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Abstract 

Full-scale failure tests are rarely performed on structures, primarily due to their high costs and 
the lack of suitable test objects. The main aim of this test was to study shear failure of the 
bridge, which is a less understood and more difficult to predict mode of failure in RC 
structures than is bending. In order to prevent bending failure, it was necessary to strengthen 
the bridge using near surface mounted (NSM) reinforcements made of carbon fibre reinforced 
polymer (CFRP) bars. The bridge was heavily monitored during the test, using both 
traditional sensors such as electrical strain gauges and linear variable differential transducers 
(LVDTs) alongside new monitoring systems such as fibre optic sensors, strain rosette 
LVDTs, and a novel photographic monitoring system. This paper presents the results obtained 
from the photographic strain measurements and describes the use of the photographic tools in 
monitoring and characterising the behaviour of the failure zone during the full scale test. The 
strains measured using this method were found to agree well with those measured using 
classical strain gauges. In addition, the strain contour plots generated using the photographic 
method provided important insights into the strains within the bridge’s failure zone.  
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1. Introduction  

Within the last decades the traffic loads have increased gradually, enforcing new design 
demands for the European Rail network. Of the railway bridges 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, [1]. A projected increase in the demand for high-speed and heavy 
traffic across the European Rail network demands renovation, upgrading or replacement of 
many bridges.  
During 2003-2008, 32 partners combining owners, consultants, contractors, research institutes 
and universities joined the FP 6 European Research Project “Sustainable Bridges” and carried 
out investigations on railway bridges across Europe. The first objective of the project was to 
develop new procedures and to improve the existing methods for inspection, testing, 
monitoring and condition assessment of railway bridges. The second objective was to develop 
and test better engineering solutions for repair and strengthening of bridges.  
The performance of the monitoring and strengthening methods has been examined during 
several non distructive tests conducted on bridges throughout Europe [2], and a full scale 
destructive test performed on a 50 year old two-span RC bridge located in Örnsköldsvik, 
Sweden (Figure 1). The bridge was heavily monitored during the test, using both traditional 
sensors such as electrical strain gauges and LVDTs alongside new monitoring systems such 
as laser deflection meters for measuring the mid-displacement, accelerometers, fibre-optic 
crack sensors, and fibre-optic strain (Bragg grating) sensors. The work reported in this paper 
is special in that the strains developed on the failure surface were monitored while the 
Örnsköldsvik Bridge was loaded to failure. Used in conjunction with classical strain gauge 
measurements the photographic strain measurements improved the understanding of the 
Örsköldsvik Bridge behaviour prior to collapse. In this paper only the use of the photographic 
strain monitoring method will be presented, a detailed description of other methods used and 
implemented can be found in [2]. 

 
 Figure 1. The Örnsköldsvik Bridge and the test setup 

2. The Örnsköldsvik Bridge 

2.1 Description of the bridge and capacity assesment 

The Örnsköldsvik railway bridge was built in 1955 and has now been taken out of service due 
to the building of a new high-speed railway. Structurally the reinforced concrete railway 
trough bridge was a two span 12+12 m frame (Figure 1) with a slight longitudinal curvature. 
According to a preliminary assessment carried out for the loading setup presented in Figure 1 
a bending failure would occur. However, the bending failure can be calculated with fair 
precision but there are still differences when the shear failure is predicted, so it was 
considered more scientifically challanging to investigate the later. For a point load of 
approximately 6 MN the bending capacity was determined to be about 10 MNm while for 
shear failure the bridge needed to be loaded up to approximately 8 - 10 MN. In order to obtain 
a shear failure a flexural strengthening was needed. The strengthening has been carried out 
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using CFRP bars applied as NSM systems. 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 m. The CFRP bars had 
a modulus of elasticity of 245 GPa and a strain at failure of approximately 8000 micro-strains. 
A detailed description of the design and application of the strengthening method can be found 
in [3]. 

