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a b s t r a c t

The EU is in the process of upgrading the national railway networks to meet the demands from high-
speed passenger trains and heavy Freight traffic. This upgrade necessitates a review of the development
and implementation of novel technologies to repair and strengthen the existing bridge structures and to
improve their performance.

This paper presents the evaluation results of the use of FBG strains sensors incorporated in CFRP (carbon
fibre reinforcement polymer) rods and tubes as part of the methodology for monitoring the performance of
the NSMR (near surface mounted reinforcement) which is an essential part of the repair and strengthening
of bridges. In addition, a new method has been tested for the first time using CFRP tubes which calls for
the drilling of holes instead of sawing grooves in the installation process.

The paper discusses in some detail the strengthening mechanism, FBG sensor implementation and the
electronic system used to interrogate the FBG sensors. The results obtained from the monitoring show

that FBG sensors can be integrated into CFRP and that reliable measurements can be made. However, in
this particular project, the strain loading is very moderate so consequently the strain levels are in the
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. Introduction

Over the last few decades, rail transport has become one of
he most effective means of transporting passengers and goods.
ccording to recent statistics, the number of passengers will
ave doubled within 10 years while then the volume of goods
ransported by rail will be tripled. This puts major pressure on
nfrastructure and innovative bridge repair techniques hence the
se of restoration and strengthening methods has been increased
ramatically, responding to the sudden rise of the axel load and the

mplementation of faster trains.
Previously, strengthening has been undertaken by the use of

dditional reinforced concrete but over the past few years, the use of
onded fibre composites (CFRP) has been growing as a more effec-
ive means to strengthen several structures, as shown in laboratory

tudies [1,2] and in some field tests [3–5].

The work reported in this paper relates to the development
f innovative techniques for mounting the sensor system on the
ridge under consideration and consists of cutting a groove into

∗ Corresponding author. Tel.: +44 20 7040 3888; fax: +44 20 7040 8568.
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he concrete surface, putting the carbon fibre reinforcement poly-
er (CFRP) rod into this groove and then covering the rods with

poxy to ensure that effective and representative measurements
an be made from the structure. In addition, a new method has
een tested for the first time using CFRP tube (cylinder with a hol-

ow centre for cable connections of electrical strain gauges and to be
ully filled by epoxy upon completion of all installation) which calls
or the drilling of holes instead of sawing grooves in the installation
rocess.

A 50-year-old railway bridge, shown in Fig. 1, is located in Frövi,
weden and is of great importance to the regional Freight traffic.
et it is just another one of hundreds of similar bridges in Sweden,
uilt with a service life expectancy of 50 years in the middle of
he last century. By strengthening this type of bridge structure, the
ffective costs and the expenses for keeping the railway network
unning can be levelled out over several decades. Such benefits
ave attracted attention from Banverket (The Swedish Rail Admin-

strators), who has already co-operated in several field applications

here CFRP (carbon fibre reinforced polymers) have come into
se.

Strengthening process arranged by LTU (Luleå University of
echnology) has been carried out without interrupting the traffic.
any measurements, such as reinforcement strain, crack openings

http://www.sciencedirect.com/science/journal/09244247
mailto:abdel.kerrouche.1@city.ac.uk
dx.doi.org/10.1016/j.sna.2008.07.014
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Fig. 1. The Frövi bridge: (a) picture of the bridge; (b) side view and cross section.

nd deflections, were undertaken to understand the behaviour of
he bridge before and after strengthening.

City University has been engaged to measure strain in the
tructure using an eight-channel FBGS (fibre Bragg grating sensor)
ystem embedded into the CFRP rod and tube and to compare the
easurements with those obtained from electrical sensors (LTU).

n this way an assessment of the efficacy of the techniques and a
omparative view of the performance of the FBGS system before
nd after could be made. In this paper the sensor placement, pro-
ection procedure and the results obtained from the FBG sensors
re reported.

. Bridge strengthening

To secure a good quality of the strengthening, an epoxy resin is
sed to make a good bonding between the CFRP and the concrete.
wo different methods of strengthening with CFRP have been used
n this project. One is the effective technique of NSMR (near sur-
ace mounted reinforcement), and CFRP tubes technique which has
ever been used in field test before. NSMR is used to strengthen the

ower part of the bottom slab while the tubes are used in the upper
art.

.1. NSMR rod

NSMR rods consist of CFRP bars (non-metallic, non-magnetic,
on-corrosive and high strength materials) with rectangular
10 mm × 10 mm) cross sections, slightly rounded in the corners
o reduce stress concentrations. When produced they are covered
ith a protective coating-“peel-ply”, which secures the cleanness
f the bar, thus also securing a good bonding to the epoxy used.
SMR is by now a reliable and accepted method. More about its
bilities can be read in for example [4].

Strengthening using CFRP rods necessitates the grooves to be
ut on the underside of the bridge to adhere the rods which are
overed by the epoxy as shown in Fig. 2.
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ig. 2. (a) Grooves already cut underside of the bridge; (b) putting the rods into the
rooves and gluing with epoxy.

