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Models for early age E-modulus evolution of cement pastes are available in the literature, but their validation is
limited. This paper provides correlated measurements of early age evolution of E-modulus and hydration of
pastes from five commercial cements differing in limestone content. A recently developed methodology allowed
continuous monitoring of E-modulus from the time of casting. The methodology is a variant of classic resonant
frequency methods, which are based on determination of the first resonant frequency of a composite beam con-
taining the material. The hydration kinetics — and thus the rate of formation of solids — was determined using
chemical shrinkage measurements. For the cements studied similar relationships between E-modulus and chem-
ical shrinkage were observed for comparable water-to-binder ratio. For commercial cements it is suggested to
model the E-modulus evolution based on the amount of binder reacted, instead of the degree of hydration.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Early age cracking of cement-based materials is a major problem
associated with cement hydration. The cracking is caused by the devel-
opment of stresses due to restrained autogenous and thermal deforma-
tions developed after the transition from fluid-to-solid [1-3]. The stress
development is directly related to the E-modulus, which evolves faster
than the strength at early ages [4]. Therefore, among others, knowledge
on the E-modulus evolution is central for accurate sustained stress pre-
dictions and corresponding cracking risk evaluation.

The E-modulus evolution of cement-based materials is related to the
growth of solid volume and the degree of connectivity of the solids. The
E-modulus evolution is therefore usually described as a function of the
degree of hydration. Several authors [5-11] have proposed microstruc-
tural models to predict and explain the E-modulus and the Poisson's
ratio evolutions as a function of the degree of hydration. Mostly, for pre-
diction of E-modulus, models use a lattice-based approach [12], i.e. it is
assumed that a specific volume of study is represented by a set of vox-
els, each of which may contain: (i) empty or water filled pore, (ii) anhy-
drous cement or (iii) hydrated cement. The elastic properties are thus
calculated based on the elastic properties [13-15] of each individual
voxel and its degree of interconnectivity. The predictions are affected
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by several modelling parameters [5], such as: the resolution, the mesh
type or isolated clusters. Even though these issues may have a high im-
pact on the accuracy of the E-modulus prediction, the referred models
provide insights for the explanation of the influence of the constituent
materials and mix compositions on the evolution of elastic properties
(for instance: the water-to-binder ratio and the particle size distribu-
tion of the binder).

For assessment of models and modelling parameters, authors [5-11]
faced validation problems because it is difficult to measure the E-
modulus, especially at very early ages while the material's strength
and stiffness is still small. In fact, up to this date, only few experimental
studies of E-modulus evolution of cement-based pastes can be found in
the literature [5,7,16-18]. Among them, solely Boumiz [16] reported
continuous E-modulus measurements as a function of the degree of
hydration. Consequently, his findings are being used as the main exper-
imental source for model validation of the numerical methods men-
tioned above.

When using Boumiz's results [ 16] for model validation, one should
be aware that: the studies were carried out on pastes made from C3S
and white Portland cement (which are different from the most com-
monly used commercial cements owing to the existence of different
clinker phases and the incorporation of additions); and that the elas-
tic properties were estimated using ultrasonic compressional and
shear waves (which might lead to values rather close to the dynamic
E-modulus [19]). Besides, if researchers intend to carry out ultrasonic
tests to validate their models, they have to face problems related to:
(i) material inhomogeneity because compressional waves do not
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propagate properly through plastic pastes not de-aired [20], and (ii)
shear waves do not propagate in fluid mediums and consequently
the velocity of the first shear wave can only be measured after setting
has already occurred [16].

Paste E-modulus can be continuously measured from the time of
casting by the ‘Elasticity Modulus Monitoring through Ambient Re-
sponse Method’ (EMM-ARM) [21]. This method, which was initially de-
veloped for concrete by Azenha et al. [22], is based on measurement of
the natural frequency of an isostatic composite beam filled with the ma-
terial to be tested. The EMM-ARM was used by Maia et al. [18] to study
the influence of several additions (limestone, fly ash, silica fume and
metakaolin) on the E-modulus evolution of cementitious pastes. How-
ever, the determination of E-modulus evolution through the EMM-
ARM lacks of comparison to other experimental techniques. Further-
more, the E-modulus values reported in Ref. [18] are much lower than
those reported by Boumiz [16], obtained through ultrasonic testing.

The overall purpose of this paper is to contribute to the description
and understanding of the early age E-modulus evolution in pastes
made from commercial cements. The E-modulus evolution was deter-
mined by the EMM-ARM. At first, continuous measurements of E-
modulus obtained using the EMM-ARM are compared to results from
quasi-static tests in order to check the suitability of the EMM-ARM for
measurement of E-modulus of cement pastes (and thus for validation
of micromechanical models). The E-modulus evolution is compared to
the hydration kinetics (and thus the formation of solids), of pastes hav-
ing different w/c ratios and/or limestone filler content. The hydration
kinetics was assessed by chemical shrinkage. The effect of limestone
filler incorporated in the commercial cements is evaluated and the ap-
plicability of a corrected w/b ratio (according to the amount of lime-
stone filler that will not react [23]) to describe solid formation is
demonstrated.

