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Abstract

Fibre Bragg Grating (FBG) sensors were embedded into cement mortar and ultra-high strength reactive powder concrete (RPC) prisms.
Thermal tests are performed to accurately characterise the coefficient of thermal expansion (CTE) of these prisms using the measured signals from
the embedded sensors. With the use of the fibre optic sensors, the difficulties inherent in using conventional techniques, such as strain gauges or
vibrating wire gauges, to measure the thermal properties of cementitious materials are overcome. The error values associated with the
measurements, typically measured to be as low as ±0.04 με/K, are a full order of magnitude less than what is expected for standard conventional
testing using a length comparator.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The coefficient of thermal expansion (CTE), despite being a
very fundamental property, has seldom been reliably measured
and characterised for cementitious materials. Conventional
testing of thermal stresses and strains is limited in that there is a
large amount of measurement error involved, making compar-
isons between results unreliable. A knowledge of the coefficient
of thermal expansion of cementitiousmaterials is of importance to
modelling the thermal behaviour of the material. Excessive
thermal stresses in cementitiousmaterials can lead to cracking and
spalling. Restrained thermal stresses have been shown to
significantly increase the risk of explosive spalling of high per-
formance concrete exposed to fire [1,2]. Being able to completely
model the thermal stresses and strainswithin thematerialwillmean
that constraints can be applied during the design stage to adjust the
material properties so as to bring them within an acceptable
operating range.

One important area of research regarding the thermal
properties of cementitious materials is that of fire damage.
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Usmani and co-workers at the University of Edinburgh have
observed that the behaviour of fire damaged cementitious
composites, in particular their robustness against collapse,
widely deviates from what is expected from an analytical
treatment. As a result more involved analytical modelling has
been applied in order to attempt to describe the observed results.
Nevertheless they say that “the exact mechanism of failure is still
a matter for speculation” [3]. To be able to directly exper-
imentally monitor the thermal effects occurring within the
concrete elements as they are being subject to fire damage would
go a long way to understanding the mechanisms of failure of fire
damaged cementitious composites. Recently da Silva et al. have
used fibre Bragg grating (FBG) sensors to monitor the fire
damage on a concrete cantilever beam by means of dynamic
analysis [4].

There are several difficulties involved in performing thermal
expansion measurements on cementitious materials. The two
conventional methods are to use electrical sensors or to take
mechanical measurements [5,6] of the distance between two
gauge points. For the case of the former of the two methods, the
electrical gauges will become dysfunctional if the sample is
placed in a liquid bath for heating. These gauges can be
waterproofed, but this introduces added complications in
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Fig. 1. FBG principle of operation.
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calibrating the response of the sensors. The alternative option,
namely performing the tests in an oven, is undesirable as, due to
air having a lower thermal conductivity than that of water, the
uniformity of the temperature distribution of an oven is poor
compared to that of a water bath, and thus produces larger
measurement errors. In order for the latter of the two conventional
methods to be sufficiently accurate, a large distance is needed for
the gauge length and hence a large sample is needed. This means
that a large amount of time is needed to bring the sample to
thermal equilibrium in order for accurate measurements to be
made. If the sample is placed in a liquid bath, as is required for
performing an accurate measurement, the experiment will either
suffer from errors incurred from moving the sample between the
liquid bath and the measurement apparatus or from the
complicated calibration involved in the combined changes with
temperature of the sample, measurement apparatus and liquid
used for heating.

The specifications in [5,6] which make use of mechanical
measurements calculate the linear coefficient of thermal
expansion as:

