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a b s t r a c t

A recent scientific and industrial interest has been brought to combine multiple supplementary
cementitious materials (SCM) in large quantities in concrete binders. The growing use of binary, ternary
or quaternary cement binders calls for the development of simple, efficient and accurate experimental
and numerical means to characterise and predict the behaviour of such concretes. Continuous non-
destructive testing constitutes a major opportunity since it generally consists in simple test setup
requiring low human interaction. In this study, isothermal calorimetry and ultrasonic pulse velocity
(compression and shear waves) are performed on various concrete compositions with massive incor-
poration of limestone filler and blast-furnace slag. Indeed, these two additions present interesting
complementary effects and positive synergies in terms of fresh properties, mechanical behaviour and
durability potential. The setting time, compressive and tensile strength and elastic modulus of these
concretes is investigated from the setting time to the hardened state. The existing models linking these
properties to the hydration degree, ultrasonic pulse velocity or hydration time are not applicable to these
materials, especially during the early age period. New models are proposed and validated for the early
age behaviour of concrete with SCMbased binders.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In the first part of this study [1], continuous non-destructive
testing (CNDT) such as isothermal calorimetry (IC) and ultrasonic
pulse velocity (UPV) were used to monitor the heat flow, degree of
hydration and apparent activation energies of various concrete
compositions containing various amounts of limestone filler (LMF)
and blast furnace slag (BFS). Indeed, LMF and BFS present inter-
esting complementary effects and positive synergies in terms of
fresh properties, mechanical behaviour and durability potential
[2e10].

As regards the mechanical properties of these materials, the
degree of hydration can be correlated to the setting time [11e13],
strength evolution [14,15], or elastic properties [14e16]. Comple-
mentarily, UPV measurements can be correlated to the mechanical
properties of concrete such as setting time [17e20], strength
[21e24] and elastic properties [16,25,26]. These correlations are
generally obtained through the measurement of compression
waves (P-waves), and are mostly dependent on the water/cement
ratio, nature and amount of the binder. In addition, these correla-
tions are not satisfactory to represent the early age behaviour of
concrete, as it will be discussed in this paper.

In this second part, the compressive strength, tensile splitting
strength, and elastic modulus of five concrete compositions are
investigated through classical measurements and correlated with
various CNDT methods. This paper aims at:

- improving continuous non-destructive alternatives to the
measurement of some of the main concrete mechanical
properties

- assessing and improving the current time-based, degree of
hydration-based and UPV-based models of these concrete
properties,

- adapting these models to the very early age, hardening and
hardened behaviour of concrete,

- ensuring an applicability of these models to all tested concretes
compositions, containing high amounts of LMF and/or BFS and
variable w/c ratio.
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2. Materials and method

2.1. Mix designs

The physical and chemical properties of the used materials
(aggregates, cement, limestone filler, blast-furnace slag, gypsum)
are described in the first part of this study and in other publications
[1,20]. In this second part, five concrete compositions are studied
(Table 1). The compositions C1, C2, C3 and C4 are identical to the
ones tested in the first part, containing respectively PC, PC þ BFS,
PC þ LMF, and PC þ BFS þ LMF. Then, a fifth composition (C5) is
investigated. It contains higher water content (with PC/water ratio
identical to C3), reaching awater/binder ratio of 0.57. This is done in
order to correspond to the water/reactive ratio (w/r) of composi-
tions containing limestone filler, which is not a reactive compound.
For instance, concrete C3 contains 30% of LMF. Therefore, its water/
binder ratio is 0.4, while its water/reactive ratio is 0.57. All com-
positions present the same granular skeleton, water content, paste
volume and sulphate content. As explained and justified in Refs. [1],
no superplasticizers were used even though low slumps are
observed for C1 and C2.

