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The determination of the fluid-to-solid transition in cement-based materials is fundamental to under-
standing the evolution of early-age mechanical properties and to detect the time after which the material
may withstand stresses. The transition is gradual, and non-destructive methods are needed for clear iden-
tification. This paper presents a study using a recent method for continuously monitoring the E-modulus
of cement-based materials since casting, based on evaluating the first resonant frequency of a composite
beam containing the material under test. It is intended to demonstrate the capability of this method to
detect the percolation threshold and to check eventual correlations with the released heat of hydration.
Five sets of mix compositions are tested, with w/c ratios ranging from 0.30 to 0.50, with the addition of
limestone filler, or with partial replacement of cement by fly ash, silica fume or metakaolin.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Cement-based materials endure volume changes during hydra-
tion and beyond, which upon restraint may cause tensile stresses
to develop, leading to non-negligible cracking risks on structures.
These changes are due to thermal and moisture variations [1],
caused by external and autogenous conditions. Of particular rele-
vance for the latter, hydration reactions play a fundamental role
at early-ages, when the rates of water consumption and of released
heat are important, and the tensile strength of the hardening mate-
rial is low. Thus, identification of the early-age transition from
fluid-to-solid of a cement-based material, and awareness of the
time when its particles become connected due to the growth of
hydration products – the percolation threshold –, are crucial issues
towards predicting early-age stresses and evaluating cracking risks.

The Vicat Needle [2] and the Proctor Penetration Resistance [3]
tests are widely used to assess the setting time. However, they
cannot describe precisely the fluid-to-solid transition, as their
measurements indicate only when the microstructure has already
reached a minimum of penetration or shear resistance. Accord-
ingly, they do not provide a truly mechanical identification in
regards to the percolated particles network, because the setting
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time is registered with a delay [4,5]. Furthermore, these tests
provide discontinuous measurements, and considering that the
fluid-to-solid transition is gradual, non-destructive but continuous
measurements are preferable [6].

Taking advantage of the continuous nature of measurements
from calorimetric methods, some researchers [7–10] estimate the
setting time through the released heat of cement hydration, even
though the released heat of cement hydration is not directly re-
lated to the percolated network evolution [5,11]. An example of
such calorimetric approaches can be found in Wang et al. [7],
who used a semi-adiabatic calorimeter and reported linear correla-
tions between the maximum derivate of the temperature-time
curve and the initial setting defined in ASTM C403 [3].

Combining rheometric with ultrasonic [12] or calorimetric [13]
methods, the viscoelastic behaviour of cement pastes at very early
ages has also been monitored. The authors reported that the storage
shear modulus (which is closely related to the volume fraction of
solid particles) remains at approximately 0.01 GPa up to the end
of the dormant period. From then on the storage modulus increases
much more than the loss modulus, which indicates that the elastic
properties of the material become measurable, i.e., the fluid-to-solid
transition was surpassed. Even though rheometric methods clearly
describe the fluid-to-solid transition, they are unsuitable to describe
the E-modulus evolution in hardening materials after setting.

Through the measurement of mechanical properties of the
hardening material, such as the E-modulus or the compressive
strength, the development of the percolated network can be di-
rectly evaluated [14]. However, at the onset of the solid network
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formation it is difficult to assess these properties, so indirect
methods are needed. For example, methods based on resonant
frequency techniques [15] were used in [16–18], although with
techniques mostly devised for concrete. Since the 1990s ultrasonic
methods have been widely adopted to identify the setting, as well
as to monitor the early-age hardening of pastes, mortars and con-
cretes [19–29]. However, ultrasonic methods partially fail when
material homogeneity is lacking (such as in plastic pastes not de-
aired, wherein compressional waves do not propagate properly
[11]), and when shear waves are applied in a medium that is still
fluid [30].

Recently Azenha et al. [31] proposed a novel method to measure
the E-modulus evolution in concrete, called ‘Elasticity Modulus
Monitoring through Ambient Response Method’ (EMM-ARM),
which is based on the evolution of the natural frequency of vibra-
tion of a composite beam, filled with the material under testing.
The method allows continuous measurements immediately after
casting, and was used also to identify the E-modulus evolution of
cement pastes with different admixtures or different additions
[32,33]. The authors reported that the EMM-ARM was able to de-
tect the effect of admixture retarders/accelerators or mineral/
cementitious additions on the E-modulus evolution. However, so
far the capability of the method to describe the fluid-to-solid tran-
sition was neither explored, nor tested.

