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An in situ application of a recently developed technique for continuous measurement of concrete E-mod-
ulus since casting is addressed in this paper. Such technique is based on the continuous modal identifi-
cation of a composite beam that contains the material under test. As concrete hardens, the flexural
resonant frequency of the beam increases and the computation of E-modulus can be made with recourse
to the beam’s equation of motion. Even though recent publications have shown the feasibility of this
technique in laboratory environment, no actual in situ application has been tested so far. That is one
of the topics of this paper, which also proposes improvements to the originally devised method and com-
pares results with ultra-sound wave velocity measurements. The scope of the work is extended with the
modal analysis of a prefabricated beam made of the same concrete under test, allowing insights to be
made regarding the E-modulus of concrete.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The quality control of in situ applied concrete is of extreme
importance, and it is usually carried out with recourse to compres-
sive strength testing of cubic or cylindrical concrete samples
(according to EN12390-3:2009 [1]), at a range selected ages to as-
sess that the desired performance criteria are met (e.g. a concrete
grade according to EN1992-1:2010 [2] has been achieved). This
methodology cannot provide the engineer with continuous infor-
mation about the mechanical properties of concrete, as the
destruction of the specimen is required to obtain data, and a lim-
ited number of specimens is usually available. However, the avail-
ability of continuous information about concrete mechanical
properties through non-destructive methodologies would be desir-
able, because of two main reasons: (i) on one hand, it would avoid
the necessity of conducting a “new test” to get an updated result,
as the results would be fed continuously to the user; (ii) on the
other hand, the continuous information obtained could provide
accurate estimations of the instant in time at which a certain per-
formance criterion would be met, and therefore allow construction
decisions to be made in advance, and material/workmanship be
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relocated as a function of the expectable behaviour of the material
(e.g. know at the age of 36 h that the target compressive strength
of concrete will be met at the age of 64 h, and therefore adapt
the construction schedule accordingly). This second point is of par-
amount importance in view of the increasing pressure of owners
for tight construction schedules, as well as the indirect cost savings
associated to a faster construction (e.g. less rental time of heavy
equipment; smaller times for interruption of traffic, etc.).

One of the most widespread techniques for overcoming the
mentioned shortcomings of traditional compressive testing is the
maturity method [3,4], which demands a full characterisation of
the mechanical property evolution and activation energy of the
concrete mix in laboratory beforehand, but allows continuous esti-
mations of the mechanical properties of the actually placed con-
crete with basis on the “in situ” measured internal temperature.
This temperature information is used together with the reference
mechanical properties previously obtained in laboratory, whose
evolution is corrected for chemical activation effects, thus allowing
an estimate of the actual mechanical property at the location of the
temperature sensor. The fundamental drawbacks of applying the
maturity method rely on the fact that a preliminary laboratory
characterisation is required, and also on the fact that temperature
is a physical measure that is not directly related to the mechanical
properties. Actually, if the concrete composition applied in the con-
struction deviates from that which was previously characterised in
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laboratory, thus jeopardising the applicability of the maturity
method, the temperature monitoring results do not warn the engi-
neer to such problem, thus possibly conducting to the use of mis-
leading information through the maturity procedure.

The in situ continuous assessment of mechanical properties of
concrete since its early ages has also been accomplished in the past
with recourse to indirect estimation through Ultra-Sound Pulse
Velocity (UPV) measurements (either through transmission or
reflection probes) [4-7]. A specific remark is also given to the
UPV measurement method based on wave reflection, which solely
demands access to one side of the concrete hardening structure [8].
This approach (UPV measurement) allows overcoming part of the
problems associated to the maturity method, as it is feasible to
consider that the speed of wave transmission/reflection is more
intimately related to the mechanical properties of concrete than
temperature development. Even though several works have been
devoted to in situ application of the UPV measurements for assess-
ment of mechanical properties, with successful measurements,
several limitations should be kept in mind: (a) the relationship be-
tween measured speeds and the mechanical properties of concrete
(namely static E-modulus), are often of a qualitative rather than
quantitative nature (e.g.: the wave speed can be theoretically re-
lated to the dynamic E-modulus, whose relationship to the static
E-modulus does not have an undisputable definition [9]); (b) the
application of the theoretical background that relates wave speed
to the dynamic E-modulus of concrete can be considered arguable,
as the equations used for such purpose were derived for isotropic
homogeneous materials at the scale of the wavelength [8,10,11].

It is also worth to mention the relatively recent attempts to per-
form continuous estimates of mechanical properties of concrete
with recourse to the measurement of dielectric properties
[12,13]. Even though the basic principle of this methodology is
quite interesting, it still carries the shortcoming associated to the
maturity method of requiring a previous study of the relationship
between the dielectric properties and mechanical properties in or-
der to obtain quantitative information.

