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ABSTRACT

The design of concrete structures is based on calculation rules, which often do not take into account the very early
age behaviour of the material. However, during this period, structural concrete is subjected to strains due to the
hydration process of cement. If these strains are restrained by concrete itself or surrounding boundaries, stresses
start to build up that can lead to the formation of cracks. Among the parameters involved in the stress build up, the
stiffness evolution is of major importance. This paper reports the use of eight different techniques aimed at stiffness
evolution assessment, applied on the same concrete mix, in a round robin experimental test within three
laboratories. The observations are compared after having expressed the results at the same equivalent age. Both
the loading stress rate and amplitude are observed to have an effect of limited importance on the determination of
the quasi-static elastic modulus, which might be explained by very short term creep. Ultrasonic measurements
provide values of E-modulus that are higher than the values provided by the quasi static tests at the time of the
concrete setting. Similar mechanisms associated to very short term creep could explain the difference between the
quasi-static and high-frequency elastic modulus.

KEYWORDS
Early age behaviour of concrete; Young’s modulus; Round robin test; High-frequency; Ultrasonic measurements.

1 INTRODUCTION

Concrete is a composite material that undergoes major mechanical properties changes during its curing process.
Thus for a good structural design, it becomes extremely important to know the concrete structural behaviour from
the beginning of the hardening process. However, design rules are not yet well adapted to the real behaviour of
concrete for the period between the setting time, or ty, and approximately one day. Before ty, good practices for
making, casting and curing of concrete allow avoiding cracking of fresh concrete [1, 2]. After to, physico-chemical
strains can develop. Upon restraint (i.e. by rebars, formworks, already cast concrete), these volume changes can
be the cause for surface or traversing cracks. Obviously, permeability, service life and aesthetic of structures are
affected by these cracks. A lack of attention to this early age period at the stages of design, experimental assessment
or in practice can lead to major defects. For example, Aitcin ef al. [3] describes a value of “forgotten™ strain
between ty and one day in the case of an autogenous shrinkage measurement on a high performance concrete.
Indeed, they report that the autogenous shrinkage between to and 1 day is equal to 250x10° m/m whereas its
development between 1 and 3 days solely amounts to 50x10° m/m. For a concrete, this difference can explain the
appearance of cracks or not. Another important issue is the experimental determination of the setting time of
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concrete. This point was already been addressed in the work of Weiss [4] and Sant ef al. [5]. In these articles, the
opportunity to use a parameter or another to monitor the concrete setting (thermal, chemical, electrical, mechanical
parameters) is discussed.

In this paper, similar or complementary methods are compared within three laboratories working on the same
concrete. As stresses are induced by restrained volume changes, the E-modulus evolution of concrete since the
earliest age is of major importance, not only for the determination of the setting time but also for modelling and
numerical computation purposes. That is why three laboratories involved in the work reported herein, researches
have been focused on experimental methods leading to a better assessment of mechanical properties. This is a
timely and opportune research work, as no recent inter-technique and inter-laboratory comparisons have been
found in the literature except the preliminary work done by the authors in [6], in concern to concrete E-modulus
at early ages. Eight different techniques have been implemented in the three laboratories. They can, a priori, be
sorted in three classes, according to their respective ranges of loading rates. There are four techniques of quasi-
static loadings (QSo: classical extensometry (all three labs); QS1: automated loading with BTJASPE (IFSTTAR),
QSz: automated loading using QS; protocol (IFSTTAR), QSs: automated loading with a TSTM (ULB)); one
technique of resonant frequency loadings (RF: EMM-ARM testing technique (UMinho)) and three techniques of
high frequency loadings (HF1: classical UPV measurements with FreshCon (ULB), HF2: classical UPV
measurements with BTPULS (IFSTTAR) , HF3: smart aggregates (ULB)). These different protocols were applied
without necessarily controlling the temperature history of the specimens in the same way, often due to practical
limitations associated to the test setups and the size of specimens themselves. That is why observations are
compared after having expressed results at the same concrete maturity using the equivalent time method [7]. These
techniques scan a wide variety of ways for monitoring the E-modulus of concrete since the earliest age. They are
suitable for both industrial and research applications. In the following lines, the specimen preparation and the
concrete characterization will be presented first. Then, each of the eight testing methods (QSe, QS1, QS2, QSs,
RF, HF1, HF2, HF3) will be described into details. Finally, it will be followed by the analysis of the results
organized in three parts: firstly, a comparison between the results obtained with the low frequency testing methods
(QS1, QSz, QSs3, RF) with a discussion on the effect of the stress amplitude and the stress-rate on the results
obtained with the low frequency testing methods; secondly, a discussion on the results obtained with the high
frequency testing methods only (HF1, HF2, HF3) and thirdly, a discussion on the relation between the results
obtained with the low frequency testing methods and the high frequency testing methods.

2 SPECIMEN PREPARATION AND MATERIAL CHARACTERIZATION

The same material is used in the three laboratories. The mixture proportions are given in Table 1. Fresh concrete
was mixed mechanically or manually depending on the volume of the batch (from 2 litres to approx. 40 litres).
Even though these differences can lead to scattered results, no significant effect was observed in the performed
experiments on this concrete as presented in section 4.1.4.

The strength evolution was useful for quantifying the limits of the automatic loadings (tests presented in sections
2.1.3 and 2.1.4) applied at early age in order to avoid any damage of the samples. The samples were cylinders (&
110 mm x 220 mm) or cubes (100 mm). They were cured inside adhesive aluminium tape at 20 °C, and capped
with sulphur mortar when necessary. Results are reported on Figure 1.

For the sake of these calculations, the compressive strength is modelled by the following model:

fcm:a-ej—b &

With: f..,(t) expressed in MPa
a=38.04 MPa, b =1.67MPa, ¢ =24 hours
t: equivalent time since mixing (in hours)

The activation energy was determined through calorimetric testing. This parameter, associated to temperature
recordings, allowed calculations, based on Arrhenius laws, of an equivalent age (teq) [8, 9,10] for each of our
results. These calculations were performed at a fixed reference temperature equal to 20 °C.

