ELSEVIER

Cement & Concrete Composites 26 (2004) 473-479

Cement &
Concrete
Composites

www.elsevier.com/locate/cemconcomp

Experimental investigation into early age shrinkage of cement
paste by using fibre Bragg gratings

Volker Slowik *, Evelyn Schlattner, Thomas Klink

Leipzig University of Applied Sciences, PF 66, D-04251 Leipzig, Germany

Abstract

A new technique based on fibre optics has been utilised for investigating early age shrinkage of cement paste. Fibre Bragg
gratings are strain sensors within optical fibres which were embedded here in cement paste specimens. In this way, shrinkage strains
could be measured starting from the beginning of the setting. Sufficient bond strength between the sensor fibre and the surrounding
early age cement paste has been proved in pull-out tests. Influences of the w/c-ratio, the curing conditions as well as the specimen
geometry were under investigation in the experiments. The significant influence of the drying conditions on the shrinkage strain
during the first day after casting is demonstrated. Whereas the early age shrinkage appeared to result in a rather uniform defor-
mation the subsequent drying shrinkage caused significant strain gradients in the specimens.
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1. Introduction

Measuring shrinkage strains of cement paste at early
age, i.e. between 0 and 12 h after mixing, appears to be
difficult from the practical point of view since strain or
displacement gauges cannot be attached before a certain
minimum strength has been reached. Therefore, most
shrinkage strains referred to in the literature have been
measured starting from the time of demoulding [1] and
technical standards or recommendations [2] for deter-
mining such quantities are based on a certain age for
starting the shrinkage measurement. There are, how-
ever, methods for determining the volume change of
cementitious materials in the plastic stage, for instance
those based on measuring the settlement of fresh mortar
in a tapered, i.e. cone-shaped, form [3]. But such
methods do not provide the opportunity to continuously
monitor the shrinkage from the plastic through the
hardened stage of the material.

Although the shrinkage strain up to an age of about 1
day is not subject of “‘conventional” material testing it
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does have its practical importance. A major problem in
the concrete floor technology is the early age cracking
due to shrinkage of the young concrete. It is caused
mainly by the capillary water transport out of the
hardening concrete. The resulting cracks are located on
the concrete surface and appear usually within the first
24 h after casting. Although appropriate curing is an
important part of state-of-the-art concrete technology,
early age cracking is still one of the most common
structural faults.

The intention of the work presented here was to
contribute into a better understanding of early age
shrinkage by using a fairly new technology, the fibre
Bragg gratings (FBGs). Because of the quite complex
experimental set-up and the comparably high sensor
price the presented technique is not proposed as a new
standard method for shrinkage tests but might be useful
for answering certain questions in concrete research and
development.

2. Measuring technique
Initially, in-line FBGs were developed as frequency

filters for optical telecommunication systems. Their
usability for measuring strains appeared to be an
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additional result of this development. In 1989, Meltz et
al. [4] produced FBGs by “writing” a series of equidis-
tant lines into the glass core of a standard single-mode
telecommunication fibre. For this writing process the
interference pattern of two laser beams has been used.
The equidistant lines forming the Bragg grating are
characterised by a refraction index different from the
one of the regular fibre core. Light propagating in the
glass fibre core will be reflected by the interfaces between
the regions having different refraction indices. The re-
flected light is generally out of phase and tends to cancel.
However, for a certain wavelength, the Bragg wave-
length, the light reflected by the periodically varying
refraction index will be in equal phase and amplified [5].
This results in a characteristic peak at this wavelength in
the transmission as well as in the reflection spectrum, see
Fig. 1. Since the peak wavelength depends on the
spacing of the lines forming the grating the latter can be
used for measuring strains. If the optical fibre is stret-
ched, the Bragg wavelength increases.

It has to be taken into account that the Bragg
wavelength depends on the temperature too. The Bragg
wavelength shift A/ is related to the strain ¢ and to the
temperature change AT by

A
7:(1—pe)-8—|—f-AT

where p. and ¢ are the strain-optical and the thermo-
optical coefficients, respectively. Once these coefficients
are known for a specific type of FBG sensor, the method
is calibration free and allows long-term measurements
without a “drift” of the strain readings. For a known
temperature, the thermo-optical effect can be compen-
sated analytically as done in the experiments presented
here. Because of the excellent long-term stability of the
strain measurements the FBG sensors may be used ef-
ficiently for structural monitoring [6-8]. Furthermore,
the small dimensions of FBG allow its utilisation for
“microsensors” opening new fields of application in
material science.