2.2 Failure of the bridge 

The load was provided through steel tendons by two 1000 ton hydraulic jacks placed over a 
loading beam (Figure 1) in load control regime. The loading beam was positioned 
transversally over the longitudinal section of the bridge in the middle of the second span. The 
steel tendons were anchored 9 m into the bedrock. To enable inspection of the crack 
development and condition of the bridge a protocol of loading was set. The load was 
increased incrementally by 0.5 MN with a rest time of about 5 minutes.   
The failure occurred at a load level of 11.7 MN and developed as a shear-flexural crack, see 
Figure 2. The vertical displacement has been measured along the loading line on the vertical 
faces of the West Beam and the East Beam respectively using laser deflection meters. Small 
differences in measurements can be observed in the load displacement diagram (Figure 2). 
These differences are attributed to the torsion effect introduced by the horizontal curvature of 
the bridge.    

 
Figure 2. Load displacement diagram and the failed area of the bridge 

3. Strain measurements 

3.1 The photographic monitoring method 

The photographic monitoring method consists of three main steps: Capture instances of 
displacement by photography, correlate the displacement of different pictures and convert 
them into displacement vectors and post-process the resulted displacement vectors into 
strains/stresses. 
Capture of the displacement information is performed by taking photos of a predefined, 
specific area called speckle pattern. The first image, used as reference, is captured before and 
the second image during or after the object is loaded. If a predefined sequence of load steps is 
determined a priori, intermediary images are taken corresponding to each load step. The 
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speckle pattern can be created in two ways. First, it can be obtained by illuminating the 
objective with laser light. In this case a so-called laser speckle pattern is detected on the 
optical device used for measurements. The other way is by illuminating the desired objective 
with white light. In this case a random pattern with high contrast must be created on the 
desired object. In this study the latter method was used. 
The correlation analysis of the obtained images can be performed using different methods 
such as the grid method or the digital speckle correlation method [4]. To use the grid method 
a uniform net in a divergent colour needs to be painted or attached to the studied area. The net 
may be in form of points bonded in a defined pattern or lines forming a uniform mesh. The 
second analysis method, the digital speckle correlation, is also known as image correlation or 
Digital Speckle Photography (DSP) and when applied in fluid mechanics it is called Particle 
Image Velocity (PIV) [5]. This method provides information about the displacement of a 
recorded speckle pattern between two instances.   
In this study the analysis using the digital speckle correlation has been carried out using 
tailor-made software developed at Luleå University of Technology. During the analysis one 
image is divided into a grid of sub-images. One sub-image is then subjected to a threshold 
value making dark colours black and light colours white (Figure 3).  The centre of gravity of 
the sub-image is then calculated and it gives the average position for this sub-image with 
respect to its initial position. The size of the sub-image can be chosen as desired before the 
evaluation. For this test one sub-image had a size of 128x128 pixels (81x81 mm) and the total 
area of analysis was 2300x4250 pixels. In general the accuracy of the correlation depends on 
the size and the number of pixels of the sub-images. The larger the sub-images are, the better 
the speckle correlation that is obtained. A large sub-picture contains more information so its 
centre of gravity can be identified more easily at different load steps even if it has deformed, 
moved or slightly damaged. However using large sub-pictures can produce coarse results in 
the next step, post-processing. After analyzing all the sub-images of one photo the results are 
outputted in form of displacement vectors. 
The output of the correlation analysis is post-processed in Matlab software through a tailor-
made toolbox. Here the displacement vectors are transformed into strains. The theoretical 
background of the conversion relies on the Mohr-Coulomb strain/stress transformation theory. 
In the post processor the values and the fields of the principal strains, normal strains or shear 
strains can be plotted. As opposed to the correlation analysis, the accuracy of the post 
processing is increased as more displacement vectors are available so as small sub-images as 
possible are used in the correlation analysis. However the governing factor for determining 
the sub-image size is the correlation factor obtained in the correlation analysis. The 
correlation factor represents the loss in pixels of the same sub-image analyzed at different 
load steps and it is expressed in percent. Normally reliable results are obtained when a 
correlation factor of a minimum of 0.86 is obtained.   

