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Abstract

The physical properties of reactive powder concrete (RPC) at early-age, i.e., the first 24 h from casting, and up to an age of 7 days is
investigated experimentally using fibre Bragg gratings (FBGs), a type of fibre-optic sensors. A number of FBG sensors are multiplexed
together and embedded directly into the RPC specimens, and the shrinkage and temperature change are measured directly and simul-
taneously. The final setting time and specimen size effect were also investigated. Results showed that there is an interplay between the
shrinkage and temperature. The overall shrinkage for 7 days is 488 ue, with the early-age shrinkage contributing about 77% of this.
The temperature curve exhibits a double peak behaviour, with the first peak appears at about 7 h, which is the final setting time. There
is a size effect in that smaller prisms have a higher overall shrinkage and lower temperature change than larger prisms.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Reactive powder concrete (RPC) is a relatively new type
of ultra-high strength concrete first introduced in 1994
[1,2]. It offers many advantages over normal strength and
high performance concretes in terms of mechanical and
composite properties, most notably: (i) ultra-high compres-
sive strength (200-800 MPa); (ii) high flexural strength (up
to 40 MPa); (iii) high ductility through the inclusion of
short steel-fibre reinforcement; (iv) lightweight and (v)
increased homogeneity because of the elimination of coarse
aggregates. To date, the physical characteristics of RPC at
early-age (the first 24 h from casting and may extend up to
7 days), in particular the early-age shrinkage, is still not
well understood, despite the fact that it has been used in
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the construction of pedestrian and road bridges [3-5]. This
is partly due to the relatively short history of RPC, and
partly due to the practical difficulties in carrying out exper-
iments while it is still in the plastic stage. In fact, the latter
is the main problem in investigating the early-age physical
properties of any type of concrete. For example, conven-
tional methods, such as using electrical and mechanical
strain gauges, of measuring the shrinkage of fresh RPC
failed, mainly because no gauge-points could be established
before the RPC is hardened. Indirect methods to derive
and predict the early-age properties have been used. They
are mainly based on calorimetric measurement [6-8], ultra-
sonic measurement [6—11], and hydrostatic weighing [6,7,9]
of the specimen. They require complicated and delicate
experimental setups, and the use of indirect quantities such
as the degree of hydration, dissipated heat power, shear
and compressive waves and their velocities, and weight
change, in order to deduce the mechanical properties. In
these methods the actual shrinkage has still not been
directly measured.
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At early-age, the main types of shrinkage of RPC are
autogenous, thermal and drying shrinkages. Although
some other shrinkages, such as carbonation shrinkage,
are also present, they contribute very little to the overall
shrinkage at early-age and may be neglected. Early-age
shrinkage leads to surface cracks and the formation of
early-age cracks that would extend further at later stages.
Since the RPC undergoes rigorous chemical reactions and
phase transitions during the early-age, a knowledge of
the physical characteristics at this period provides useful
information and experimental data for the study of its
deformation, the cause and severity of plastic shrinkage,
swelling and early-age cracking. Also, it would be helpful
for the improvement in the mix design and the choice of
mixing materials.

Thus far, there have been only a few investigations of
early-age shrinkage using fibre-optic sensors. These include
the use of Fabry—Perot interferometers [12], low-coherence
interferometry [13], and packaged fibre Bragg gratings
(FBGs) [14] on cement paste [14] and unspecified types of
concrete [12,13]. None of them were tested on RPC or
on the simultaneous measurement of shrinkage and temper-
ature. In this paper, the physical properties of RPC at early-
age is being investigated experimentally using a technique
based on FBGs, a type of fibre-optic sensors. The technique
is capable of multiplexing a number of sensors, as well as
taking all measurements automatically, continuously and
remotely. The FBG sensors are embedded directly into the
RPC specimens, and because of their small size, they are
non-invasive to the specimens. The shrinkage and tempera-
ture change are obtained simultaneously, immediately after
casting and up to an age of 7 days. In addition, the final set-
ting time and the specimen size effect are investigated. The
former is determined from the temperature characteristic,
while the latter is performed by comparing specimens of
two different sizes. It is hoped that by employing this tech-
nique, it would contribute to a better understanding of this
ultra-high strength concrete at early-age, as well as offering
a better and simpler experimental method in concrete
research.