.2. Tube

In this field test, a new strengthening technique was accom-
lished using a new type of CFRP which is based on tubes (never
een tested in-situ before) and they were applied for the first time
n the Frövi bridge. It is related to the NSMR system in the sense of
ood bonding behaviour and protection against mechanical dam-
ges but the placement in the structure is different. Instead of being
onded into sawn grooves in the surface of the concrete the tubes
re placed in drilled holes running through the structure (Fig. 3).

By not limiting the strengthening to near surface applications
t is possible to fulfil a completely new type of needs. Typically
he tubes used have an outer diameter of 32 mm and a material
hickness of 4 mm. These dimensions might be altered but is limited
y the drilling process.

. FBG sensors implementation

.1. FBG concept

Fibre Bragg grating (FBG) is written and formed into a pho-
osensitive optic fibre by modulating the core refractive index
eriodically using interference pattern created by ultra violet lights
hrough a phase mask [6].

When a broadband light transmits through the optic fibre, the
BG written in the core reflects back a wavelength (�B) depending

n the Bragg condition �B = 2ne� where ne is the effective refrac-
ive index of the core and � is the grating period. The shift in the
eflected wavelength �B of the Bragg grating sensor is approxi-
ately linear to any applied strain or temperature (within a certain
easurement range). Therefore, the detection technique used by



Fig. 3. (a) Holes grilled into the bridge; (b) inserting the tubes into the structure.
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Table 1 and Fig. 6b shows the location of sensors within rod
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Fig. 4. The schematic diagram of a FBG.

he monitoring system is to identify this wavelength shift as a
unction of strain or temperature.

The FBG sensors used for this application are 10 mm long with
reflectivity of more than 90% and bandwidths of 0.2 nm. Previous

aboratory experiments proved an applied strain of 1 �ε equivalent
o a wavelength shift of 1.24 pm and a temperature change of 1 ◦C

nduces a shift of 10 pm. Fig. 4 depicts a schematic of FBG written
nto an optic fibre and the reflection spectrum from the FBG which
as a Gaussian peak profile.

FBG sensors are widely used for several applications such as
tructural health monitoring due to its immunity to electromag-
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able 1
lacement of the FBG sensors

ensors FBG wavelengths (nm) Type

emperature sensors 1527.9 CFRP
od2/Tube2 1531.95 CFRP
od3/Tube3 1542.55 CFRP
od4/Tube4 1547.15 CFRP
od5/Tube5 1552.05 CFRP
od6/Tube6 1557.20 CFRP
od7/Tube7 1562.15 CFRP
ig. 5. Schematic approach to sensor mounting (a) putting the optical fibre to the
od; (b) putting the optical fibre to the tube.

etic interference, high resolution, large measurement range and
mall physical size compared to conventional strain gauges which
ender easy installation into the structure as well as carbon fibre
einforced polymer (CFRP) composite [6–10].

.2. Installation of sensors into rod and tube

The work presents an excellent opportunity to monitor the
train on the bridge after the strengthening procedure had been
arried out. To do so a groove of about 2 mm width and 1 mm depth
as cut into the centre of a rod and of a tube in order to accom-
odate the optical fibres, this forms the ‘backbone’ of the optical

etwork containing the sensors. Two optical fibres, carrying seven
BG sensors each were glued into the actual grooves with low vis-
osity cyano-acrylate and then were covered with epoxy as shown
chematically in Fig. 5. The rod and the tube were placed into the
tructure to monitor the bridge.

.3. Sensors location

The strengthening operation required the installation of the rods
nd tubes in several sections of the bridge. The rods and tubes were
laced parallel to each other at 11 positions (A–K) (Fig. 6a). Electrical
ensors were placed in section G while the optical sensors were
laced in what is termed section H of the bridge.
nd tube. In fact, the sensors (Rod2, Rod3, and Rod4) in the rod and
ensors (Tube2, Tube3 and Tube4) in the tube were put on the south
art of the bridge, under side slab towards Frövi (south). The rest of
he sensors were placed on the north part of the bridge, under side
owards Korsnäs (north).

Placement Position (mm)

rod/tube Towards Frövi 50
rod/tube Towards Frövi 1300
rod/tube Towards Frövi 2190
rod/tube Towards Frövi 3290
rod/tube Towards Korsnäs 5720
rod/tube Towards Korsnäs 6865
rod/tube Towards Korsnäs 7730
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circuits comprising a trans-impedance amplifier that converts the
current from the optical signal to a voltage signal and then is
amplified and filtered to a limiting frequency of 10 kHz to reduce
noise.
Fig. 6. (a) Schematic of the sensor placement in section H of the brid

. The monitoring system

The instrument used in this field test is a compact system, which
s able to interrogate eight optical fibre channels with eight sen-
ors per channel, for high level strain measurements. FBG system
llowed for strain measurement to be taken from seven sensors in
oth the rod and tube after they were placed in the structure, as
escribed. Furthermore, a suitable programming could be used to

nterrogate many more sensors per channel over smaller measure-
ent ranges [11,12].
The multiplexed FBG sensor interrogation unit is utilizing a

0 mW broadband SLED (super-luminescent light emitting diode
ource) (centred at 1550 nm) with a spectral width of 40 nm across
he C-band. The broadband source was driven by a stabilized cur-
ent source using a feedback controlled thermo-electric circuit to
nsure good output power stability of spectral profile, this avoids
ny thermal drift and damage to the device. The SLD source used

roved to be stable (wavelength and intensity) during all tests.

