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Abstract.
In this work we present the first large-scale demonstration of metal packaged

fibre Bragg grating sensors developed to monitor prestress levels in prestressed
concrete. To validate the technology, strain and temperature sensors were
mounted on steel prestressing strands in concrete beams and stressed up to 60%
of the ultimate tensile strength of the strand. We discuss the methods and
calibration procedures used to fabricate and attach the temperature and strain
sensors. The use of induction brazing for packaging the fibre Bragg gratings and
welding the sensors to prestressing strands eliminates the use of epoxy, making
the technique suitable for high-stress monitoring in an irradiated, harsh industrial
environment. Initial results based on the first week of data after stressing the
beams show the strain sensors are able to monitor prestress levels in ambient
conditions.
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1. Introduction

Prestressed concrete pressure vessels (PCPVs) and
prestressed concrete containments (PCCs) on a nuclear
power plant serve safety-critical functions, shielding
the outside environment from radiation and containing
high pressures and temperatures during both normal
operation and any fault conditions. Prestressed
tendons consisting of strands, which are made up of
high tensile steel wires, are used to prestress these
structures to the appropriate level. The strands
provide the compressive force required to compensate
for concrete’s inherent tensile weakness. As a
consequence, monitoring strand prestress levels is an
essential part of a PCPV’s or a PCC’s maintenance
schedule [1].

In existing nuclear containments in the UK,
prestressing strand ducts are ungrouted, and so a
small percentage (1-2%) of the unbonded strands can
undergo direct force measurements using a prestressing
jack. This labour-intensive practice is termed the
lift off technique. Globally, however, it is more
common for containment ducts to be grouted with
cement. In these cases, load cells are instead
installed onto several ungrouted strands [2]. In
some cases, vibrating wire strain gauges, installed
within the containments during manufacture, are
used to verify prestress measurements. However
these instrumentation systems are used tentatively
as they wear out or decalibrate over time. All of
these existing practices are not ideal due to their
high cost and assumption that a small percentage of
monitored strands is representative of the population.
Furthermore, all of these techniques provide a
measurement of the averaged prestress over the
entire strand. But it is well-known that prestress
can show large variations over a strand’s length
due to the effects of strand-duct and inter-strand
friction, see Section 2. There is therefore an
urgent need to develop an economical, reliable and
retrofittable prestress monitoring system which can
survive a warm and radioactive environment and
provide spatially distributed force measurements along
a large population of strands.

Recently, optical sensors and particularly fibre
Bragg gratings (FBGs) have been gaining in popularity
to provide distributed measurement of strain and
temperature in harsh conditions [3]. Within a nuclear
and electricity generation context, optical fibre sensors

may provide a unique solution to sensing problems
due to their intrinsic properties such as excellent
multiplexing potential, immunity to electromagnetic
interference, safe mode of operation and radiation
resistance [4]. Fibre Bragg gratings are well suited
to strain sensing applications especially in structural
health monitoring (SHM) [5, 6].

There are several different techniques for monitor-
ing prestressing tendons with FBGs. Prestress loss can
be estimated by placing strain sensors into the concrete
surrounding the tendons [7], where stress levels are
lower, but the technique requires several generalized
assumptions and does not allow for retrofitting. Alter-
natively, the FBGs can be mounted onto the tendons
giving a direct localized strain measurement. This re-
duces the assumptions and consequently increases the
accuracy of the measurement. However, this subjects
the sensors to greater strains and so correct packaging
is essential if they are to survive installation and re-
main reliable for years afterwards. Several studies have
shown that it is possible to replace the central wire in a
steel prestressing strand with one made from a fibre re-
inforced polymer (FRP) wire with an FBG embedded
into it [8, 9, 10]. This may protect the sensors from
damage, but replacing the central wire changes ten-
sile and load bearing properties of the strands. FRPs
may also be unsuitable for nuclear applications due to
their low shear strength and unproven radiation hard-
ness [11, 12]. Retrofitting sensors to standard, steel
prestressing strands is another potentially cheaper uni-
versally available option, but one that is rarely investi-
gated due to a lack of suitable attachment techniques.