The setting period corresponds to a period between the time when a needle penetrates completely a sample of
mortar or cement grout and the time when it does not penetrate anymore the sample [5, 11, 12]. In field
applications, the final setting time has also been identified, as mentioned by Sant ez al. [5], like the time when the
bleeding water is reabsorbed which indicates the creation of vapour spaces in the matrix. As penetration tests do
not apply specifically for concrete, the work of Robeyst ef al. [13] compared ultrasonic testing to penetration tests
performed on sieved concrete by removing the coarse aggregates. They used ultrasonic P-waves in transmission
mode. The evolution of the ultrasonic pulse velocity shows an experimental S shape and the corresponding
derivative function is calculated. The final setting was considered to occur when the value of this derivative
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function decreases down to 80 % of the peak value. This last technique was applied in the present research work.
It is worth underlining that the final setting corresponds to a time when a sample can be manipulated, but gently
to avoid any rupture. Before this time, any manipulation leads to a rupture. It is also the time when the stiffness of
the material begins to increase significantly. This final setting is, here, called ty [14]. An estimation of this time is
required for starting tests just after concrete setting.

Measurements of the modulus of elasticity were performed in the 3 laboratories and stress rates were ranging from
0.20 to 0.55 MPa/s for the three laboratories (see Table 2 and Table 3). Table 4 shows the results of the mean
values of the quasi-static loading E modulus obtained by the three laboratories according to the reference test set
up (QSy) presented in section 3.1.1.

As loading protocols are very similar, these results are mixed in order to obtain a single description of the evolution
of the E-modulus by these classical means as it is shown in Figure 2.
For the sake of the analysis of our results, the following mathematical model is proposed (Figure 2):

S
E(t)=d- e.(%j %)
Where E(t) is expressed in GPa,
t: equivalent time since mixing (in hours),
d=41.57 GPa, e=191.04 GPa, 7= 1 h and /= 0.72.
This mathematical model has been calibrated to fit the quasi-static loading E-modulus results obtained with the
reference set up (QSo) and shown in Table 4. This model is used in Figures 2, 13, 14, 16, 17, 25 and 27 as a
reference curve for comparison.
This equation was already used in [15] to model the growth of bacteria populations but it has been chosen only for
its mathematical properties for the determination of the early age properties of cement based material.

This function is accepted as the reference for the comparisons between the different methods and will thus be used
recurrently in the following sections.

This kind of test does not provide an accurate estimation of to; as the first measurement could only be made 1h and
40 minutes after a ty determined by other means (UPV, QS; or RF) presented in section 3.1; 3.2 and 3.3.

3 DESCRIPTION OF THE METHODS

3.1  Quasi-static loadings

3.1.1  Reference tests (0Sy)

In the three laboratories, the reference tests (QSo) were performed, after the concrete setting (o), on cylinders at
different ages. For each test, strains were measured by extensometers. For the three laboratories, the extensometers
are almost similar: i.e. three transducers (LVDTs) measuring the relative displacement between two rings fixed to
the specimen, as presented on Figure 3. Prior to the test, specimens were kept in a curing chamber at 20°C.
However, the protocol of loading, size of the specimen and extensometers used for the E-modulus determination
presented some differences among the three involved laboratories, as synthesized in Table 2 which follows the
nomenclature of Figure 3. The selected testing ages associated to the results are given further in Table 4.

At IFSTTAR, the testing specimens were cylinders with 110 mm in diameter and 220 mm in length. The first tests
were performed as early as 7 hours after casting. Strains were measured by extensometers, with results comparable
to those of strain gauges [16]. The protocol of loading consisted in applying four cycles between 5 and 30 % of
the strength measured on other cylinders (with the same geometry) just before the test [17]. The quasi-static E-
modulus is evaluated during the loading cycle. The loading rate was set to 0.50 MPa/s. The testing equipment
included a hydraulic actuator with 500 kN of maximum load.

At ULB, similar cylinders and the same extensometer were used. 20% of the concrete strength at the time of the
test was applied within 10 seconds, on four different samples. Corresponding stress rates were ranging from 0.20
to 0.55 MPa/s, depending on the age of the sample. The quasi-static E-modulus is evaluated during the loading
cycle. The testing equipment included a hydraulic actuator with 1000 kN of maximum load.

At the University of Minho, cylinder specimens (150 mm in diameter and 300 mm in length), have been tested
under cyclic compression according to LNEC E397 [18]. The protocol of loading consisted in applying five cycles
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between 0.80 MPa and 33 % of the ultimate strength at the age of testing. The quasi-static E-modulus is evaluated
during the loading cycle. The loading rate was set to 0.30 MPa/s. The testing equipment included a hydraulic
actuator with 2000 kN of maximum load.

3.1.2  Automated and quasi-static loading with BTJASPE (Béton Tres Jeune Age Suivi de la Prise et du
module d’Elasticité) or OS;

BTJASPE (QS)) is a recent device, developed at IFSTTAR [19, 20, 21,22]. It allows the automatic monitoring of
the stiffness of a concrete cylinder remaining in its mould. Measurements start just after the concrete casting and
continue up to a few days. The device is placed between the plates of an automatic testing machine. The
temperature of the sample is kept at a constant value thanks to a circulation of water inside a double walled mould.
The sample (Figure 4 #1) is 100 mm in diameter and 200 mm in length. The mould wall (#2), made of stainless
steel, has a thickness of 1 mm. Its depth is 254 mm. Once the concrete has been placed, the loading is applied via
a steel piston (#3) guided inside the upper part of the mould. Fixed to this piston, three arms (#4) support three
LVDTs, placed at 120° around the mould. These transducers measure the mean longitudinal displacement. This
measurement includes the length change of the sample and the length changes of the steel piston and of the base
of the rig (#5).