In view of the acknowledged difficulties of existing solutions,
recently, a method for continuous measurement of concrete E-
modulus based on modal identification of a simply supported com-
posite beam (tube of acrylic internally filled with the concrete to be
tested) has been proposed by Azenha et al. [14] and it is termed
EMM-ARM (Elasticity Modulus Measurement based on Ambient
Response Method). The method basically consists in casting the
fresh concrete into a 2 m long acrylic tube, with inner/outer diam-
eter of 92 mm/100 mm, which is in turn placed in simply sup-
ported conditions. The resonant frequency of the resulting
composite beam is continuously monitored throughout time with
recourse to output-only identification techniques (meaning that
no direct excitation is applied or measured to the beam, and ambi-
ent vibrations are enough to allow proper modal identification). As
a consequence of cement hydration, concrete hardens along time,
and the resonant frequency of the beam starts increasing accord-
ingly. At each instant, the monitored resonant frequency of the
composite beam is used to provide the value of the concrete E-
modulus, through application of the beam’s equation of motion.
This allows obtaining a continuous curve for the evolution of E-
modulus of concrete along time, in a fully automatic fashion, with-
out the necessity of any human intervention or control. These are
quite interesting features in view of the desirability of having a
continuous measurement method that allows gathering results
since casting, as mentioned in the previous paragraphs. The good
prospects in application of EMM-ARM to concrete also led to the
successful downscaling of the methodology, making it suitable
for the study of cement pastes [15,16].

The pilot application of EMM-ARM in laboratory environment
for concrete [14] has allowed checking its repeatability, as well

as the coherence of its results in regard to those obtained from
compressive cyclic testing of concrete cylinders. It was however
acknowledged that the type of modal identification technique in-
volved made the methodology prone to disturbances caused by
surrounding vibrations, which could possibly represent a limita-
tion in view of in situ application. The main purpose of the present
research was to show that EMM-ARM can be used in actual con-
struction environment. For that reason, a pilot experimental pro-
gram was conducted in a pre-fabrication plant. This experimental
program also involved additional contributions to the understand-
ing and test setup of EMM-ARM, such as: (a) implementation of a
new test mould, suitable for larger aggregate sizes, and re-usable
(as opposed to the case of the original EMM-ARM version); (b)
comparison of results with the results obtained through US trans-
mission probes; and (c) comparison of results with those obtained
from a precast concrete beam cast with the same tested concrete.

As far as the organisation of this paper is concerned, Section 2
deals with issues regarding the EMM-ARM, with a general descrip-
tion of the original implementation and the proposed modifica-
tions in the scope of the present research. The experimental
program that was carried out is described in Section 3, whereas
the corresponding results and discussions are addressed in Sec-
tion 4. Section 5 closes the paper with the main conclusions and fu-
ture developments of the research work.

2. EMM-ARM
2.1. General description of the original implementation

The present section aims to provide brief and basic information
about the original implementation of EMM-ARM, namely in regard
to its geometry and experimental procedure, in view of its applica-
tion in the scope of this paper. For deeper information on EMM-
ARM, the reader is directed to Refs. [14,17]. The basic unit of the test
specimen is the mould, which is a transparent acrylic tube, as
shown in Fig. 1. Before actually casting concrete inside the tube,
some preparations are necessary. Firstly, two horizontal rods are
placed through holes near the extremities of the beam, in order to
materialise simple supports for a 1.80 m span beam. Five vertical
rods are also inserted into the beam, evenly spaced in its longitudi-
nal direction, performing as connectors and improving composite
behaviour. The mould also comprises two extremity lids, one of
which is kept fixed, and the other one is removable for casting oper-
ations. Casting of the specimen is made with the mould in an in-
clined position, until complete filling is achieved (with the mould
placed vertically) and the top lid is fixed in place. It should be
stressed that the shape and length of the acrylic tube poses difficul-
ties in casting specimens of ordinary concrete. The pilot experi-
ments have actually been conducted with self-compacting
concrete in order to avoid problems in the casting procedure, or
the occurrence of air voids in concrete. After casting is finished,
the composite beam is placed horizontally and simply supported
on its extremity rods. An accelerometer is attached to the mid-span
of the beam, and acceleration measurements start within a period
of less than 20 min from the beginning of casting operations. Based
on the measured accelerations, and assuming that environmental
vibrations behave on average as a white noise (i.e. with similar en-
ergy content within all the frequencies of interest), modal identifi-
cation is performed with recourse to the Welch-procedure [18] and
the peak-picking method [18]. Detailed information on the applica-
tion of these procedures in the scope of EMM-ARM can be found
elsewhere [16,17]. Even though this is a quite simple modal identi-
fication technique, it has shown a good performance in the pilot
EMM-ARM experiments, allowing a continuous plot of the evolu-
tion of the resonant frequency of the composite beam (which natu-
rally evolved in correspondence to the hardening of concrete).
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Fig. 1. Overall scheme of the original implementation of EMM-ARM.