Here we demonstrate all-metal optical sensor
packaging and attachment to prestressing strands;
this method removes the need for epoxy bonding in
an etched groove, an example stated as inferior to
embedded sensors [10]. The calibration procedure
needed for the sensors to monitor the concrete beam for
an extended period of time under ambient conditions is
also described. This is the first time these sensors have
been fully multiplexed, attached to seven wire strands
and stressed up to 60% of the ultimate tensile strength
(UTS) of the strands (230kN) inside a prestressed
concrete structure.
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2. Concrete set up

2.1. Concrete beam design

To assess the performance of the metal packaged strain
and temperature sensors in an environment similar to
the intended application, two 2.4 metre prestressed
concrete beams were cast for the sensors to be tested
on. Each beam had two ducts running through it
where prestressing strands were inserted. One beam
contained straight ducts, the other had a double harp
duct geometry, Fig.1. The bent ducts allowed the
effects of duct friction to be investigated (see section
2.2.2). Several rebars ran through the beams with
rebar cages at each end to provide strength for the
concrete beams whilst being moved and to guard
against failure upon stressing. The prestressing strands
were 18mm diameter cold drawn 7 wire strands,
manufactured according to the BS 5896:1980 standard.
After the beams were stressed they exhibited pre-
stress loss effects similar to those in a prestressed
containment.

Figure 1. The harped-duct concrete beam dimensions. The
straight duct concrete beam had exactly the same dimensions
but with straight ducts spaced 300mm apart.

2.2. Prestress loss in concrete

The tensile strength of a concrete structures is often
increased using prestressed tendons in safety critical
structures, such as bridges and nuclear containment
buildings. The steel tendons or cables are slotted
through ducts cast into the structure and then
tensioned, terminating at anchorages which compress
the concrete [13]. Tendon ducts are then either
grouted with the aim of transferring more stress to
the concrete, or filled with oil to prevent strand
corrosion allowing load measurement and potential
replacement of the tendons. Due to the forces

involved, the structure adjusts to the compressional
stress and the result is seen as a combination of
several different definable effects. Over time these
effects contribute to the decrease in prestressing force
of the steel tendons. The effects can be grouped into
two categories: instantaneous and time dependent.
Instantaneous effects occur at the time of stressing
and include elastic effects such as concrete compression
and also friction on the tendon and anchor slippage.
Time dependent effects occur over many years and are
affected by environmental factors such as temperature
and humidity. These effects include concrete creep and
shrinkage and steel relaxation. It is hard to predict the
exact prestress loss in a structure at any given time
because of variation in the environmental conditions
and anisotropy in the structure. Therefore, it is
necessary to monitor prestressed concrete structures
and traditionally this work is carried out through
manual inspection.

2.2.1. Anchor Slippage During the stressing proce-
dure, the prestressing tendons undergo an unavoidable
loss of extension when they are locked off at the an-
chorage points. The magnitude of the anchor slippage
is dependent on the length of the prestressing strand.

Fas =
∆A

L
EPS (1)

Here ∆A is the magnitude of the anchor slip, L is the
length of the tendon and EPS is the Youngs modulus
of steel. From equation 1 it is clear there is a larger
prestress loss for short lengths of strand [13].

2.2.2. Friction Friction in the tendon ducts reduces
the prestress level as a function of distance from
the stressed end. The effects of friction cannot
be measured by existing methods and are generally
assumed from standard values [14, 15, 16]. Friction
can be caused by curvature of a duct and also by
unintentional wobbles in the duct trajectory resulting
from imperfect construction. These two effects are
captured in Cooley’s formula [17]:

Ff (l) = Fi(1 − exp−µα−Kl) (2)

Ff (l) is the force at distance l from the jack end. Fi
is the force in the strand at the jack end, µ is the
coefficient of friction between the tendon and duct, α
is the angle that the strand has turned through. While
K is the wobble factor of the duct. Using equation
2 the force at different points along a tendon can be
calculated assuming the duct geometry is known. Fig.
2 is a graph of the force distribution predicted for the
bent ducts in this experiment. The coefficients are
assumed to be µ = 0.2 and K = 6.5e − 4, which are
typical values for the strands and ducts.
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Figure 2. Prediction of prestress loss due to friction in a double
harped tendon duct.