2. Materials and methods

The E-modulus evolution was measured for seven pastes using the
EMM-ARM and hydration kinetics was determined from chemical
shrinkage measurements. A two stage experimental program was un-
dertaken: (i) pastes with w/c 0.40, 0.45 and 0.50 from the same ce-
ment; and (ii) pastes with w/c=0.45 from four other cements
incorporating different limestone filler contents. The percolation the-
ory was applied on E-modulus values in order to detect the transition
from fluid-to-solid. Quasi-static tests and ultrasonic compressional
waves were carried out for some pastes in order to allow comparison
between methods.

2.1. Materials, mixing, casting and curing

All cement pastes were prepared from commercial cements that
are currently available on the Portuguese market. The cements CEM
[ 52.5R, CEM I 42.5R, CEM II/A-L 42.5R, CEM II/B-L 32.5N and CEM II/
B-L 32.5R (white), according to EN 197-1 [24], were used. Table 1 pre-
sents their compositions and properties (based on information pro-
vided by the cement producer — average analyses of the month
from which the cement used was produced); the Bogue composition
was calculated according to Ref. [25] and the maximum chemical
shrinkage according to Ref. [26].

The cements were mixed with distilled water to give w/c=0.45 as
a compromise between limited bleeding [27] and sufficiently high w/
c ratio to ensure adequate connectivity in the pore structure to facil-
itate chemical shrinkage measurements [28]. Pastes with w/c=0.40
and w/c=0.50 were also prepared from cement CEM I 42.5R. All
cement pastes were made twice: (i) once for the EMM-ARM using
320 g of cement, and (ii) once for the chemical shrinkage tests using
160 g of cement.

All tests were performed at 20 °C and carried out for at least 168 h.
The temperature inside the samples for the EMM-ARM was measured;

Table 1
Components, Bogue composition and other cement characteristics. Percentages are
with respect to mass; Vy, is the calculated chemical shrinkage at full hydration [26].

Cement CEMI CEMI CEMII/A-L CEMII/B-L CEM II/B-L
52.5R  425R  425R 32.5N 32.5R white
Loss of ignition [%] 1.6 3 53 10.33 12.45
Insoluble residue [%] 0.9 1.1 1 2.5 0.42
Silicon Oxide [%] 2016  19.82 1856 18.02 17.6
Aluminate Oxide [%] 435 4.22 4.16 3.86 2.38
Iron Oxide [%] 348 34 322 2.52 0.17
Calcium Oxide [%] 6297 6266 62.02 59.7 64.58
Magnesium oxide [%]  2.33 221 2.09 1.79 0.5
Sulphates [%] 34 347 335 2.61 248
Potassium oxide [%] - - - - -
Sodium oxide [%] - - - - -
Chlorides [%] 0.03 0.03 0.03 0.0162 0.0195
Free lime [%] 137 1.28 1.29 0.88 33
N/D (no dosed) [%] 1.75 1.52 1.45 - -
C5S [%] 54 50 52 35 57
CS [%] 17 19 14 26 8
C3A [%] 6 5 6 6 6
C4AF [%] 11 10 10 8 0.5
Limestone filler [%] 0.0 4.5 9.2 22.7 26.2
Gypsum [%] 6.7 52 5.6 4.2 41
Blaine [cm?/g] 4914 4112 4494 4433 5019
Specific gravity [g/cm®] 3.14 3.12 3.09 3.06 2.98
Vpor [ml/g of cement]  0.0626 0.0609 0.0585 0.0534 0.0506

the maximum temperature increase in regard to room temperature was
lower than 0.5 °C and temperature effects were therefore neglected.

Mixing of samples for determination of E-modulus by the EMM-
ARM and of samples for measurement of chemical shrinkage was per-
formed in plastic containers using a mixer with a vertical paddle
according to the following procedure: (i) add water to powders (in-
stant defined as ‘t=0’); (ii) start mixing at 500 rpm and mix for
3 min; (iii) stop mixing for 2 min; (iv) resume mixing at 2000 rpm
for 2 min. All samples for E-modulus measurement were cured
sealed.

Samples for E-modulus measurements by quasi-static tests, were
prepared from pastes of the following compositions: (i) CEM I 42.5R —
w/c=0.40, (ii) CEM I 52.5R — w/c=0.45, and (iii) CEM II/B-L 32.5R
(white) — w/c=0.45 (paste compositions were chosen to avoid bleed-
ing problems [27]). Pastes for quasi-static test were prepared following
a procedure close to the norm EN 196-1 [29], with the following minor
changes: (i) batches were prepared using 2200 g of cement; (ii) mixing
was started and continued for 3 min at ‘low speed’ (defined in Ref. [29]);
(iii) mixing was then stopped during 2 min; (iv) mixing was resumed for
2 min at ‘high speed’ (defined in Ref. [29]); (v) samples were kept
moulded inside a climatic chamber at T=20 °C and RH=50% up to
the onset of testing. However, it was noted that owing to sample dimen-
sions (4x4x 16 cm?), the temperature inside the samples increased by
several degrees Celsius (the maximum was 8 °C for the paste CEM I
52.5R). Therefore, the temperature was automatically measured every
minute approximately at the centre of samples in order to allow the ap-
plicability of maturity corrections. Such corrections, in this research
paper, were performed by employing the expression B.10 in the Eurocode
2[30]. For instance, at the age of 24 h the temperature adjusted ages were
28.7, 29.5 and 26.7 h and at the age of 168 h were 175.2, 179.15 and
174.6 h, for pastes made from CEM I 42.5R — w/c=0.40, CEM I 52.5R -
w/c=0.45 and CEM II/B-L 32.5R (white) — w/c=0.45, respectively.