An upper conical loading plate (#6) includes a system, composed of a moving tip whose position is measured by
a LVDT sensor with a resolution of 0.65 um. This measurement indicates to the testing machine, during the
approach, the relative position between the upper platen and the piston (#3). When the contact is detected, a
loading, controlled thanks to the measurement of the mean longitudinal displacement, is triggered. This protocol
is effective even if the concrete is still in its fresh state. Then, the compressive loading of the sample is ensured at
a constant strain rate (Spstrain/s). When a relative strain equal to 100 pstrains is reached, the ramp is reversed in
order to unload the sample. This strain value is chosen to avoid any damage of the sample in compression. This
protocol allows starting the tests shortly after the concrete casting. A new loading cycle is triggered after a delay
of about 15 to 30 minutes. The device is placed on a lower plate (#7). It is surrounded by a cylindrical housing
where a circulation of water allows removing the heat coming from the piston of the testing machine.

The quasi-static E-modulus is evaluated during the loading cycle. The main measurements (load vs mean
longitudinal displacement) allow the calculation of an experimental resulting stiffness of the sample in series with
the bearings of the device (K). The separation of these two parts is based on a relationship (2™ degree polynomial)
giving the E-modulus of the concrete in function of the experimental stiffness, K:

E = g K? + h.K with E in GPa, K in kN/mm, g=1.03 10° kN"! and A= 0.0227 mm"' 3

The coefficients of this polynomial have been fitted on the results obtained by a finite element calculation
performed during the design of the device [19]. During this calculation increasing values of the numerical E-
modulus of concrete were used to obtain the corresponding stiffness. It is assumed that, in the experimentation,
the concrete sample remains in its elastic zone so that the experimental stiffness and the numerical stiffness are
equal.

It can be underlined that the effect of the reinforcement due to the presence of the stainless steel mould has been
stated, experimentally, as negligible. Indeed, prior to the casting, a thin layer of grease is applied on the inner wall
of the mould. The Poisson’s effect does not lead to a radial displacement exceeding the thickness of this layer of
grease.

3.1.3  Automated quasi-static loading using QS| protocol (QS5)

In order to check the accuracy of BTJASPE device and the degree of confinement in the stainless steel mould of
the sample, tests using the same loading protocol were performed on concrete cylinders removed from their
cardboard mould just after the concrete setting detected by UPV measurements. The sample, capped with a sulphur
mortar, is equipped with three extensometers and placed between the upper and the lower platens used for QS;
(Figure 5). A ball joint is placed between the upper face of the sample and the upper loading platen. In that case,
the sample is not confined thus the results are not affected by any lateral effect excepted near the ends of the
sample. These tests were used to validate the results obtained with QS; [19]. This test used the same type of
extensometer as those of QS and QS,.

3.1.4  Automated quasi static loadings with a TSTM (QS3)

Since 2006, a Temperature Stress Testing Machine (TSTM) has been under development in ULB-BATir for testing
concrete since to, under free and restraint conditions [20, 23, 24]. The testing machine is a Walter+Bay LFMZ 400
kN electromechanical testing setup. The machine is composed by a fixed steel head, a central unidimensional part
and a moving end (Figure 6a). In the central part, where the measurements of the displacements are taken, the
stress field is assumed to be homogenous (Figure 6b) and the section is equal to 100x 100 mm?. The displacements
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are recorded by Foucault current’s sensors (contact free sensors) having a resolution of 0.014 um. Before casting,
a plastic sheet is placed in the mould to ensure sealed conditions. Moreover, the plastic sheet helps also to reduce,
with the presence of Teflon, the friction between the sample and the mould. The machine is equipped with a double
walled mould allowing a thermal regulation and, in particular, ensuring isothermal curing conditions. Temperature
measurements took place in the central part of the specimen and in each head. The experiment was conducted in
a climatic chamber with temperature of 20+1°C.

A new methodology was developed for the monitoring of the E-modulus. The test is controlled at a constant
loading rate, thanks to the software DION® (Walter & Bai). The test begins shortly after to. For each cycle of
loading, the moving end of the testing machine is controlled by the force sensor, up to 20% of the compressive
strength at the age of testing. The sample is then unloaded until it reaches a null force. Recordings (displacements,
force and temperature) are taken during the cycles and more specifically during each loading and unloading. These
displacement measurements can then be directly used to compute the E-modulus. The quasi-static E-modulus is
evaluated during the loading cycle. The duration between each loading was approximately 60 minutes. The relation
between the stresses and the strains is quasi linear during the loading. In order to keep the strictly linear zone of
the stress/strain curve, the E-modulus is calculated between 30 and 80% of the maximum load reached in each
cycle.

3.2  Resonant frequency method (RF)

The EMM-ARM testing technique (Elasticity Modulus Measurement through Ambient Response Method) has
been initially proposed by Azenha et al. [25] for the continuous measurement of concrete stiffness since the instant
of casting. It is called here RF (Resonant frequency). Since its initial proposal for concrete testing, it has been
extended towards application to cement paste [26], cement stabilized soil [27] and structural adhesives [28]. A
more recent work has demonstrated the in situ applicability of the method and introduced changes that allow re-
usability of parts [29]. The application of the RF method, in the context of this research, was fully made at the
UMinho laboratory.

The general principle of RF consists on continuously monitoring the first flexural resonant frequency of a
composite beam with known geometry and support conditions, which contains the material to be tested since the
fresh state. The evolution of resonant frequency can be directly and quantitatively correlated to the evolution of E-
modulus of the tested material, without any kind of ambiguity of user dependency. The test procedure is fully
automated and provides results in real time.

