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SIMULTANEOUS MEASUREMENT OF
DEFORMATION AND TEMPERATURE OF
HIGH-STRENGTH CONCRETE AT VERY EARLY
AGE TO DETERMINE THE INITIAL AND THE
FINIAL SETTING TIME

Shu-Ken Lin*, Chung-Ho Huang**, Chao-Shun Chang***, Tsong Yen*,
Chung-Hao Wu*, and Yiching Lin*
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ABSTRACT

Theinterior shrinkage deformation and temperature change
of high-strength concrete (HSC) at very early age, i.e., thefirst
24 h from casting, and up to an age of 72 h was investigated
experimentally using optic fibre sensors (SOFQO) and ther-
mally sensitiveresistors. Theinitial and thefinal setting times
of HSC were also investigated. Results show that two turning
points (I and I1) on the development curve of deformation,
both represent the onsets of the variation of rigidity in fresh
HSC, can be recognized as the initial and the final setting
times, which are evaluated around 4.5 hto 5.7 hand 9.0 hto
11.8 h, respectively. Also, the higher the fly-ash or silicafume
replacement ratio, the longer the setting times. The setting
times of HSC evaluated from the curve of temperature de-
velopment are quite close to those measured from the defor-
mation curve. In addition, the HSC setting times determined
by penetration resistance method (ASTM C403) demonstrate
unusually large values. This method is therefore not advised
to be used to measure the setting times of HSC.

. INTRODUCTION

A good knowledge about the mechanical properties and
deformation behaviour of high-strength concrete (HSC) at
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very early age, which begins with pouring and ends with
hardening, is essential. It can be very valuable in scheduling
concrete construction operations, such as placing and removal
of formwork during precast fabrication. The speed and quality
of construction can thus be improved.

The chemical reaction of cement with water, namely hy-
dration of cement, yields products that possess setting and
hardening characteristics. Knowledge of the amount of re-
leased heat is important because it is sometimes a help and
sometimes a hindrance. Similarly, the knowledge of reaction
speed is important since it affects the times of setting and
hardening. The initial setting must be slow enough to enable
the concrete to be poured into place. In addition, after the
concrete has been placed, rapid hardening, which refers to
final setting time, is often desirable [2].

The deformation of HSC at very early age is till not well
understood, mainly due to certain practical difficulties in car-
rying out experiments while the concrete is till in the plagtic
stage. For example, some conventional methods, such as those
using electrical and mechanical strains gauges to measure the
shrinkage deformation of fresh HSC, failed mostly because no
gauge-points could be set-up before the concrete was hardened.
On the other hand, someindirect methodsto detect and predict
the early age properties were used. Most of them were based
on ultrasonic measurement [1, 7-9, 11], calorimetric meas-
urement [7, 11], and hydrostatic weighting [1, 11] of the speci-
mens. By these methods the actual deformation was not di-
rectly measured, since they use indirect quantities, such as
shear and compressive waves and the corresponding velocities,
therate of hydration, the activation energy and weight change,
to deduce the mechanical properties.

By far, thereare only few reportsrelated with very early age
deformation investigations using optic fibre sensors. These
include low-coherence interferometers[3, 6], the use of Fabry-
Perot interferometers[4], fibre Bragg gratings (FBGs) [12, 14]
on cement paste [12] and unspecified types of concrete [3, 4].
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Fig. 1. SOFO measurement system.
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Fig. 2. Schema of SOFO sensor [5].
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Fig. 3. Thermally sensitive detecting system.

In this paper, the deformation behaviour of HSC at very early
age was investigated experimentally using a technique based

on optic fibre sensors (SOFO) and thermally sensitive resistors.

The technique was capable of multiplexing a number of sensors
and resistors. All measurements were taken automatically, con-
tinuoudy and remotely. The interior shrinkage deformation and
temperature change were detected simultaneoudy, immediately
after cagting and up to an age of 3 days. Moreover, theinitid and
the final setting times were also investigated from the defor-
mation characteristics. By employing these techniques, it was
attempted to have better understanding of HSC at very early
age, and further to suggest a better experimental method to
determine the setting times of concrete.

