to be able to model the load-carrying 
capacity in a correct way. 
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2 The Åby Steel Truss Railway Bridge  

2.1 Background 

The railway bridge over Åby River is situated in a 
rural area on the northern railway mainline in 
Sweden some 45 km west of the city of Piteå. It is 
a 33 m long truss bridge built in 1955 in the 
transition time from riveted to welded bridges, 
see Figure 1. The bridge was designed for a single 
track with a load of 12 axles of 25 tons for the 
locomotive and a distributed load of 85 kN/m.  
Due to problems with the geometry of the line the 
bridge was exchanged in 2012. While still in 
service, the bridge was monitored and then it was 
moved and placed on new foundations beside the 
railway line and tested to failure [1], [2]. 

 

Figure 1. The Åby Bridge placed beside the rail 
track for testing to failure after being moved from 

its original position, Häggström et al [1], [2]. 

2.2 Experimental Program 

An extensive monitoring program was carried out 
including some 140 sensors for loads, 
displacements, strains, temperatures and 
accelerations. At the loading to failure two 
hydraulic jacks was used with cables anchored in 
the bed rock. In order to estimate the ultimate 
capacity a detailed FEM model was developed 
with the Abaqus software. The model consists of 
shell elements considering all connections as rigid. 

2.3 Assessment versus test results 

At the final testing non-linear deformations 
started at about 8 MN and continued up to 11 MN 
when the top cord buckled, see Figure 2. 

Initially the FEM was carried out using design 
values as input for the material properties. Later 
on the input was updated and a new analysis was 
performed. The real behavior of the structure fits 
somewhere in between the two FE models. The 
FEM-results with updated material parameters 
have approximately the same peak load as the 
one from the tests. Nevertheless the non-linear 
behavior recorded during the tests was not 
accurately described by FEM. 

Since the load added to the bridge only 
corresponded to one wagon, the load level for a 
whole train set is compared for a certain number 
of points. The loading is compared for the normal 
observed from a train set F46 (which is the train 
set it was designed for) and the loading according

 

 

 

 

 

 

 

Figure 2. Force-deflection 
diagram with inserted 

modeled and real 
deformations for the  

buckling of the top cord 
[1],[3]. 



39th IABSE Symposium – Engineering the Future 
       September 21-23 2017, Vancouver, Canada 

3 

 

 to current standards (Eurocode) for new bridges 
along the line subjected to the heaviest axle loads 

in Sweden (Load model 71 with =1,6). Safety or 
dynamic amplification factors are disregarded. The 
comparison shows that the bridge could withstand 

loading that substantially exceeds both the load it 
was designed for as well as the load the model in 
use today before failing. 

The influence of damages to the bridge has been 
studied in the EU-project MAINLINE [3], [4].  

 

 

Figure 3. The tested railway bridge in Örnsköldsvik, Sweden, in a view from the West side showing the test 
setup. A cross-section is shown as an insert

3 The Örnsköldsvik Concrete Trough 
Railway Bridge 

3.1 Background 

This test was scheduled as part of a 
demonstration of newly developed or upgraded 
tools for monitoring, assessment and upgrading of 
structures within the EU financed project 
Sustainable Bridges [4], [5] see Figure 3.   

The studied bridge was a 50 year old RC railway 
trough bridge located in Örnsköldsvik. The bridge 
consisted of two outer beams supporting a slab in 
two spans (12 + 12 m), with a slight longitudinal 
curvature (R = 300 m) and supports skewed with 
an angle of 17 degrees. It was taken out of service 
in 2005 and tested to failure in 2006 [6]-[10]. 

3.2 Experimental Program 

The bridge was designed for a 40 MPa concrete 
and steel reinforcement with yield strength of 400 
MPa. Tested concrete had a mean strength of 68,5 
MPa. The reason for the growth is a coarse 
grinding of the cement which prolonged the 
hydration process after the 28 days, when the 
original concrete was tested. The steel 

reinforcement tests showed yield strengths 
slightly above 400 MPa and ultimate strengths up 
to 700 MPa. To obtain a shear failure, the bridge 
was strengthened before the final failure test with 
18 (nine per beam) 10 m long near surface 
mounted (NSM) carbon fiber reinforced polymers 
(CFRP) bars, each with a 10×10 mm cross section. 
The modulus of elasticity and the tensile strain at 
failure were 250 GPa and 0,8 %, respectively. 