In the present paper the potential of the EMM-ARM to describe
the fluid-to-solid transition in cementitious pastes, as well as to
identify the percolation threshold, will be assessed. The evolution
curves of the E-modulus (assessed by the EMM-ARM) and of the re-
leased heat of hydration (measured via an isothermal calorimeter)
will be compared at early ages. Furthermore, the power law sug-
gested in the percolation theory [34] will be fitted to the E-modu-
lus curve, so as to identify the percolation threshold. Results
concerning the fluid-to-solid transition on 17 cementitious pastes
will be presented, involving mixes where the following character-
istics were varied, to cover a wide range of situations: (i) the
water-to-cement (w/c) ratio, (ii) the limestone filler content, and
the use of (iii) fly ash, (iv) silica fume and (v) metakaolin as partial
replacements of cement.

2. Theory and methods

2.1. The EMM-ARM

In the EMM-ARM the natural frequency of vibration of a com-
posite cantilever – formed by an acrylic tube filled with the paste
under testing (see Fig. 1) – is related to the E-modulus of the
cementitious material, using expressions well established in struc-
(a)

(b) (c)

Clamping section Accelerometer

Fig. 1. (a) Experimental setup in the measuring position for the EMM-AR
tural modal identification. Generally speaking, as an increase of the
E-modulus of the cementitious material enforces a concomitant
growth on the structural stiffness of the composite cantilever, the
flexural frequency of vibration of the latter rises during cement
hydration, whilst the suspension gradually evolves into an elastic
solid. During the suspension period the stiffness of the cementi-
tious material is negligible, although not its mass, but the method
still applies because the acrylic tube is stiff enough to allow fre-
quency measurements to be made on the cantilever. Along the
experiment the frequency identification is made via continuous
measurements of the vertical accelerations induced on the free
extremity of the cantilever by ambient vibration (associated to
wind or mechanical ventilation, traffic, working machinery, etc.),
made with a small accelerometer. So, the experiment is completely
autonomous and non-destructive, thus suitable to undertake the
continuous identification of the E-modulus of pastes since casting.

The natural frequency of the cantilever experiences a remark-
able increase upon formation of the percolated solid network at
the percolation threshold, which may be used to indicate the onset
of material structure formation and development of elastic proper-
ties. According to this proposal, identification of the percolation
threshold can be based on the natural frequency change observed
on the cantilever, and concomitantly on the related change on the
E-modulus of the cementitious material, identified by the EMM-
ARM.

The EMM-ARM methodology used for the present work has
been detailed elsewhere [32], so its description will be limited to
just essential aspects concerning the setup geometry, experimental
procedure and data acquisition and treatment. The overall geome-
try of the test setup is reproduced in Fig. 1: it consists of a 600 mm
long acrylic tube, with internal and external diameters of
/i = 16 mm and /e = 20 mm, into which the cement paste is cast.
The resulting beam (acrylic tube and cement paste) is then placed
horizontally and clamped with recourse to steel devices (see
Fig. 1b), forming a cantilever with a 450 mm free span (see
Fig. 1a). At the cantilever’s right extremity the acrylic tube lid is
prepared with a nut, onto which a lightweight accelerometer is
fixed, as shown in Fig. 1c and d. From the beginning of the casting
operations (undertaken with the acrylic tube standing upright,
filled through the left extremity shown in Fig. 1a), and until the on-
set of acceleration measurements with the composite cantilever
duly supported and placed horizontally, approximately 25 min
are spent.

The modal identification technique that is adopted to identify
the flexural frequency of vibration of the composite cantilever
belongs to a category known as ‘‘output-only’’ [35,36], and it
relies on the assumption that the vibrations of the environment
450 6
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M; (b) clamping section; (c) accelerometer detail; (d) free extremity.
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surrounding the tested beam (i.e., the ambient vibrations) occur on
average as a white noise, with a uniform energy content through-
out the range of frequencies of interest. In terms of accelerations
(e.g., along the vertical direction), the response of a structure under
this ambient loading has amplitude peaks in resonance with their
natural frequencies of vibration.