For the experiments envisaged in this research, three testing geometries have been adopted, both based on simply
supported conditions for the test beam: (i) the cylinder shaped specimen inside an acrylic mould (RFA) (Figure 7);
(i) a similar cylindrical shape beam similar to the one presented in Figure 7 but with internal/external diameters
of 84/90 mm and 900 mm of span, and made of PVC (RFp); (iii) the prismatic shaped specimen inside a reusable
metallic mould (RFwm) (Figure 8). Even though the experimental setups, and interpretation techniques have been
thoroughly explained and discussed in previous publications [25, 27], some brief remarks are given here for the
sake of self- sufficiency of this paper.

The acrylic mould (RF,) is 2000 mm long, with internal/external diameter of 92/100 mm, density
p =1286.89 kg/m* and E-Modulus of Euryiic = 3.30 GPa. The PVC mould (RFp) is 1000 mm long, with
internal/external diameter of 84/90mm, density of 1463.49 kg/m? and Young’s Modulus of 4.50 GPa. Both moulds
are crossed by horizontal rods at their supporting points (longitudinally spaced by 1800 mm and 900 mm for the
beams RF4 and RFp, respectively) and vertical rods that act as connectors of mould/specimen. Lids are utilized at
the extremities: one fixed lid, placed before casting and a removable lid, aimed to be placed after casting. Due to
the nature of the moulds, they require inclined/vertical position for casting. As soon as the removable lid is placed
in position and excess air is purged, the composite beams are placed under simply supported conditions on the
rods which are in turn placed on concrete blocks. At this stage, an accelerometer is attached to the mid span section
of each of the beams (see Figure 7), and the test starts.

The metallic beam was devised for reusability and increased robustness for in situ application [29]. It is made of
a ‘U-shaped’ metallic alloy plate (gplaee = 7800 kg/m?* and Epjae = 170 GPa), that has a total length of 2600 mm.
The space for concrete placement spans through the central 2400 mm of the mould, with a cross section of 150 x
150 mm?. The cross section shape of the mould was devised to assure that the centre of gravity of the metallic
beam coincides with the centre of gravity of the tested concrete. Lids are placed near the extremity of the beam,
right over the place where steel supports are placed to assure a free span of 2.4 m. Two aluminium stiffeners exist
at 800 mm from the supports, in order to avoid significant transverse deformations of the metallic plates due to the
weight of concrete. Connectors are also placed at 200 and 700 mm from the supports, according to the cross
sectional scheme shown in Figure 8, in order to assure full bond conditions. Three accelerometers are placed on
the bottom surface of the beam according to the positions shown in Figure 8. This variant geometry of EMM-
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ARM results in easier casting operations, as the mould is kept in its final testing position since the instant of
casting, with the accelerometers placed in position even before casting, which was not possible with the
acrylic/PVC moulds. Also, the reusability of the mould provides a more sustainable testing protocol, from both
the economic and environmental points of view. The feasibility of the metallic mould for EMM-ARM has been
tested and reported in a previous work [29] with satisfactory results. All mould beams are tested in the scope of
this work to extend their mutual validation and make a deeper analysis of the relative adequacy of these methods
to test very early stiffness developments of concrete.

Accelerations of the monitored points have been measured for 28 days with sampling frequency of 200 Hz and
PCB accelerometers with 10 V/g sensitivity, 0.15 to 1000 Hz frequency range and 225 grams of mass. Packets of
60 seconds of data have been taken every 15 minutes with a 24 bit data logger (NI 9234). Data processing to obtain
the resonant frequency of the beams was made through the Welch procedure [30], involving windowing, averaging
and Fourier transforms, according to a process that has been described in detail in [25]. Based on the resonant
frequency of the composite beams, and the detailed knowledge of their geometries, mould stiffness and global
masses, the stiffness of the tested concrete was obtained through analytical derivations based on the dynamic
equations of motion of the corresponding composite beam (detailed explanations in [25]). This procedure was
implemented in LabVIEW [31], thus allowing continuous automatic information about the calculated E- modulus
in all tested beams. Temperature measurements took place in the central point of the cross section of each concrete
specimen. The experiment was conducted in a climatic chamber with temperature of 19.2 + 0.5 °C.

A final remark is given in regard to the applicability of the analytical derivation of the equations of motion used
for E modulus estimation: before the structural setting instant, such equations that rely on several assumptions
related to concrete as a solid material may not hold, and therefore the EMM-ARM E-modulus estimations before
setting time shown in Figure 16 are plotted as dashed lines. In fact, even though the reported evolutions seem quite
feasible, they may not be rigorous at this period.

3.3  Ultrasonic Pulse Velocity (UPV) measurements

3.3.1 Classical UPV measurements: HF; and HF,

On this concrete, two classical techniques of ultrasonic measurements were performed [32, 33, 34]. First, the
FreshCon (HF)) device (see Figure 9) developed at the University of Stuttgart was used due to its ability to detect
very early age signals. Ultrasonic pulses of 5 us at 800 V are sent through ultrasonic transducers (0.5 MHz resonant
frequency). The ultrasonic pulse velocity (UPV) can therefore be computed before setting. In addition, the UPV
was measured with a BTPULS (Béton Transmission Par Ultra Sons, HF») device developed at IFSTTAR [20, 35].
This additional test, performed after the setting, was performed for comparative purposes between these two
techniques.

For HF,, the sample thickness is 47 mm, which is more than twice the size of the largest aggregate (44 mm). Two
samples are cast inside two similar containers: one for P-waves measurements and one for S-waves measurements.
Samples are placed in a thermally regulated chamber and their temperatures are measured continuously during the
test. Detailed information about this method can be found in [34].

The P-waves (Vp) and S-waves (Vs) velocities can be used to compute the high frequency Poisson’s ratio (vxr) and
E modulus (Exr) through equations 4 and 5, where p is the concrete density:

— 1_2'(V52/V13)

Vyr = 4
RN 0 @

(5)
E,. =V} _p.(l"'VHF)'(l_z'VHF)
(I_VHF)

These equations apply for a homogeneous and isotropic solid. When they are used during the hardening process
of a concrete, it is assumed that these conditions are fulfilled as soon as the age is higher than t,. Before this time,
the UPV is highly affected by the presence of entrapped air inside the concrete [36]. Thus, even though very early
age recordings are feasible, the relevance of the results remains controversial.