3. Sensing architecture

In this work, FBG sensors were used to monitor
distributed prestress loss in strands as they were
stressed in the mock-up beam.

3.1. Strain and temperature sensing with FBGs

An FBG is a periodic variation in refractive index
written into an optical fibre. The varying refractive
index reflects a specific wavelength of light depending
on the spacing and the difference in refractive index of
the grating. As a result the peak wavelength responds
to changes in the periodicity of the grating caused by
temperature or strain.

∆λB
λB

= Kε∆ε+KT∆T (3)

Where Kε (0.78) and KT (6.7ppm/◦C) are the strain
and temperature sensitivity of an FBG [18]. Therefore,
temperature shifts measured by a temperature sensor
can be used to determine the strain, ∆ε independent of
ambient temperature fluctuations. FBGs are discrete
sensors, but can be easily multiplexed allowing a
quasi-distributed measurement and are widely used to
measure strain. It must be noted that, for applications
in civil engineering, correct packaging is very important
if the FBGs are to remain functional in the field [19].
This is because silica glass is brittle and so is degraded
by surface damage [20].

3.2. Sensor design and fabrication

The sensor fabrication process for this test has been
previously documented [21, 22]. Fibre Bragg gratings,
written in metal coated fibre, were brazed into 25mm
metal capillaries using an induction coil in order to
mechanically and chemically protect them from the
environment. Additionally, by using a metal packaging

the radiation resistance is increased compared to
polymer encapsulation [4]. Steel heat susceptors were
placed at the end of the capillaries to concentrate
heat around the brazing joint to melt the brazing
solder. This process was optimised to obtain the
required capillary action of the brazing material into
the metal capillaries without reducing the structural
integrity of the optical fibre due to heat exposure. The
capillary encapsulated FBGs were used as temperature
sensors, see Fig.3; they were attached to the steel
strands using silicone sealant at one end to ensure
strain was not transferred to the FBG. The strain
sensors had metal shims (10mm wide) brazed onto each
end of the capillary. The shims were then spot welded
onto the strands, see Fig.3. It should be noted that
previous studies revealed that spot welding the sensors
to the strands does not negatively impact on the strand
strength [23].

Figure 3. Strain sensor and temperature sensor attached to a
prestressing strand.

To reduce the creep rate of the sensor joints
when subject to high stress levels (the steel strands
are routinely stressed to 80% UTS of steel), a high
temperature brazing solder was utilised [24, 25]. This
ensures the sensors experience smaller creep under
prolonged loading [26], especially compared to epoxy
bonds stressed above 50% UTS [27]. The melting point
of the solder is around 650◦C. Therefore, the fibre
exposure time required careful control as conventional
FBGs are thermally erased at high temperatures [28].
A sample of four sensors was monitored for reflectivity
losses during the fabrication process (one can be seen
in Fig.4).

The wavelength response of the FBG during
capillary encapsulation shows the temperature was
capped at a certain value due to the Curie transition
in kovar [21] as seen in Fig.4 (peaks 1 & 2 in the
bottom graph). When the shims were attached to the
capillaries, the susceptors were not used as the shims
themselves act as heat concentrators. The observed
wavelength response is not capped (see Fig.4 bottom
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graph peaks 3 & 4) due to the thermal expansion of the
capillary straining the FBG. Furthermore, the shims
made a physical contact with the capillary, whereby
heat was transmitted more readily to the FBG. On
average the peak reflection reduction of the FBGs was
35%, Fig.4, showing good agreement with previous
studies [21] and further confirming the suitability of
this technique to protect FBGs for temperature and
strain sensing. The capillary-shim joint was tested to
failure with a stressing vice three times. The metal
capillary failed first, proving the brazing process can
create shim-capillary joints stronger than the tensile
strength of the metal capillaries.

Figure 4. Wavelength and reflection response during strain
sensor packaging. Peaks 1 and 2 are due to the FBG being
encapsulated in the capillary. Peaks 3 and 4 result from shim
attachment.

3.3. Fibre layout on the prestressing strands

Each pre-stressing strand had three strain and three
temperature sensors equidistantly attached to it, Fig.5.
The strain and temperature sensors were connected in
series with each other to form two fibre lines. The
fibre connecting the sensors was helically wound round
the strands and sat within the strand grooves ensuring
it was protected. The two fibre lines, one strain and
one temperature, were connected outside the beam for
troubleshooting of the sensor lines. This allowed any
potential breakages of either fibres or sensors to be pin
pointed.

