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1 INTRODUCTION 

A 50 year old railway bridge located in Frövi, 30 kilometers north-east of the major Swedish 
city of Örebro, is of great importance to the region’s freight traffic. Yet it is just another one of 
hundreds of similar bridges in Sweden, built with a service life expectancy of fifty years in the 
middle of the last century. By strengthening this type of bridge structures the rate of replacing 
the bridges and the expenses associated with that can be spread out over several decades. Such 
benefits have attracted attention from Banverket (The Swedish Rail Administration), and they 
have already co-operated in several field applications where CFRPs (Carbon Fibre Reinforced 
Polymers) have been used. Examples include the Kallkällan Bridge, (Täljsten & Carolin, 1999), 
and the Ö-vik Bridge, (Täljsten et al., 2007, Elfgren et al., 2007). 

The need for strengthening of the Frövi Bridge was discovered during a renewed design cal-
culation performed by the consulting company Tyréns in 2003. Calculations showed that the 
bridge slab needed cross directional strengthening in flexure both in the bottom and in the top. 
At the same time visual inspections were carried out together with material testing of the con-
crete. The concrete was considered to be of good quality with a compressive strength exceeding 
60 MPa. A decision was then taken to strengthen the bridge. In the soffit of the bridge it was de-
cided that NSMR (Near Surface Mounted Reinforcement) CFRP bars would be used. However, 
for strengthening the interior of the bridge several different methods were discussed. Banverket 
was determined to keep the traffic running during strengthening since the cost for rerouting 
would be considerable. It was therefore decided to try to develop a new method for this purpose. 
In brief, holes were to be drilled through the bridge from one side to the other, without damag-
ing the existing steel reinforcement and without any, or only small deviations from the horizon-
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strengthening systems combined to extend the service life of a Swedish double-trough-double-
track railway bridge, constructed in concrete with a 10 meter span. One system is the reliable 
NSMR (Near Surface Mounted Reinforcement) while the other is new. They were used with the 
intention to strengthen the interior of a concrete structure using integrated CFRP tubes. Both 
systems were used to increase the tensile flexural strength of the slab transverse to the tracks. 
NSMR bars were positioned in the bottom concrete cover of the trough’s bottom-slabs, while 
the new system was inserted in holes drilled through the bridge in the cross direction and lo-
cated in the upper part of the slab. In connection with the strengthening monitoring was con-
ducted in order to obtain an understanding of the bridge behaviour before and after strengthen-
ing, and to demonstrate any effects of the extra CFRP reinforcement. Results from these 
measurements are presented together with how the strengthening work was carried out. Sensors 
on bars and tubes show evidence of utilization of the CFRP while displacement sensors and 
strain gauges on the steel reinforcement show minor effect due to the small loads in the service 
limit state. 
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tal path. Laboratory tests were carried out on 8 m long concrete pillars where the drilling proved 
to be successful. Due to limitations of the core-drilling equipment the smallest diameter that 
could be drilled was 38 mm. To optimise the strengthening system it was decided to use a CFRP 
tube that would be bonded with epoxy through injection technology in the hole. The bonding 
tests were also successful and the system was ready to be used in the Frövi bridge project. 

It was also decided to carry out monitoring before and after strengthening to determine the 
behaviour of this rather complicated bridge reinforcement. This also provided an opportunity to 
see effects of the two strengthening systems used. Thanks to the European Union funded project 
“Sustainable Bridges” (www.sustainablebridges.net) the project also features ultrasound work 
by BAM (The German Federal Institute for Materials Research & Testing), Berlin, Germany 
and fibre optic measurements from City University in London, UK. These results are only 
briefly mentioned in this paper since evaluation of the data is still ongoing. 

2 STRENGTHENING DESIGN 

The Frövi Bridge was erected in 1958 and consists of two parallel troughs, with one railway-
track on each, spanning over a heavily trafficked approach road to a local paper mill. Due to the 
bridge’s position in a curve of the track it has a skew design. Horizontally the beams form an 
angle of 71° to the supports and vertically the bridge is inclined 1.3°, Figure 1. Design drawings 
show that the bridge is cast in two sets, one for each trough. The connection between the 
troughs is secured by Ø10 mm c/c 200 mm steel reinforcement at the top and bottom of the inte-
rior beams and a 5 mm concrete lug fitted into a cutting in the other trough, see Figure 2. How-
ever, in the design the bridge section is considered to be uniform, without joint. Figure 2 also 
shows two critical sections where continuous reinforcement is missing in the connection be-
tween trough bottoms and the interior beam. As a result of this design cracking has occurred in 
the bottom part of the slab. The cracks originate from the supports on each side and run along 
both sides of the centre beam towards the midspan. 
 