The overall process pursued to identify the first flexural reso-
nant frequency of the cantilever is outlined on the flow diagram
depicted in Fig. 2. The electric signal generated by the accelerom-
eter placed at the cantilever free extremity is amplified and contin-
uously fed into a data logger at a 200 Hz frequency (more than
twice the maximum expectable resonant frequency of the first
flexural mode of vibration), which in turn is stored in a computer
(after the transformation of the voltage into acceleration values).
The information is then cropped into packets of 15 min of duration,
each of them being handled separately in MATLAB to identify the
average resonant frequency of the beam in that period. Each data
packet is treated according to the Welch procedure [37]: (i) the
data packet is separated into sub-packets (each containing 4096
points), with 50% data overlapping; (ii) Hanning windows are ap-
plied to each sub-packet, and FFT (Fast Fourier Transform) algo-
rithms are used to obtain power spectra; (iii) the power spectra
of the sub-packets are then normalized and averaged, leading to
the averaged normalized power spectrum of each packet of
15 min duration. Three examples of the computed power spectra
are shown in Fig. 2 for the instants of t = 1.5 h, t = 10 h and
t = 36 h: it can be confirmed that during time the response peak
is shifting from lower to higher frequencies, as a consequence of
cement hydration. If all computed power spectra are put side-by-
side according to their time of occurrence, a meaningful colour
map may be obtained, in which the intensity of the signal is pro-
portional to a colour scale as shown in Fig. 2. Interpretation of such
a colour map is quite intuitive, and the continuous trend of evolu-
tion of the resonant frequency is clearly identified. By tracking the
peak frequency along time on the colour map, it is possible to plot
the resonant frequency of the cantilever along time, as also illus-
trated in Fig. 2.

The last step of application of the EMM-ARM consists in using
the dynamic equation of motion of the composite cantilever [38]:
a3½coshðaLÞcosðaLÞ�1�¼�w2M
EI
½cosðaLÞsinhðaLÞ�coshðaLÞsinðaLÞ�

with a¼
ffiffiffiffiffiffiffiffiffiffiffi
w2m

EI
4

r
ð1Þ
where w = 2p f (with f being the natural frequency of vibration), L is
the free span, m is the uniformly distributed mass (owing to the ac-
rylic tube and the mix), M is the concentrated mass at the free
extremity (owing to the accelerometer, nuts, bolts and closing lid
– see Fig. 1c and d), and E is the E-modulus and I is the second mo-
ment of area of the composite beam. Therefore, for each measured
frequency f it is possible to estimate the corresponding EI of the
composite cantilever, and given the fact that the E-modulus of ac-
rylic Ea is known, it is possible to obtain the E-modulus of the paste
Ep as
Ep ¼ EI
64
p/4

i

� Ea
/4

e � /4
i

/4
i

ð2Þ

The whole set of operations that has been described for modal
identification and E-modulus computation is imperceptible to the
final user, who rather easily gets the evolutive E-modulus curve
along cement hydration for each experiment.
2.2. Percolation theory

Another possibility to identify the fluid-to-solid transition in
cementitious pastes may be based on the percolation theory
[30,39]. At very early ages the hydrates around the cement grains
initiate the development of small clusters, which turn into bigger
ones with the consequent increase of the degree of connectivity.
Bentz and Garboczi [39], who developed a microstructural model
to describe the percolation or connectivity of the phases as a func-
tion of hydration, provided a detailed explanation concerning the
application of the percolation theory in the cement hydration con-
text. Defining by p the average degree of connectivity, the percola-
tion threshold pc is reached when the interconnected solid network
is fully developed throughout the whole material. Near the perco-
lation threshold the macroscopic conductance R follows a power
law [34] of the form

R ¼ Aðp� pcÞ
l ð3Þ

where A is a constant and l is the critical exponent of the percola-
tion problem.

Many other physical properties evolve along cement hydration
analogously to R, and Ep is one of them. In that case Eq. (3) may as-
sume the form

Ep ¼ E0ðp� pcÞ
l0 ð4Þ

where E0 and l0 are the material constants for the actual property.
Considering that the number of contacts between the clinker parti-
cles increases in time t according to a power law (as assumed in
[40]), in the neighbourhood of the critical time tc the evolution of
Ep may be expressed as a function of time according to

Ep ¼ E00ðt � tcÞl
0
0 ð5Þ

where E00 and l00 are material constants. By minimizing the sum of
square differences between the experimentally identified values of
Ep and the ones obtained analytically when different sets of E00, l00
and tc are tested in Eq. (5), the most suitable value of tc may finally
be determined.