2.2. Test setups

2.2.1. Ultrasonic pulse velocity
The P-wave and S-wave velocity (VP and VS respectively) were

measured with a device presented in Refs. [20], thus allowing a
computation of the dynamic elastic properties with Eqs. (1) and (2),
with r the density of concrete, nd the dynamic Poisson’s ratio and Ed
the dynamic Young’s modulus.

nd ¼
1� 2

�
V2
S

.
V2
P

�

1� 2
�
V2
S

.
V2
P

� (1)

Ed ¼ 2 V2
S r ð1þ ndÞ (2)

2.2.2. Isothermal calorimetry
The heat of hydration of mortars was measured with a TAM AIR

isothermal heat conduction calorimeter. The heat release (Q(t)) is
measured by comparison between an active (sample) and an inert
(sand) cell, both equipped with heat flow sensors. In the first part of
Table 1
Composition and properties of concrete mixtures (kg/m3).

C1 C2 C3 C4 C5

Aggregate 10/14 873 873 873 873 873
Aggregate 6/10 210 210 210 210 210
Sand 0/4 853 853 853 853 853
Cem I 52.5 432 104 285 103 349
GGBFS 0 291 0 164 0
LMF 0 0 126 124 0
Gypsum 0 22 10 22 0
Water 173 167 169 165 199

Density [kg/m3] 2540 2519 2525 2514 2484
w/b 0.4 0.4 0.4 0.4 0.57
w/r 0.4 0.4 0.57 0.57 0.57
Ea [kJ/mol] 35.9 49.7 39.1 52 35.9

Es 28d 51.8 51.7 48.4 50.0 45.0
fc 28d 53.2 38.7 46.4 33.8 32.2
fc 90d 58.3 44.0 48.6 39.6 38.3
fc 365d 61.4 49.6 52.3 46.3 43.1

slump class S1 S1 S3 S2 S3
this study [1], a methodology is developed to determine the degree
of hydration from such measurements, by using a modified version
of the model first developed by Freisleben-Hansen and Pedersen
(FHP model). This modified model is shown in Eqs. (3)e(5).

QðtÞ ¼ a1$e
�t1

t

b1 þ a2$ e
�t2

t

b2
(3)

Q∞ ¼ a1 þ a2 (4)

aðtÞ ¼ QðtÞ
Q∞

(5)

2.2.3. Compressive and tensile strength
The compressive strength is measured on 100 � 100 � 100 mm

concrete samples. An equivalent strength on cylinder fc was
computed from results on cube fc,cub with Eq. (6). The tensile
strength is computed from the splitting tensile strength (ft,sp), as
recommended by CEB-FIP MC 90 model [27]. In Eq. 7, F represents
the peak load, D the sample diameter, and L the length of the
sample.

fc ¼ 0:8fc;cub (6)

ft ¼ 0:9ft;sp ¼ 0:9
2 $F

p$D $ L
(7)

2.2.4. Static elastic modulus
An extensometer for testing of concrete cylinders in compres-

sion is used. The design of the extensometer was optimized for very
early age measurement of the Young’s modulus [28]. It consists in
two aluminium rings attached to the concrete by specific
anchorage. These anchorages allow transversal displacements due
to the presence of adjustable elastic plates. This ensures that no
transversal confinement of the sample occurs. Three longitudinal
sensors (120� spacing) measure the displacements between the
two rings. The will to measure very early age static elastic modulus
(Es) requires taking into consideration various parameters.

First, a surfacing of the sample by placing a fast-setting mortar
was preferred to mechanical surfacing due to the really low
strength of the sample. This allows unmoulding and surfacing right
after the setting. The whole preparation procedure includes
surfacing both sides of the cylinder, placing an aluminium foil
around the sample in order to avoid desiccation and placing the
extensometer. The first measurements can theoretically be per-
formed two hours after final setting. However, at that age, the
compressive strength of the sample is still low, especially in pres-
ence of BFS. Measurements were not performed prior obtaining a
compressive strength of 5 MPa.

For practical reasons, the choice is made to perform tests with a
10 s loading duration up to 1/3 of the concrete strength. This pro-
tocol results in loading strain rates varying from 5 to 20m/s,
depending on the concrete age. This low variation in strain rate is
not expected to affect significantly the results compared to the
reproducibility errors of the measurement [26]. For instance, the
increase in the measurement of Es resulting from this range of
strain rates approaches 1% [29], whereas reproducibility errors of
up to 10% have been observed.

In order to get around the difficulty related to the very early age
measurement of Es, another test setup is used, called TSTM (Tem-
perature Stress Testing Machine). Its mould consists in a horizontal
dog-bone shaped formwork surrounded by a thermal regulation.