The next stage in the application of EMM-ARM consists of trans-
forming the identified evolving resonant frequency along time, into
the estimated evolution of the E-modulus of the tested concrete.
Assuming homogeneous isotropic materials, for a simply sup-
ported beam with the first flexural resonant frequency f, free span
L, and subject to an uniformly distributed mass m, the flexural stiff-
ness of the composite beam EI (E standing for the E-modulus and I
for the second moment of area of the composite cross-section) can
be assessed by [19]:

EI:(ﬁf) -

The existence of the accelerometer (concentrated mass) at mid-
span of the beam jeopardises the applicability of Eq. (1). For such
purpose, the full analytical derivation of the relationship between
EI and f for the case of a beam containing a uniformly distributed
mass is shown in Ref. [14]. However, in the cases where light-
weight accelerometers are used, the errors associated to the
application of Eq. (1) become negligible (e.g. for accelerometers
weighting less than 100 g, the error in the estimated concrete E-
modulus remains under 1% of its value).

After obtaining the flexural stiffness of the composite beam EI
for a given instant, it is possible to assess the actual concrete E-
modulus E. through the following equation:

EI-E; -1,
e @

(1)

E =

where E, is the E-modulus of the mould and I, I stand respectively
for the second moments of area of the mould and the internal
concrete.

In line with previous works on modal identification of concrete
structures [20], as well as the work conducted so far with EMM-
ARM [14,16], the E-modulus that is obtained through EMM-ARM
seems to be close to that which is usually termed as ‘static E-
modulus’ rather than the ‘dynamic E-modulus’. In fact, the reso-
nant frequencies involved in EMM-ARM testing (less than
100 Hz) are quite low when compared to those of UPV measure-
ment (usually above 50,000 Hz).

2.2. Modifications to the test setup

The original implementation of EMM-ARM described above car-
ries two fundamental drawbacks: the mould is not re-usable, and

casting procedures may reveal problems if conventional concrete
(i.e. not self-compacting) is used. Therefore, it was decided to ex-
plore the possibilities and pitfalls of using an alternative mould
which could be re-used, while allowing easy access of a vibrating
needle to the entire specimen. The basic conception of the mould
for the new test setup followed the same principles as those al-
ready adopted for the acrylic tube. One of the principles regarded
the resonant frequency of the composite beam, which should pref-
erably range from ~10 Hz (with concrete in fresh state) to less than
~50 Hz at the hardened state (to avoid the introduction of electric-
ity noise in the acquired signals in this final state). This demand
causes the beam to be relatively slender, which carries the inter-
esting feature of being easily excitable by ambient vibrations, thus
facilitating the use of output-only modal identification techniques.
The other principle was to maintain the centre of gravity of the
mould coincident with the centre of gravity of the tested concrete,
as to simplify the analysis procedures. It was also decided to in-
crease the minimum cross-sectional dimension of the specimen
to 15 cm in order to be able to test the same types of concretes that
are used in the traditional cylinders (15 cm diameter) and cubes
(15 cm edges) [21], in terms of maximum admissible aggregate
size. A mould was therefore devised, based on bent 1 mm thick
steel alloy plates, with the geometry shown in Fig. 2.

The mould has a total length of 2.6 m and a “U” shaped cross
section that assures inner cross-sectional dimensions for the spec-
imen of 15 cm x 15 cm. Extremity lids are placed at 10 cm distance
from the extremities of the mould, causing the length of the con-
crete specimen to be of 2.4 m, which is coincident with the free
span of the simply supported beam assured by the bottom sup-
ports. These bottom supports solely sustain the bottom part of
the mould along its 15 cm width. Aluminium stiffeners are placed
on top of the beam in order to assure that the geometry of the
mould remains unchanged after casting (i.e. the mould does not
suffer cross-sectional deformations associated to the lateral pres-
sure caused by fresh concrete). Casting procedures are relatively
straightforward, with possible recourse to vibrating needles, and
can be conducted with the mould placed in its final structural
arrangement (simply supported). Upon the end of casting opera-
tions (total concrete height of 15 cm), a plastic cover should be
placed in order to assure proper curing conditions and prevent
water loss from the specimen (which would affect its overall
mass). During the experiment, accelerometers are placed at 3 spots
throughout the beam’s bottom surface, allowing a more accurate
modal identification to be conducted (as shown in Section 2.3).
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Fig. 2. Overall scheme of the alternative implementation of EMM-ARM.

After the end of the experiment, the accelerometers are re-
moved from the mould, the extremity lids and aluminium stiffen-
ers are removed, and the mould is turned upside down, allowing
the easy removal of the concrete specimen through slight bending
of the lateral walls of the mould. It should be remarked that this
experimental setup causes the experiment to have no expendable
parts: everything is re-usable.

Even though the test setup was initially implemented according
to the above description, debonding problems between concrete
and mould were detected, and removable connectors had to be
added to the mould. The detailed description of the observed prob-
lems, and the proposed introduction of connectors is relegated to
Section 4.1.

2.3. Modifications to the modal identification technique

In previous research with EMM-ARM [14] only frequency do-
main modal identification methods (non-parametric methods)
were used, namely the Welch method [18], also called the period-
ogram method. The accuracy of this method has high sensitivity to
the noise level of the measuring environment, as observed in [14].
The time domain methods (also known as parametric methods)
[22-24] are usually more robust and less sensitive to noise levels
[25].