For HF, [37], the P-waves are emitted at the bottom and received at the top of a 110 mm diameter and 220 mm
height cylinder in its cardboard mould (Figure 10). Up to three samples can be tested simultaneously.
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3.3.2  Smart aggregates (HF’3)

The main drawback of the HF, and HF, systems is the use of a fixed sized mould which strongly limits the possible
testing conditions of the sample. In particular, it does not allow applying specific hygral and/or mechanical
boundary conditions on the concrete sample. An alternative is to perform ultrasonic testing directly inside a
concrete specimen of an arbitrary shape and size using embedded piezoelectric transducers. The use of embedded
transducers, also called “Smart Aggregates” (SMAGs) has been initially proposed by Gu et al. [38] to monitor the
strength of concrete using harmonic excitation, and later to monitor the state of damage using chirp excitation [39,
40]. Embedded transducers have also been used to monitor the elastic mechanical properties of concrete in [41].
At ULB-BATir, transducers based on a similar design were recently developed. Each HF; consists in a flat
piezoelectric patch which is wrapped in a waterproof coating and embedded in a small cube or cylinder made of
mortar (Figure 11). One of the advantages of this technique is that no coupling agent is needed between the sensor
and the concrete. The HF3s made at ULB-BATir have been used for the monitoring of the P-wave velocity in early
age concrete [42], and to monitor the crack growth in concrete and reinforced concrete in [43, 44]. The results for
early age testing are used in this paper and compared to the results obtained with the other techniques presented.
We shortly recall the testing procedure which is detailed in [42].

A prismatic mould, containing a pair of HF3s with a distance d = 56 mm is used (Figure 12). The HF; system is
used to excite the emitter with a pulse of 800 V and 2.5 us and record the wave at the receiver side. The testing
procedure is therefore identical to the one described in Section 3.3.1, except for the fact that piezoelectric
transducers of the mould are replaced by HF3s directly embedded inside the concrete specimen.

4 RESULTS AND DISCUSSIONS

According to the results, this wide set of methods (quasi-static, resonant frequency and ultrasonic) can, finally, be
divided in two groups: low frequency testing (QSo, QSi, QS», QS3 and RF) and high frequency testing (HF, HF»
and HF3). The strain rates or loading rates, covered by these methods, are gathered in Table 3. It is worth
underlining that stress amplitudes or strain amplitudes are also different from one technique to the other.
Comparisons of the results obtained with these techniques are largely influenced by these parameters [45, 46].

4.1 Low frequency testing

4.1.1  Automated quasi static loading results (OS;and 0S5)

Eight tests with cyclic loadings were performed: four with BTJASPE (QS:) and four validation tests on samples
removed from the mould after the setting called QS,. All these results are plotted in Figure 13a. For each cycle,
the behaviour was sufficiently linear so that the modulus of elasticity could be calculated with a simple linear
regression [20].

It can be observed (Figure 13a) that these data are fairly in good agreement, both between themselves and also
when compared to classical measurements (whose stress rate was 0.50 MPa/s).

Just after to, from the time when the E-modulus starts to become different from a null value (6 hours) to the time
when its evolution reaches a quasi-straight line (8 hours), the 4 QS; recordings are in a range of variation of + 1
GPa (Figure 13b). They become more scattered after 8 hours. Considering the validation tests (QS;), as soon as
the data are available, this range presents the same type of scattering. Despite this scattering, from one batch to the
other, the global response of such a protocol is quite satisfying. Indeed, the series of eight tests led to a coefficient
of variation of E-modulus not greater than 13 % over a period ranging from the setting of the concrete to 48 hours.
If a single concrete setting time has to be defined, from QS; results, a value between 6 and 8 hours can be adopted
depending on a chosen definition. In our case, this definition could be the time when the data start to increase at 6
hours. In real time this point is ambiguous. Indeed, one cannot decide if this value is included in the noise of the
measurements. The beginning of the quasi linear part of the recordings, at 8 hours, is totally unambiguous but,
may be, a little late. A definition of a point situated between the two times could suit our problem. Indeed, such a
point is clearly outside the noise and it is very close to the intersection of the extrapolated linear part with the x
axis. This extrapolation could be used even if no data are available before this point.

4.1.2  TSTM results (OS3)

Three samples have been cyclically loaded according to the protocol described in Section 3.1.4. In this protocol,
20 % of the compressive strength is reached in 10 seconds. This means that a constant stress rate is applied at each
cycle but, as the strength is evolving continuously, this stress rate is increasing with the age of the sample. The
range covered goes from 0.002 to 0.50 MPa/s over the first four days. On this period, and based on the results
reported in Figure 14, a very good agreement, between the E-modulus evolutions for one sample in the QS; device
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and the model of the classical tests, can be observed, despite the fact that stress rates are not strictly similar. As a
consequence, it can be inferred that the influence of the stress rate on the evolution of the E-modulus is low as it
was observed for QS results.

4.1.3  EMM-ARM results (RF)

The resonant frequency evolutions for the three composite beams (concrete-filled moulds), resulting from
processing the recordings of the accelerometers are shown in Figure 15a. All the data of EMM-ARM (RF) is
plotted according to the equivalent age, normalized to 20 °C. By observation of Figure 15a, it is clear that all
composite beams endured a significant frequency shift ranging between 27.49 Hz in the beam RFy; and 109.12 Hz
in the beam RFp. However, the differences in the resonant frequency shift in the beams reveal that the three
experimental setups have quite different sensitivities. To better illustrate such added sensitivity, parametric
analyses with the equations of motion of both composite beams were made, as to infer the changes in resonant
frequency (dF) that occur per each GPa of increase in E-modulus of the tested concrete (dE), along the process of
hardening of concrete. The results of such parametric analyses for all test setups is shown in Figure 15b, where
three main conclusions can be drawn: (i) the sensitivity of all experimental setups decreases with the increase in
concrete E-modulus; (ii) the frequency sensitivity of the PVC mould (RFp) setup to changes in concrete E-modulus
is markedly during the all hardening process; (iii) the metallic beam (RFy) is the one that has the lower sensitivity
to changes in the E-modulus of the material inside the mould despite being almost constant. This point indicates
that the results should be more accurate in the beam RFp when compared to the other beams.