Each instrumented strand was interrogated on one
optical channel of the interrogator, meaning six FBG
peaks were detected on each channel. Additionally load
cells at either end of the beam measured the force in the
strands at the bearing plate. It is important to measure
the force (and its loss) at the end of the strand because
relaxation of steel by definition is a loss of stress at
constant strain. Therefore the strain sensors are not
able to measure the steel relaxation component of the

Figure 5. Sensor layout on the strands, the temperature and
strain sensors are on separate fibre lines.

prestress loss. Complimentary load cell force and strain
sensor strain measurements are able to determine the
complete prestress loss while providing a distributed
measurement of stress throughout the strand.

3.4. Thermal calibration

Temperature calibration of the temperature and strain
sensors was required to compensate for spurious
thermal effects in equation 3. The temperature
sensors were calibrated before being attached to the
strands, whilst the strain sensors were calibrated in-
situ by induction heating. A J-type thermocouple was
used as the temperature reference for all the sensors;
(resolution 0.1◦C). To achieve a better accuracy
and lower error from the FBGs a more accurate
temperature reference such as a platinum resistance
thermometer could be used (accuracies of ±0.02◦C are
readily achievable).

3.4.1. Calibration of temperature sensors The twelve
temperature FBG sensors for the concrete beam test
were calibrated at the same time in an environmental
chamber with an accuracy better than 1◦C. They
were subject to four heating cycles from 10-50◦C.
As the thermocouple and FBGs have very different
thermal conductivities, both were mounted on a single
aluminium plate to ensure even heating at the same
rate during calibration. The temperature was stepped
in 10◦C intervals and held at each point for two hours
to allow the temperature to stabilise. An average
temperature sensitivity of 15.2pm/◦C was determined.
Sensors with defective brazing joints can be discovered
during the temperature calibration process [29].

3.4.2. Calibration of strain sensors Generally the
structures monitored by strain sensors are large;
therefore, controlled temperature characterisation of
individual strain sensors is challenging. For this
test the stressing strands were 4m long. In field
applications, sensors are often assumed to have the
same temperature response. However, verifying a
sensor’s response allows the measurement accuracy of
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individual sensors to be improved. To calibrate the
strain sensors for this experiment a portable, in-situ
method for thermally calibrating FBG sensors which
are attached to pre-stressing strands was developed
and applied [30].

3.5. Strain sensor relaxation

It is likely that the brazing process introduces some
residual thermal stress in the brazed joints [31]. This is
due to the high temperature needed to melt the brazing
solder and the subsequent rapid cooling of the joint. In
our previous work an instrumented strand underwent
four stress cycles up to 1300MPa. The strand was
held at 1300MPa for four minutes each cycle. It was
found that the sensor response exhibited relaxation
characteristics which were attributed to the relaxation
of residual stress within the brazed joints [23].

As a consequence, the strain sensors for this test
underwent a series of stressing cycles on a custom
made vice, Fig.6. This helped to relax the brazed
joints before being attached to the stressing strands,
allowing the sensors to measure strain with minimised
drifts in measured strain. The vice was designed so
that the contact surface where the shims were attached
matched the geometry of the tendon surface Fig.6a.
The sensors were mounted onto the vice and stressed
so that the peak wavelength shifted by about 3.5nm
(corresponding to a strain of 4.5mε assuming the strain
coefficient was that of bare optical fibre, Kε = 0.78).
They were held for five minutes and this was repeated
until long term drifts were negligible.

Whilst stressing the sensors on the vice, relaxation
was clearly seen (first stress cycle of Fig.7). This
was characterised by a decrease in strain similar
to that seen in steel. Another important feature
revealed through these tests was that once the sensors
had been stressed, if the subsequent stressing was
below the maximum wavelength reached previously
the relaxation was reduced. This can be clearly seen
in Fig.7 where stressing cycle two and four reach
a smaller maximum wavelength than the previous
stressing, indicating that the stressing vice is able
to relax the sensors to a significant extent. This
suggests the sensors should be stressed above the level
of stress they will experience during service, allowing
the relaxation in service to be significantly reduced
to measure tendon strain more accurately from the
beginning.