Table 2
Initial and final setting times and the corresponding hydration degrees.

ti [h] tf [ ] ati [�] atf [�]

C1 3.5 4.1 0.013 0.020
C2 6.1 8.5 0.019 0.043
C3 3.9 4.6 0.022 0.034
C4 4.6 6.7 0.022 0.049
C5 5.1 5.9 0.025 0.034
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One of the two heads of the sample is linked to a 400 kN electro-
mechanical jack. One of the many potential uses of this equipment
consists in performing loadings from as soon as setting has
occurred, and therefore provides a corresponding value of Es.
Loadings can then be repeated at a chosen rate in order to obtain
the evolution of Es. Displacements are measured by contact-free
electromagnetic sensors at two anchorage points spaced from
750 mm (Fig. 1). The general methodology and device used for
these tests was previously thoroughly described [30]. Part of the
results were also presented elsewhere [20].

The NDT feature of the latter is debatable. Even if such stress
levels are generally considered as non-destructive, secondary early
age effects such as load-induced hydration or micro-cracks at the
paste-aggregate interface can hardly be confirmed or inferred. In
any case, similar values can be obtained when several loadings are
applied on one sample in comparison with standard testing, which
tends to indicate that such phenomenon are not significant [26]. It
remains that the amplitude and number of loading cycles of such
tests was limited to a minimum.

The chosen testing protocol is as follows. Loads are applied on
the sample at time intervals varying from 30 min to 3 h at 10% of its
actual compressive strength. This low value is adopted as to ensure
that a loading has no impact on the further properties of the
sample. The loadings are applied in 10 s. As for the extensometer,
the strain rate is slightly variable between one cycle and another
cycle ranging from 1 to 10 m/s.

3. Results and discussion

3.1. Setting time

The initial and final setting times are defined based on the ul-
trasonic measurements according to [19]. The initial setting occurs
when VS reaches its maximum rate of increase, and the final setting
is reachedwhen Ed increases with its maximum rate. The initial and
final setting times summarized in Table 2 were already presented
Fig. 1. Design of the used TSTM device.
elsewhere [20]. The degree of hydration corresponding to these
times are indicated in the same table according to the Q-FHPmodel.

The final setting occurs at a degree of hydration of less than 0.05
for all compositions. This value is significantly lower than generally
accepted values of a0. This point will be discussed further. It is
observed that both the water content and the binder nature mod-
ifies the hydration degree at which the initial and final setting occur
(ati and atf respectively), which is a well-known fact, as reviewed
and confirmed in Ref. [19]. As expected, increased w/c (C5 versus
C1) increases both ati and ati. This is due to an increased inter-
particle spacing, and therefore to a need for more hydration
products formation to form continuous solid paths. On the other
hand, both the LMF and BFS increase ati and atf. In the case of the
former, since LMF is mainly inert [20], this is due to an increased
amount of water available for the hydration of PC. As a matter of
fact, C5 and C3 present similar ati and atf for a similar water/reactive
content. In the case of BFS, it might induce further increase of atf
since its main hydration peak has not occurred yet. The composi-
tion C4 shows a combination of the above observations, leading to
the highest atf.

3.2. Compressive and tensile strength

The compressive strength for all composition is presented in
Fig. 2a. All points correspond to an average of at least three samples
performed on at least two batches of concrete. C5 is characterised
by a slower increase in the compressive strength in comparison
with C1. Its ultimate value is the lowest between all compositions.
On the other hand, C3 also shows a slight delay in the increase of
compressive strength due to the dilution effect of LMF, but exhibits
significantly higher compressive strength for a lower PC content
than C5. This confirms the benefit of using LMF, even in high con-
tent close to 30%. As regards the concrete containing slag (C2 and
C4), both are characterised by a very similar compressive strength.
This is due to a combination of at least three mechanisms. Firstly,
due to the accelerated setting of C4 compared to C2, the former
presents higher compressive strength up to approximately 1 day.
During the next day of hydration, the main hydration products are
formed from the hydration of PC. Since both compositions present
the same amount of PC, they present similar fc development. Sec-
ondly, after 2d, the slag hydration results in the further increase of
strength. The slag hydration peak occurs slightly sooner for C2 than
for C4, counterbalancing the previous effect. Ultimately, the close fc
values between both compositions confirm that a significant part of
slag in C2 is not reactive up to at least 365 d.