 
Figure 1. Cross-sectional-, overhead- and side-views of the Frövi Bridge 

 
Because of these uncertainties discovered in the structure’s transverse behaviour and capacity 

the renewed design calculations incorporated several possibilities. Results from these calcula-
tions concerning flexural moment tensile capacities are presented in Figure 3 (sign convention is 
such that a positive moment relates to a deflection of the slab and vice versa). It can be seen that 
a lack of tensile reinforcement is present both in the upper and lower part of the slab, particu-
larly in the beam regions. For the upper part it is a question of 155 kNm and for the lower part 
around 80 kNm at the southernmost beam. By also considering the extra capacity of the centre 
beam an increase in the upper parts tensile capacity at that section of 45 kNm can be included; 
thus leaving the structure with a final lack of 110 kNm. 

For strengthening of the slab’s lower part NSMR was chosen. This is by now a well known 
and reliable system that solves many of the problems with bonding and mechanical damage that 
other CFRP systems might encounter, such as CFRP plates and sheets. For the upper part a new 
system with interior strengthening was developed, the previously mentioned tube system, see 
Figure 4. Design calculations for both systems have been carried out in accordance with Täl-
jsten (2006), see Table 1. Extra safety is included in the NSMR installation to compensate for 
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the extensive cracking found in the slab and true positions have been used for the tubes, based 
on average heights of the holes after drilling. 

3 INSTALLATION PROCEDURE 

Common for the installation of both strengthening systems are the environmental conditions 
and the necessity of clean and dry surfaces for the bonding. By covering the bridge’s strength-
ened areas with a tarpaulin and with the use of heating fans, conditions concerning hardening 
temperatures and humidity, t > 15 °C and RH > 80 %, could be met in spite of rainy days and 
exterior temperatures sometimes dropping below 5°C. Sufficient bonding for the epoxy must be 
provided both towards the concrete and the CFRP.   

Figure 2. Sections from 1958’s design drawings showing the connection between troughs 
 
 
 
 
 
 
 
 
 
 

Figure 3. Calculated maximum flexural moments (MS) and tensile capacity (MR) in ultimate limit state; 
shaded areas show the amount of strengthening necessary in different sections along the transverse axis.  

 
 
 
 
 
 
 
 
 

Figure 4. Cross section of the bridge with optimized positions of NSMR and CFRP tubes 
 
Table 1. Key design values 
 Average longitudinal distance Cross sectional area Increase in capacity 
 [mm] [mm2] [kNm] 
NSMR 400 100 107 
CFRP tubes 800 350 115 
 
Concrete surfaces were therefore cleaned with compressed water and dried with compressed air 
before a primer (Sto BPE® 50 Super) was applied, while the CFRP’s surfaces were roughened 
and cleaned with acetone. All personnel involved in the epoxy work had been involved in sev-
eral NSMR projects prior to this which ensured the necessary experience. Cross sections and 
positions of the CFRP’s in an idealized cross section are shown in Figure 4. 

Installation of the CFRP’s began with mapping of steel reinforcement positions using ultra-
sound. For the bottom of the slab a very thorough mapping was possible and no bars at all were 
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cut for the NSMR installation. (Due to the focus on CFRP tubes in this paper, readers interested 
in a description of the installation of NSMR are referred to Täljsten et al. (2007)). Mapping was 
also done on the side of the bridge girders to avoid cutting the stirrups and the longitudinal rein-
forcement where the drill holes started. The drilled holes were placed on the side of the beams, 
at a location just below the existing longitudinal steel reinforcement in the top of the slab with 
an average distance of 800 mm, see Figure 5a. The direction of the holes was aimed by laser and 
the machinery could be adjusted at five attachment points. The drilling process is fully auto-
mated except for extension of the drilling bar, this ensures a smooth process; thus securing 
minimal deviations in direction, see Figure 5b. After 9 metres in an inclination of 1.3° all holes 
exited within 30 mm from the expected position, see Figure 5c. The average deviation was ap-
proximately 15 mm in the vertical direction. Every core has been investigated for cut reinforce-
ment and at an average one bar per hole was found to be cut. Most of these bars were cut at the 
interior of the bridge, at the beam in the centre. Insertion of the tubes was straight forward. After 
cleaning of holes and tubes two small rounded pads with a thickness of 2 mm were attached 
every two metres to the bottom part of the tubes to ensure that the epoxy could reach every-
where. Figure 5d shows the monitored tube inserted into its bore hole. For the application of a 
low viscosity epoxy (NM INP 32(A+B)) overpressure is preferable and even the sealing and re-
lease of compressed air add some elements to the process. In this case epoxy was applied in the 
space between tube and concrete while the interior of the tubes was left empty. Finally all ends 
were sealed and covered with a concrete plug. 

After strengthening a recently developed ultrasound system for void measurements was util-
ized. It gives a good quality assurance concerning bonding of the NSMR but was not possible to 
use on the tubes (Helmerich et al. 2007). 