2.1.1. Mix compositions

According to Lothenbach et al. [23], limestone filler in excess ap-
proximately 5% of the amount of cement can be considered inert. A
more detailed explanation is given in Section 3.5.
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In the present work, the cements CEM II/A-L 42.5R, CEM II/B-L
32.5N and CEM II/B-L 32.5R (white) contain more than 5% of lime-
stone (see Table 1). The part of the cement that is able to react is
given by Eq. (1):
b= (c—f)/0.95 (1)
where b is the amount of binder, ¢ is the amount of cement and f the
amount of limestone filler. Note that the following terminology is
used in this present paper:

- ‘cement’ (c) is all the material that is supplied by the cement pro-
ducer (commercial cement), i.e. the total powder supplied inside a
bag (clinker, gypsum, limestone filler and so on);

‘limestone filler’ (f) is the amount of filler per weight of cement,
given by the cement producer — see Table 1;

‘binder’ (b) is the part of cement that is able to react, given by the
Eq. (1);

‘w/c’ is the water-to-cement ratio on mass basis;

‘(w/c),’ is the water-to-cement ratio on volume basis;

‘w/b’ is water-to-binder ratio on mass basis;

‘(w/b),’ is water-to-binder ratio on volume basis;

‘cvy’ and ‘byy’ are, in percentage, the initial volume of cement and
volume of binder in the paste, respectively.

In order to take into account the combined effect of the w/c ratio
and the presence of limestone filler, the w/b ratios were calculated,
see Table 2. To calculate the (w/b),, at first, the specific gravity of
the binder p, was calculated by the Eq. (2).

2)

where p. is the specific mass of the cement (given in Table 1) and pris
the specific gravity of the limestone filler (in this work p=2.70 g/cm?
was considered).

2.2. Measurement of the E-modulus using the EMM-ARM

Several tests can be used to assess the E-modulus evolution of
concrete through compressive load cycles, and various standards
deal with this issue: ASTM C 469 [31] and ISO 1920-10 [32], among
others. However, owing to their basic concept, these tests require
that the sample is demoulded before testing, thus implying that the
material has already developed some resistance. For a thorough de-
scription of the E-modulus evolution since the fluid-to-solid transi-
tion, methods that allow measurements from the time when casting
is finished (while the resistance is null) are required. The rheometric
methods are appropriate to describe the E-modulus evolution before
setting [17,20,33,34], but soon after the material becomes solid they
cannot be applied. In contrast, when methods based on wave propa-
gation are used, the evolution at very early ages is not so clear. None-
theless, the latter methods have a high range of applicability, being
able to provide continuous measurements both on fluid and on hard-
ened materials [35-37]. In the last few years, the ultrasonic methods
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have been extensively applied [16,20,36-41] to assess cement-based
elastic and mechanical properties. However, as reported in Section 1
the ultrasonic methods face problems at very early ages related to
propagation into fluid mediums and mediums containing air voids
[16,20].

The EMM-ARM method is a variant of the standard resonant fre-
quency methods [42] for continuous evaluation of E-modulus evolu-
tion of concretes, which has recently been proposed by Azenha et
al. [22]. Through the continuous monitoring of the evolution of reso-
nant frequency of a composite beam, filled with the material to test,
this method allows the continuous estimation of the evolving E-
modulus since casting, without any human intervention throughout
its course of evolution. Based on the confidence gained by the ob-
served coherence in regard to the E-modulus evolution assessed
through the EMM-ARM and estimated through compressive cyclic
tests in concrete cylinders, a lighter device was also developed for
the study of pastes [21]. The validation of the results of EMM-ARM
devised for cement pastes has been made against the results obtained
with P-wave propagation since very early ages, with good coherences
being obtained [43]. In view of the ability of this method to provide
continuous measurements of E-modulus immediately after casting
and onwards, the research reported in this paper encompasses the
use of the lighter device of the EMM-ARM devised for pastes.