In the approach devised for this paper, the Stochastic Subspace
Identification (SSI) parametric method [23] was chosen to estimate
the modal parameters in EMM-ARM. Time discrete models require
that the continuous response (e.g. structural accelerations re-
corded along a time interval) can be represented with a certain
fixed sampling period At. Then, the response can be discretized
and solved at every instant t,, where t, = kAt and k is an integer.
If it is assumed that excitation forces are unknown but exhibit
white noise properties, the following discrete-time model can be
assumed [26]:

X1 =AX + Wy
Vi =Cx + v,

3)
where X is the discrete-time state vector with the sampled dis-
placements and velocities in instant kAt; y, is the response vector
and contains the sampled accelerations in instant kAt; A is the state
matrix; Cis the output matrix; wy is defined as process noise result-
ing from input perturbations and modeling inaccuracies; and vy is
measurement noise due to transducers and data acquisition distur-
bances. Both stochastic vectors (wy and vy) are impossible to mea-
sure but their statistic properties can be assumed as: zero mean
and white noise [22,25].

The main objective of the SSI method is the identification of the
state matrix A and the output matrix C - see Eq. (3) - which con-
tain the information about the resonant frequencies, mode shape
vectors and damping coefficients [22,23,25,27].

The results from the SSI method can be observed in a stabiliza-
tion diagram (Fig. 3), which results from the information of matri-
ces A and C[23]. In this diagram the parameters of a range of model
orders, the so-called stochastic state-space realizations, are pre-
sented. The horizontal axis regards to the frequencies, whereas
the vertical axis is related to all model orders (also known as the
state space dimension, which is the dimension of the matrix A).
The physical modes reveal themselves as straight vertical lines,
according to several criteria (isolated or combined), such as: fre-
quency, mode shape, and damping. In opposition, noise modes will
appear scattered all over the diagram. At this stage, and based in
the stabilization diagram, the user should select a model order,
according to the stable vertically aligned poles. Normally this pro-
cedure is not straightforward, as the selection of the model order
depends on the experience of the user and on the quality of data.

In a previous work of the authors [28,29], a method has been
developed to allow the automatic identification of stabilized poles
without the need for human intervention using a combination of a
rule-based approach and cluster analysis. Such automatic system
identification method has been applied to the data of EMM-ARM
in the scope of this paper.

The previous implementation of EMM-ARM relied on the use of
a single accelerometer for the modal identification using the Welch
procedure. The proposed implementation not only shifts modal
identification to a parametric method, but also involves the addi-
tion of two further accelerometers to the beam. The use of three
accelerometers allows modal identification to be easier, as more
information can be perceived in regard to relative ordinates in
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[39].
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the modal shape. Thus, the first flexural resonant frequency can be
much easier to recognise due to the well-known expectable mode
shape.

To illustrate the advantages of the alternative modal identifica-
tion approach here proposed (both regarding the use of parametric
methods, and the recourse to three accelerometers), in regard to
the previous approach that solely relied in one accelerometer
and used the Welch procedure, Fig. 4 presents a comparison be-
tween the results obtained with the two approaches in the same
beam. The reader can observe that in the previous approach (see
Fig. 4a) the spectrogram is contaminated with undesired noises
which lead the results to exhibit some scatter. If the proposed ap-
proach is used (see Fig. 4b), the frequency variation is clearer and
more accurate.

3. Description of the experimental program
3.1. General outline

The two versions of EMM-ARM described in the previous sec-
tion were tested inside a prefabrication industry plant, in parallel
with the production/testing of a 27.4 m long prestressed concrete
beam for a bridge in Portugal. Concomitantly, a laboratory cam-
paign for characterisation of the evolution of concrete mechanical
properties was carried out.

3.2. Materials

A single batch of concrete (not self-compacting) has been stud-
ied in the scope of this test in the prefabrication plant, with the mix
composition per cubic meter being shown in Table 1.

The steel rebars for concrete are S500 according to EN 1992-
1:2010 [2], and the pre-stressing strands are Y1860S7-15.2 accord-
ing to EN 10138-3 [30]. The E-modulus for rebars and prestress
cables was considered equal to 210 GPa.

The acrylic used for the EMM-ARM tube has an E-modulus of
3.50 GPa and density of 1443.1 kg/m>, whereas the zinc-coated
steel alloy (non-structural) used for the EMM-ARM open mould
has an E-modulus of 170 GPa and an approximate density of
7800 kg/m>. These E-modulus and density values (for both acrylic
and steel alloy) assessed in laboratory by weighing, performing
modal identification of empty moulds, and cyclic testing of mate-
rial samples. The obtained values reasonably match the data pro-
vided by the suppliers of both materials.