3. Experiments

Prismatic cement paste specimens having the dimen-
sions of 9 x 3 x 3 cm? were cast into a form made of a
sponge-like and very flexible foamed polyvinylchloride,
Fig. 2. The low stiffness of the form was intended to
allow unhindered shrinkage of the sample. The glass
fibre containing a FBG sensor has been embedded par-
allel to the longitudinal axis of the specimen with the
actual sensitive part (FBG) located in the middle section.
If not stated otherwise, the sensor fibre was placed in the
centre axis of the specimen. A layer of impermeable
plastic film placed between the form and the cement
paste served for preventing water transport into the
form. In some of the specimens, drying was possible on
the upper surface, other specimens were sealed com-
pletely. For compensating the thermo-optical effect, all
specimens had been equipped with internal thermo-
couples. In all test series, a Portland cement CEM 142.5
R was used.

The optical communication fibre utilised consists of a
glass core with 9 um diameter where the light is prop-
agating. This core is surrounded by a stabilising glass
cladding with a diameter of 125 um. For further pro-
tection an acrylic coating with a diameter of 245 pum is
applied to the fibre. In the experiments presented here,
the coating has been removed from the fibre over a
length of about 20 mm in the vicinity of the FBG sensor.
By this measure, the bond strength between the sensor
and the surrounding cement paste was increased.

The shrinkage measurement was quasi-feedback free,
i.e. there was no significant hindrance of the shrinkage
strain by the sensor itself. This is due to the low uniaxial
stiffness of the fibre being about 1000 times smaller than
the one of the hardening cement paste sample if its
modulus of elasticity is assumed to be 1000 N/mm? and
its whole cross-sectional area is taken into account.
However, sufficient bond between fibre and hardening
cement paste is a precondition for the correct shrinkage
measurement. In order to look deeper into this problem
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Fig. 1. Transmission and reflection spectrum for a fibre Bragg grating.
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Fig. 2. Cement paste specimen in form, sensor fibre and optical adapters.

fibre pull-out tests with hardening cement paste have
been performed [9]. Several fibres were embedded over a
length of 40 mm in the same cement paste sample and
pulled out under displacement control (0.05 mm/s) at
different age. The obtained load-displacement curves
are shown in Fig. 3. Already at an age of 6 h a typical
bond-slip behaviour was observed. According to ac-
companying needle penetration tests (Vicat tests) the
begin of setting was at an age of 5 h under the specific
test conditions. (It should be noted that in the actual
shrinkage tests the hardening process was faster, prob-
ably because of different thermal conditions.) Finite
Element analyses of the pull-out test as well as of the
actual shrinkage test [9] revealed that in both cases sig-
nificant bond stresses occur only within a contact length
of about 2 mm from the cement paste surface which is
roughly eight times the fibre diameter and in good ac-
cordance with technical rules valid for anchoring prob-
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Fig. 3. Load-displacement diagrams from fibre pull-out tests at dif-
ferent age.

lems. For a shrinkage strain of =700 pm/m the bond
stresses in the shrinkage test are smaller than the bond
strength found in the pull-out tests at an age of 6 h. Even
if the bond strength would be reached in the shrinkage
tests at the end faces of the sample there would be a
remaining grip length of more than 40 mm on both sides
of the sensor for transferring the axial load into the
fibre. It is concluded that the fibre sensors embedded in
the cement paste samples are applicable for measuring
the early age shrinkage strain. A slip between the fibre
and the surrounding matrix does not occur due to the
low fibre stiffness and the long grip length when com-
pared to the fibre diameter.

4. Experimental observations and discussion

Fig. 4 shows a characteristic shrinkage curve ob-
tained for a water—cement ratio of 0.45. In all presented
diagrams the age is related to the moment of mixing the
cement paste components. About 3h after mixing,
shrinkage starts and strongly increases until an age of
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Fig. 4. Characteristic early age shrinkage curve for cement paste.
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about 6 h is reached. This is the time period between the
beginning and the end of the setting. Simultaneously
performed needle penetration tests confirmed this as-
sumption. If there would be a volume change of the
fresh cement paste already before the beginning of the
setting, for instance due to separation of the compo-
nents, it probably could not be monitored by the
method used here due to insufficient bond. The com-
parably high early age shrinkage strain at the age be-
tween about 3 and 6 h is assumed to be mainly caused by
the capillary transport of water towards the specimen
surface. The resulting negative hydrostatic pressure in
the capillaries causes additional internal forces between
the particles and consequently shrinkage, referred to as
capillary shrinkage or plastic shrinkage. In addition,
chemical shrinkage occurs which, however, is not pre-
dominant for the w/c-ratios used here.