The overall results of E-modulus measured by the three EMM-ARM composite beams and the reference curve of
classical tests are shown in Figure 16. It is evident that the coherence of the four methods is very good at most
ages of testing, once more confirming the feasibility and robustness of RF. It is however remarked that the E-
modulus obtained from the metallic mould test is always slightly higher than the E-modulus obtained from the
other beams (acrylic and PVC). This may be partially explained by some uncertainties in the geometry of the
metallic beam due to its high local deformability (1 mm thick plates) that resulted in some local warping due to
previous uses of the mould. A slight under-estimation of the final E-modulus value of RF methods in regard to the
model can also be observed in Figure 16.

4.1.4  Comparison between low frequency testing method

All low frequency testing results are shown in Figure 17. For these testing methods, the standard deviations are
plotted in dashed lines. The beginning of the increase of the E-modulus seems to well correspond to the final
setting as explained in section 4.1.2 whatever the testing method. Between the setting and 48 hours, the kinetic of
the E-modulus looks very similar whatever the testing method whereas a limited scattering is observable between
the results, especially at very early age. It appears that the difference of protocol of loading (strain rate, stress
amplitude) and the type of testing method did not induce any strong effect on the kinetic and the amplitude of the
E-modulus. All low frequency testing method have a very good correspondence with classical extensometry
results.

4.1.5  Effect of the stress amplitude and stress-rate on low frequency testing method

The variation of E-modulus as measured by these different methods is attributed to their variable strain rates and
amplitude of loading. In order to quantify these effects the study of these two parameters, two types of additional
tests are performed with the TSTM device at ULB. First, the effect of loading amplitude is studied. A cyclic test
started a few hours after the setting. Then, every hour, a load up to 5, 10, 20 or 40 % of the compressive strength
is applied to the sample within 10 s. Secondly, a similar test was performed with constant load amplitude up to 20
% of the compressive strength. In this second test, the loads were applied within 5, 10, 30 or 300 s.

The E-modulus values corresponding to the variable stress/strength ratio are displayed in figure 18 a. It is observed
that with the increase of the applied stress, the estimated E-modulus decreases, and this effect progressively
diminishes as the concrete hardens. On Figure 18 b, this amplitude effect is quantified. Each point is obtained by
linear interpolation of the experimental results. For any given loading age, a non-linear relationship is observed
between the loading amplitude and the E-modulus. This confirms that the stress-strain relationship is in fact non-
linear, and can be described by a quadratic equation [46] such as equation 6, where m is the non-linear parameter.
This expression is not based on any mechanical concept but it is the result of a mathematical fitting on basis of the
experimental results. As it was shown in [46], the non-linear parameter m in the stress-strain relationship is
dependent on the concrete mix design and the degree of hydration. As concrete hardens and the E-modulus
increases, the slope of this stress-strain relationship decreases.
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The dependency of E to the stress/strength ratio is described in equation 7, where o is the applied stress, fun is the
compressive strength, Er is the elastic modulus corresponding to a reference stress/strength ratio of 20 % applied
in 10 s, and A is a time-dependent amplitude parameter describing the effect of a variation of stress on the apparent
measurement of E.

E(zfij =E, (t)+ At)- (;,,,(2) - 0.2} (7

cm

Where E(t, o/feom), Eref(t) and A(t) are expressed in GPa,
t: equivalent time since mixing (in hours),
o(t), fem(t) are expressed in MPa.

The evolution of parameters E,.r and A are shown in Figure 20 a. The evolution of A confirms that the decrease of
E due to an increase of the loading amplitude is especially strong at very early age, and drops to low values during
hardening. The expression of A is provided in equation 8.

Ar)= 4, .(L)AZ ®)

Where 4,=-128 GPa, 4,=-1.015 and =1 h.

A second test was performed at various loading durations (tiading) 0f 5, 10, 30 and 300 seconds for a constant load
corresponding to 20 % of the compressive strength. The results presented in Figure 19 a suggest that for longer
loading duration, the E-modulus decreases. For any loading age, it is observed that the E-modulus increases as a
power law of tioading . The best-fit parameters indicate that as the E-modulus increases, the relative impact of the
loading duration decreases. In other words, as hydration advances, the E-modulus is less affected by variations in
the loading stress rate. This observation is due to the visco-elastic behaviour of concrete, which viscous properties
decrease with hydration.

This loading stress rate effect is taken into account in equation 9, where E, represents the E-modulus
corresponding to a loading duration of 10 seconds up to a stress/strength ratio of 20 %, tiading 1S the loading
duration, and V is a time-dependent velocity parameter describing the effect of a variation of the loading stress
rate on the apparent measurement of E.

0.z "

E(t, Lioading )= By (t) W )
* Yloading

The evolution of parameters E,.rand V are shown in Figure 20 b. The evolution of V confirms that the decrease of
E due to an increase of loading stress rate is especially strong at very early age, and drops to low values during
hardening. The expression of V is provided in equation 10.