3.6. Interrogator and data recording

The FBG sensors were interrogated with a commercial
interrogator from National Instruments (PXIe-4844)
housed within a PXI chassis. The interrogator
had four channels with a 10Hz sampling rate; it

Figure 6. The stressing vice used to relax the strain sensors,
with surface geometry matching that of the strand wires.

Figure 7. Demonstration of sensor relaxation. Reduced sensor
relaxation is seen on peaks 2 and 4 because the sensor was subject
to a higher strain previously (peak 1 and 3).

had a peak detection accuracy and repeatability
of 1pm (equivalent to a strain of ∼ 1µε). The
load cells were measured from the same PXI chassis
allowing high levels of synchronisation between the
optical and electrical measurements by utilizing a
10MHz on board reference clock. The PXI unit was
connected to a desktop computer via an Ethernet
cable allowing remote monitoring of the concrete
beams. It is envisaged that a commercial system
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would require some form of automatic gain to equalise
the reflectivities or adjust the detection threshold for
each FBG individually. Such techniques are readily
available.

4. Strand installation and stressing procedure

4.1. Strand installation

On a nuclear power site strand installation follows a
strict procedure. This was replicated as closely as
possible during the test. Therefore the instrumented
strands were inserted into the tendon ducts with
interrogating fibres attached. Optical fibres exiting the
ends of the strands were fed through the ducts first. A
robust method for attaching the interrogating optical
cable was demonstrated. It utilised high strength
optical fibre cable whilst being low profile to allow the
stress jack to slide over it.

The stress jack was calibrated daily by a traceable
standard hollow load cell; this ensured the stress jack
measured force correctly. Wedges were seated in the
barrel at the dead end of the strand, the stress jack was
then inserted onto the live end of the tendon. First, the
reinforced optical fibre cable was threaded through the
stress jack. The optical fibre pigtails were reconnected
and the sensors were interrogated for the stressing of
the strands.

4.2. Strain calibration of strain sensors

Before the final stressing, the strands underwent
one load cycle to calibrate the strain sensors.
Calibration of the sensors when they are permanently
attached to the host object is desirable so the
strain transfer from the strand to the sensor can
be determined. The strain transfer is dependent
on the sensor package geometry, the attachment
method and the interaction of shear strain between
the components [32, 33]. Small fabrication and
attachment differences between sensors mean that a
universal strain transfer ratio would not be accurate.
(Note that if an automated sensor fabrication facility
was developed, capable of manufacturing devices with
highly consistent behavior, on-site calibration could
possibly be avoided.) Therefore, calibration on site
is necessary to achieve the greatest performance. For
the calibration cycle, the load was increased in 20kN
steps and held at each point for a few 10s of seconds.
Once the maximum load had been reached the stress
jack reduced the load down to zero in 40kN steps. The
FBG sensors and load cells were compared to the force
measured on the stress jack.

The final stressing procedure followed the calibra-
tion cycle; however, barrels and wedges were inserted
onto the live end. The strand was tensioned in 20kN

intervals up to the desired force when the wedges were
seated in the barrel and the strand was locked off. The
FBGs and load cells were monitored throughout the
process allowing the calibration cycles to be checked
against the final stressing.

5. Results

5.1. Strain sensor calibration

A typical example of the sensor response for a strain
sensor plotted against the load cell at the end of
the strand is shown in Fig.8. The sensor response
shows two distinct stages at low force and high force.
At low force (up to ∼125kN) the strain shows a
linear relationship to force measured by the load cell.
At higher force the response is also relatively linear
however the slope coefficient is larger (corresponding
to Kε = 0.56). This response was consistent for all the
sensors monitored. For each sensor the point at which
the slope of the line of best fit changed was different;
however, it was always in the 100-150kN range. Whilst
testing with a single metal rod this characteristic was
not seen and the strain sensor response was linear
up to stresses of 1300MPa [23, 22] (equivalent to
approximately 300kN in the pre stressing strands).
This shows that possibly the strain sensors cannot be
reliably calibrated by the total force measured at the
end of the 7-wire strand. This is discussed in more
detail in section 6.1.