C ¼ Rh−Rcð Þ
GDT

; ð1Þ

where Rh and Rc are the length measurements for hot and cold
temperatures respectively, G is the gauge length and ΔT is the
change in temperature. The corresponding differential form of
this equation is:

dC
C

¼ d Rh−Rcð Þ
Rh−Rcð Þ −

dDT
DT

−
dG
G

: ð2Þ

ΔT is given as 55 °C and dΔT as 2.2 °C. d(Rh−Rc) is given as
2⁎10− 4 in. and taking the value of C to be roughly
1.2⁎10−5 K−1 and a value of G as 10 in. gives (Rh−Rc) as
6.6⁎10−3 in. dG can be taken to be negligible compared to the
other errors. Thus, with the aforementioned error involved in
moving the sample to and from the measuring apparatus and
heating/cooling baths excluded from consideration, the total
relative error in C is calculated as 7%, hence there is often the
need to make repeated measurements of many samples in order
to statistically reduce the final error to an acceptable value.
An alternative to these conventional methods of testing is to
use fibre optic sensors, which manage to overcome the
difficulties mentioned so far. The elastic and thermal properties
of the optical fibre can be measured extremely accurately and as
such the error involved in calibrating fibre optic sensors is very
small allowing accurate thermal testing to be performed.
Reviews of the use of optical fibre sensors are given in [7,8].

To date optical fibre sensors have been used for a variety of
applications in the field of civil engineering. A review of the
status of early research is given in [9]. More recently, optical
fibre sensors have been used in applications such as measuring
early age shrinkage effects [10], field trials of monitoring
prestress tendons [11], fibre reinforced polymer (FRP) layers
and reinforced concrete beams and decks [12] as well as a
recently commissioned reactive powder concrete (RPC) road
bridge [13].

Typically, optical fibre is coated with an acrylate coating.
This coating protects the fibre against damage from the typical
stresses involved in its general handling. Unlike silica, it is
resistant to alkali reactions and thus protects the fibre from
breaking down when embedded into a cementitious host
material. Other coating materials are also possible. For high
temperature testing Silicon Carbide is a better material to use.
Acrylate softens and begins to flow above the glass transition
temperature of between 95 °C and 105 °C, above which the
silica fibre can slip with respect to the host material, thus
reducing the apparent amount of thermal strain. Silicon Carbide
is also resistant to alkali reactions and does not flow like
polymer coatings do. It also has the added benefit that it is
transparent to the 5 eV UV light required for writing the FBGs
meaning that the coating does not need to be removed when the
fibre is exposed to the laser light, which extends the expected
lifetime of the embedded sensor from the order of decades to the
order of centuries as would be more appropriate for long term
monitoring of large scale structures. The drawback of using a
ceramic material like Silicon Carbide for coating the fibre is that
it is difficult to remove the coating and to keep the fibre intact.
This means that initial testing of the sensors is a lot more time
consuming. Also due to the hardness of the material, it does not
cushion the fibre against stress like polymer coatings do leading
to enhanced microcracking through mishandling of the fibre. In



Fig. 2. Experimental setup.

Table 1
Cement mortar mix proportions

Proportion by weight

Cement 2
Sand 6
Water 1
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addition its high value of Young's Modulus, in contrast to that
of acrylate which is negligible, means that the theoretical
analysis of the strains in the fibre/coating composite will be
much more complicated.

FBGs are a specific kind of fibre sensor that consists of a
length of fibre where the refractive index is changed in a
periodic manner. This forms a number of micro-cavities which
reflect light at their resonant wavelength. The Bragg wavelength
of such a device is given by:

kB ¼ 2neffK ð3Þ
where Λ is the period of the refractive index variation and neff is
the weighted average of the refractive index across the length of
the grating.

In analogy to a trombone, as the fibre is stretched the “pitch”
(frequency) of the light changes and thus the strain can be
measured by measuring the “pitch” of the light. In practice, λB
is not the parameter measured, but rather the wavelength at
which the reflectivity drops by a certain value, e.g. 3 dB. As
dkB
kB

¼ dk
k for any λ of the grating spectrum, no correction is

needed. This method provides greater accuracy as, by
fabricating the gratings so that the amplitude of the refractive
index variation varies across the length of the grating, the
gratings can be designed to have very sharp transition zones
between the highly reflective resonant peak and the unreflective
non-resonant background. The use of an FBG for sensing is
illustrated in Fig. 1.