A brief outline of the overall test principle for the study of pastes is
presented herein (for detailed information, see [21,22,44]) and sup-
ported by the photo in Fig. 1 that depicts a sample during a test,
and by the scheme in Fig. 2, where the data processing flowchart is
shown. Firstly, the paste to be studied is cast inside an acrylic tube,
which is used as a mould. Then, after closing both extremities, a con-
nection fastening device is attached to one of them, and the entire
system is fixed and clamped through it, ensuring the structural be-
haviour of a horizontal composite cantilever beam. An accelerometer
(with mass of 0.7 g and a sensitivity of 10 mV/g — ‘g’ is here the accel-
eration due to gravity) is placed at the opposite extremity of the can-
tilever (the free end), in order to monitor accelerations in the vertical
direction induced just by ambient excitation. This ambient excitation
corresponds to the vibrations that naturally occur in the vicinity of
the experiment (for instance: people talking/walking; machinery; ve-
hicles passing nearby the building; room ventilation). In this experi-
mental program, the ambient excitation level was increased by
placing a fan blowing air to the test specimen. The experiment can
start as soon as all the parts are correctly placed, which usually occurs
within ~20 min after mixing the cementitious material. In regard to
data processing, schematized in Fig. 2, a brief description of the over-
all set of operations conducted to obtain the E-modulus curve is pre-
sented. The measured accelerations are acquired in a 24-bit data
logger at a frequency of 200 Hz, and divided in sets of 5 min, each of
which is treated according to the Welch procedure [45]. As a result,
it is possible to obtain an averaged power spectrum of the response
of the composite beam for each 5-minute interval, where the peak
frequency response corresponds to the resonant frequency of the
beam in such a time interval. By plotting all obtained power spectra
side-by-side, and observing the resulting surface from above (with
colours proportional to the intensity of the spectra), it is possible to

Table 2

Mix composition (see text for explanation of symbols).
Mix Cement c w w/c (w/c)y Cyx b Pb w/b (w/b)y by

[g] [g] (-] [-] [%] (2] [g/cm’] [-] [-] [%]

1 CEM 1 42.5R 160.00 64.00 0.40 1.25 44.48 160.00 3.12 0.40 1.25 44.48
2 CEM I 42.5R 160.00 72.00 0.45 1.40 41.60 160.00 3.12 0.45 1.40 41.60
3 CEM 1 42.5R 160.00 80.00 0.50 1.56 39.06 160.00 3.12 0.50 1.56 39.06
4 CEM I 52.5R 160.00 72.00 0.45 141 41.44 160.00 3.14 0.45 141 41.44
5 CEM II/A-L 42.5R 160.00 72.00 0.45 1.39 41.83 158.74 3.09 0.47 1.40 41.50
6 CEM II/B-L 32.5N 160.00 72.00 0.45 1.38 42.07 144.98 3.10 0.55 1.54 37.57
7 CEM II/B-L 32.5R (white) 160.00 72.00 0.45 134 42.72 140.82 3.02 0.58 1.55 37.10
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Fig. 1. Composite cantilever beam during testing.

draw the colour map shown in Fig. 2, which in turn allows tracing the
evolution of the 1st resonant frequency (f) of the beam through time
(t). Based on the f-t plot and the analytical equations of motion of the
beam, it is possible to directly correlate the resonant frequency with
the E-modulus of the tested material, thus obtaining the E-t curve,
which is the final outcome of the experiment. It should be remarked
that previous experiments [46] allowed observing that the levels of
damping of the composite beam always remain under 5% (even at
very early ages), thus allowing the simplification of considering that
the damped resonant frequency is equivalent to the undamped reso-
nant frequency (error under 0.2%) [47].

The frequency identification procedures and E-modulus estima-
tion equations for the cement paste were implemented in a
MATLAB algorithm. So, the whole set of operations is imperceptible
to the final user, who receives the E. — t evolutive curve along cement
hydration for each experiment directly in real-time. Nevertheless,
probably owing to inaccuracies in geometry or in weight, this E. —t
curve usually provides non-zero values at the beginning of the exper-
iment (E. lower than 0.3 GPa for all mixes). Consequently E.—t

Signal amplifier 10x

Data logger 24-bit

Computer

Packets of 5 minutes at 200 Hz

931

curves not starting at E. =0 GPa were shifted to satisfy such a condi-
tion at the beginning of the experiment. With regard to the resolution
of E-modulus values using EMM-ARM, Maia et al. [48] reported a
resolution of 4-0.02 GPa for pastes, independently of the paste
maturity.

2.3. Evaluation of the E-modulus through quasi-static tests and P-wave
velocity measurements

The determination of E-modulus evolution using the EMM-ARM was
successfully checked by quasi-static tests (applying loading/unloading
compression cycles) on concrete [22], but it lacks comparisons for pastes.
In fact, there is limited information concerning the determination of the
quasi-static E-modulus of cement pastes. In the present work, quasi-
static tests are performed based on the experiments reported by
Chamrova [5]. Summarily, samples (40x40x 160 mm?) of cement
paste were made following a protocol close to the one proposed in
EN196-1 [29]. Three compression cycles of loading/unloading (be-
tween 1 kN and 1/3 of the sample's compressive strength) are ap-
plied. Sample deformation is externally measured with four linear
variable displacement transducers. The duration of the whole test
is about 180 s (loading rate was adjusted according to the value
obtained for 1/3 of compressive strength). The E-modulus was deter-
mined using the last unloading part of the last cycle.