II. MEASUREMENT SYSTEM

1. Deformation M easurement

The SOFO deformation measurement system, developed by
IMAC-EPFL [5, 13] was applied to measure the deformation
of HSC at very early age. It included a portable reading unit,
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Fig. 4. Relations between electronic resistance and temperature.
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Fig. 5. Modified relations between voltage and temperature.

different types of fibre optic sensors and a software package,
which allowed for the storage and computer aided analysisof a
large number of measurements (see Fig. 1).

The SOFO sensor consists of two optical fibres (see Fig. 2):
the measurement fibre and the reference fibre. The former is
prestressed between the anchor pieces and followed its de-
formation. The later is independent of both the measurement
fibre and the deformation of the structure. Any deformation of
the structure will result in a change of the length difference
between the two fibres. The usual length of the active zone of
sensor is between 20 cm to 10m, so the SOFO system is well
adapted to in situ applications.

2. Thermal Detection

A self-developed system of thermally sensitive detecting
circuitry, asshownin Fig. 3, was adopted to continuously meas-
ure the internal thermal change of HSC. The thermally sensi-
tive resistors (or thermistors) possessed a resistance- tem-
perature characteristic that its interior resistance varied with
the change of temperature. Nevertheless, the relation between
the resistance and the temperature was non-linear (see Fig. 4).
A Wheat-Stone bridge with compensation circuit was then
applied to transform the resistance to voltages, and thus a
linear relation between voltage and temperature can be ob-
tained for better adjustment (see Fig. 5).
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Table1. Mixture proportions of HSC (kg/m®).

Mixture W/B Water Cement SF FA Fine aggregate | Coarse aggregate SP
W25S05F10 510 30 60 497 1138 6
W25S05F30 0.25 146 390 30 180 645 950 6
W25S15F10 ' 450 90 60 654 963 6
W25S15F30 330 90 180 557 1015 6

600 | 600 |
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Bottom layer sensor (CH1)

Fig. 7. Location of SOFO sensorsin the specimen.

I11. EXPERIMENTS

The test specimens of HSC were prepared with a mix pro-
portion given in Table 1. The mix yields a water-to-binder
ratio (W/B) of 0.25, in which silica fume and fly-ash were
used to replace part of cement by weight with 5%, 15% and
10%, 30%, respectively.

The dimension of the slab specimens were 600 mm x 600
mm x 100 mm. They were formed by casting using an edge
restrained steel mould (see Fig. 6). For the measurement of
shrinkage deformation, two SOFO sensors run crosswise
embedded at two different depths of specimens. As shownin
Fig. 7, one (CH1) was placed 25 mm above the bottom surface
of the specimen and the other (CH2) was placed 25 mm under
the top surface. In addition, at the center of the specimen,
three thermistors of No. 1, 2 and 3 were embedded in the
bottom, middle and top layers, respectively (seeFig. 8). Using
these thermistors, one could measure the temperature devel-
opment and distribution of specimens.

When the HSC mixture was ready, it was poured in two
layersinto the moulds while following the compaction of each
half layer. Once the HSC specimens were cast, they were
stored in a controlled room with a constant temperature of

S B 7
Fig. 9. Set-up of detecting equipment in a controlled room.

23°C and arelative humidity of 50%. All the specimens were
left in the moulds throughout the whole measurement period.
The shrinkage deformation and temperature were monitored
immediately after the SOFO sensors and thermistors were
connected to the measurement system. The final set-up in the
controlled room, including the measurement and the detecting
equipment, is shown in Fig. 9. In the experiments, the meas-
urements with SOFO sensors and thermistors were set to
aquire and record the data at every 5 and 3 minutes, respec-
tively, and the data were transmitted to a personal computer
for processing and analysis.