The density of the concrete was assessed by averaging the den-
sity of six 15 cm edge cubes, and a value of 2396.54 kg/m> was ob-
tained. This was a quite consistent value when compared with the
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Table 1
Mix proportions of the concrete used in the prefabrication plant.
Constituent kg/m>
CEM I 42.5R 430
Water 143
Coarse sand (river) 377
Fine sand 418
Gravel 5/15 1006
Polycarboxylic ether polymers superplasticiser 39

2369 kg/m’ that are obtained by summation of the constituents
weight according to Table 1.

3.3. The prestressed beam

The experiments shared the same concrete batch of a pre-
stressed beam, with total span of 27.4 m, whose cross-section
and reinforcement are shown in Fig. 5. It should be noted that
the cross-section of this beam is constant throughout its whole
length. The beam was poured in a casting bed, where the pre-
stressed reinforcement had been previously placed and stressed.
The formwork for the beam was composed of 5 mm thick steel
panels placed laterally. No heat curing was applied but the water
used in the mixture was heated as to ensure an initial concrete
temperature of 20 °C (hotter than the environmental temperature,
as shown below).

Taking into account the rebar distribution, as well as the pre-
stress reinforcement, the average density for the reinforced con-
crete beam was calculated to be 2533.63 kg/m?>.

3.4. Experiments and procedure

The overall experiment consisted in casting two EMM-ARM
specimens (one with the acrylic tube version, and the other in
the steel mould), placed next to the actual precast beam, and
simultaneously to its casting operations (see Fig. 6). The acrylic
tube version of the method had the geometrical characteristics
and material properties mentioned in Section 2.1, whereas the
steel mould corresponds to the description of Section 2.2. As con-
crete could not be classified as “self-compacting”, the casting oper-
ations inside the acrylic tube had to be done with external
vibration (handheld vibrator coated with a cloth and slightly
pressed against the mould). In the case of concrete inside the steel
mould, casting operations were easier because of the easy access of
the vibrator. The accelerometers used for in the scope of this re-
search work had a sensitivity of 10 V/g, within the range 0.5 g,
and having a total mass of 220 g each. Fans were placed in the

45 ?*#
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30 1
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20

g ——

29.6
Time [days]

Fig. 4. Example of EMM-ARM results with two distinct approaches: (a) previous approach with only one accelerometer and using the Welch method; and (b) the proposed

approach with parametric system identification method and three accelerometers.
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vicinity of EMM-ARM specimens to increase the ambient vibration
associated to air movement (random turbulent motion).

In addition to the EMM-ARM specimens, two concrete cubes
(15 cm edge), named as cube 1 and cube 2, were cast with the pur-
pose of assessing the evolution of US wave velocity (P-waves mea-
sured using a 54 kHz probe with 5 cm diameter — TICO equipment).
These US wave velocity measurements were not carried out in the
EMM-ARM specimens due to limitations associated to the moulds,
and due to the added mass that the probes would represent in the
beams under test. Alongside with these experiments, the compres-
sive strength of concrete has been determined in 15 cm edge cubes
at the ages of 1, 4, 7, 14 and 28 days (three cubes tested at each
age) according to EN12390-3 [1]. E-modulus was determined at
the same ages of testing in 15cm diameter and 30 cm long

cylinders (total of 3 cylinders) according to ISO 1920-10 [31], with
stresses being applied at a rate of 0.28 MPa/s and a maximum
stress level of 1/3 of the cylinder compressive strength at the in-
stant of testing.

In regard to the placement of test specimens, the following rel-
evant information may be forwarded

- All test specimens (EMM-ARM, cubes and cylinders), as well as
the prestressed beam have been cast in the same pavilion,
which had several openings both laterally and at the extremi-
ties. It may be considered that this corresponds to outdoor con-
ditions, except for the shielding from solar radiation and night
cooling provided by the roof. The average temperature during
the 33 days of testing in the prefabrication plant was of 9.2 °C,
whereas its evolution is shown in Fig. 7;

- The EMM-ARM specimens were kept in the prefabrication pavi-
lion throughout the entire test;

- The prefabricated beam was kept in the prefabrication pavilion
until the age of 0.784 days (18.8 h), and it was then transported
to outdoor conditions next to the pavilion;

— All the other test specimens (cubes and cylinders) had to be
transported to the laboratory for testing. They were cast and
sealed in the prefabrication pavilion, where they rested for
18 h, and then transported to a controlled climatic chamber at
15°C and RH = 50%.