Figure 8. Strain of an individual wire measured by a strain
sensor compared to the force of the 7-wire strand measured by
the load cell during the calibration cycle.

5.2. Anchor slippage

After the stress jack tensioned the strand to the
required force, the wedges at the live end were seated
hydraulically by the jack. The resulting anchor
slippage was clearly seen on the load cells and strain
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Figure 9. Anchor slippage measured by a load cell (top) and a
strain sensor (bottom).

sensors. Figure 9 shows an example of this; here the
magnitude of the force/strain dip before the wedges
were seated in the barrel varies slightly between the
strain sensor and load cell. This is possibly due to
non-uniform force distribution between the wires of the
strand. The wedge draw in was large due to the short
length of the concrete beams.

5.3. Time dependent prestress loss

The temperature during the experiment was recorded
by the temperature FBG sensors and by a thermocou-
ple that was mounted to the outside of one of the con-
crete beams, Fig.10. The temperature FBG sensors
correspond well with the thermocouple but lag behind
it slightly because the room temperature fluctuations
take time to affect the temperature inside the strand
ducts in the concrete beam. The load cell force can
be seen in Fig.11, this is the total force in the strand.
The strain sensors were compensated with their corre-
sponding temperature sensors using equation 3. The
result of the compensation is shown in Fig.11. It re-
lates well with the load cell force as both measure a
decrease in prestress. The load cell should measure a
larger force decrease because steel relaxation also con-
tributes to the prestress loss.

Temperature fluctuations can be seen in both the
load cell force and the strain sensor. The load cell
was not compensated for temperature fluctuations so
this is due to the intrinsic temperature sensitivity
of the load cell and the thermal expansion of the
concrete beam and strands. The strain sensor has been
compensated for temperature but there is still some
residual influence. This is because the temperature
compensation coefficient does not fully account for all
the temperature dependencies of the concrete beam.
The temperature coefficient was obtained whilst the

strain sensors were attached to the steel strands, so
it accounts for the intrinsic temperature sensitivities
of the sensor and also the thermal expansion of the
prestressing strand. Therefore the fluctuations seen are
due to concrete and anchor plate thermal expansion.

6. Discussion

6.1. Strain sensor calibration

Calibration of the strain sensors is an important aspect
of sensor development. Currently an independent
calibration method has not been developed due to
the difficulty of this task. Strain calibration of the
sensors outside of the vessel is vital for identifying
the experimental load profile of the strand without
assuming that Cooley’s formula holds true. One of
the main advantages of distributed strain measurement
is that Cooley’s formula and the assumptions of
friction coefficients can be tested; therefore, a robust
calibration method should be investigated. Ideally, the
section of strand where the sensor is attached would
be tensioned in a tensile machine with an external
measurement of strain allowing a direct correlation of
sensor wavelength to strain in the strand. However
this is not a practical solution due to the size of the
strands and potential damage on the strands by the
tensile machine grips.

For this experiment the strain sensors were
calibrated from the load cell measurements as the
force in the tendon was converted into a strain. For
the straight ducts it was assumed that there was a
constant strain throughout the tendon. However for
the bent ducts friction reduces the load on the strand
at the dead end compared to the live end as seen in
the theory section. As the geometry of the duct is
known, as well as the force at the live end due to the
stress jack, the distribution of the load in the strand
could be estimated. This was checked against the
readings of the load cells at each end of the strand;
the calculations predict that there should be a 5%
decrease in force at the dead end. However, the force
difference between the load cells was larger than this
(8-15% difference). Additionally, in general, the strain
measured by the sensors was lower than that expected
from the calculations. This could be due to the strain
transfer of the sensors which is affected by the helix
angle of the outer wires.

6.2. Sensor fibre line breakages

During installation and stressing of the strands a
number of fibre sections connecting the sensors broke.
This was due to insufficient protection of the fibre
from being crushed between two of the strands wires.
This will be remedied in future work by enclosing the
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First-time demonstration of measuring concrete prestress levels with metal packaged distributed fibre optic sensors9

fibre in a plastic sleeve fixed into the strand groove.
It is important to note that the sensors themselves
survived the prestress levels applied to the strands and

Figure 10. Temperature fluctuations monitored by the
temperature FBG sensors and a thermocouple for the week after
stressing the strands.