  Figure 3. The speckle pattern and a magnified sub-pictures before and after the threshold process  

3.2 The speckle pattern and the photographic tools used in this test 

The speckle pattern area monitored with photographic tools has been installed on the East 
Beam at about the same distance from the intermediary support axes as the strain rosette 
placed on the West Beam (Figure 4). On the section monitored during this test white paint 
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was used as a background. When the white paint had dried black dots of paint were applied. 
Both paints used were oil based commercial products. A normal consistency has been used by 
mixing the paint with water according to the instructions provided by the producer. The black 
dots were stochastically applied by manually spraying the surface with a thin brush. It is 
recommended that the size of the black paint dots be as small as possible to obtain a 
randomized pattern for the speckle correlation. 
For this experiment the photographic equipment consisted of a digital camera (Canon EOS 
5D) with 90 mm lens and a professional lighting set (Figure 1). All the photographic 
equipment has been installed on fixed and independent scaffolding in order to prevent any 
accidental displacements. The area under monitoring was limited by the performance of the 
photographic equipment. A too large distance, measured from the centre point of the surface 
to the position of the photographic equipment, decreases the quality of the images; hence the 
software accuracy is decreased. During this test the camera was positioned at a distance of 3.1 
m from the centre of the monitored area. For the sake of a comparison a strain rosette and the 
speckle area monitored have been installed separately on the two beams at similar distances 
with respect to the axis of the intermediary support (Figure 4).  
The potential shear failure area has been evaluated prior to the test using non linear finite 
element analysis, [2], and based on these results it was decided where the strains in concrete 
should be monitored.  The strain rosette was therefore installed on the East Beam according to 
the positioning shown in Figure 4. The strain rosette consisted of three clustered LVDTs 
aligned at 0⁰, 45⁰ and 90⁰ with respect to the horizontal axis. Each LVDT captured the 
elongation on an absolute length of 400 mm between the base point of the cluster and the 
three fixed points as indicated with arrows in the pendant photo in Figure 5. The measured 
elongations have been converted into strains and are presented in Figure 5.  

 
Figure 4. Possition of the speckle pattern and strain rosette on the bridge 

3.3 Measurements results and analysis of the failure area 

A consistent number of results were obtained from the photographic strain monitoring 
analysis. The change of the strains is marked with values on the contour of the area. Due to 
space limitation and for the purpose of this comparison, only principal tensile strains are 
presented for the following load levels: 6.0, 8.0 and 10.8 MN.  The choice of these load steps 
relies on capturing the characteristic behaviour of this bridge during the failure test, i.e. 
structural stiffness reduction due to cracking (6.0 MN), structural stiffness degradation caused 
by excessive deformations (8.0 MN) and change of failure mode prior to collapse (10.8 MN). 
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Note that during the failure load test photographic strain measurements were performed only 
up to 10.8 MN due to safety reasons although the failure load was 11.7 MN. The reason for 
this being that the capacity of the FRP strengthened bridge was determined prior to the test 
using non linear finite element modelling and theoretical calculations [2]. According to these 
calculations, the estimated failure load was about 8.0-10.0 MN, depending on the method 
used, and above this value a failure in flexure would occur.  
Figure 6 shows the evolution of the principal tensile strains for the load steps 6.0, 8.0 and 10.8 
MN. These plots provide valuable information in understanding the development of the 
stresses in the structure and complement the measurements from the strain rosette (Figure 5).  

 
Figure 5. Measurements obtained from the LVDT rosette and the directions measured 