In addition, using ultrasonic compressional waves, the velocity of
the P-waves was measured along the maximum dimension of the
same samples immediately after the end of each quasi-static test
was finished. A ‘TICO ultrasonic testing instrument’ was used, having

Power spectrum for all packets of 5 minutes
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s oL
,,‘,°° 1.5h -
S 7 =
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Fig. 2. Schematic set-up and data processing.
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transducers with diameters of 40 mm and applying waves with
54 kHz frequency.

2.4. The percolation threshold through the percolation theory

The detection of the E-modulus initiation, which corresponds to
the transition from fluid-to-solid, is important for the prediction of
the E-modulus evolution. The transition from fluid-to-solid can math-
ematically be determined through the use of the percolation theory —
a theory dealing with the degree of connectivity of disordered matter
[11,49].

Assuming that at very early ages, the disordered hydrates around
the cement grains initiate the development of small clusters, which
start bridging with each other, thus forming larger clusters and in-
creasing the overall degree of connectivity. This increasing connectiv-
ity eventually reaches a threshold (termed ‘percolation threshold’)
that changes the overall behaviour of the mix from the state of a sus-
pension of cement grains to a state of a solid material [49]. Naming p a
parameter that defines the average degree of connectivity, and p. as
the percolation threshold, Gennes [50] stated that near the percola-
tion threshold, the E-modulus E. (and many physical properties) fol-
lows a power law:

E.=Eo (p—po)* 3)

where Ej is a constant and |l is the critical exponent for the property.
Considering that the number of contacts between the solids increases
as a power law function of time (t) (as assumed in Ref. [51]), in the
neighbourhood of the critical time (t.), the E-modulus paste evolu-
tion can be obtained by Eq. (4):

E. = Eq (t—t.)* 4)

where Eg and iy are constants. The critical time (as well as Eg and tip)
can be determined by fitting Eq. (4) to the E-modulus values (for in-
stance, obtained by the EMM-ARM) by minimizing the sum of
squared residuals. However, the literature [11,16,50,51] does not
clearly state what is the ‘neighbourhood’ of the critical time. Thus,
several scenarios were studied and, as a result, the ‘neighbourhood’
of the critical time was defined by all the E-modulus values obtained
in the range 0.10-2.0 GPa.

2.5. Hydration kinetics and degree of hydration

The degree of hydration « is defined by the ratio between the
amount of cement reacted and the initial amount of cement. Although
several methods have been used to measure hydration [52], none
completely details the hydration process [53], nor is it possible to
make continuous and direct assessments of the amount of cement
that has already reacted. Therefore, when continuous measurements
are required and accuracy is not crucial, indirect methods are chosen.
These indirect methods are based on measuring the evolution of a
property which is assumed to be proportional to the degree of hydra-
tion. Subsequently, the degree of hydration is approximated by the
ratio between the value of the property P at the age t and the maxi-
mum potential value of that property Py, upon complete hydration
of the mineral clinker components (=1) — see Eq. (5).

aft) = (5)

Considering the necessity to continuously describe the hydration
process, we performed such measurements using chemical shrinkage.
Chemical shrinkage is the volume reduction taking place during hy-
dration of the cement plus water system. Even though it is directly re-
lated to the hydration reaction, one should be aware that: (i) at early

ages, the chemical shrinkage evolution may be remarkably higher
than the actual hydration rate due to the dissolutions [54], and (ii)
for later ages, the accurate measurement of this property depends
on the unhindered suction of water into the solidifying cement
paste [55,56]. The maximum sample heights providing unhindered
water transport during the measuring period were initially deter-
mined for the various paste compositions. In this study, the chemical
shrinkage was measured by gravimetry following similar protocols
used by Geiker and Knudsen [28]. The change in buoyancy of a sample
with excess water on top and submerged in oil was measured. Two
samples (height: 10 mm, sample diameter: 22 mm) per mix (the
highest difference between samples was found to be 1.4% — thus,
henceforth, average results are used) were continuously weighed
from 20 min after water and cement were joined and up to the age
of 168 h.

3. Results and discussion

Results of the E-modulus evolutions measured by the EMM-ARM
for pastes made with commercial cements cured at 20 °C are pre-
sented and discussed in this section. However, initially the E-
modulus values obtained through the EMM-ARM and quasi-static
measurements are compared.

3.1. Comparison between methods to measure the E-modulus, and
impact of w/c ratio and type of cement

Paste E-modulus findings previously reported in the literature,
assessed either by the EMM-ARM [18,21] or ultrasonic methods [16]
lack verification using quasi-static compression tests [19,57] (note
that the evaluation of E-modulus in pastes by quasi-static tests is
not standardized).

Initially, the relationship between the E-modulus evolution mea-
sured in prismatic samples 4x4x 16 cm® by quasi-static tests and
the corresponding P-wave velocity of the sample was checked. The
pulse velocity V of the P-waves of the material is related to its elastic
properties and density according to the Eq. (6).