V()= _n (10)

ln(tj +V,
T

Where E(t, tioading)and E,(?) are expressed in GPa,
Vi=0.03, V>=-1.179 and 7=1 h.
t is expressed in equivalent time since mixing (in hours) and f,u4ing 1s €xpressed in hours

Ultimately, the combined effect of loading stress rate and amplitude can be taken into account by equation 11.
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Quasi-static testing for the determination of E-modulus is generally performed for loading durations between 1
and 300 seconds and that the loading amplitude is generally between 5 and 40 % of f.n. Based on these parameters,
two envelope curves can be computed, showing the upper and lower boundaries of the E-modulus based on the
effect of loading stress rate and amplitude. The envelope curves are shown in Figure 21 and confronted to the
experimental E-modulus results obtained by extensometry at ULB, IFSTTAR and U Minho (Figure 2). These
experimental points, obtained for similar testing parameters, indicate that the error relative to the reproducibility
of the test is of the same order of magnitude than the effect of loading stress rate or amplitude. As explained later
on, by changing by several orders of magnitude the loading stress rate and/or amplitude (such as in the case of
ultrasonic testing) these effects are much more visible.

4.2  High frequency testing (HF1, HF2, HF3)

The results obtained on three batches with the FreshCon (HF)) for the transmitted P-waves and S-waves velocity
are shown in Figure 22. The P-waves velocity increases rapidly during setting and stabilizes after the final setting
time to a value slightly superior to 4000 m/s. However, the S-waves hardly propagate though fluids. It is only at
the beginning of the hardening that the S-waves velocity increases. Then, it slowly reaches a value close to 2500
m/s. These observations are in good agreement with the few results found in the literature [47, 48]. The results
obtained on three batches with the BTPULS (HF,) for the P-waves velocity transmission are shown in Figure 23
a.

The P-wave velocity results obtained, for the same concrete, with the SMAGs (HF3) and the BTPULS (HF>)
systems are compared to the results obtained with the FreshCon (HF,). Results are plotted on Figure 23 b. In this
figure, the average of three samples is shown for the HF; and the HF>.

HF, seems to give slightly different results, in the first part of the curve. However, this difference mainly occurs
before to. More explanations about this observation are given in [49]. From 12 hours onward, the overall tendency
is the same for all techniques, with similar values of P-waves velocity. Discrepancies before t, can be due to
different air content in the different moulds. Indeed, different techniques are used for placing the concrete in the
moulds. HF3s are placed in a large steel mould. Its high weight (concrete + steel) makes the vibrating table less
effective. On the other hand, the HF samples are efficiently vibrated until no more air bubbles are trapped between
the concrete and the sensors. Vibrating needles are used for HF,. Indeed, it is known that a strong dependency of
the early age P-waves velocity to the air content of the mix exists. In aired mixes, the initial velocity is around 250
m/s, whereas for de-aired mixes, initial values close to 1500 m/s can be observed [13, 50]. Ultimately, the
coherence between the three experimental techniques and the good reproducibility of HF, the distance of 47 mm
between sensors is enough in order to provide representative measurements.

With the HF; system, P-waves and S-waves were simultaneously measured on the same concrete with dedicated
HF, containers, which allows an accurate computation of the high frequency E-modulus (£4,) and Poisson’s ratio
as shown on Figure 24.

In the case where no S-waves measurements is possible, taking a constant value of v, in the equation for the
computation of Eg, (equation 5) leads to substantial errors, especially at early age. Indeed, the Eg4, value is
governed by the S-waves velocity evolution. The approximation made by considering a constant vy, results in an
overestimation of the early age high frequency modulus. However, in order to evaluate the relevance of HF; and
HF, methods compared to usual UPV measurements, a constant vg, of 0.3 has been considered as no S-wave
measurements have yet been performed with these techniques. In figure 25, the values for the HF; mean curve
with a constant v4, equal to 0.3 and the HF3 mean curve seem to stabilise after 30 hours, whereas the values of
the HF; mean curve with consideration of the evolution of v, follows the trend of the static E-modulus given by
the model with increasing values after 30 hours.

Before the setting time, a scattering is observable between all the high frequency testing methods (see Figure 25).
However, the results computed from the P-wave and S-wave velocity (HF)) exhibit the lowest amplitude because,
before to, the values of vy, are much higher than 0.3. After to, the kinetic looks similar whatever the high frequency
testing method is. On the contrary for this case, the results computed from the P-wave and S-wave velocity (HF)
exhibit the highest amplitude because, after t, the values of v, tend to lower values than 0.3 (see Figure 24).
Therefore, as observed in [47], the computation of Ey, only from P-wave velocity should be considered as a
qualitative indicator of the E-modulus development.
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4.3 Relation between quasi-static or low-frequency and high frequency measurements

Since the 1970s, high frequency determination of the elastic modulus began to be performed on concrete due to
obvious advantages of non-destructive and continuous aspects of this method [51, 52, 53]. Some authors found
relationships linking the quasi-static or low-frequency elastic modulus to the high frequency elastic modulus
(Table 5) of hardened concretes.

These empirical equations illustrate the fact that high frequency values are always higher than low-frequency
values of elastic modulus, which is generally true for all viscoelastic materials. This observation was confirmed
experimentally at early age by several authors as well as in this study [54, 55, 56]. However, in this research, these
three relations do not seem to apply, especially at very early age. Two main drawbacks to these equations are
advanced here. First, the lack of physical meaning to p and ¢ in the general equation: E;r = p-Exr — g which does
not allow to take into account different concrete compositions (w/c, paste volume, cement type). Secondly, as
shown in this study, the “low-frequency” or “high frequency” value can be dependent on the measuring method.
Depending on the strain rate or loading amplitude for the low-frequency and high frequency measurements,
different values of Eyr and E;r can be obtained [46]. Therefore, the relationship between both values is ambiguous
and certainly not intrinsic for a given concrete. In summary, the p and g parameters are dependent on the concrete
composition, on the measurement method of low-frequency and high frequency modulus and, certainly, on the
hydration degree. However, based on the hypothesis that the main parameters affecting the difference between Eur
and E;r are the loading stress rate and amplitude, such a linear relationship between both properties is consistent
with the modelling approach of equation 11.