2. Measurement scheme
2.1. FBG sensing technique

An FBG is a type of fibre-optic device which consists of
a periodic modulation of the core refractive index along the
length of an optical fibre. The grating region can be used as
a sensing element, and the typical grating length is about
5-20 mm. Thus, the FBG is considered as a point sensor
similar to an electrical strain gauge. The FBG is specified
by its characteristic wavelength called the Bragg wave-
length, which is given by A = 2n.gA, Where ne is the effec-
tive refractive index and A is the grating period. The shift
in the Bragg wavelength due to strain ¢ and temperature
T changes is given by [15]

A)VB = (1 —pe)),BAS + (OC + é);LBAT’ (1)

where p. = (n?/2)[P12 — i(P1; + P12)]~ 0.22 is the effec-
tive photoelastic coefficient, P; are the Pockels coefficients
of the strain-optic tensor and u is Poisson’s ratio. o =
(dA/dT)/A is the coeflicient of thermal expansion, and
& = (dneg/dT)/neg is the thermo-optic coefficient. Both p,
and ¢ are wavelength dependent due to the effective index
term. However, since the difference in the Bragg wave-
lengths between sensors are very small (about 1-1.4 nm
apart in our case), this minor difference may be neglected
and the two coefficients can be treated as constants.

2.2. Simultaneous measurement of shrinkage and
temperature

The Bragg wavelength shift is influenced by both the
physical stress and thermal change of the grating region.
In order to measure the shrinkage and temperature simul-
taneously, these two responses need to be separated and
distinguished. This can be accomplished by placing two
FBG sensors under an identical situation, with one of them
being free and unrestrained. As such, the latter sensor
would only experience thermal change. The set of two
simultaneous linear equations for these two sensors are
given by

A;LB]/AB] = k,;]AS + krlAT,

2
A)ngz/igz = szAT, ( )

where k, = (1 — pe), kr= (o + &), and subscripts 1 and 2
represent the strain and temperature sensors, respectively.
Eq. (2) can be expressed in a matrix form as

(AiBl/iBl> _ (ksl kﬂ)(Ab) _K<Ab> (3)
Ag/m) N0 kp)\AT) ~\AT)’
where K is the 2 x 2 sensitivity matrix. After solving for the

measurand vector on the right hand side by inverting the
sensitivity matrix, we obtain

1 A/lm> kr (A;LBZ) 1 (A),m)
Ae=—|— — AT = — ,
ket (/uBl kakra \ Apz kra \ g2
4)

In practice, although the two sensors are placed under the
same environment, they do not necessarily have the same «,
because the temperature sensor might not have direct con-
tact with the structure under test or aligned in the direction
of the strain field. However, since in optical fibres & is the
dominant effect (~95% of the observed Bragg wavelength
shift [15]) comparing to «, and that ¢ is already assumed
to be constant. We may assume that k7 = k7>, and the
expression for strain in Eq. (4) becomes

Ae — 1 <A/lBl A),Bz>. (5)

. _
ke \ 2Bl /B2

This shows that the early-age shrinkage can be obtained
by subtracting the fractional Bragg wavelength shift about
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its centre wavelength of the normal sensor from that of the
free and unrestrained sensor. The temperature change can
be obtained directly from the free and unrestrained sensor
under the same environment. It should be noted that, when
the FBG sensors are embedded into the specimens, the fol-
lowing assumptions are made: (i) The debonding and slip-
page of interface between the optical fibre and RPC is
negligible, which ensures that the strain field of the RPC
is directly transferred to the sensors [16-18]. As such, the
strain experienced by the sensor equals to the actual strain
of the RPC. (ii) The grating region and the optical fibre as a
whole do not suffer from deterioration and damage [19].
This ensures the reflected FBG spectral profiles would
not be greatly altered, so as not to affect the detection of
the sensor signals.