As a result of the differences in environmental temperatures to
which the EMM-ARM specimens were subjected in comparison to
those endured by the cubes and cylinders, the comparative results
to be presented in the next section for these specimens are shown
in reference to their equivalent age (t.q), computed according to
[32]:

t [ ERE] ]
o= ['e dr 4)
0

where t is the instant at which the equivalent age is being com-
puted, E, is the apparent activation energy, R is the universal gas
constant (8.314 J/mol K), T(t) is the temperature at instant T and
T, is the reference temperature (here adopted as 20 °C). As no mea-
surements were made in order to assess the apparent activation en-
ergy, the value recommended by Chengju [33] for concrete
containing Portland cements was adopted:

Eqct {4000 (K) T >20°C
~ 14000 +175-(20-T) T <20°C

: (K) (5)

Also, as no temperature measurements were made inside the
specimens (EMM-ARM or cubes/cylinders), the equivalent age
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Fig. 7. In-situ temperatures recorded at the prefabrication plant.
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computation is made with basis on the environmental temperature
to which they were subjected during the experiments. This simpli-
fication carries a slight error associated to the temperature rise of
the specimens due to hydration heat. Nonetheless, due to the rela-
tively small cross-sectional size (always equal or lower than 15 cm),
the inaccuracies caused by the simplification are considered negli-
gible. Further experiments (and/or computations) can provide a
clear answer in regard to the limits of this simplification. Due to lo-
gistic issues, it was not possible to monitor temperature evolution
in the prefabricated beam.

As mentioned above, the prefabricated beam was demoulded
and transported to a storage area (outdoors) at the age of
0.784 days, and placed in simply supported conditions on solid
wood pieces, according to the scheme of Fig. 8. The dynamic re-
sponse of the beam was tested with recourse to the same modal
identification technique of the EMM-ARM described in Section 2.3.
The response has been assessed at 7 points in the top of the beam
(measurement period of 10 min with a sampling rate of 200 Hz), as
shown in Fig. 8. In regard to the measurement of US wave speed, a
measurement spot was selected at the beam’s web (as signaled in
Fig. 8), carefully located as to avoid the interference of reinforce-
ment in the speed measurement. Such location was established
with the help of a marker previously left in the beam, as well as
with a rebar locator immediately before the measurements
through the web’s thickness.

4. Results and discussion

The results are cumulatively presented, beginning with the
comparison between the EMM-ARM specimens themselves and
the cyclic compression tests. Then, the ultra-sound wave propaga-
tion speed in concrete cubes is added to the comparison and after-
wards comments are made in regard to the results obtained with
the precast beam.

4.1. EMM-ARM

The raw data in, terms of identified resonant frequencies along
time, that was collected from both EMM-ARM specimens is shown
in Fig. 9a. It can be observed that a wide range of frequencies is
covered during concrete hardening in both cases, ranging from
9 Hz to 40 Hz in the acrylic beam and from 20 Hz to 45 Hz in the
steel alloy beam. Both evolution curves seem plausible, exhibiting
an initial dormant period (where frequency remains almost un-
changed) in the first two hours, and then having steep evolutions
until approximately 2 days age. After that, both beams exhibit a
significantly smaller rate of resonant frequency growth in time. It
should however be remarked that some interruptions exist in
EMM-ARM data, for example, around the age of 5 days (Fig. 9a).
These interruptions were caused by power supply failures to the
system which was operating autonomously during the whole
experiments. These lacks of data are considered unimportant as
they occur at stages where the evolution of stiffness is clearly
low, and the probable path of the evolution curve can be easily
inferred.

The analysis of interest in the scope of this work is centred in
the E-modulus of concrete, which was estimated with recourse
to Egs. (1) and (2) applied to the data of Fig. 9a, together with
the information forwarded in Table 2. The estimated evolution of
E-modulus based on the resonant frequencies for both beams is
shown in Fig. 9b, plotted in regard to the equivalent age (t.q) of
concrete. The results obtained from compressive cyclic testing
are also shown in the same figure. Regarding the E-modulus esti-
mation by the acrylic mould EMM-ARM, it can be stated that an
excellent coherence in regard to compressive cyclic testing was ob-
tained, within an error margin that relies below ~2 GPa, which is
consistent with the kind of accuracy already reported for labora-
tory application of EMM-ARM [14]. It is also noticeable that the ini-
tial E-modulus amounts to ~0 GPa, which denotes the feasibility of
the assumption of zero initial stiffness (this observation is also va-
lid in the case of the steel alloy mould). Further remarks on the
determination of the setting time (and time 0) with EMM-ARM
are relegated to Ref. [34]. The application of the initially devised
version of EMM-ARM for acrylic is thus considered valid for use
in construction environment, in view of its ability of having the
same kind of performance that it had in laboratory environment.
However, the same conclusion of adequate performance cannot
be withdrawn by observation of the results for the steel alloy
EMM-ARM in Fig. 9b: in fact, after an initial period where the esti-
mated E-modulus evolution was remarkably similar to that ob-
tained from the acrylic EMM-ARM, at the equivalent age of
0.7 days, the behaviour started to deviate, conducting to significant
underestimations of concrete E-modulus at the final age of
teg~ 15.5 days. The reason for this deviation was successfully
determined at the end of the experiment, as it was possible to re-
move the plastic sealing from the top of the beam and observe it. It
was seen that some parts of the edge between concrete and the
steel mould were slightly separated, thus pointing to the debond-
ing of the two materials. This debonding is bound to have been
caused by the effect of autogeneous shrinkage of concrete (as dry-
ing was prevented), and it has probably occurred at the equivalent
age of 0.7 days mentioned above. In order to make sure that the
concrete in the specimen was actually well cast and that its stiff-
ness was adequate (thus ruling out the possibility of internal voids
or defects), it was removed from the steel mould and tested indi-
vidually as simply supported, with a span of 2.3 m. The measured
resonant frequency was of 49.8 Hz, which by application of Egs. (1)
and (2), together with the analysis parameters shown in Table 2,
leads to an estimation of 35.1 GPa for the E-modulus at the instant
of testing (t = 32.8 days; t.q = 15.5 days). As the E-modulus of con-
crete obtained through compressive testing at a similar age
(teq=14.7 days) had the comparable value of E = 36.9 GPa, this sat-
isfactory coherence rules out the possibility of the error in steel al-
loy EMM-ARM being caused by the concrete itself, and confirms
the plausibility of appointing the loss of bond between the materi-
als as a cause. In fact, the occurrence of debonding may induce
overall stiffness loss of the system and/or motivate the occurrence
of local modes of vibration (that may lie within the frequency
range of the experiment) in the bottom steel plate that supports
the accelerometer.
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Fig. 8. Scheme of the prefabricated beam during the modal identification test.
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Table 2
Parameters used for the transformation of the frequencies in E-modulus.
m (kg/m) L (ln) Emold (Gpa) Imold (l’l’l4) Iconc (mq)
Acrylic beam 17.604 1.800 3.5 1.45E-06  3.44E-06
Steel beam 59.830 2405 170.0 2.30E-06  4.22E-05
Concrete beam  52.740 2300 - - 4.22E-05