In the case of a given experimental protocol to determine Exr and E;r on a given concrete, an equation of the type
Err=p-( Ear—q) (with p > 1 and ¢ > 0) seems appropriate to describe the behaviour of concrete throughout the
hardening process. Indeed, at the initial setting time, the low-frequency modulus is close to 0. However, due to the
initial increase of the ultrasonic pulse velocity before that time, the high frequency modulus has already reached a
significant value. The ¢ parameter represents this initial gap. Then, as concrete hardens, E;r tends to increase
whereas Eyr stabilizes more rapidly. Therefore, the gap between low-frequency and high frequency values tends
to decrease throughout hydration, thus explaining the p parameter, which is representative of the different kinetics
of the low-frequency and high frequency modulus evolution.

Figure 26 shows this relationship in this case by comparison of the HF, results and the classical extensometry
results between the setting time and 66 hours. No linearity between Eyr and Ejr is directly observable here. But if
only results after 18 hours (E.»= 16 GPa) are considered, a linear relationship is observable. Then, it appears that
the relationship between Exr and Err cannot be assumed as fully linear. Here, this assumption is only available
between 18 and 66 hours. Further research should be carried out in order to be able to determine with precision
the loading stress rate and amplitude of the high frequency measurements. Such measurement could improve the
model presented in equation 11, and confirm the hypothesis that through the mechanism of very short term creep,
the loading stress rate and amplitude are indeed the main parameters affecting the apparent value of the E-modulus.
Finally Figure 27 presents the synthesis of all results. Only mean values of each testing method are shown here.
As expected, clear differences appear between low-frequency and high frequency results. High frequency modulus
values with consideration of the evolution of vy are always higher than low-frequency results. A faster evolution
of high frequency results is also observable.

5 CONCLUSIONS

Different automatic techniques aimed at measuring changes in the stiffness of a concrete at early age were used in
three different laboratories. They were grouped in low-frequency and high frequency methods.

The low-frequency methods gave responses similar to classical measurements. These classical measurements
consist in performing the test after having removed the samples from their mould just after the setting time. Despite
the fact that the samples are very brittle, the concrete begins to harden at the end of the working day thus, automatic
methods are almost obligatory to study this initial phase of concrete behaviour. Two of the low-frequency methods
are based on the use of laboratory testing machine (TSTM or QS3, BTJASPE or QS;) whereas the third method
(EMM-ARM or RF) is well adapted for laboratory testing and in field. Their mutual performances are in good
agreement. For such inter-laboratories tests, the protocols of mixing and loading should be improved, though.
Both the loading stress rate and amplitude are observed to have an effect on the determination of the low-frequency
elastic modulus. This observation, which might be explained by very short term creep, is of limited importance
when quasi-static measurements are performed, regarding the reproducibility of such tests. However, similar
mechanisms could explain the difference between the low-frequency and high frequency elastic modulus, since
both are measured at very different loading rate and amplitudes.

The ultrasonic measurements are also automatic methods and they are good candidates for the monitoring of the
stiffness of the concrete at very early age. Two classical techniques (FreshCon or HF,, BTPULS or HF,) are
compared to a newly developed technique (SMAGs or HF3). Ultrasonic measurements provide values of E-
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modulus that are higher than the values provided by the quasi static or low frequency tests at the time of the
concrete setting. This difference decreases as the concrete hardens. Their results show a clear effect of the loading
rate on the E-modulus calculation compared to values obtained with quasi static tests. A correlation between the
results of high frequency techniques and low frequency ones is not yet clearly accessible and models should be
found to promote the use of ultrasonic techniques applied to the monitoring of the concrete stiffness at very early
age.

Further experimentations are needed to quantify accurately the effect of the strain or stress rates on the evolution
of the elastic modulus in the low frequency and high frequency ranges.
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Table 1: Mixture proportions of the concrete, w/c: 0.54.

Components / origin Mass (kg /m’)
CEM 152.5 N PMES CP2/ Saint Vigor 340

Sand 0-4 / Bernieres 739

Gravel 8-22 — Bernieres 1072

Total water 184

Density of fresh concrete 2335

Table 2: Classical test setup (QSo) in the three laboratories.

Extensometer Sample Protocol of loading

Spacing (cm) Heigth (cm)  Diameter (cm) Loading (MPa) Stress rate (MPa/s)
IFSTTAR 12 22 11 5% to 30% of fn 0.5
ULB 12 22 11 20 % of fom 0.2 to 0.55
U Minho 10 30 15 0.8 to 33% of fom 0.3

Table 3: Loading rates for each device.

Loading control

Device . . Classification
(corresponding strain or stress rate)

Classical tests (QSop) 0.2 - 0.55 MPa/s

BTJASPE (QS)) 5x10° /s (0.001 to 0.2 MPa/s) Low

TSTM (QS3) 10 s from 0 to 0.2 £, (0.002 to 0.5 MPa/s) frequency

EMM-ARM (RF) 9-45 Hz (0.1 to 1x10°%/s")

BTPULS (HF,) 10-100 kHz High

FreshCon (HF)) 10-100 kHz frequency

Smart aggregates (HF3) 10-100 kHz

*Strain rate computed by double integration of recorded accelerations and use of analytical derivations [56] (beam theory).

Table 4: Classical extensometry tests (mean values) according to the reference set up QSo.
IFSTTARY ULB® U Minho®®

Time  E-modulus  Time  E-modulus  Time E-modulus

(hours) (GPa) (hours) (GPa) (hours) (GPa)
8.64 2.72 18.96 16.8 66.72 34.66
11.28 7.32 22.08 20.5 163.2 36.1
18.96 18.76 47.04 29.5

23.28 22.86 117.12 35.2

27.84 26.14

173.52 36.41

(DMean values of 3 specimens

@Value of 1 specimen

®Mean values of 3 specimens

Table 5: Relations between high frequency modulus Exr and quasi-static or low frequency modulus Eyr.
References Model

Shkolnik [46] E,,=083-E,,
Van Den Abeele, et al. [47] E,. =1.25-E,, —19
Benmeddour, e al. [48] E,.=1033-E,, -7.245