Figure 11. Example of load cell and strain sensor measuring
the prestress loss in the week after stressing the strands (graph
a) and b) respectively).

the force applied to the strands was limited to 200kN
because of the sensor line breakages. It has been shown
previously that the sensors can survive while being
attached to single wires subject to 1300MPa equivalent
to 300kN for the 7-wire strands [23, 22]. For this
reason, frictional effects on the distributed force of the
strands could not be investigated.

6.3. Force distribution between individual wires

During calibration of the strain sensors, it was noted
that the strain of individual wires did not linearly
correlate with the total force of the strand for the
complete force range. During previous tests of strain
sensors mounted to individual wires a linear correlation
was found. There are two distinct differences between
this experiment and the previous ones; the sensors
were spliced together in series and a 7 wire strand
was used instead of a single wire. It is believed
that the movement of individual wires and therefore
uneven force distribution is the cause of the non-
linear relationship between the total force and strain
of individual wires.

It is not known whether the king wire (central
wire) takes most of the force during the initial stages of
stressing the strand or if there is an even distribution
of load between the wires. The sensor responses
would be consistent with a large increase in force
through an individual wire compared to the overall
force in the strand. An uneven force distribution
between the individual wires that varies as the load
is increased would result in a non-linear response of
an individual sensor compared to the overall force.
Differences in strain between individual wires were
discussed by Kim et al. and results presented here
may provide additional evidence of this [10]. Further
investigations are needed to determine the distribution
of force between the wires and whether this varies as
the strand load is increased. Moreover, if this was
indeed the reason for the behaviour seen in the figures
above, additional sensors would likely be required to
sample more wires for the determination of the overall
strain in a specific location along the strand.

6.4. Future work

For this technology to be adopted in a working
containment building, a practical installation method
must be devised and tested. The prestressing strands
are stored on large cylindrical reels; sensors and the
interrogating fibre could be mounted onto the strand
by winding it from one reel to another. Tests would
have to be made to check whether the fibre and sensors
are able to withstand the radius of curvature of the
reel. The number of sensors per strand would need
to be increases so that the distributed force of the
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strand can be monitored. Additional sensors would
reduce the cost per sensor as the interrogation system
is relatively expensive compared to the individual
sensors. Before installation it would be prudent to
carry out an accelerated lifetime test of the sensor
package in the presence of water and grease, in similar
conditions to the application.

The long term response of the sensors and the
concrete beams (in particular the bent ducts) and
how this compares with prestress loss theory will be
dedicated to future work. We will also investigate
the force distribution between the wires by mounting
several sensors in the same position on different wires.
The ruggedness of the sensor addressing lines needs to
be improved to ensure the sensors can be interrogated
reliably. Additionally, work will be dedicated towards
developing a calibration technique. Calibration by
thermal expansion and three point bending will be
investigated.

It should be noted that while these sensors have
been developed specifically for nuclear containment
buildings, they are equally applicable to other large
structures such as precast bridges and offshore rigs.
Furthermore, the sensors could also be deployed
on pre-tensioned structures (PCPV’s and PCC’s are
generally post-tensioned structures). Adequate sensor
protection during the concrete pour would have to be
implemented.

7. Conclusion

This paper outlines the methods used to instrument
prestressing strands with FBG strain and temperature
sensors allowing real time monitoring of prestress
loss in ambient conditions. All metal sensor
packaging and attachment was adopted to enable
the sensors to survive the stresses involved and to
reduce the poor bonding often encountered with use
of epoxy. The sensors survived installation and
stressing to (∼1000MPa). However, some of the sensor
interrogation lines did not, indication that additional
measures are needed to protect the fibre. Comparison
of the strain measured by the strain sensors revealed
that possibly individual wires in the strand share
the total force unequally. Nevertheless, initial results
show the strain sensors can measure the prestress
loss. Future work will concentrate on investigating
these two areas. We have shown it is possible to
retrofit prestressing strands with FBG strain and
temperature sensors. Application of this technology on
a working nuclear site could improve the understanding
of prestress systems in nuclear containment buildings.
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