After the period characterised by the high shrinkage
strains, a volume increase is observed. This is predomi-
nantly caused by thermal strains. Using embedded
thermo-couples a temperature increase by 10-15 K
could be determined at this age explaining the observed
positive strain. The subsequent drying shrinkage strain
yielded toward a final value, see Fig. 5. After 12 days the
total strain amounted to about —2700 pm/m for 20 °C
and 40% air humidity. If the strain measurement would
have been started at an age of 24 h, i.e. after demoulding
in “conventional” tests, the early age shrinkage could
not have been captured resulting in a value of —2000 pm/
m after 12 days. The drying shrinkage of the hardened
cement paste is caused by the evaporation of the pore
water.

As already stated before, the measured shrinkage
strain includes the effect of thermal expansion. Since the
coefficient of thermal expansion of the hardening cement
paste is not known and continuously changing in the
early age it appears to be too speculative to separate
both effects on the basis of the experimental results.
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Fig. 5. Characteristic shrinkage curve for cement paste, same sample
as in Fig. 4.
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Fig. 6. Loss of weight versus time for early age cement paste.

The total water loss at the early age was determined
by measuring the weight of the specimens. Fig. 6 shows
the results obtained for two of the samples with different
w/c-ratios. In contrary to the measured early age
shrinkage strains, the water loss appears to be nearly
linear and starts right after the mixing of the compo-
nents. In the fresh cement paste, the water loss is caused
by separation and evaporation of water at the specimen
surface. This process does not necessarily result in a
multi-axial contraction of the specimen.

Fig. 7 shows a strain-time curve which has been
measured after a re-saturation of one of the samples.
The specimen has been subjected to drying at its upper
surface for 16 days while it was still within the form, see
Fig. 2. Afterwards, water has been applied to the sur-
face. Within a few minutes a strain of about 300 pm/m
was measured. Subsequently, the strain increased as-
ymptotically towards a value of about 1200 um/m which
equals nearly two thirds of the total shrinkage strain
value reached before moistening the specimen. It is
demonstrated that a major portion of the drying
shrinkage is reversible.

As far as the influence of the w/c-ratio is concerned
inconsistent results were obtained. Fig. 8 shows the early
age shrinkage curves obtained for different w/c-ratios.
All the shrinkage curves presented in the same diagram
were measured in parallel, i.e. at the same time for
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Fig. 7. Strain-time curve measured after re-moistening a cement paste
sample (age 16 days, specimen size 9 x 3 x 3 cm?, w/c = 0.45).
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Fig. 8. Shrinkage curves for cement paste with different w/c-ratios
(specimen size 9 x 3 x 3 cm?).

samples made of the same batch. As can be seen in Fig.
8, the early age shrinkage strain value is higher for the
sample with the higher w/c-ratio which can be explained
by the larger water volume available. In another test
series, see Fig. 9, a different observation was made. For
a w/c-ratio of 0.5 the early age shrinkage is significantly
reduced as compared to the w/c-ratio of 0.45. In fact, the
early age shrinkage is nearly completely compensated by
the thermal expansion. This observation is explained by
a water layer formed at the upper surface of the speci-
men with w/c=0.5 providing a perfect curing and pre-
venting capillary water transport out of the specimen.
The same effect, i.e. a reduced early age shrinkage with
increasing w/c-ratio, has been reported in the literature
before [1,10]. For the two test series showing contra-
dictory results cement of different batches was used.
Early age shrinkage appears to be a complex process
being very sensitive to small changes in the material
composition and in the environmental conditions. This
corresponds to practical experiences in concrete tech-
nology where the probability of early age cracks is not
easy to predict resulting occasionally in corresponding
problems.

For obtaining a better understanding of the phe-
nomena causing early age shrinkage, in some of the tests
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Fig. 9. Shrinkage curves for cement paste with different w/c-ratios
(specimen size 9 x 3 x 3 cm?, different cement as used for Fig. 8).