The corresponding differential equation to Eq. (3) is:

dk
k

¼
Bneff
Br

drþ Bneff
BT

dT

neff
þ
BK
Br

drþ BK
BT

dT

K
¼ 1þ nrð Þdrþ nTdT þ adT

ð4Þ

where a ¼ 1
K
BK
BT ; nT ¼ 1

neff
Bneff
BT and nr ¼ 1

neff
Bneff
Br are the thermal

expansion, thermo-optic and elasto-optic coefficients of fused
silica glass, given as 5.5⁎10−7 K−1, 8.11⁎10−6 K−1 and
−0.22, respectively. These constants are all well documented by
Table 2
RPC mix proportions

Proportion by weight

Cement 340
Silica fume 102
Silica flour 102
Sand 487
Steel fibres 78
Water 75
Superplasticiser 24
Corning and other manufacturers of fibre optic cable and they
provide a highly accurate means of calibrating the sensor.

Fibre optic sensors have been used previously to measure the
coefficient of thermal expansion of mortar and concrete [14];
however this was performed with a Michelson interferometer
rather than FBG sensors. For the FBG sensor, only the strain
from the grating region is measured. For the Michelson
interferometer, the whole length of fibre is the sensor and as
such the sensor will detect the fringing effects of temperature
towards the surface of the specimen [15] as well as the
inevitable temperature differences between the fibres leading in
and out of the concrete. Thus such sensors can provide only a
semi-empirical measurement of the internal strain and temper-
ature effects rather than being able to function as a completely
empirical measurement system.

Using FBG optical fibre sensors for measuring the thermal
effects of cementitious materials offers submicrostrain accuracy
independent of gauge length. This is because the gauge length
for an FBG is a fixed value equal to its period, Λ≈0.53 μm.
Unlike conventional sensors, with an FBG the gauge length is
not the length to which measurement is limited. Rather an FBG
consists of thousands of approximately 0.53 μm sensing regions
which compose the whole length of the grating. The response of
the FBG is due to a composite of the responses of all these
sensing regions. Thus sensing with an FBG can be both
representative of the bulk behaviour of the sample (provided the
length of the grating is large compared to the coarsest grade of
the aggregate) as well as giving the ability to monitor strains that
are localised to the order of half a micron using more advanced
sensing techniques. This is achieved using an optical pulse-echo
technique, similar to that of acoustic imaging, so as to isolate the
effects that occur within the single gauge length regions.

Another advantage of optical sensors is provided by the
ability to embed them in a non-invasive manner (the coated
fibre is 250 μm in diameter). This means that the internal bulk
characteristics of a material can be monitored as well as the
surface effects. Furthermore, fibre optic sensors exhibit virtually
no long term drift and because they are a pure optical rather than
an electrical measurement, they can operate in an aqueous
environment as well as being immune to electromagnetic



Fig. 3. Full heating and cooling curve of test 2 for the mortar prism (a) and the RPC prism (b) showing the deviation from linearity when cooling too rapidly for thermal
equilibrium to be maintained.
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interference. However, for our purpose the main advantage is
that of being able to measure the samples under test as they are
being heated, thus allowing the rapid collection of a large
amount of data in a short period of time.

2. Experiment

Five fibre Bragg gratings having resonant wavelengths of
1523.7 nm, 1524.2 nm, 1523.9 nm, 1538.7 nm and 1555.8 nm
were fabricated in a highly photosensitive boron codoped
germanosilicate fibre at the UNSW fibre Bragg grating writing
facility. The gratings were annealed to a thermal age of 20 years
to ensure stability and left overnight in an oven at 80 °C in order
to outgas the excess hydrogen used to increase the photosen-
sitivity. The gratings were then recoated with acrylate to protect
the glass fibre against the high pH of the cementitious mix.
Using moulds that measured 25×25×280 mm, the former two
gratings were embedded into a mortar mix given in Table 1. The
latter three gratings were embedded into a RPC mix given in
Table 2. The cement used was a GP Portland cement compliant
with AS3972. The silica fume was a Western Australian
undensified silica fume, the silica flour was graded at 300 G (i.e.
with a maximum of 5% of the particles greater than 53 μm) and
the sand used was Sydney sand. The steel fibres used had a
length of 13 mm and a diameter of 0.2 mm and a Glenium 51
superplasticiser was chosen for use as the water reducer. Earlier
embedding tests had shown that the fibres embedded into the
RPC were highly susceptible to breakage at the surface due to
the stiffness of the RPC. To avoid this, a small amount of
bluetak was applied around the fibre at the point where it
protruded from the RPC. The specimens were cured under
standard moist conditions for 7 days and then left for 28 days to
dry according to AS1012.8.1 clause 9 (2000) [16] and
AS1012.13 subclause 7.3 [17]. This was all done so as to
comply with the requirements for monitoring the drying
shrinkage of the specimens so that the performance of the
optical sensors in these specimens could be guaranteed prior to
the thermal tests. The prisms were placed in a water bath, each
supported by 2 pairs of stacked glass plates in order to reduce
the effect of friction, and thus allow slippage between the