2.3. Calorimetry

As the released heat during cement hydration is a physical
property related to the chemical reactions of cement-based mate-
rials [4,5,7,13,19], calorimetric measurements are sometimes used
to provide indications of the physical setting time [7–10]. In fact,
although from a material’s science perspective heat generation
and setting time are not strictly related, at the end of the dormant
period the increasing of hydration is so dramatic that in engineer-
ing practice the rate of change of the released heat is often used for
that purpose [5,11]. For the present research an isothermal con-
duction calorimeter (JAF60) was used, its measurements being
compared to the conclusions of EMM-ARM, as far as the percola-
tion threshold time identification is concerned. Further details
about this kind of equipment and its measuring principles can be
found in [41].

3. Experimental program

3.1. Materials and mix compositions

In the present research an experimental program was con-
ducted to determine the percolation threshold in pastes. The mate-
rials used for the mixes were obtained on the Portuguese market,
which included: CEM I 42.5R cement (c) according to EN 197-1
[42], limestone filler (f), fly ash (fa), silica fume (sf), metakaolin
(mtk) and distilled water (w). Seventeen mixes were prepared



Table 1
Mix compositions of the pastes used.

Mix Name c (g) f (g) fa (g) sf (g) mtk (g) w (g)

1 w/c = 0.30 320 96
2 w/c = 0.35 320 112
3 w/c = 0.40 320 128
4 w/c = 0.45 320 144
5 w/c = 0.50 320 160
6 f/c = 0.15 320 48 144
7 f/c = 0.30 320 96 144
8 f/c = 0.45 320 144 144
9 fa/b = 0.20 256 64 144
10 fa/b = 0.40 192 128 144
11 fa/b = 0.60 128 192 144
12 sf/b = 0.05 304 16 144
13 sf/b = 0.10 288 32 144
14 sf/b = 0.15 272 48 144
15 mtk/b = 0.05 304 16 144
16 mtk/b = 0.10 288 32 144
17 mtk/b = 0.15 272 48 144
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using 320 g of binder (b) in each, all other mix contents being
weighed according to the ratios specified in Table 1. Limestone
filler was considered solely as powder, whereas fly ash, silica fume
and metakaolin were considered as binders. Mix 4, with w/c = 0.45
and f/c = fa/b = sf/b = mtk/b = 0, should be considered the reference
one.

Mixes were prepared in plastic containers using a mixer with a
vertical paddle, according to the following procedure: (i) water was
added to the powders (which defines the measuring start time,
t = 0), (ii) mixing started at a speed of 500 rpm, extending for
3 min, (iii) mixing stopped for 2 min, and (iv) mixing resumed at
a speed of 2000 rpm for 2 min. All mixes were made twice, one
for the EMM-ARM test and other for the isothermal calorimeter.

3.2. Pouring and testing for the EMM-ARM

In regards to the preparation of the composite cantilever used in
the EMM-ARM tests, immediately after mixing the acrylic tube
(with one extremity closed with a ring and a bolt – see Fig. 1d)
Fig. 2. Schematic setup and data processing: (a) data readi
was used as a mould, and filled up with paste. Upon completion
of the filling, the tube was carefully vibrated to expel air bubbles,
and then hot glue (which cools down and hardens within seconds)
was used to close the other extremity of the mould. Approximately
20 min after ‘t = 0’ the acrylic tube filled with the paste was fixed at
the measuring position, and an accelerometer was screwed on the
free end of the cantilever. The first measurements of vertical accel-
erations started 25 min after ‘t = 0’; subsequent measurements
were performed continuously, at least up to the age of 12 h. The
tests were carried out inside a climatic chamber, with controlled
temperature at 20.0 ± 0.3 �C.

One sample per mix was tested, but to assess repeatability of
the EMM-ARM procedure mixes 4 and 7 were performed twice.
Similar E-modulus evolutions for each pair of mixes were found,
with the maximum difference obtained during the first 12 h being
under 0.3 GPa. In order to control maturity, the temperature was
measured inside the cement paste. As a result, it was observed that
the temperature did not vary more than ±1 �C (the maximum var-
iation took place for the mix 1), thus maturity corrections were
considered unnecessary.