2.3. Sensor interrogation method

In order to operate with the FBG sensors, an interroga-
tion method is required to detect, acquire and process the
measurand-induced signal (i.e., Bragg wavelength shift)
from each sensor. A tuneable laser (TL) system, comprising
a TL and a photodetector module, is used for the sensor
interrogation, and the experimental setup is depicted in
Fig. 1. The sensors are connected together in series, such
that they are multiplexed by means of wavelength division
multiplexing (WDM). The TL constantly scans and sends
signals of a wide wavelength range (40 nm) to the FBG sen-
sors through a 3 dB fibre-optic coupler. When the laser
wavelength is matched to the Bragg wavelength of the sen-
sor, a large resonant signal is reflected back and passed to a
photodetector module that is connected to a computer
(PC) via a general purpose interface bus (GPIB) cable.
The reflected signal is then processed by the PC, and the
reflection spectrum (represented in power vs. wavelength)
is displayed onto the PC screen. By tracking the shift in
the Bragg wavelength of the two sensors placed together
(Egs. (4) and (5)), the shrinkage and temperature can be
simultaneously and separately measured. The TL system
can resolve a wavelength shift of 1 pm, which corresponds
to a strain and temperature resolution of about 1 pe and
0.1 °C, respectively.

Tuneable laser system FBG1 FBG2... FBGM

3 dB coupler

Tuneable laser

Photodetector

FBG1 FBG2... FBGN

GPIB cable

Computer

Fig. 1. Schematic diagram of the setup.

3. Experiments
3.1. FBG sensors fabrication

FBG sensors were made at the UNSW FBG-fabrication
facility with different Bragg wavelengths using the direct
phase-mask technique [20]. The sensors were annealed at
high temperature in order to increase the long-term stabil-
ity, and were re-coated with silicone to protect against
mechanical and corrosive damages from the highly alkaline
concrete mix. A total of 10 sensors were fabricated with
Bragg wavelengths spanned the spectral region between
1520 nm and 1560 nm. The sensors have an average full-
width at half-maximum bandwidth of 0.2 nm, and a reflec-
tivity of 99%. The separation between each sensor is about
1-1.4 nm, which corresponds to a measurement range of
about 1000 pe and 50°C for strain and temperature,
respectively.

3.2. FBG sensors installation

Before casting the RPC mix into the moulds, each FBG
sensor was inserted horizontally through the centre of, and
parallel to, the mould, as shown in Fig. 2. The sensors for
strain measurements were simply placed inside the moulds
to have direct contact with the mix, whereas the sensors for
temperature measurements were placed inside stiff plastic
tubes to isolate from contacting the mix. As such, the tem-
perature sensors were not under the influence of the volume
change of the RPC, and were able to monitor the temper-
ature change inside the specimens. Each mould was then
covered with a hard plastic sheet folded in triangular shape.
This was to help prevent breaking the sensor while pouring
the RPC mix, as the sensor was very fragile. The sensors
were then spliced together serially in two separate fibre
links, and were connected to the TL system for monitoring
once the specimens were prepared.