Similar trends are observed for the tensile strength develop-
ment in Fig. 2b. However, the effect of increased water content is
less important than observed for fc. The delayed ft development of
C5 is not significant. In fact, contrary to their compressive strength,
C2 and C5 exhibit almost identical trends, both in term of final
tensile strength and kinetics of development. This clearly indicates
that the compressive and tensile strength are not conferred by the
same chemo-mechanical mechanisms. While a high w/c ratio can
strongly affect the compressive strength, its effect on ft is mainly a
dilution effect due to the lower PC content. A reduction of 20% in
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Fig. 2. Evolution of (a) compressive strength and (b) tensile strength as a function of equivalent time from setting time up to 1 year.
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the PC content from C1 to C5 induces a 20% decrease in ft, whatever
the concrete age. On the other hand, the lower PC content in C3
indicates that limestone filler also contributes to tensile strength.
The similar values of C3 and C5 are the result of the competition
between the dilution effect and the inactive or active contribution
of limestone filler. The presence of slag has a similar effect on fc and
ft, including a delay in its development and a slight decrease in the
long term strength value.

Three modelling strategies are confronted to the experimental
results: a degree of hydration-based model, an equivalent time-
based model and a dynamic elastic modulus-based model. They
are respectively called hydration model, time model and UPV
model.

3.2.1. Hydration model
It is generally considered that before a mechanical percolation

threshold, concrete has no mechanical properties. This percolation
threshold, which differs from the solid percolation threshold, oc-
curs at a given degree of hydration a0 [14] close to the final setting
time. The evolution of compressive strength, tensile strength or
elastic modulus (property X) can be expressed as a function of a0,
a(t), a material parameter ax (which is property-dependent), and
the final value of that property, X∞ as shown in Eq. (8).

XðaÞ ¼ X∞

�
aðtÞ � a0
a∞ � a0

�ax
(8)

XðaÞ ¼ X∞$ aðtÞax (9)

However, for the very early age behaviour (around the setting
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Fig. 3. Very early strength gain as a function of degree of hydration.
time), it can be observed that the mechanical properties have
already developed measurable values. Indeed, in this paper
(Table 2) as well as observed in recent studies, the value of a0 is
close to 0.02 [31], or 0.05 [16], which is far from the values origi-
nally measured and listed in Ref. [14] between 0.1 and 0.4, probably
due to a lack of very early age experimental measurements. Very
early age measurements of the compressive strength indicate that
at the time of final set, fc yields around 0.5 MPa [20]. The mea-
surements displayed in Fig. 3 indicate that after the dormant
period, any formation of hydration products results in an increase
in the mechanical properties, resulting in values of a0 close to a
degree of hydration of 0, whatever the composition.

Considering that a∞ ¼ 1 and that a0 ¼ 0, Eq. (8) becomes Eq. (9).
X∞ and ax are both obtained by fitting of the model on actual data.
Their values as well as the root mean square error (RMSE) are
shown in Table 4. The kinetic parameter ax has no definite value. In
other words, its value can hardly be predicted, since it is possibly
sensitive to the amount and nature of any SCM or w/b ratio. It is
commonly accepted that it has a value close to 1 in compression e

this sometime leads to approximate the degree of hydration as a
linear function of the compressive strength. This simplification
cannot be applied to any concrete, not even when PC only is con-
cerned. As for the ultimate strength value, due to the long waiting
period before complete hydration, its actual measurement is
generally not adapted. Determining this parameter by the least
square method can give variable results depending on the number
of fitting points, and more essentially on the range of a within
which the fitting is made. However, it is interesting to note that the
RMSE is generally low for any concrete composition. This indicates
that this model is adapted to link the strength evolution to the
degree of hydration of all tested compositions. Therefore, while its
parameters can hardly be predicted, their experimental calibration
for a given mix design allows an adequate description of concrete
strength through the whole hydration process.