[ Ei—w
Y=\ w2 (6)

where p is the dynamic Poisson's ratio, E is the dynamic modulus of
elasticity, and p is the density [19]. Thus, assuming constant the dy-
namic Poisson's ratio (which is suitable due to the hydration already
occurred when measurements were taken [16]), then the E-modulus
vary linearly with square values of P-wave velocity.
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Fig. 3. Relationship between the E-modulus measured by quasi-static test and the
square values of P-wave velocity of ultrasonic tests.
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Fig. 3 reports the relationship between the E-modulus values
obtained by quasi-static tests and the square values of P-wave veloc-
ity for the mixes made with: (i) CEM I 42.5R, w/c=0.40; (ii) CEM I
52.5R, w/c=0.45; and (iii) CEM II/B-L 32.5R (white), w/c=0.45. As
can be seen, it was obtained a near linear relationship between the
E-modulus and square of values of the P-wave velocity (which is re-
lated to the dynamic E-modulus). Seeing that both properties follow
the relationship proposed in the literature [19], one might consider
that the methodology used is correctly assessing the paste E-
modulus.

The E-modulus evolutions determined by the EMM-ARM are pre-
sented in Fig. 4. For comparison, the E-modulus evolutions measured
by quasi-static tests are also given in Fig. 4 (note that the ‘Time’ for
quasi-static results is expressed according to the sample temperature
adjusted age to take into account maturity corrections due to the
sample temperature evolution — see Section 2.1). Comparing results
of the E-modulus evolution measured by different methods, one ob-
serves, that the results obtained by the quasi-static method are most-
ly higher (up to ~20% higher) than the results from the EMM-ARM.
Seeing that the difference between the methods tends to increase at
later ages, a possible explanation might be the velocity of loading dur-
ing the quasi-static tests (at later ages, owing to high strength, the ve-
locity is higher in order to complete the entire test within ~3 min —
see Section 2.3). Nevertheless, even though these two methods do
not provide the same values, the trend is comparable. Therefore, we
consider that the EMM-ARM can be used to monitor the E-modulus
evolution of cement pastes.

For pastes with lower wy/c ratio, the E-modulus is higher and starts
to evolve earlier than for pastes with higher w/c ratio (see Fig. 4a and
Table 3). This is in agreement with the literature [7,16-18,38,41,48]
and the explanation is related to the initial porosity of the pastes.
Being aware that the initial volume of solids varies from 39.1% to
44.5% (see Table 2) when the w/c varies from 0.40 to 0.50, then

a
14 -{==CEM 142 5R, w/c=0.40/ * ¥
—CEM 142.5R, w/c=0.45 ,} +
1277....CEM 1 42.5R, w/c=0.50| %
x Static, w/c=0.40 -

E-modulus (GPa)
(o]

: ,..Y.Ym . . 100
Time (h)

14 - /—CEM1525R
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12 —CEM IVA-L 425R
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2 877 static, CEMI/B-L 325R |
g6
g o
= i
N
2 1
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Fig. 4. E-modulus evolution (logarithmic scale) measured through the EMM-ARM and
the quasi-static method for: a) pastes with distinct w/c ratios using CEM I 42.5R, and b)
pastes with distinct types of cements with w/c=0.45.

Table 3
Percolation threshold by critical time [h] and critical degree of hydration (starting from
one hour).

Cement w/c  Eo te Ho TR

CEM I 52.5R 0.45 0.137 3.85 1.466 0.056 0.036
CEM [ 42.5R 0.45 0.192 3.11 1.320 0.095 0.027
CEM II/A-L 42.5R 0.45 0.091 3.02 1.542 0.019 0.024
CEM II/B-L 32.5N 0.45 0.156 3.23 1.091 0.061 0.028

CEM II/B-L 32.5R (white) 0.45 0.067 3.25 1.340 0.053 0.021
CEM I 42.5R 0.40 0.221 2.80 1.323 0.049 0.026
CEM I 42.5R 0.50 0.226 3.94 1.132 0.041 0.031

distinct distances between solid grains require different levels of hy-
dration to reach a specific E-modulus value.

For pastes from different cement types, the paste from CEM [ 42.5R
showed the highest early rate of E-modulus evolution (Fig. 4b). Al-
though these pastes have quite similar initial volumes of solids per
volume unit of paste (the volume of solids ranges from 41.4% to
42.7% — see Table 2), pastes showed marked different E-modulus
evolutions (the reason of the difference will be discussed in detail af-
terwards in the Section 3.5).

3.2. Hydration kinetics by chemical shrinkage evolution

The hydration evolutions measured as chemical shrinkage devel-
opment are given in Fig. 5 for all the studied mixes. The results are
later used to determine the degree of hydration (after being divided
by the corresponding Vqy, as referred in Section 2.5).

Due to time needed for mixing, casting and temperature equilibri-
um [28], measurements were zeroed at the age of 1.0 h (likewise for
several other authors [16,41,58,59]). As C-S-H is the most vital hy-
dration product for cohesion and enhancement of mechanical proper-
ties [5], and mostly dissolution takes place during the first hour after
mixing [53], it is considered acceptable to neglect the first hour of
chemical shrinkage results.