Besides the measurements of the shrinkage deformation
and the temperature development of the slab specimens, a
parallel test to measure the setting times of HSC mixture by
penetration resistance using the procedures described in
ASTM C403 was carried out on the same mix proportions
of Table 1. The test results of the initial and the final setting
times measured by penetration resistance method then provide
asignificant comparison.
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Fig. 10. Deformation development of specimen W25S15F10.

IV.RESULTS AND DISCUSSION

1. Deformation and Temper ature Development of HSC
after Casting Up to 3 Days

Since the HSC specimens were put in a controlled room at
23°C and 50% R.H., the early age deformation was mainly
composed of autogeneous shrinkage, thermal deformation
(swelling and shrinkage) and drying shrinkage. The sum of
deformation was measured using the SOFO sensor during an
age of 3 days. The evolution of the deformations of specimen
W25S15F10, as an example, during the period is presented in
Fig. 10. The figure indicates that the deformation increases

steadily at the beginning after casting and lasts only ashort period.

Thisinitial heat deformation ceases quickly, making the curve
turn to flat and descending from point | to point 11. After point I1,
the curve tends to become relatively flatter due to monotonic
shrinkage. Inthefigure, both point | and point Il represent the
onsets of the variation of rigidity in fresh HSC. Point | indi-
cates the stiff state of concrete, turning from true fluidity to
plasticity. On the other hand, point Il represents a beginning
of hardening that the mechanical strength starts to develop.

In addition to the deformation measurement, the internal
temperature developments of specimens were simultaneously
investigated by thermistors No. 1 (bottom), No. 2 (middle) and
No. 3 (top). Since al specimens exhibited a similar tem-
perature development, the result from the middle thermistor
(No. 2), which had the highest temperature to evaluate the
temperature change, was adopted. Figure 11 illustrates the
temperature development of all the specimens. The figure
shows that the interior temperature of specimens after casting
kept increasing with a momentary slowing down. The tem-
perature reaches a peak, which corresponds with the maxi-
mum rate of heat evolution. By this time, final set has been
passed and early hardening has begun. Based on the tem-
perature curve, the final setting time can be determined as the
instant when the temperature reaches the maximum [12],
which isaround 7 h to 9 h after casting.

35

Temperature
—=—— W25S05F10
——— W25S05F30
W25S15F10
W25S15F30

Temperature (°C)
[\
i
|

15 —
0 6 12 18 24
age (h)

Fig. 11. Temperature development of HSC.

2. Evaluation of Setting Time

Setting of concrete is defined as the onset of solidification
in a fresh concrete mixture. Till now, both the initial and the
final setting times of concrete are arbitrarily defined by atest
method as the penetration resistance (ASTM C403). However,
it does not make a specific change in the physical-chemical
characteristics of the cement paste. They are purely functional
point in the sense that the former represents approximately the
limit of handling and the later represents approximately the
time after which strength begins to develop. Accordingly, the
initial and the final setting timesimply respectively theturning
points of the stiffness state of concrete.

Figure 12 indicates the deformation evolution of all speci-
mens during the first 24 hours. One can find two turning
points (I and Il) on each curves, which represent the stiffness
change from plastic state to beginning of solidification and
from complete solidification to beginning of hardening, re-
spectively. At points| and Il can be found a deformation rate
change or aslope change of curve. Asthepoint | corresponds
to the initial setting time and the point Il corresponds to the
final setting time, the results of all the specimens are shown in
Table 2, in which the initial setting times vary from 4.6 h to
5.7 h and the final setting times are from 9.2 hto 11.8 h re-
spectively.