 

a) b) 

c) d) 
Figure 5. a) Setting out of the reinforcement bars and bore hole positions; b) Drilling in progress; c) Exit 
of bore head; d) Insertion of monitored tube 

4 MONITORING 

To ensure a high standard, measures concerning assessment, monitoring and quality-control 
have been taken both before and after the strengthening. The monitoring design is adopted from 
Hejll (2007). In brief this involves a distinct goal with the monitoring, monitoring planning and 
choice of acquisition system including sensors, system for data sampling, evaluation of data and 
how the results are to be presented. A traditional system was chosen, where strains were meas-
ured by electrical strain gauges and fibre optic sensors. Deflections were monitored with 
LVDTs (Linear Variable Differential Transformers). For crack opening monitoring CTODs 
(Crack-Tip Opening Displacements) were used. So far only periodic short term loading has been 
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adopted. Periodic long term loading is planned for 2008 and onwards. Unfortunately, no refer-
ence train was possible for loading, i.e. regularly scheduled train traffic had to be used. This 
produced a large scatter among the loading values and therefore more trains were measured to 
enable a probabilistic evaluation technique. Nevertheless, one type of train was considered to 
have a more or less constant load, the “Regina” passenger trains, and it is the results from these 
that are presented in this paper. The load levels are however very small in the service limit state 
and long time monitoring with larger trains is necessary for a proper understanding of possible 
strengthening effects. 

4.1 Installation 
Sensors were mounted along two sections transverse to the tracks. In the first one fibre optical 
sensors are installed with seven sensors on the tube and seven on the NSMR. They are glued in-
side sawn slits along with a temperature compensating sensor (Boyle et al. 2007) 

In the second section ten LVDTs are positioned for deflection measurements of the lower 
slab surface. The outermost one in each end, positioned underneath the edge beam, is related to 
the ground directly while the remaining eight are placed on a stiff horizontal ladder and related 
to the beams. Six strain sensors are positioned on the bottom steel reinforcement, NSMR and 
tubes, in the same section as the LVDTs. Strain sensors on the steel and the LVDTs are used be-
fore and after strengthening for the sake of comparison. Strain sensors on the CFRPs and the 
steel reinforcement are positioned on the same transverse distance from the southern edge beam 
and it should thereby be possible to find the strain distribution through the slab. 

Crack openings are measured on four places during train passings. The sensors are positioned 
close to the supports and on each side of the centre beam. Initial crack widths before loading 
ranged from 0.4 to 1 mm. 

4.2 Results 
In this paper only a minor number of the results can be presented due to space limitations, a 
more comprehensive presentation of the results can be found in Bennitz & Täljsten (2007). 

Comparisons of deflections of the slab and strains in the steel reinforcement show only a mi-
nor increase of stiffness due to the CFRP installation. This conclusion can be drawn irrespective 
of the track loaded or type of train. Figure 6a shows the average strains in steel reinforcement 
before and after strengthening for “Regina” trains running on the southern and northern track re-
spectively. In Figure 6b the same average strains in the steel after strengthening as in Figure 6a 
can be seen together with average strains in the NSMR bar. This comparison shows that strains 
generally are a little larger in the steel than in the NSMR, positioned 40 mm lower. Each mark-
ing shows a transverse position for the sensors. 

 

  
Figure 6. a) Average strain in steel reinforcement before and after strengthening b) Average strain in steel 
reinforcement and NSMR after strengthening (x-axis distance measured from southern edge beam). S and 
N are notations for the track on which the train is running, Southern and Northern respectively. 

 
For the tubes problems with leakage currents occurred and only one sensor gave reliable re-

sults, the southernmost. It showed that the upper part of the slab was tensed during train pas-
sages on the northern trough and gave no response at all during passages on the southern track. 
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All four crack measurements reveal closing of cracks during train passages on the other 
trough while the behaviour varied during passages on the same trough. Generally the cracks 
with the largest initial opening also had the largest movement. A comparison of before and after 
strengthening shows significant decreases of movement in the largest cracks while for the 
smaller ones movement disappears in the measurement noise. 

5 DISCUSSION AND CONCLUSIONS 

With the addition of this new system of CFRP tubes for strengthening of the interior parts of 
concrete structures a complete toolbox is achieved. It is now possible to strengthen most struc-
tures without operational interruptions by a combination of the available systems. The systems 
may be labour intensive but have many advantages compared to the exchange of an entire struc-
ture. Case studies consistently prove the value and efficiency of strengthening systems and once 
good systems for post-tensioning are developed their versatility will increase additionally. In 
this particular project the monitoring results were disappointing since no decrease in strains or 
deflections could be detected. It is shown however that both the bars and the tubes are strained 
during loading and thereby also work properly. A possible cause of the minor stiffness increase 
might be the load levels. Design of the strengthening has been carried out in the ultimate limit 
state (ULS), while the trains actually operate in a low region of the service limit state (SLS). It 
is also suspected that initial capacities of the bridge were severely underestimated, thus dimin-
ishing the effect of the CFRP by carrying more of the stresses on its own than accounted for. 
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