Bearing in mind the reported problem with the steel mould
EMM-ARM, it was decided to perform a second experiment with
measures being taken to mitigate the possibility of debonding.

A new experiment was devised in order to overcome the deb-
onding problem. Drive screws with 3.6 mm diameter and 38 mm
length were attached to the mould at several parts of the lateral
panels, as shown in Fig. 10a and b. This second test with the steel
alloy mould containing connectors took place at a distinct con-
struction site, and with recourse to a distinct type of concrete. Such
details have been omitted in this paper for the sake of brevity, and
for specific information the reader is forwarded to Ref. [35]. Com-
pressive cyclic testing has been conducted in cylinders for several
ages, and the corresponding comparison with EMM-ARM results
for this case is shown in Fig. 10c. The results show similar coher-
ence to that which had been previously obtained in the acrylic
EMM-ARM application. This leads to the conclusion that the addi-
tion of drive screws in the steel mould avoids the debonding prob-
lems, and thus allows proving the steel alloy EMM-ARM as a
feasible alternative to the initially devised acrylic mould. It is fur-
ther remarked that the inclusion of these screws does not endanger
the re-usability of the mould, as they can be easily unscrewed be-
fore concrete removal.

4.2. Ultra-sound wave propagation

The UPV measurements taken at several ages (starting on
t=0.33 days =8 h) on cubes 1 and 2 are shown in Fig. 11a, where
a good coherence between the values measured with both speci-
mens can be observed. Furthermore, the shape of evolution of
velocity increase fits the expectable tendency already noticed in
previous works [36].

In order to convert the velocity measurements into estimated
dynamic E-modulus (Eg4y,), the application of Eq. (6) is necessary
[37]:

V. = 1-— 19din 'Edin
PN+ Yain) (X = 20ai)) - p

where V,, is the P wave velocity, p is the density of concrete and dg;,
is the dynamic Poission’s coefficient. As the Poission’s coefficient
was not measured in the scope of this research work, and bearing
in mind that the E-modulus obtained through Eq. (6) is proportional
to Vlz,, the comparison with the results obtained by EMM-ARM and
cyclic compression are made in relative terms to the recorded value
at the equivalent age of 5 days (instant at which, data from all tests
was simultaneously available), as shown in Fig. 11b. From the
observation of this figure, it becomes clear that the relative evolu-
tion of stiffness captured by EMM-ARM is quite coherent with that
obtained through UPV measurement, with the advantage of provid-
ing quantitative information that can be directly used by the user.
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Fig. 10. Placement of connecting devices along the steel mould: (a) scheme; (b) photo and (c) E-modulus obtained through steel alloy EMM-ARM with connectors and

through compressive cyclic testing (2nd experiment in a distinct construction site).
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Fig. 11. (a) Measured UPV along time in the concrete cubes and (b) Comparison between relative evolution of results of EMM-ARM, cyclic compression and UPV.

4.3. Experiments on the precast beam

After placement in the storage area, detailed system identifica-
tion tests were carried out aiming at identifying, at least the first
three vertical mode shapes of the precast beam (more complex
problem than the EMM-ARM specimens). For this purpose, 7 mea-
surement points were considered, with accelerometers placed at
the positions shown in Fig. 8.

The stabilization diagram of the recorded data is presented in
Fig. 3c, already addressed in Section 2.3. The existence of several
stable poles ranging from 5 to 85 Hz is clear, corresponding to all
mode shapes within this range.

