MATEC Web of Conferences 1, 01001 (2012)
DOI: 10.1051/matecconf/20120101001

C Owned by the authors, published by EDP Sciences, 2012

Monitoring of the ultrasonic P-wave velocity in early-age concrete using
Smart Aggregates
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Abstract. This paper deals with the use of embedded piezoelectric transducers to monitor the ultrasonic Pwave velocity evolution during the setting and hardening phases of concrete since casting time. The main advantage of the technique is the ability to overcome the limitations of traditional methods which do not allow to
apply specific mechanical boundary conditions during the measurement. The embedded transducers are based
on the ”Smart Aggregates” concept previously developed at the University of Houston, Texas. Two piezoelectric
transducers are embedded in a prismatic mold and the evolution of the P-wave velocity is recorded for the first
24 hours in concrete after casting time. The results are very promising and show a good agreement with classical
ultrasonic tests using external transducers.

1 Introduction
In most concrete applications, setting and hardening of concrete are important parameters to assess the period during
which concrete is still workable and the time when the
formwork can be removed. In addition, such information is
also useful for a better understanding of the development
of the microstructure and the effect of admixtures and mineral additions on the hydration of the cement. Conventional
methods to measure these parameters are the Vicat needle
test (EN 196-3) for cement paste and the penetration resistance test (ASTM C403) for mortar. The main drawback of
these methods is that they do not allow to perform the test
twice at the same location due to their destructive nature,
and the fact that they are not applicable to concrete (due
to the presence of aggregates). More recently, NDT (non
destructive testing) ultrasonic devices, previously developed for damage detection and crack identification, have
been used to monitor the transition from fluid to solid and
the change in stiffness of early age concrete. One example is the Freshcon system developed at the University of
Stuttgart [1,2] which is represented on Figure 1. It consists
in a specific mold (for concrete or mortar) equipped with
two piezoeletric transducers (one transmitter and one receiver). A computer equipped with a data acquisition card
is linked to a piezoelectric high voltage pulser to generate a high voltage short rectangular wave (typically 800 V
with a pulse width of 2.5 µs). A wide band ultrasonic (mechanical) wave is generated and picked up by the receiver
of which the signal is amplified after traveling through the
material . The software in the computer automatically computes the time it takes for the wave to travel from the transmitter to the receiver and deduces the velocity of the wave.
The system is able to compute the velocity of both compressive (P) and shear (S ) waves using dedicated molds
and transducers. The study presented in this paper is however restricted to P-waves. The velocity of S and P waves
a
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can be used to computed the dynamic Young’s modulus
and Poisson’s ratio.

Fig. 1. The Freshcon System [1]

At ULB-BATir, we have been working successfully with
the Freshcon system for several years to study the early
age properties of different concrete mixtures [3]. There are
however limitations to the system mainly linked to the fixed
design of the mold which only allows to vary the temperature during the tests and does not allow to apply specific
hygral and/or mechanical boundary conditions on the concrete sample (such as free or restrained shrinkage). The
main idea presented in this paper is to study the possibility to embed the piezoelectric transducers directly inside
concrete specimen of different sizes and geometries designed for specific mechanical tests. In particular, we are
interested in embedding such transducers in a TSTM machine (temperature-stress testing machine) for a better understanding of the early age behavior of concrete in traction.
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2 Embedded piezoelectric transducers
Flat piezoelectric transducers are widely used in applications such as active vibration control, shape control and
structural health monitoring. While they are used primarily for applications involving thin metallic or composite
structures, they can also be used in concrete where they
are either surface mounted or embedded. A successful implementation of embedded transducers called ”Smart Aggregates” (SMAG) has been recently developed at the University of Houston [4,5] and used mainly to monitor the
compressive strength and crack evolution in concrete structures. The SMAGs consists in a flat piezoelectric PZT patch
(of approximate size 12mm x 12 mm x 0.2 mm) which is
wrapped in a waterproof coating and embedded in a small
cube or cylinder made of mortar (Figure 2). The SMAGs
used in this study have been designed and fabricated in our
department at ULB-BATir.

Fig. 3. Prismatic molds with SMAGs before pooring the concrete

SMAGs, as well as delays in the Freshcon hardware. Concrete was then poored and monitoring of the P-wave velocity was performed during the first 24 hours under constant
temperature (20◦C) and under sealed conditions. With a
distance d = 10 cm, the wave was not strong enough to
reach the receiver at very early age. With a shorter distance d = 6cm which is equivalent to the distance used in
the Freshcon mold, we were able to measure the P-wave
velocity even at very early age. For this reason, the results
presented in this paper focus on the mold with d = 6cm
only.
The results obtained with the SMAGs with a distance
of 6 cm (exact distance is 5.6 cm) are compared to the results obtained with the classical Freshcon system with a
U-shaped mold for the same concrete on Figure 4 where
the evolution of the P-wave velocity is plotted as a function of time. The two curves are in very good agreement
although there are some discrepancies at very early age.

Fig. 2. Principle of a Smart Aggregate (SMAG) : a) Piezoelectric
patch, b) Patch with waterproof coating, c) Smart Aggregate [4]
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In order to test the feasibility of using SMAGs to measure the P-wave velocity of early-age concrete, two prismatic molds, each containing a pair of SMAGS have been
prepared. Two distances between the SMAGs have been
tested: d = 6 cm and d = 10 cm (Figure 3). The tests are
made on an ordinary concrete (cement (340kg/m3): CEMI
52.5 N, sand (739kg/m3): Bernières 0/4, gravel (1072kg/m3):
Bernières 8/22, water (184kg/m3)).
In a first step, a calibration test was performed by filling the two molds with water, knowing that the velocity
of P-waves in water is 1498 m/s and measuring accurately
the distance between the transducers. The Freshcon system
was used to generated the pulse on one of the SMAGs and
record the response on the other SMAG. In-house software
based on Matlab was used in order to compute the time of
arrival of the wave. The results were used to calibrate for
the delay in the sensor-actuator line mainly due to the distance between the actual PZT patch and the surface of the
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Fig. 4. Comparison of the measured P-wave velocity as a function
of time using the classical Freshcon system with a U-shaped mold
and the SMAGs with a distance d = 6cm

4 Conclusion
Embedded piezoelectric transducers have been proposed
for the monitoring of the ultrasonic P-wave velocity of
concrete from 0 to 24 hours. The transducers are based
on the ”Smart Aggregate” (SMAG) concept previously developed at the University of Houston, Texas. Two SMAG
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transducers have been designed and produced in our laboratory and embedded in a prismatic mold. The P-wave
velocity has been monitored during the first 24 hours after
concrete casting. The results are in very good agreement
with results obtained on the same concrete mixture using
a classical method based on a dedicated mold and external
transducers (the Freshcon system). Extraction of the wave
velocity with a good accuracy at very early age is however
difficult and some improvements are possible, using for example optimized and more powerful transducers. This is
the subject of a next step of this research. As the results
of this study are promising, we intend to use SMAGs in
more complex test configurations (i.e. applying mechanical and thermal boundary conditions at early age) for the
estimation of the wave velocity and concrete mechanical
properties at early age.
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