The values of aft/afc < 1 shown in Table 3 indicate that tensile
strength develops faster, and reaches more quickly its final value
than compressive strength. This well-known fact is confirmed for
all compositions. Its value can vary from one concrete to the other,
and the values obtained here are consistent with the range of
0.5 < aft/afc < 0.87 suggested in Ref. [14]. In average, the value of 2/3
used by several authors is confirmed to be an efficient first
approximation. However, the ratio between the ultimate tensile
Table 3
Ratio of the hydrationmodel parameters of tensile strength to compressive strength.

C1 C2 C3 C4 C5

ft∞/fc∞ [�] 0.85 0.88 0.72 0.60 0.76
aft/afc [�] 0.075 0.078 0.076 0.074 0.095



Table 4
Values of the parameters of hydration-based, time-based and UPV-based models and corresponding RMSE for tensile strength and compressive strength.

Compressive strength Tensile strength

C1 C2 C3 C4 C5 C1 C2 C3 C4 C5

X ¼ f(a) X∞ [MPa] 62.1 47.5 47.2 44.2 37.4 4.67 3.69 3.59 3.25 3.56
ax [�] 1.2 2.3 2.0 2.4 1.6 1.0 2.0 1.4 1.5 1.3
RMSE [MPa] 2.0 1.5 2.9 1.6 2.6 0.12 0.10 0.09 0.11 0.09

X ¼ f (te) bx [�] 20.0 59.8 29.1 64.0 23.9 17.1 60.5 19.7 43.9 21.6
RMSE [MPa] 2.2 1.2 1.9 1.5 0.8 0.14 0.16 0.14 0.10 0.12

X ¼ f (Ed) cx [�] 2.71E-05 2.70E-05
dx [�] 3.687 3.051
RMSE [MPa] 2.4 4.8 1.9 1.7 1.3 0.25 0.68 0.15 0.07 0.27
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and compressive strength, also significantly varies. The knowledge
of fc is therefore not sufficient for the estimation of ft, and the
relationship between both is composed of a kinetics parameter and
of an amplitude parameter, both of which are dependent on the
concrete composition.
3.2.2. Time model
Time-based models are interesting in the way that they do not

require the measurement of a, which is often a delicate matter
which requires specific experimental tools. Such models are spe-
cifically useful for practical reasons, when a specific strength is
necessary before removing the formwork on a construction site, or
when pre-stressing a concrete beam. However, most of these
models contain several parameters, and are not often adapted to
specific concrete or even to very early age behaviour [26]. Time-
dependent models are really interesting if their mathematical
expression is able to estimate ft or fc from setting to at least 1
month, depending on as low parameters as possible and on the 28
days strength value, which is generally known. An example of such
model is provided in Eq. (10). It is based on one parameter bx and on
the strength at 28d X28. This model has the advantage of being
adaptable to any concrete composition, and of being more repre-
sentative of the early age development than the equation suggested
in the Eurocode 2 (EC2 [27,32]), as shown in Fig. 5. Contrary to the
hydration model, there is only one fitting parameter, since X28 is
supposed to be known.

XðteÞ ¼ X28$ e
�bx

te (10)

However, this model does not represent accurately the strength
evolution after 28 days, contrary to the EC2 model which provides
an accurate estimation of strength between 28 days and 1 year.
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Fig. 4. Compressive strength development as a function of Ed for all compositions.
3.2.3. UPV model
An exponential relationship exists between the compressive

strength and P-wave velocity (Eq. (11)), which parameters are
clearly affected by several composition parameters (cement type,
w/c, and aggregates) [21e23]. Similar exponential relationships
have also been observed for the tensile strength evolution [33]. For
both properties, it is observed that the nature of the binder in-
fluences the VP-fc or VP-ft relationship. In addition, such a model is
theoretically unjustified for the pre-setting and setting behaviour.
During the dormant period, strength is negligible while the P-wave
velocity yields between 250 and 500 m/s in aired concrete. Ac-
cording to such a modelling strategy, there is a residual strength
around 0.4 MPa developed for VP ¼ 250 m/s [24]. According to [34],
the same equation can be used for determining the very early
strength gain development, but such approach results in parame-
ters m and n in Eq. (11) that are not adapted for the prediction of
later age strength.
XðVPÞ ¼ m$en$VP (11)