The first three columns of Table 3 show the obtained results in
terms of natural frequencies fex, and damping coefficients ¢ for the
three lowest flexural vibration modes. The identified natural fre-
quencies are well spaced and equal to 5.23 Hz, 17.18 Hz and
27.42 Hz, whereas the observed average damping was equal to
2.17%, which is in the range of the typical values for reinforced con-
crete structures [25].

With the aim of estimating the concrete E-modulus that corre-
sponds to the observed dynamic response of the beam, a 3D Finite
Element (FE) model was built in DIANA [38], as to dully account for
the effect of rebars and prestress. Finite element bricks with 20
nodes were used to simulate concrete and bar elements were used
to simulate all the longitudinal rebars and prestressed cables (ini-
tially stressed at 1395 MPa). In terms of boundary conditions, the
beam was assumed as simply supported.

The numerical analysis was carried out by varying the concrete
E-modulus to minimise the relative frequency error between the
experimental and the numerical results. For the best case, an E-
modulus of 29.7 GPa was obtained. The calculated frequencies,
and the relative errors in regard to the experimental frequencies
are presented in columns 4 and 5 of Table 3. It should be stressed
that this is a simplified approach, as the E-modulus of concrete has
been assumed as constant throughout the beam’s cross-section
and length, which does not hold completely true due to differential
maturity development caused by non-uniform temperature fields
in the beam (induced by heat of hydration).

Simultaneously with the modal identification of the beam, the
US wave propagation velocity has been measured at position US

Table 3
Summary of the modal identification results and those resulting from finite element
simulation with the fitted E-modulus value.

Mode fexp (HZ) S (%) fFE (HZ) fermr (%)
1 523 1.86 4.79 -8.4
2 17.18 2.88 17.65 +2.7
3 27.42 3.31 28.75 +4.9

according to Fig. 8. The average speed was of 4014 m/s. A direct
comparison with the wave velocity obtained in the cubes at the
same absolute age cannot be made, as the temperature history is
distinct (heat of hydration causes significant temperature increases
in the prestressed beam, which thus hardens faster). However, it is
possible to assess the age at which the cube exhibited the same US
speed of 4014 m/s. This occurred at the age of 1.75 days (interpo-
lated from Fig. 11a), confirming the time lag of stiffness develop-
ment in regard to the precast beam that already has this US
speed at the age of 0.784 days. The EMM-ARM, with similar matu-
rity to the cubes, has revealed an E-modulus of 32.2 GPa at
2.32 days (time at which V =4014 m/s), which is reasonably coin-
cident with the E-modulus of 29.7 GPa assessed at 0.784 days in
the precast beam through modal identification (error margin with-
in ~2.5 GPa). This similarity points to the feasibility of assessing
concrete E-modulus through EMM-ARM. However, in order to as-
sure that EMM-ARM provides updated values (i.e. without time
lags) of the E-modulus of the actual precast beam, temperature
matched curing strategies are necessary. This should be a further
step of this line of research.

5. Conclusions

Based on the methods, experiments and results presented
throughout this paper, the following main conclusions can be
forwarded:

- The original implementation of EMM-ARM devised with an
acrylic tube mould has been tested in in situ conditions, with
the results being as promising as those previously reported in
laboratory application: good coherence between E-modulus
estimated by EMM-ARM and by compressive cyclic tests;

- An alternative mould for EMM-ARM based on a “U” shaped
cross-section made of steel alloy has been proposed, with the
advantages of being re-usable, and allowing easier casting con-
ditions. The results of the initial attempt have revealed prob-
lems associated to debonding of the mould, which were
probably caused by contractions associated to autogenous
shrinkage of concrete;

- Based on the problems of the initial implementation of the “U”
shaped mould, a second attempt was made, in which removable
connecting screws were added to the mould (without endan-
gering the mould’s re-usability). This attempt has shown no
signs of debonding, and the coherence with E-modulus obtained
from static cyclic testing of concrete was good;

- A comparison between stiffness evolution obtained from EMM-
ARM and from ultra-sound wave propagation speed was con-
ducted for the first time, and quite similar results were
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obtained, pointing to the mutual validation of these two tech-
niques for concrete. Emphasis should however be given to the
fact that EMM-ARM allows obtaining continuous quantitative
data which is directly comparable to the results of compressive
cyclic testing;

- The modal identification test conducted on the actual precast
beam allowed estimating the E-modulus of concrete, and relat-
ing it successfully to the E-modulus estimated by EMM-ARM at
an age in which the measured US wave speed was coincident.
This occurred in distinct instants because of the acceleration
of hydration reactions caused by heat of hydration in the pre-
cast beam. The application of EMM-ARM for assessment of the
actual stiffness development in concrete structures would
either demand for maturity corrections, or for temperature-
matched curing. These were known limitations when the exper-
imental program was devised, which was rather centred in the
evaluation of possible in situ application and shift to a re-usable
mould. Further research is now focused on devising and testing
a temperature-matched curing version of EMM-ARM aimed for
in situ estimation of stiffness/strength.
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