- wwvE EE TR
- W"F ll.lr'\]%
HE TR

Fig. 2. FBG sensor installation before casting.
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3.3. RPC specimens preparation and measurement

The RPC specimens were prepared with a mix propor-
tion given in Table 1, adopted from Gowripalan et al.
[21]. All the ingredients were mixed by a drum mixer for
about 20 min before adding the water and superplasticiser,
which was then mixed for a further 5 min. During the mix-
ing process, the mix was very dry according to the adopted
proportion; therefore, additional water was used during the
mixing and the actual proportion (by weight) became 210.
The mix yielded a water-to-cement (w/c) ratio of 0.31, and
a water-to-binder (cement, silica fume) ratio of 0.24. The
moulds were placed onto a vibrating table, and were
sprayed with oil to reduce the friction at the interface
between the moulds and RPC mix. Two sizes of rectangu-
lar prismatic mould were used in order to investigate the
size effect of the RPC. The dimensions for the standard
and mini-prisms were 75X 75x280 mm and 25 x25X
280 mm, respectively. In addition, three cylinders with
dimensions of 100 mm in diameter and 200 mm in height
were also prepared for compression tests.

When the RPC mix was ready, it was poured into the
moulds while having the vibrating table turned on. This
allowed the mix to be evenly distributed and filled within
the moulds. It also provides compaction and removal of
voids, so the FBG sensors bond better. During the pouring
the folded plastic sheets were lifted up slowly. By doing so,
the mix filled up the moulds slowly, so as not to damage the
FBG sensors and move their positions. Once the RPC spec-
imens were cast, they were transported and stored in a con-
trolled room with a constant temperature of 20 °C and
relative humidity of 50%. All the specimens were remained
in the moulds in order to maintain consistent drying condi-
tions and surface exposure areas throughout the whole
measurement period. The shrinkage and temperature were
monitored immediately after the FBG sensors were con-
nected to the TL system. The final setup inside the con-
trolled room is shown in Fig. 3. Since the time lag
between the moment after casting and the time to start tak-
ing measurements was small (about 5 min), it was consid-
ered as starting time of the measurements. The TL
system is capable of taking measurements for all of the
FBG sensors together automatically and continuously, at

Table 1

RPC mix proportion for a 1 m? specimen

Material Brand Type/grade/size Proportion
(by weight)

Cement Portland GP 680

Silica fume Tasmanian — 204

silica

Silica flour Unimin 300G 204

Sand Sydney Fine 974

Steel fibres BHP 186 EE mild steel, I8 mm 156

enlarged ends

Superplasticiser Degussa Glenium 51 44

Water - - 150 (210 in
actual mix)

Ventilator RPC specimens

Fig. 3. Final experimental setup inside a temperature and humidity
controlled room.

a rate of one reading every 20 s. However, in our experi-
ments, it was set to acquire and record the data once every
2 min, and the data was transmitted to the PC for process-
ing and analysis.

4. Results and discussion
4.1. Compressive strength

At the age of 7 and 28 days from casting, the compres-
sive strength of the RPC was tested using a hydraulic com-
pression testing machine (Instron SATEC 600RD). Their
respective strengths were 78.8 MPa and 109.8 MPa, which
were lower than the expected strength (~150 MPa). The
reasons are: (i) The mix proportion was slightly different
from the original. Additional water was used, which gives
a larger w/c ratio and hence lesser strength than expected.
Also, a different grade of silica flour and type of steel fibres
were used. (ii) The mix was intended to be cured by hot-
water or steam treatment at a temperature of 90 °C in
order to achieve the desired strength. However, in our
experiments the specimens were untreated and cured only
by drying at room temperature. This can lead to a reduc-
tion of strength by as much as 60-70% [22]. (iii) The cylin-
ders were only demoulded at the age of 7 days. As such,
only the top surface was fully exposed to the environment,
making the water evaporation rate considerably lower
which resulted in a lower strength. (iv) Test cylinders were
not capped with mortar when performing the compression
test, and although the surfaces of both ends were ground,
there may still be some irregularities. These irregularities
may lead to localised concentrations of stress which would
enhance cracking, leading to a lower strength.

4.2. Shrinkage and temperature at early-age

The shrinkage and temperature change of the RPC in
the first 24 h after casting are shown in Figs. 4 and 5.
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Fig. 4. Shrinkage of RPC at early-age.
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Fig. 5. Temperature change of RPC at early-age.