According to the concept from the previous study [10], the
heat peak represents the heat of formation of ettringite. Itis
believed that the heat evolution period includes some heat of
solution dueto CsS and heat of formation of CSH. The paste of
properly retarded cement will retain much of its plasticity be-
fore the commencement of this heat cycle and will stiffen and
show theinitial set before reaching at the apex of curve, which
corresponds to the final set. As such, from Fig. 11 the point |
and Il may be found to be corresponding with the initial and
final setting time, respectively, of al specimens. The results can
be evaluated as given in Table 2, in which the initial setting
times are from 2.8 h to 4.3 h and the final setting times are from
7.0hto8.8h. Thesevaluesof result do not completely coincide
with those determined from the deformation evolution curves
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Fig. 12. Deformation development of HSC.
Table 2. Comparison of setting time of HSC by various methods.
Mixture Initial setting time (h) Final setting time (h
by temperature by deformation by penetration by temperature | by deformation by penetration
W25S05F10 4.0 37 175 83 7.3 22.2
W25S05F30 4.3 4.8 23.2 8.8 9.8 28.2
W25S15F10 2.8 4.6 12.2 7.0 9.2 14.6
W25S15F30 31 5.7 17.5 7.6 11.8 21.0

of Fig. 12. However, the differences appear relatively small
and acceptable, since the deviation of the initial setting time
varies from 0.3 hto 2.5 h, and 1h to 4 h for the fina setting
time. Moreover, it can be found in Table 2 that the initial and
the final setting times of HSC with higher fly-ash or silica
fume replacement ratio demonstrate longer periods. This may
be attributed to the reduction of cement content in concrete,
causing a decrease of hydration heat and the setting effect.

3. Comparison of the Test Results of Setting Time with the
Method of ASTM C403

The parallel tests for the measurement of the setting times
of HSC by penetration resistance of ASTM C403 were carried
out and the results are shown in Table 2. 1t showsthat both the
initial and the final setting times determined by the proposed

method of deformation change agree rather well with the
resultsfrom Fig. 11. Therelative differences are mostly under
150%. In contrast, the discrepancy between the results of the
new method and those of penetration resistance method
(ASTM C403) is relatively large. The initial and the fina
setting times of all specimens obtained from penetration re-
sistance method are 200% to 500% larger than those from the
new method. To explorethe reason why thereissuch variation,
we vertically cut the specimens of penetration resistance test
and observed the surface profile (see Fig. 13). A non-uniform
mixture was found on the cutting surface, of which the upper
layer of mortar seemed rich in mineral paste, while the coarse
sand dispersed to bottom layer. This lead to weakness, po-
rosity and lacking of strength or penetration resistance, and
resulted in an incorrect determination of longer setting times.
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Fig. 13. Dispersion of mortar obtained on the cutting surface of the
specimen of penetration resistancetest.

V. CONCLUSION

By using a technique based on optic fibre sensors (SOFO)
and thermally sensitive resistors, it is possible to detect the
interior shrinkage deformation and the temperature change of
high strength concrete at very early age. According to the test
results, several conclusions are drawn as fellows:

1. The measurement of using SOFO sensors to detect the
deformation of HSC evolved at very early age (3 days),
presented in Fig. 10, can be used to interpret two turning
points (I and 1), which represent the onsets of the variation
of rigidity in fresh HSC.

2. According to the definition of setting time of concrete, the
initial and the final setting times indicates respectively the
turning points (I and I1) of the stiffness state of HSC. Thus,
the turning point | can be recognized as initial setting time
and turning point |1 as the final setting time of HSC, which
are from 4.6 h to 5.7 h for initial setting time and 9.2 h to
11.8 h for final setting time, respectively. Moreover, an
increase of the replacement ratio of fly-ash or silica fume
can increase both of the setting times of HSC.

3. The initial and the final setting times of HSC evaluated
from the curve of temperature development (Fig. 11) are
around 2.8 hto 4.3 h and 7.0 h to 8.8 h, respectively.

4. The setting times of HSC determined by penetration resis-
tance method (ASTM C403) demonstrate unusual values
due to dispersion of mortar mixture. Therefore, this test
method is not suggestive to evaluate the initial and the
final setting time of HSC.
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