Fig. 4. Thermal expansion of the mortar prism during test no. 1. Fig. 6. Thermal expansion of the mortar prism during test no. 3.
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concrete prism and the bottom of the water bath. Thermo-
couples were used to monitor the temperature of the water
surrounding each prism (see Fig. 2).

Four tests were performed; the first was performed using the
first mortar prism at an average heating rate of 0.2 K/min. The
second was performed using the second mortar prism and
the third RPC prism at an average heating rate of 0.7 K/min. The
third test was performed using the second mortar prism and
the second RPC prism at an average heating rate of 1.1 K/min.
The fourth test was performed using the first RPC prism at an
average heating rate of 0.4 K/min. The temperature range was
kept within the range from 20 °C to 80 °C as above 80 °C the
reliability of the bonding of the PMMA coating of the fibres to
the cementitious matrix is questionable. Furthermore in using a
Fig. 5. Thermal expansion of the mortar prism during test no. 2.
water bath, agitation of the water as it approaches its boiling
point introduces strain noise in the system, reducing the reli-
ability of the data. An oil bath circumvents this problem but as it
eats away at the bluetak, it is not worth the risk of snapping the
fibres at the surface of the RPC specimens during testing. Using
mercury as the liquid to heat the samples [18] is extremely
hazardous and thus unsuitable. Data readings for the first four
minutes of the test showed an abnormal amount of deviation
from linearity. Two effects likely to cause this are the initial
percolation of water through the prisms and having a residual
amount of tension on the fibre from the drying shrinkage.
Percolation of water would cause swelling giving an apparent
effect equivalent to that of an increase in temperature. It would
be significantly slower and smaller for the RPC prisms due to
Fig. 7. Thermal expansion of the RPC prism during test no. 2.



Fig. 8. Thermal expansion for the RPC prism during test no. 3.

Fig. 9. Thermal expansion for the RPC prism during test no. 4.
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their much lower porosity compared to the mortar prisms. This
however is not the case. In most cases the deviation was instead
equivalent to an apparent decrease in temperature. The effect
varied strongly from sample to sample and the prism with the
largest apparent increase in temperature was actually an RPC
prism rather than a mortar prism. All of this evidence indicates
that the effect is most likely due to residual strain rather than
water percolation. In order to obtain a more accurate value for
the CTE it was decided to exclude these measurements, along
with those due to temperatures in excess of 60 °C (as was the
practice in [5,6]), when fitting a trend to the data. For
temperatures above 60 °C the CTE begins to deviate slightly
from the value for normal operating temperatures of concrete.