The RPC remained unchanged in the first 30 min, possibly
because the mix was not stiff enough to transfer the strain
field to the FBG sensors. At the same time the temperature
inside the RPC kept increasing with a momentary slowing
down. Then, the RPC started to expand steadily in the ini-
tial set due to the absorption of water during the hydration
of cement, and the increase in temperature. Since hydration
is an exothermic reaction that occurs during setting, it
releases heat and causes the temperature of the mix to rise.
Thus, a sharp increase in temperature is observed. At about
5h from casting, the expansion came to its peak value of
about 125 pe, with the temperature increased by almost
4.5 °C. After that, the RPC started to shrink monotonically
at a rapid rate to 377 pe after 24 h. This early-age shrinkage
accounts for 77% of the overall 7 days shrinkage (488 pe).
At the same time, the temperature behaved differently from
the strain. It first climbed to a peak of 4.7 °C at about 7 h
and then dropped down by 1.2 °C at about 16 h before

slowly increasing up again. From the temperature curve,
the final setting time was when the temperature reached
the maximum [23], and that was at about 7 h after casting.
This shows that the final setting time does not necessarily
correspond to the beginning of shrinking.

4.3. Shrinkage and temperature up to the age of 7 days

The measurements were extended to 7 days from cast-
ing, and Figs. 6 and 7 show the shrinkage and temperature
change, respectively. From Fig. 6, after shrinking rapidly in
the first day, the RPC momentarily reversed to expand
again at about 35 h. This is due to the second temperature
increase and the renewed reaction of cement components
during this period. Although this second peak was compa-
rable to the first one, the amount of expansion due to it was
considerably smaller. This is because the RPC was already
in its hardened state, and its influence by temperature

200 T T T T T T

100

-100

Ae (ue)

-200

-300

-400

-500

Time (d)

Fig. 6. Shrinkage of RPC for 7 days.

Time (d)

Fig. 7. Temperature change of RPC for 7 days.
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would be much smaller than when it was still in the plastic
stage. The RPC shrank steadily since the second expansion
at a slower rate to 488 e after 7 days. The shrinkage after
the early-age to the end of the 7th day was about 23% of
the overall 7 days shrinkage. The shrinkage following the
setting was mainly due to drying and self-desiccation. In
a low w/c ratio concrete like RPC, autogenous shrinkage
becomes significant, and may contribute to the overall
shrinkage as much as the drying shrinkage does. From
Fig. 7 we can see there is a double peak in the temperature
curve, one appeared at about 7 h and the other at about
34 h after casting. This double rise in temperature is also
observed in normal concrete [24]. While the first peak
was due to hydration of cement and setting, the second
peak was related to the exhaustion of gypsum and a
renewed reaction of cement components (mainly CsA).
The rate of this renewed hydration was slower than the pre-
vious hydration, and thus the second peak appeared to
have a wider width and the reaction spanned a longer per-
iod. From the second day onwards, the temperature
decreased monotonically and steadily by about 2.1 °C,
which was about half the peak temperature reached during
setting.

The relationship between the shrinkage and temperature
change is shown in Fig. 8, as a three-dimensional (3-D) line
graph plotted as a function of time. It shows that there is
an interplay between the shrinkage and temperature, in
which they evolved and correlated reasonably well to each
other as expected in general. That is, in the first day the
RPC expands and temperature increased during the set-
ting. When the RPC is set, it starts to shrink and cool
down. The second temperature rise at around 1.5 days after
casting caused the specimen to expand again, but to a lesser
extent because the specimen is hardened. After that, both
the strain and temperature decrease steadily and almost lin-
early with time to the end of the measurement period. It is
expected that the shrinkage will continue to increase at a

AT (°C)

Ae (ug) 0

Time (d)

Fig. 8. 3-D line plot of shrinkage and temperature change of RPC as a
function of time.

decreasing rate, while the temperature will eventually reach
equilibrium with the ambient temperature.