3.3. Pouring and testing for the calorimetry

For characterization in the isothermal calorimeter, after mixing
each paste was poured inside a plastic bag, thereafter carefully
sealed through thermo-welding. All pastes were studied using
samples containing exactly 30 g of binder, with their total weights
satisfying the mix proportions indicated in Table 1. Two samples
were analyzed per mix, and the results presented in this paper cor-
respond to the average of each pair. The testing temperature was
constant, with a value of 20 �C throughout the whole experiment.
4. Test results and discussion

4.1. Resolution of the EMM-ARM

The EMM-ARM allows for the determination of the paste E-
moduli every 15 min, but due to the fact that the resolution of
ng, (b) power spectrum, and (c) E-modulus evolution.



Fig. 3. Resolution of the EMM-ARM on measurements of the paste E-modulus.

Fig. 4. Evolution curves for mixes with different ratios of: (a) w/c, (b) f/c (w/c = 0.45), (c)
power law fittings to the experimental results.
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the method is limited, the trend line that is obtained exhibits some
slight oscillations. Looking at Fig. 3, where the very early age out-
comes from the EMM-ARM are reported for two mixes, it is possi-
ble to observe that before setting the E-moduli are not exactly zero.
Thus, in order to investigate the ability of the EMM-ARM to de-
scribe the fluid-to-solid transition and to identify the percolation
threshold, the resolution of the method will be checked out first.

In regard to the E-moduli reported in Fig. 3 (note that similar
findings were obtained for the other mixes studied), it can be ob-
served that approximately 90% of the values fall within a range
of ±0.02 GPa relative to an average trend line, the latter defined
by fitting a six-degree polynomial. Thus, with a resolution
of ±0.02 GPa the EMM-ARM is not an appropriate technique to
study the viscosity evolution during the dormant period (as pro-
vided by rheometric methods) [20,43]. However, as the increase
of the E-modulus is so dramatic immediately after the fluid-to-so-
lid transition, the resolution of the EMM-ARM is considered
adequate enough to detect the percolation threshold.
fa/b (w/b = 0.45), (d) sf/b (w/b = 0.45) and (e) mtk/b (w/b = 0.45) – dotted lines are



Fig. 5. Evolution of the percolation threshold.
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4.2. Fluid-to-solid transition and identification of the percolation
threshold

The E-moduli evolutions assessed through the EMM-ARM up to
the age of 12 h are documented in Fig. 4 (note that w/c = 0.45, f/
c = 0, fa/b = 0, sf/b = 0 and mtk/b = 0 are equivalent indications for
the reference mix). Furthermore, the power laws fitted to the
EMM-ARM results (as explained in Section 2.2) are also plotted
in Fig. 4 as dotted lines, to allow identification of the percolation
thresholds by calculating the critical times. Note that information
available in the literature [30,34] does not define the extent of data
that shall be considered near the percolation threshold. Upon anal-
ysis of several scenarios for this paper, values of Ep ranging within
the interval 0.1-2.0 GPa were considered near the percolation
threshold.

In the same graphs of Fig. 4 the rates of released heat of hydra-
tion obtained from isothermal calorimetry are reproduced as well
(search for the curves crossed by the arrows pointing rightwards).
In Fig. 4 over each curve concerning the rate of released heat of
hydration a coloured square has been added, which corresponds
to the instant at which the percolation threshold is identified for
the same mix through the EMM-ARM data combined with the ad-
justed power law. This can help the assessment of possible rela-
tionships between rate of heat development and the percolation
threshold.

Concerning the power laws proposed by the percolation theory,
in Fig. 4 one observes that they describe appropriately the E-mod-
ulus evolution immediately after setting. Then, extending the
power laws up to the axis of abscissas, the critical time is deter-
mined and used as the percolation threshold.

Analyzing Fig. 4 one can see that, as expected, the percolation
threshold occurs always during the accelerating period of the
hydration heat release [5,43]. In fact, after the end of the dormant
period some hydration has to take place to provide the minimum
solid assemblage required for the percolation threshold. Moreover,
as previously mentioned by Dehadrai et al. [5], it is also observed
that the percolation threshold does not correspond to any specific
point on the rate of released heat of hydration curves.