1000 [ [ [
500 ‘\ —w/c-ratio=0.45 sealed [
0 \\ — w/c-ratio=0.45 M
£ —
Ei 500 b\\\ ]
~ -1000
£
£ 1500
7]
-2000
-2500 B
—
-3000

0 50 100 150 200 250 300
Age (h)

Fig. 10. Shrinkage curves for a sealed and unsealed cement paste
sample, respectively (specimen size 9 x 3 x 3 cm?).

the surface of the sample was sealed in order to prevent
the water transport out of the specimen. On the speci-
men top face, an impermeable plastic film was glued to
the others covering the side faces of the form, see Sec-
tion 3. Fig. 10 shows the shrinkage curves for a com-
pletely sealed specimen and for one with an open upper
surface, Fig. 11 the corresponding temperature curves.
As expected, the shrinkage strain is significantly lower in
the sealed specimen where the capillary shrinkage does
not occur. The early age shrinkage strain was even
overcompensated by the thermal expansion. The nega-
tive strain observed results from chemical shrinkage.
Because of the water evaporation at the open surface
and no thermal insulation by a sealing layer the tem-
perature in the specimen with open surface was not as
high as in the sealed specimen. Furthermore, the w/c-
ratio appears to have no significant influence on the
temperature curve.

Fig. 12 shows the influence of an air current applied
to the open surface for accelerating the water evapora-
tion. Two specimens with different w/c-ratios were sub-
jected to the air current, two other specimens were not.
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Fig. 11. Temperature curves for a sealed and unsealed cement paste
sample, respectively (specimen size 9 x 3 x 3 cm?, same samples as in
Fig. 10).
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Fig. 12. Shrinkage curves as dependent on the w/c-ratio and on the
drying conditions (specimen size 9 x 3 x 3 cm?).

The curves clearly demonstrate that the drying condi-
tions do have a major influence on the early age
shrinkage. For a w/c-ratio of 0.45 and the air current
applied —1500 pm/m were measured after about 6 h. As
already found in another test series, for a w/c-ratio of 0.5
smaller shrinkage strain values were measured as com-
pared to a w/c-ratio of 0.45.

Shrinkage strains generally depend on the specimen
geometry as well as on the location and orientation
within the specimen. Whereas in the tests reported so far
the specimen size was always 9 x 3 x 3 cm?, in a special
test series two different specimen sizes were used. One of
them was the standard size mentioned above, the other
one was 9 x 3 x 6 cm®. In each of the specimens a FBG
sensor was located longitudinally in the centre axis of
the sample. Fig. 13 shows the obtained shrinkage curves.
It was found that the early age shrinkage (within the first
6 h) is nearly independent of the specimen size whereas
the drying shrinkage is faster in the small specimen. The
capillary or plastic shrinkage results from capillary
water transport to the specimen surface. At this age, the
permeability of the cement paste is much higher as
compared to the one of the hardened cement paste.
Therefore, the distance to the specimen surface is not as
important for the water transport as in the case of
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Fig. 13. Shrinkage curves for different specimen sizes (w/c=0.45,
sensor located in the centre).
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Fig. 14. Shrinkage strain as dependent on the location of the sensor
(wlc=0.45, specimen size 9 x 3 x 6 cm?).

hardened cement paste. In the latter, the low perme-
ability leads to strain gradients and size dependent
drying. In Fig. 13 it can be seen that the shrinkage strain
difference is high at the age between 4 and 12 days, but
seems to decrease with the age afterwards. Eventually,
for both specimens the shrinkage strain should reach the
same final value.

Because of the high permeability of the early age ce-
ment paste it is expected that the capillary shrinkage
does not result in a significant strain gradient. This as-
sumption could be confirmed experimentally. A speci-
men with the size 9 x 3 x 6 cm?® was cast and two FBG
sensors were embedded at different distances from the
surface, 5 and 0.5 cm, respectively. In the first hours
after mixing, the strain values seem to be independent of
the sensor location, see Fig. 14. However, after about 1
day, the strains measured closer to the surface are
changing faster than those measured by the inner sensor.
This means that a strain gradient started to develop at
an age of about 1 day. The early age shrinkage, appar-
ently, did not result in a significant strain gradient for
this specimen size.

5. Conclusions

The FBG sensors have proven useful for investigating
early age shrinkage of cementitious materials. Without
these sensors, obtaining some of the experimental results
presented would have required considerably greater ef-
forts. With the proposed experimental technique, it is
now possible to systematically investigate different in-
fluences on the shrinkage process as well as the effect of
shrinkage reducing agents. However, because of the ex-
penses for the FBGs the proposed technique may not be
recommended as a standard method in material testing.

The magnitude of early age shrinkage is very sensitive
to small changes in the material composition. As far as
the influence of the w/c-ratio is concerned, contradictory
results were obtained for different cement batches. The
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significant influence of the drying conditions on the
early age shrinkage could be clearly demonstrated by
applying an air current to the surface of the specimens.

The ecarly age shrinkage, i.e. within the first day, did
not cause significant strain gradients in the specimens,
the subsequent drying shrinkage did. The reason for this
difference is the higher water permeability of the cement
paste in its plastic stage.
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