In calculating the thermal strain of the prism, it is necessary
to compensate for a variety of effects in the fibre. Firstly, the
increase in temperature will cause a change in the refractive
index of the fibre, neff, due to the thermo-optic effect. Secondly,
due to the bonding between the fibre and the host material, the
difference between the thermal expansivities must be taken up
by the strain of the fibre. There will likewise be some strain
acting on the host material; however, due to its size in
comparison to the fibre, this will be negligible. This strain will
cause a change in the period, Λ, of the Bragg grating as well as
being accompanied by a change in the refractive index of the
fibre due to the elasto-optic effect. Both of these will act to
change the wavelength of the grating according to Eq. (4). In
considering all of these effects, the resultant thermal strain of the
prism, dl/l=dσ+αdT, is given as:

dk
k

¼ 1þ nrð Þ dl
l
−adT

� �
þ nTdT þ adT ð5Þ

dl
l
¼ dk=kþ anr−nTð ÞdT

1þ nr
: ð6Þ
The equation giving the relative error associated with
determining the CTE using optical measurements alone for
the same temperature scale is found similarly to Eq. (2) as:

dC
C

¼ 4
1þ nr
nT þ að Þ

de
DT

¼ 0:0066; ð7Þ

where dε, the error in measuring strain, has been conservatively
taken as 1 με [7]. This gives a relative error of 0.66% which is
an order of magnitude improvement over the accuracy of that of
mechanical measurements as was derived from Eq. (2).
3. Results and discussion

The full heating/cooling curve of test 2 is shown in Fig. 3a
and b for the mortar prism and the RPC prism respectively. The
large apparent thermal hysteresis of the RPC prism, which can
be seen by the cooling curve having deviated from that of the
path traced by the heating curve, shows that the RPC prism has
a much larger heat capacity than that of the mortar prism. This is
likely due to the much lower porosity of the RPC as compared
to that of the mortar. Having a lower porosity reduces the ability
to transport heat through the pore system.

The failure of the curve to come anywhere near doubling
back on itself with the cooling rate of 2.77 K/min used in this
test suggests that the heating rate of 1.1 K/min that was used in
the third test will be too fast to ensure that thermal equilibrium is
achieved for the RPC prism for the whole duration of test, thus
leading to an error involved in evaluating the thermal expansion
of the RPC. As the prism is cooler than the displayed tem-
perature, this will lead to an underestimation of the coefficient
of thermal expansion. The agreement of the results for the
second and fourth tests despite the differences in heating rates
show that the RPC prism maintained a sufficient level of
thermal equilibrium for the duration of both tests and as a result
the coefficient of thermal expansion that was evaluated will be
accurate for both cases.



Table 3
Coefficient of thermal expansion for differing material types and heating rates

Heating rate (K/min) CTE of mortar (⁎10−6 K−1) CTE of RPC (⁎10−6 K−1)

0.2 12.03±0.06
0.4 11.76±0.04
0.7 11.98±0.04 12.33±0.04
1.1 11.96±0.08 9.93±0.07
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The derived thermal strain of the mortar prisms for tests 1–3
and that of the RPC prisms for tests 2–4 are shown in Figs. 4–9
respectively. The calculated thermal expansion coefficients in
these tests are shown in Table 3 for the various heating rates and
two material types. Error values have been calculated from
standard linear regression analysis. The result for the RPC prism
when the heating rate reaches 1.1 K/min shows that the CTE has
been underestimated for this case as has been stated above.
Excepting this, the values compare well with those found in the
literature [19–21] and their associated error values with what
was calculated in Eq. (7).

The measured data are closely bunched around the calculated
least mean squares fits, the correlation being 98% or better in all
cases. The data points that show the most deviation from
linearity occur largely in regions where the heating rate is higher
than the average, evidenced by the points being more spread
apart with temperature. As such it is expected that higher
accuracy is possible by means of having, not just a slow heating
rate on average, but one that is consistently so.

4. Conclusions

The thermal expansion of the mortar prisms was found to be
(12.03±0.06)⁎10−6 K−1 and (11.98±0.04)⁎10−6 K−1. The
thermal expansion of the RPC prisms was found to be (11.76±
0.04)⁎10−6 K−1 and (12.33±0.04)⁎10−6 K−1. The data
obtained from the FBG sensors was well correlated with the
fitted linear regressions and the obtained coefficient of thermal
expansion was in good agreement with previously observed
results. The use of fibre optic sensing was shown to give an
order of magnitude improvement in the accuracy of measure-
ment as compared to what is attainable using conventional
sensing techniques.
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