4.4. Size effect of specimen

The size and shape of the specimen have an indirect influ-
ence on the shrinkage at early-age, most notably by the rate
of water loss during hydration and drying (soon after the
mix is hardened) through the exposed surface areas of the
specimen. In our experiment, two sizes of specimen, stan-
dard and mini-prisms, were tested and their respective
volume-to-surface (exposed surface area) or V/S ratios were
75 mm and 25 mm. Since it is known that the higher the V/S
ratio, the lower the shrinkage; so it is expected that mini-
prisms would have a larger (and also faster rate) of shrink-
age than standard prisms. Figs. 9 and 10 show the shrinkage
and temperature change of the RPC specimen of two differ-
ent sizes. From the shrinkage curve, we observe that the
mini-prisms have a smaller expansion than the standard
prisms. The expansion occurred at an earlier time with a
lower peak value of 25 pe at around 2 h after casting. Then,
it shrank rapidly up to 7 h, and after that, there is a period
of several hours in which it stopped shrinking suddenly and
stayed constantly at about 276 pe. This is due to the
renewed reaction as in the case of standard prism, but
occurred at earlier time (almost by half of the time). This
reaction can also be seen in the corresponding period in
the temperature curve (Fig. 10), which exhibited a rise in
temperature. After that, the mini-prism continued to shrink
at approximately the same rate as before, until it started to
slowly expand again at about 1 day from casting, which
lasted for about 1.5 days. This is possibly due to a further
exhaustion of gypsum and renewed reaction from the resid-
ual cement components that were unused in the previous
reaction. But since the amount of residual cement compo-
nents is much less, the duration of the reaction takes longer.
After this final expansion, the shrinkage increased steadily
and monotonically until the end of the measurement period.

100} 7. Mini-prism

—+=e=-= Standard prism

-100

Ae (ue)

-200

-300

-400

-500
0

Fig. 9. Shrinkage of RPC of two different sizes for 7 days.
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Fig. 10. Temperature change of RPC of two different sizes for 7 days.

At early-age, the mini-prism has a larger overall shrinkage
as expected. However, from the second day onwards, the
standard prism was observed to have slightly larger shrink-
age than the mini-prism. From Fig. 3, we can see that the
standard prisms were placed closer to the ventilator than
the mini-prisms where there was a large air current flowing
through them, and so they experienced faster drying and
higher rate of shrinkage.

5. Conclusions

The physical properties of RPC at early-age (the first
24 h from casting) were investigated experimentally using
a fibre-optic sensors technique which consists of a TL sys-
tem and FBG sensors. The FBG sensors provided a rela-
tively simple and reliable way of measuring the early-age
characteristics of the RPC, especially the capability of tak-
ing measurements for a large number of specimens together
simultaneously via WDM. In our experiments, a total of 10
FBG sensors were fabricated and multiplexed together
along two optical fibre links. Both the shrinkage and tem-
perature change were monitored continuously at the same
time inside a controlled room, immediately after casting
and up to 7 days. Results showed that the overall shrinkage
for 7 days was 488 pe, with the early-age shrinkage contrib-
uting about 77% of this. The temperature curve exhibited a
double peak behaviour, with a maximum increase of 4.7 °C
at about 7 h from casting, which was the final setting time
of the RPC. The temperature then declined steadily to 2/3
of the initial increase above the ambient temperature after
7 days. There is an interplay between the shrinkage and
temperature, and the evolution of these two parameters
with time correlated reasonably well to each other. The
specimen size effect was also investigated, which showed
that mini-prisms have a higher overall shrinkage and
lower temperature change than standard prisms. Further
research will be carried out to investigate the autogenous

shrinkage, as well as the hydration process of RPC at
early-age and for long-term behaviour. This can be accom-
plished by a method similar to that employed in the present
study.
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