XðEdÞ ¼ cx$ E
dx
d (12)

On the other hand, the dynamic elastic properties are more
sensitive to the hardening process than P-waves only [19], which
are especially sensitive to the very early build-up of continuous
solid paths. The fc-Ed relationship shown in Fig. 4 exhibit much less
dependency to the binder composition or w/b ratio. The ft-Ed
relationship exhibits similar trend. The well-known power model
existing between compressive strength and static elastic modulus
can therefore be adapted and used for the prediction of fc or ft from
Ed [25]. The parameters cx and dx in Eq. (12) are listed in Table 4. The
advantage of this model is that cx and dx are not dependent on the
binder composition or w/c ratio, and that they are applicable both
to the very early age strength gain and to the hardening process.
However, these values were only verified up to 7 days. Longer term
measurements should be performed in order to verify the validity
of this model to hardened specimens.

3.2.4. Strength modelling
The three models of Eqs. (9), (10) and (12) as well as the EC2

prediction are confronted with experimental data for fc and ft in
Fig. 5 for compositions C1 and C4. During the first week, the most
efficient prediction strategy is to deduct strength from the dynamic
elastic modulus obtained through the ultrasonic method, since it is
dependent on fewermaterial properties as the other models, which
must be calibrated for any tested composition. On the other hand,
the time model is also very effective for the prediction of the
hardening behaviour of concrete up to 28 days, and presents the
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advantage of needing the calibration of only one parameter, pro-
vided that fc,28 or ft,28 are known. Alternatively, the hydration
model accurately represents thewhole strength evolution, from the
setting time up to 1 year. It is also confirmed that the EC2 model is
mostly efficient for the extrapolation of concrete strength after 28d
up to at least 1 year. This is especially true for the compressive
strength, whereas for tensile strength, the hydrationmodel shows a
better agreement.
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Fig. 6. Evolution of the static elastic modulus obtained from extensometry and TSTM
measurements.
3.3. Elastic modulus

Two experimental methods were used for the measurement of
elastic modulus: an extensometer, resulting in individual, punctual
values, and a TSTM device, resulting in a semi-continuous mea-
surement through a cyclic methodology. In each case, the static
tangent elastic modulus Es was computed by linear regression be-
tween the stress and strain evolution between 20% and 90% of the
applied load. Both methods show a good agreement, as already
reported in Ref. [26]. This observation is confirmed for the five
tested concretes in Fig. 6. Each data point obtained from the
extensometer results from the average of three samples issued
from two different batches.

As for the tensile strength, C5 and C3 show similar trends. C3
exhibits a slightly higher stiffness for a lower clinker content, which
demonstrates once more the interesting contribution of limestone
filler. C2 and C4 also present very similar evolutions. As for the
compressive and tensile strength, C4 has a faster initial increase up
to 1d. Then, the delayed hydration of slag induces a decrease of Es in
comparison with C2. However, in contrast with strength, the
presence of slag does not impact the long term properties, even
considering that part of it might not be reactive. In fact, the long
term Es in presence of slag is expected to be higher than without
slag. This can be explained by the fact that contrary to strength,
stiffness can be computed by analytical models which consist in
averaging the individual properties of the heterogeneous materials
in the sample depending on their respective volume. This means
that an inert material does not need to contribute to the hydration
reaction, to contribute significantly to the stiffness development.
The same three modelling strategies as applied for the strength
development are used, based on the degree of hydration, on the
equivalent time, and on the dynamic elastic modulus.
3.3.1. Hydration model
In the same way than for the strength modelling, the experi-

mental evidence presented in Fig. 7 shows that there is no identi-
fiable a0 before which no Es development has yet occurred. On the
contrary, an increase in stiffness can be seen as soon as the hy-
dration reactions start. However, in contrast with the strength
evolution, an inversion of curvature can be seen at very early age,
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especially when this initial increase is slow such as in the case of
mix designs containing slag. This observation was already made by
Krauss and Hariri, who suggested improving Eq. (8) [16]. They
observed that there is a linear evolution of Es between the end of
the dormant phase and a given degree of hydration.