As shown in Fig. 7, the FBGS interrogation system used in
his work is based on wavelength division multiplexing (WDM)
n which an array of serially connected sensors via a Fabre-Perot
pectrometer sweeps over the wavelengths of the gratings in the
Cross sectional view of the sensor placement into the rod and tube.

rray. The reflected signal from each channel is detected by one
f the eight low noise (30 dB SNR) pin diode detectors. The detec-
or circuits which were developed consist of a two stage electronic
Fig. 7. Eight-channel compact fibre optic interrogation system used.
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6. Discussion

A series of tests of the strain of a strengthened bridge using a
fibre optic sensor system installed using both tube and rod CFRPs
has been undertaken and the variation of strain of the bridge under
ig. 8. Electrical strain gauge measurement when the Regina train passes the bridge.

The signals from the eight channels which have a Gaussian peak
rofile are sent to a digital signal processor (DSP) board named
Dwin-Gold-16 based on SHARC DSP processor with local mem-
ry for fast data acquisition (conversion time of 10 �s). The DSP
oard consists of two ADCs (analogue to digital converters) to con-
ert analogue signals from detectors to digital signals. The DSP
ses a proprietary real-time software language (ADbasic) to deter-
ine the Bragg wavelengths which have previously been calibrated

gainst the strain in the system and produces a synchronous ana-
ogue signal to control the scanning of the Fabry-Perot filter (used
or wavelength determination). The DSP identifies the peak posi-
ion of each sensor from the eight channels thus the optical spectra
eceived are in real-time for every scan of the Fabry-Perot fil-
er.

The wavelength data were calibrated against two thermally sta-
ilized (0.15 pm) reference gratings, which rejected common mode
oise and provided absolute wavelength scaling. Long-term test
esults showed good linearity and repeatability of <10 �� over the
est period with a precision of ±5 �� and a resolution of ±1 ��
ompared to foil gauge sensors within ±4 ��.

. Load tests and results

In this particular set of experimental tests, which was held
n Frövi, Sweden, the major objective was to monitor the bridge
y measuring parameters such as strain, displacements and crack
pening size after the strengthening, using several methods and
echniques, discussed above. The strain level variation has been

onitored for two days, using the eight-channel FBGs system
escribed earlier. The effects on the bridge of two different types
f trains were monitored in this test – the trains used were a
assenger train (namely the Regina train consisting of two car-
iages) and a Freight train (that has different load capacities and
peeds.

.1. Results from the tube

Cross-calibration carried out using the electrical strain gauge
ensors that had previously been mounted showed that Regina and
reight trains reached a strain level of approximately up to ± 5 ��
hen it passed over the bridge (see Fig. 8). The FBG system used

n this test is limited to a measurement rate of 5 ��/Hz (∼5 mea-

urements per second) due to a combination of the measurement
ccuracy of the Fabry-Perot system and the use of LabView-based
eak position detection algorithm. Therefore, it was impossible to
istinguish the effect of any trains induced strain level from the
oise floor signal.
Fig. 9. Strain measurement when Freight train passes the bridge.

.2. Results from the rod

During the two days of measurement, the FBG system was able
o detect only Freight trains when it passes through the bridge as
hown in Fig. 9 with a signal to noise ratio SNR of approximately
.15.

The strain measurement also depends on which side (northern
r southern) of the bridge over which the train passes, in addi-
ion to the weight and the speed of the Freight trains used in the
est. In Figs. 10 and 11, a sample reading of the observed strain

easurement data on the rod when only one Freight train passes
he southern and the northern tracks has been shown respectively
ithout a measurement from the sensor Rod2 (1531.95 nm). This
nexpected result may be due to the fact the sensor has been bro-
en during the installation process and therefore no measurement
ould be possible.

Before strengthening, strain distribution in the transverse steel
einforcement and deflection of the bridge have been detected to
ully understand the mechanisms of the bridge and alternatively to
ompare the measurements afterwards. [13]

The strain level appears to show a reduced value compared to
revious measurements taken before the strengthening.
Fig. 10. Strain levels when Freight train passes the southern track.
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Fig. 11. Strain levels when Freight train passes the northern track.

range of strain conditions arising from Freight trains has been
ecorded during the two days of measurement and reported in this
aper. The actual measurement of the strain falls within the range
f −45 �� to +25 ��.

As mentioned before, the strain level in the tube was 3 �� in
hich case this measurement falls within the baseline noise. There-

ore, it was impossible to distinguish the actual strain from the
oise.

In this particular project it was not possible to use a “reference
rain” with a known weight to compare the results from the moni-
oring before and after strengthening. However, the strengthening
s carried out for the ultimate limit state whereas the monitoring is
one in the service limit state.

The conclusion is that the strengthening procedure was a suc-
ess but the monitoring needs more thorough evaluation before
lear conclusions can be drawn.
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