At 6.0 MN load the bridge exhibits a pronounced flexural behaviour as the cracks have a 
dominant vertical direction (Figure 6a). Due to its placement the strain rosette failed to 
capture the opening of the major flexural crack, marked by the 2500 micro-strains strain field 
in Figure 6a, and has recorded a value of about 300 micro-strains. However, in the area where 
the strain rosette has been installed the measurements are in good agreement with strains 
intervals (100-800 micro-strains) measured with the photographic tools.  
As the load increases to 8.0 MN the cracks start opening more with visible inclined aspect 
(Figure 6b). The principal tensile strain recorded by the strain rosette has a value of about 800 
micro-strains while the corresponding values recorded with the photographic tools are 
between 300 and 5000 micro-strains. The opinion of the authors is that one contribution to 
this difference might be the longitudinal curvature of the bridge, as the East Beam has a 
slightly larger span than the West Beam and hence somewhat higher stresses are developed on 
a constant section and under similar loading conditions. This belief is to some extent 
sustained by the strains measured on the steel and FRP reinforcement, see Figure 5.  As soon 
as the load reaches about 7.0 MN the steel reinforcement from the West Beam stops 
deforming while on the East Beam the strain in the steel reinforcement increases linearly up 
to about 8.5 MN, hence the East Beam being more deformed. However, the most likely 
explanation to the recorded constant steel strain in the East beam is that a crack has formed at 
a small distance from the strain gauge. The steel strains will grow in the crack and an 
unloading can occur some distance away from the crack due to tension stiffening. The 
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maximum strain at the crack to the right in Figure 6c is 10000 micro-strains which is well 
above the yielding strain of the longitudinal reinforcement which is s/Es=450/200000 = 
2,5·10-3 = 2500 micro-strains. This aspect is confirmed also in Figure 5, the steel gauges did 
not record any yielding before 10.5 MN. This indicates that the photographic measurements 
give a more comprehensive picture of the deformation than single strain gauge who records 
an isolated local value.  
At the last step recorded with the photographic tools, 10.8 MN, the already formed flexural 
cracks open more, and the maximum strain of 30 000 micro-strains is located at the crack to 
the right. However, failure is initiated from the left bottom crack as a flexural crack and 
extended as a shear crack with a 40⁰ angle, see Figure 6c and Figure 2 . There are differences 
between the strains measured with the strain rosette (1500 micro-strains) and the 
photographically measured strains (1000-5000 micro-strains) probably due to local variations 
that are not caught by the strain gauge. Immediately after the load passed 8.0 MN the FRP 
reinforcement started carrying a major part of the load. The effect produced by the FRP 
reinforcement allowed the development of the tensile strains in the steel stirrups until yield 
and rupture as can be seen in Figure 2. 

a)  

b)  

c)  
Figure 6. Principal tensile strains measured at: a) 6 MN (top), b) 8 MN (midle) and c) 10.5 MN (bottom) 

4. Discussions and conclusions  

The speckle pattern correlation method is an effective way of measuring strain fields. Several 
products for monitoring strains of loaded surfaces are available at a certain price. This paper 
presents a low cost method for monitoring strains over an area. The application of this method 
has been presented for a full scale failure test on the Örnsköldsvik Bridge. Due to safety 
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reasons the measurements have been performed until about 90% of the ultimate load. 
Measurement of strains with strain gauges and a LVDT strain rosette, in distinct points 
provides limited information for studying elements under biaxial state-of-stress such as: 
beams loaded in shear, walls or slabs. The main reason is that strain measurements on 
concrete are highly influenced by the crack spacing. If these gauges are bridging a crack they 
will measure unreasonably high strains, on the other hand if installed between two cracks will 
measure smaller values compared to the global strains. This is one of the reasons why the 
difference between the photographic strain measurements and the strains measured by the 
strain rosette is noticeable for high load values. Further, the longitudinal curvature of the 
bridge had a major influence also on the development of the strains in the two beams. 
However the plots from the photographic strain measurement offer a complete picture of the 
monitored and complemented the traditional gauges recordings. The gradual change of failure 
from flexure to shear due to the action of the FRP reinforcement is easy to view by the 
development of the cracks plotted. Sometimes an adjustable gauge length is preferable; with 
the presented method the gauge length and size of sub-pictures can be adjusted and combined 
to optimise accuracy. The response of the measuring system is very good, even after damage 
of the used pattern, when cracks started to open (between 8 and 10.8 MN), the analysis gave 
valuable information. Further, if a sub-picture is not recognised between the two steps there 
are still several others to base the analysis on.  
There are not only advantages with the presented method but also some drawbacks. The 
method will not give continuous measurements since the results are not present at the time of 
testing. Because of this, photographic strain measurements should be used together with a 
limited number of strain gauges or other measurement devices.  
There are also some uncertainties that should be investigated further. Depending on desired 
accuracy and the area studied, the resolution of the camera equipment is critical. Each photo 
used in analysis contains a high amount of information collected in one exposure. The 
velocity of the movement of the studied object and the shutter speed of the camera are critical 
for the quality of the photo. This means that it is important to find out the limits for the load 
rate and possibility to measure dynamic loading. The pattern is also very important and here 
more research and testing has to be carried out to fully understand how a pattern can be made 
to give reliable results with practical aspects in mind. The pattern used for this application has 
been tested previously in a set of pilot tests, but other pattern solutions can be developed.  
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