Based on this observation and on the obtained results, a new
model is proposed, including the observation that the linear trend
starts for a ¼ 0. The transition between the linear and the power
model occurs at a ¼ at. The parameters at and a0 are obtained by
fitting with experimental curves and are not associated to any
specific point in hydration or material property. The values of the
parameters of the model are shown in Table 5.

8>>><
>>>:

Eða<atÞ ¼ E∞$

�
aðtÞ
at

$

�
at � a0
1� a0

�ax�

Eða � atÞ ¼ E∞

�
aðtÞ � a0
1� a0

�ax
(13)

It is observed that the transition between a linear and a power
increase occurs close to a degree of hydration of 0.1 in the absence
of BFS and 0.2 when it is present. In parallel, the values of a0 are
lower than described in Ref. [14] and ref [16]. This is attributed to
the lack of very early age measurement of Es in these experimental
studies, where the earliest measurements were performed at a
relative development of Es of around 20%. The specific TSTM device
used in this study allows measurements before Es has reached 5%e
10% of its ultimate value.
Table 5
Values of the parameters of hydration-based, time-based and UPV-based models
and corresponding RMSE for the static elastic modulus.

C1 C2 C3 C4 C5

X ¼ f(a) at [�] 0.09 0.20 0.14 0.18 0.11
a0 [�] 0.06 0.13 0.06 0.10 0.05
E∞ [MPa] 54.2 55.6 47.9 53.4 45.9
ax [�] 0.4 0.7 0.5 0.8 0.6
RMSE [MPa] 1.1 0.9 0.8 0.8 1.6

X ¼ f (te) t [�] 1.4 1.2 1.1 0.9 1.2
bx [�] 8.8 28.0 10.9 29.2 12.1
RMSE [MPa] 1.4 1.6 0.9 1.5 1.5

X ¼ f (Ed) cx [�] 0.15
dx [�] 1.52
RMSE [MPa] 1.5 1.5 1.9 1.3 2.1
3.3.2. Time model
The increase of E occurs much faster than compressive or tensile

strength. By the time compressive strength reaches 10% of its ul-
timate value, the elastic modulus has already increased up at least
40% of its ultimate value. The time-dependent models described
previously for strength are therefore not applicable to the elastic
modulus. This accelerated kinetics can be easily taken into
consideration by adding an exponent t in Eq. (10), resulting in Eq.
(14).

EðtÞ ¼ E28$e
�
�

bx
t

�t

(14)

Fig. 9 indicates that this time model is particularly accurate for
representing the early age behaviour in comparison with the EC2
model, which tends to provide widely overestimated Es values
during that time range.

3.3.3. UPV model
Dynamic measurements such as the ultrasonic method imply

very low loading amplitude with a high strain rate. Due to the non-
linear effect of these factors on the stress-strain relationship
[26,29,35], dynamic measurements generally result in higher
Young’s modulus. A linear relationship is generally accepted be-
tween both measurements. However, there is no clear trend
regarding the experimental values obtained for the parameters of
this linear trend [29,36,37]. In addition, very few results are avail-
able for very early age concrete (before 1 day), and there is a clear
lack of early age results on different concrete compositions,
allowing to assess the effect of cement composition, water/cement
ratio or aggregate content. Therefore, the linear relation can
hardly be expected to provide good results when Es is close to 0. It
is probable that the static and dynamic measurements of E are
more divergent at very early age due to the high viscoelastic
properties.

From a theoretical perspective, as soon as Ed increases, there is a
corresponding increase of Es. In other words, if either one of Es or Ed
is null, so is the other. A more accurate relationship between both
properties should therefore include this condition. This is
confirmed in the present study, as experimental points obtained at
very early age effectively deviate significantly from this linear
trend. It can in fact be observed that the Es increases can be
modelled as a power law function of Ed (Eq. (15)). Such non-linear
relationship was already observed by Refs. [38], who suggested a
more complex two-parameter exponential relationship (Eq. (16)).