The bridge was tested with two hydraulic jacks, 
placed on top of a loading beam. They exerted a 
downward force on the loading beam by pulling 
on steel tendons anchored in the bedrock to a 
depth of 9 m., see Figure 3 

3.3 Assessment versus test results 

The failure was relatively ductile, Figure 4. The 
recorded failure load P was 11,7 MN. The 
mechanism of failure was a simultaneous bond-
bending-shear failure, resulting in the formation 
of flexural-shear cracks in both beams at an angle 

of about ≈ 32°. The NSM reinforcement played a 
major role in the failure process and initiated the 
shear-bending failure. Code values varied 
between 3,5 and 9 MN. 
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Figure 4. Load-displacement curves as recorded 
and calculated. Insert: crack pattern in the SE 

beam after failure. Puurula et al. [6]-[10]. 

4 The Lautajokk Concrete Trough 
Railway Bridge 

4.1 Background 

The railway line between Luleå and Narvik in 
northern Sweden and Norway was built 1884-
1902 to transport iron ore to the harbours in the 
Baltic and the Atlantic. Originally the line was 
designed for an axle load of 14 ton. In 1960 it was 
raised to 25 ton and in the 1990ies there was a 
wish to increase it to 30 tons. An investigation was 
carried out regarding the capacity of the bridges 
and as part of that a bridge from Lautajokk was 
taken to Luleå University of Technology and tested 
for fatigue, see Figures 5 and 6 [11]. 

4.2 Experimental Program 

The bridge was loaded with 6 million cycles with 
an axle load of 360 kN (including a dynamic load 
factor of 20%). The increase in the mid-point 
deflection in Figure 6 is mostly due to creep in the 
concrete. No notable damages were observed and 
only hair line cracks appeared in the bottom of the 
slab. Finally the bridge was loaded to the 
maximum capacity of the jacks, 875 kN. The 
bending reinforcement started to yield but the 
ultimate load capacity was probably slightly 
higher. After testing, concrete cores were drilled 
out giving a compressive strength fcc = 72,6 MPa 
(slab) and fcc = 81,2 MPa (beams) and a tensile 

splitting strength fcspl = 4,4 MPa and a uniaxial 
tension strength fct = 2,9 MPa.  

 

Figure 5. Full Scale Test of a 29 year old Railway 
Trough Bridge at Luleå University of Technology. 

Thun et al. [11]-[12]. 

 

Figure 6. Mid-point deflection. At 0 and 250 kN 
load for 6·106 load cycles with a maximum 

deflection of 4,8 mm [11].  

4.3 Assessment versus test results 

The tests showed that the fatigue capacity of the 
bridge was much higher than what was predicted 
by the codes. Critical was the shear capacity in the 
connection of the slab to the longitudinal beams 
with no shear reinforcement in the slab. For 
concrete class C60 the Eurocode predicted 5,1 
million cycles, Mc, for 225 kN; 0,5 Mc for 250 kN; 
and 0,012 Mc for 300 kN. The fatigue capacity of 
concrete is further discussed in [12], [13].
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Figure 7. Photograph of the Kiruna bridge, view from north 
.

5 The Kiruna Prestressed Concrete 
road Bridge 

5.1 Background 

A 55 year-old prestressed concrete girder bridge, 
see Figure 7, was taken out of service due to large 
ground deformations caused by mining activities. 
However, the bridge was still in very good 
condition with only minor damages observed and, 
thus, it was decided to further study the bridge in 
order to examine and develop methods for 
assessment, [14]-[19], [24]. 

The bridge was continuous over five spans with a 
total length of 121.5 m. The superstructure 
consisted of three girders (width: 410 – 650 mm, 
height: 1 923 mm) connected with a slab (w: 
14 900 mm, h: 220 – 300 mm) with curbs on either 
side (w: 300 mm, h: 300 mm) and was supported 
on columns and abutments. Four or six post-
tensioned tendons, consisting of 32 strands 
(diameter: 6 mm), was used in the girders. Design 
of the bridge was based on concrete compressive 
strength of 28.5 MPa, the non-prestressed steel 
yield strengths of 400 or 600 MPa and the 
prestressed steel 0.2 % proof strength and tensile 
strength of 1 450 MPa and 1 700 MPa, 
respectively [14]. 