In order to compare the obtained percolation thresholds de-
tected in Fig. 4 with findings previously reported in the literature,
Fig. 5 clarifies tendencies associated to mix compositions. For the
set of mixes with different w/c ratios, Fig. 5 shows noticeably that
the percolation threshold increases with the w/c, which actually
corresponds to the growth of the clinker dilution effect. Moreover,
Fig. 4a emphasises the strong influence of the w/c ratio on the
evolution of the cement hydration: the greater the w/c, the lower
the rate of increase of the E-modulus. Performing tests with ultra-
sonic methods several researchers [20,21,24,28–30] reported this
tendency as well.
Well-defined tendencies are observed as well in Fig. 5 for the set
of mixes containing limestone filler, with a clear reduction of the
critical time as f/c increases. In Fig. 4b it was also observed that
increasing f/c enhances the E-modulus and the early-age heat of
hydration evolutions. These tendencies are explained by the short-
ening of the dormant period and the solid assemblage enhance-
ment induced by the limestone filler, reported also in [44,45].

For the mixes where cement is partially replaced by additions,
the effects of pozzolanic activity and of clinker dilution control
the hydration [46,47]. According to the results reported in Fig. 4c
and Fig. 5, the fly ash not only delays initiation of the E-modulus
development, but also strongly lowers its evolution rate. Due to
the effect of clinker dilution, similar tendencies are observed con-
cerning the released heat of hydration. These findings are in agree-
ment with the results reported in [48], where heat production rates
and ultrasonic wave transmission measurements were compared
in mortars with several fly ash contents.

As far as the silica fume addition is concerned, the dilution ef-
fect on the released heat of hydration is dominant on the results
of Fig. 4d. This is similar to what is reported in [47], but different
from results in [46,49] wherein the pozzolanic effect is dominant
(probably due to different physical or chemical properties of the
silica fume used). For the E-modulus evolution the percolation
threshold is almost insensitive to the variations on the sf/b ratio
(see Fig. 5), and in Fig. 4d one observes that after setting the higher
E-modulus development occurs for sf/b = 0.05 (the lowest
replacement).

Fig. 4e reports the influence of partial replacement of cement by
metakaolin. No clear tendency is seen in terms of the released heat
of hydration when mtk/b is changed. Snelson et al. [50] carried out
calorimetric studies with metakaolin, and also reported findings
without well-defined tendencies. Concerning the E-modulus evo-
lution, Fig. 4e puts into evidence that it experiences a growth rate
increase as the mtk/b ratios rises. Moreover, according to Fig. 5 it is
observed that solely for the highest metakaolin content (mtk/
b = 0.15) the percolation threshold time is significantly reduced.
5. Conclusions

In this paper the fluid-to-solid transition of several pastes dur-
ing hydration was continuously monitored through measurements
of the E-modulus, assessed by using a recent experimental method
termed EMM-ARM. This method basically consists of monitoring
the evolution of the first natural frequency of a small composite
cantilever, formed by an acrylic cylindrical tube filled with the
cementitious material under testing. At early ages the E-modulus
evolution curve can be fitted by a power law, which allows the
determination of the percolation threshold. The fluid-to-solid tran-
sition of 17 mixes was described by the EMM-ARM with an accu-
racy of ca. ±0.02 GPa.

The released heat of hydration was evaluated as well via an iso-
thermal conduction calorimeter, to monitor the hydration reaction
during the transition from fluid to solid. It was observed, as ex-
pected, that the percolation threshold occurs during the accelerat-
ing period of the rate of the released heat of hydration curve, and it
does not coincide with any specific feature of this curve.

The EMM-ARM has sensibility to detect the percolation
threshold variations due to paste composition changes, as well as
to monitor the E-modulus evolution after the percolation
threshold. Well-defined and consistent tendencies were observed
for the studied mixes. The percolation threshold time increases
with the w/c ratio and with the cement replacement by fly ash,
and decreases when increasing the limestone filler content and
decreasing the cement substitution by metakaolin. The EMM-ARM
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showed also that the percolation threshold time remains practically
unchanged when cement is replaced by silica fume.
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