Es ¼ cxE
dx
d (15)

Es ¼ Edð1� ke�l EdÞ (16)

While Eq. (15) mathematically traduces the observation that
initially, Ed ¼ Es ¼ 0, it eventually leads to Es > Ed which is theo-
retically impossible. The condition Es � Ed is satisfied in Eq. (16)
which ensures that Es tends towards Ed. This is generally verified
for materials with low viscous behaviour, such as steel [39] or
hardened concrete with no residual free water [40]. In any case,
both models successfully represent the early age and hardening
relationship between Ed and Es, as shown in Fig. 8, where the results
for all compositions are expressed. Most interestingly, the rela-
tionship between dynamic and static measurements is mostly in-
dependent on the nature of the binder (SCM content and nature or
w/c ratio). This was already observed for the development of
compressive and tensile strength. It also corroborates the findings
of [19], which observed that the relationship between Ed and the
penetration resistance up to the setting time was independent on
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the w/b ratio, amount and nature of fly ash, and air content on
mortar samples.

Ultimately, since there is no unambiguous definition of “dy-
namic” or “static” elastic modulus, the relationship between both
measurements is expected to depend on both the loading strain
rate and the loading amplitude of their measurement. Additionally,
the viscosity of the cement-based material is of upmost impor-
tance. The amount and nature of aggregates might therefore affect
these relationships, especially at early age. The effects of water
content, and nature and amount of aggregates on the relationship
between both properties are currently under investigation.
3.3.4. Elastic modulus modelling
The three models of Eqs. 13e15 as well as the EC2 prediction are

confronted with experimental data for Es in Fig. 9 for compositions
C1 and C4. Except for EC2, all models exhibit very good prediction
of all compositions from very early age to hardened concrete. On
the other hand, the EC2 model clearly fails to represent the early
age increase of Es. Alternatively, it is observed that the elastic
modulus can be determined from the compressive strength ac-
cording to the well-known power law relation with parameters as
fixed in Eq. (17). This is in agreement with values observed in
Refs. [14], and validates this prediction methodology even for very
early age measurements.

Es ¼ 9:66f 0:43c (17)
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4. Conclusion

From the comparison of destructive measurements and
continuous non-destructive measurement of ultrasonic P- and S-
wave transmission velocity and heat flow of concrete containing
various amounts of limestone filler, blast-furnace slag and water/
cement ratio, it is observed that:

- Important conceptual adaptations are made to the classical
hydration models of concrete mechanical properties. The mea-
surement of fc, ft and Es from the setting time indicates that
after the dormant period, all hydration products result in an
increase of these mechanical properties. This is in contradiction
with the general consensus according to which, before a given
degree of hydration, concrete presents no strength or elastic
modulus.

- Variousmodels are tested for the determination of the evolution
of the tensile and compressive strength and of the elastic
modulus. It is shown that the effect of w/b ratio and the pres-
ence of BFS and/or LMF on these properties can be accurately
accounted for by time-based, hydration-based and UPV-based
models. This indicates that strength and stiffness of concrete
with massive substitution of clinker by limestone filler and/or
blast-furnace slag can be modelled with the same equations as
Portland cement concrete, only the parameters of these models
are modified by the presence of these mineral additions.

- Provided that their parameters are accurately determined, these
models can be used both for the very early age or hardened
concrete behaviour. The UPV-based and time-based models are
especially best suited for the early age behaviour, while the
hydration-based models can be more accurately used for longer
term predictions.

- The model of concrete tensile and compressive strength as
specified in Eurocode 2 fails to provide accurate prediction for
the early age period. In the same way, the Eurocode 2 model
widely overestimates the elastic modulus of concrete at early
age and during the hardening phase.

- For the early age determination of concrete strength or elastic
modulus, the ultrasonic method is the most well suited method.
Indeed, it is a continuous non-destructive method, which is
directly applicable at the concrete scale, contrary to isothermal
calorimetry. In addition, in-situ measurements can easily be
performed, which is of valuable interest in many practical
applications.

- The UPV-based prediction of strength and stiffness presents the
advantage of being independent on the nature of the binder and
on the w/b ratio. Therefore, it is expected that the calibration of
the model parameters is not necessary if slight variations in the
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nature of the binder is made. A two parameter power law can be
used in order to determine fc, ft and Es from Ed.
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