From Fig. 5, one can generally infer that the chemical shrinkage
variation between mixes is related to the amount of reacting binder
in the different cements. For mixes with CEM I 42.5R varying in w/c
ratios, it can be observed that at later ages the chemical shrinkage is
lower for the mix with w/c=0.40. According to Geiker [55] this
may be due to lack of pore connectivity in the mix with the lowest
wy/c ratio, but space limitations may be also the reason.

3.3. Percolation threshold
The evolution of resonant frequency measured by EMM-ARM and

the hydration kinetics measured as chemical shrinkage rate are pre-
sented in Fig. 6. The figure covers data up to the age of 12 h for pastes
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Fig. 5. Chemical shrinkage evolution per gram of cement (logarithmic scale).
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Fig. 6. Evolution of the resonant frequency with the hydration rate assessed by chem-

ical shrinkage for cement pastes with w/c =0.45 performed with: a) CEM I 52.5R and
b) CEM I 42.5R.

made from the cements type [ with w/c=0.45 (CEM I 52.5R in Fig. 6a
and CEM [ 42.5R in Fig. 6b). In addition, vertical lines corresponding to
the critical times — determined by adjusting a power law (Eq. (4) —
see Section 2.4) — are presented. Note that the critical times are locat-
ed when the natural frequency starts to increase (it corresponds to
the moment wherein the E-modulus starts to rise from zero). Similar
findings were also observed for the other pastes studied. The values of
the critical times (as well as Eq and (o) obtained through application
of Eq. (4) are represented in Table 3 for all the pastes under study.

Seeing that all the critical times, calculated using Eq. (4), were
found to be close to the ages at which the E-moduli start developing,
one can then conclude that the critical time defined by the percola-
tion theory is appropriate to identify the transition from fluid-to-
solid — the percolation threshold. Supporting the previous conclusion
is also the slight difference (which was always lower than 2 h for all
mixes) between the beginning of the hydration accelerating period
(observable from the chemical shrinkage rate) and the location of
the critical time observed in Fig. 6. Similar differences were also no-
ticed by other authors who compared hydration rates with results
from ultrasonic [20] or rheometric [33] methods.

Such differences are observable because the E-modulus starts to
evolve only after a certain degree of hydration is reached (critical de-
gree of hydration — o). Before the percolation threshold occurred
the solids are not connected. Some initial hydration must have
taken place to connect the solids [20,56]. Table 3 indicates that for
the investigated pastes, o varies from about 0.021 to 0.036. Informa-
tion available in the literature is not consistent with regard to o
values; partly due to variation of the time of beginning measurements
of hydration [5]. Our findings of o fall within the range of previously
reported values by authors who zeroed the degree of hydration at the
age of 1 h: (i) Boumiz [16] reported o =0.0208 and 0.0261 for C3S
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pastes, and o = 0.0294 and 0.0392 for white cement pastes with w/
¢=0.40 and 0.50, respectively; (ii) using oil well cement, Zhang et
al. [41] reported a linear relationship between the o, and w/c: being
reported a,.~0.043 when w/c=0.40.

3.4. E-modulus evolution as a function of the degree of hydration

Like other mechanical properties, the E-modulus evolution is usu-
ally presented as a function of the degree of hydration. Thus, the E-
moduli evolutions reported in Fig. 4 are displayed in Fig. 7 as a func-
tion of the degree of hydration — which is determined by dividing the
measured chemical shrinkage (Fig. 5) by the estimated total chemical
shrinkage, Vpo (Table 1). Looking at Fig. 7 one observes that the E-
modulus evolves approximately linearly with the degree of hydration
in the range from approximately 0.05 to 0.3. This is consistent with
the tendencies found between ultrasonic reflection loss and calorim-
etry, chemical shrinkage or non-evaporable water reported in Refs.
[39,40]. For higher degrees of hydration changes in the slope and/or
non-linearity are observed, especially for CEM I 52.5R.

In Fig. 7a findings reported by Boumiz [16] for pastes of C3S and
white cement are also presented. It can be observed that the E-
modulus evolutions obtained by EMM-ARM are much lower than
the findings reported by Boumiz [16] (see Fig. 7a). Boumiz's results
for white cement paste are, roughly speaking, two times larger than
the E-modulus measured in the present study for CEM I 42.5R; part
of which can be explained by the hydration products having a larger
specific volume and a different morphology. Up to the degree of hy-
dration of ~0.25 our findings are somewhat closer to Boumiz's for
C3S pastes, but for higher degrees of hydration, even the C3S pastes
show higher E-moduli than those measured in the present study.
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—CEM | 42.5R w/c=0.45
+++«CEM | 42.5R w/c=0.50
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Fig. 7. a) E-modulus evolution as a function of the degree of hydration for: a) cement

pastes with varying w/c ratios, and b) cement pastes from varying cement types with
w/c=0.45.
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The difference previously reported in Section 3.1 between findings
obtained through the EMM-ARM and the quasi-static ones can only
explain ~20%. The main difference between findings might be
explained by the fact that Boumiz [16] has used ultrasonic techniques.
Consequently, Boumiz [16] was probably measuring a property much
related to the dynamic E-modulus [19], which can be quite a bit
higher than the quasi-static ones, as can be observed in Ref. [5]. Un-
fortunately, the lack of data in the literature, does not allow us to go
further into this discussion.