5.2 Experimental Program 

An experimental program was designed for 
evaluation of the condition and the structural 
behaviour of the bridge. Two of the bridge girders 
were strengthened in the second span from west; 
Near Surface Mounted (NSM) Carbon Fibre 
Reinforced Polymer (CFRP) rods were installed in 

the concrete cover at the base of the central 
girder and prestressed CFRP laminates were 
attached to the base surface of one of the outer 
girders. Before and after strengthening the girders 
were loaded in order to investigate the bridge 
behaviour and the influence of strengthening. 
Thereafter a failure test of the strengthened 
girders was carried out, followed by a failure test 
of the bridge deck slab adjacent to the third girder 
still in function, see Figure 8. Moreover, the 
experimental program included evaluation of the 
residual pre-stress forces based on destructive 
and non-destructive methods [17]. 

5.3 Assessment versus test results – beams 

The bridge girders were loaded in the middle of 
the second span. Based on linear elastic analysis 
and local resistance models according to the 
European standard [20], the flexural capacity was 
reached adjacent to the mid-span at 9.1 MN. 
However, the flexural capacity at the supports was 
not fully utilized and, thus, redistribution of 
internal forces can be expected. According to the 
European standard up to 30 % redistribution, in 
relation to the linear elastic distribution of internal 
forces, can be allowed for statically indeterminate 
structure without further verification of the 
deformation capacity of the plastic region. The 
approach taking redistribution into account 
resulted in the shear capacity being reached at the 
support for a load of 10.4 MN. In-situ tested 
material parameters were used in the calculations, 
leading to a considerably improved load-carrying 
capacity compared to the values used at the 
design of the bridge. 

In the test, the girders were first equally loaded up 
to total load of 12 MN, followed by increased load 
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Figure 8. . Kiruna bridge girderfailure.  Left: Photograph of the girders after test. Right: Load-deflection 
curve for the failure test of the bridge girders

on the outer girder until failure at 13.4 MN. After 
a drop of the load, the inner girder was further 
loaded to failure at 12.8 MN. The same failure 
mechanism was observed for the two girders. 
Extensive vertical and diagonal cracks were 
formed and both longitudinal non-prestressed 
reinforcement and vertical shear reinforcement 
yielded. In the final stage the stirrups crossing the 
critical diagonal ruptured and simultaneously the 
loading plate punched through the slab. In 
general, the structure behaved in a ductile 
manner and an appreciable residual load-carrying 
capacity remained after the test. Thus, a robust 
bridge structure can be concluded. 

Comparison of the test result and the analytical 
calculations indicates difficulties to accurately 
predict the load-carrying capacity. Undoubtedly, 
redistribution of internal forces took place in the 
structure and should be taken into account in 
assessment. The shear model in the European 
standard [20] in combination with linear elastic 
analysis with redistribution was not able to reflect 
the failure of the bridge. The load-carrying 
capacity was underestimated and the critical 
section was inaccurately located.  

5.4 Assessment versus test results – bridge 
deck slab 

The bridge deck slab was loaded in the middle of 
the second span with two loading plates (2.0 m 
apart) adjacent to the girder not previously loaded 
to failure. Punching of the loading plate and shear 

at the girder, assuming 45º shear distribution 
from the edge of the loading plate, have been 
regarded according to European standard [20] to 
determine the load-carrying capacity of the slab. 
Based on in-situ tested material parameters the 
one-way shear capacity was critical and the 
predicted load-carrying capacity was 1.48 MN. 

 

Figure 9. Photograph of the deck slab after test. 

The test resulted in a sudden, brittle failure of the 
slab at a load of 3.32 MN. The failure was formed 
around one of the loading plates and it has been 
classified as a combined shear and punching 
failure, indicated to be initiated as shear failure at 
the girder. Thus, the analytical models applied are 
too conservative and do not fully reflect the 
behaviour of the bridge deck slab under the 
current load situation. Refined analysis is needed 
to better predict the load-carrying capacity of the 
slab and a procedure for such improved structural 
analysis has been suggested by Plos et al [21]. 
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6 Conclusions 

The results of the tests to failure of four different 
bridges were presented. The tests were carried 
out on decommissioned structures deemed for 
demolition. Numerical tools are proven to be 
reliable instruments for assessment especially 
when combined with material testing. All the 
tested structures had a considerable “hidden” 
capacity which is little reflected during ordinary 
assessment processes and which is accounted for 
neither in standards nor in design guidelines [22]. 
Perhaps some of these differences arise from 
redistribution of loads during the testing in the 
statically indeterminate structures. Another 
reason is the high safety factors that are used 
both for loads and materials. Methods to 
strengthen structures with insufficient capacity  
are given and discussed in e.g. [3], [5] and [23]. 
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