3.5. The influence of the limestone filler

In Figs. 4b and 7b, it is possible to observe that pastes with similar
initial volume of cement exhibit different E-moduli evolutions. We
think that the key feature to explain the distinct E-moduli evolutions
observed may be the limestone filler content included in the different
commercial cements, although other factors (such as, fineness and
mineral composition of the clinker) might also have some influence.
Note that, when a specific volume of clinker is replaced by the same
volume of limestone filler, the total volume of solids remains
unchanged but the water-to-clinker ratio is increased.

According to Lothenbach et al. [23], limestone filler enhances the
formation of monocarbonate. Consequently, it indirectly induces a
stabilization of the ettringite (instead of being consumed into mono-
sulfate) which leads to an increase in the total volume of the solid
phases and a decreased porosity. In addition, when the limestone is
finely ground, it provides additional surfaces for nucleation of hydra-
tion products, thus shortening the dormant period and enhancing the
hydration kinetics [60,61]. However, if the limestone filler content ex-
ceeds approximately 5% (it depends on the alumina content) of the
cement, dilution effects of the clinker become dominant [23].

Comparing the E-modulus evolution, shown in Fig. 4b, for the
pastes made with cements CEM I 52.5R and CEM I 42.5R (no lime-
stone filler and with all the limestone filler being considered as bind-
er, respectively, having the initial volume of solids quite similar —
41.4% and 41.6%, respectively) it is noticeable that the presence of
limestone filler seems to affect the E-modulus evolution. The paste
with CEM I 42.5R (the coarser cement, containing 4.5% of limestone
filler), reaches the percolation threshold earlier and presents the
highest E-modulus up to the age of ~15 h. A possible explanation is
that nucleation and growth control the early hydration kinetics, and
changing clinker grains for limestone filler grains causes the water
available per gram of clinker to increase without a decrease in the nu-
cleation sites [62].

For the other cements in which part of the limestone filler is con-
sidered inert, comparisons are more difficult because the initial vol-
ume of solids is quite a bit different (see Table 2). Roughly speaking,
a decrease in volume of (reactive) binder in the mix tends to slow
down the E-modulus evolution (see Figs. 4b and 7b).

3.6. Relationship between the E-modulus and chemical shrinkage evolutions

Being aware that the E-modulus evolution is related to the volume
of connected solid grains, it is relevant to correlate results of the E-
modulus evolution to the formation of solid products. It was referred
in Section 2.5 that chemical shrinkage is an indirect method to mon-
itor the hydration reaction. Assuming comparable reactants and
products, one can assume that for the same value measured of chem-
ical shrinkage the same amount of solids has formed. Note that, the
degree of hydration is a property that quantifies the relative amount
of binder reacted (see Eq. (5)), whereas, chemical shrinkage is a mea-
sure of the absolute amount of binder reacted.

The E-modulus evolution is plotted against chemical shrinkage
(per volume unit of paste) in Fig. 8. In this figure, it can be inferred
that pastes with similar volume of cement per volume unit present
quite similar E-modulus for the same chemical shrinkage (compare
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Fig. 8. E-modulus evolution vs. chemical shrinkage evolution (per volume unit).

to Fig. 7b, where the degree of hydration is used). Consequently,
and bearing in mind that pastes with the same w/c ratio have compa-
rable initial volume of solids (due to slight differences in the cement
specific mass, volume of solids varies from 41.4% to 42.7%), one may
conclude that for the same initial volume of solids the E-modulus
evolution is not related to the degree of hydration, but to the amount
of solids formed.

Present prediction models for E-modulus evolution [5-11] may
not be completely appropriate for pastes made from commercial ce-
ments, and thus may be object of improvement. A feasible step to-
wards developing models to predict the E-modulus of pastes from
commercial cements could be to describe the E-modulus evolution
as a function of a property directly related to the volume of solids
formed, instead of the degree of hydration of the cement.

4. Conclusions

From the results presented in this paper the following conclusions
can be drawn:

- The EMM-ARM seems a feasible method for the continuous mea-
surement of E-modulus evolution of cement pastes. The results
obtained were slightly lower than the ones obtained through a
quasi-static method.

- The EMM-ARM appears to have enough sensitivity to detect the
percolation threshold.

- The E-modulus evolution is related to the formation of solids.
Therefore, it is strongly influenced by the water-to-cement ratio,
which rules the initial solid volume, and the degree of reaction.

- For the investigated cement pastes with the same water-to-cement
ratio, the E-modulus evolution was related to the chemical shrink-
age development (which is an indirect measure of the solid
formation).

- Limestone filler enhances the hydration kinetics and thus the rate
of solid formation. Limestone in excess of approximately 5% re-
duced the E-modulus evolution. The impact of unreactive filler in
the cement on the E-modulus evolution may be taken into account
using a corrected w/b ratio.

Based on the above, it is suggested that for commercial cements it
could be more appropriate to model the E-modulus evolution based
on the amount of binder reacted, instead of the degree of hydration.
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