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Abstract. The mechanical properties of cementitious materials (strength, stiffness, 
durability) strongly depend on the mix design and the early age curing. During that 
stage several processes occur like segregation, air bubbles formation, water and air 
bubbles migration, formation of hydration products, as well as shrinkage cracking. 
An ideal means to examine the ongoing processes are the elastic waves due to their 
non-invasive nature. The constituents of the mix (usually air bubbles, sand and 
cement grains) impose scattering dispersion and attenuation to the propagating 
waves, and their thorough investigation reveals the quality of the mix much earlier 
than the standard compression test performed at the age of 28 days. In this study, 
single sized populations of spherical glass beads are embedded in a cement paste 
matrix to have better control on the microstructure relatively to sand grains of 
random shapes and wide size distributions. The sizes of the spherical glass beads as 
well as the applied ultrasonic frequencies are systematically varied revealing the 
phase velocity vs. frequency curves. The obtained experimental results of the early 
age behavior are used to theoretically model the material through multiple scattering 
and enhanced elastic theories. The characteristics of the initial ultrasonic data are 
correlated with the final mechanical properties of the specimens and the possibility 
of predicting the final properties after hardening, based on the ultrasonic behavior of 
the fresh material is examined.  

Introduction  

Over the last decades, concrete has been widely used in constructions due to its high 
compressive strength, durability and flexibility in form shaping allowing for the design and 
realization of fast and cost effective structures. Several types of structures, from highways 
to pavements, from bridges to high rise buildings, including structures of high importance 
such as nuclear power plants are nowadays, more and more, built in concrete. 

However, the current strategy for the structural assessment of concrete 
infrastructure relies on the drilling of cores which according to ASTM C 42/C 42M – 04 [1] 
should not be performed before the material is 14 days old. Therefore, it is made clear that 
the common practice has two drawbacks: a) it is based on an invasive method for the 
estimation of strength and b) it is applied late, when the material is hardened and already in 
place.            
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To overcome the first drawback, non-destructive testing techniques (NDT) have 
been developed. The techniques are divided in two main categories: a) those that are using 
the elastic waves (e.g. impact-echo, impulse-echo, ultrasonic pulse velocity technique, 
Acoustic Emission) and b) those that are using the electromagnetic waves (e.g. ground 
penetrating radar (GPR), X-rays, optics, thermography) [2]. Even though the 
aforementioned techniques provide faster and more reliable results on the structural 
integrity or damage condition compared to traditional mechanical tests (compression, three 
or four point bending, shear and pull out tests) they are still applied on the hardened 
material. However, the accurate prediction of the material’s performance in later ages is 
strongly dependent on the material’s behavior at a very early age, even after mixing.  

Concerning the fresh state of concrete a lot of effort is concentrated on the 
definition of its setting time and the influence of the curing conditions. Monitoring the 
initial and final setting times of concrete is very important for scheduling concrete 
construction operations as a function of its workability [3]. Conventionally, the initial and 
final setting times are determined by the penetration resistance method described in ASTM 
C403 [4]. However, this method does not provide continuous information on the time-
evolution of the material properties, since it is based on instant measurements. Therefore, 
testing methods based on stress waves (impact-echo, P and S wave reflection methods or P 
wave transmission method) have been proposed in literature [3, 5-10] for continuously 
monitoring the setting and hardening of cement-based materials. Among them probably the 
most promising technique is the Ultrasonic Pulse Velocity technique, which, in the current 
study, is used to provide more insight on the wave propagation through the aforementioned 
challenging materials. 

It is true that, so far, the monitoring of setting, the quality control and the 
characterization of fresh cementitious materials is conducted with “pulse” velocity 
measurements. This is related to the speed of an ultrasonic pulse, without control on its 
characteristics. In most cases this pulse may contain frequencies around 54 kHz but 
commercial devices may provide 20 kHz and 120 kHz. The effect of frequency is not 
highlighted. However, it has been seen that due to scattering and other effects on the 
microstructure of concrete, the wave speed changes for different excited frequencies [11].  
This change may be substantial and therefore, the frequency of the pulse should no longer 
be treated as an unimportant technical detail but as a very important condition for the 
characterization of the material. Indeed, different sizes of heterogeneity present in concrete 
(from capillary porosity to large aggregates) interact with different wave lengths and 
therefore, velocity and attenuation are bound to change with frequency. The experimental 
evidence has been attempted to be supported by scattering theory [11-12] as well as 
enhanced elastic theories recently [13]. In this study, ultrasonic pulse velocity 
measurements are conducted in fresh cementitious materials. To make things more clear, 
several single glass beads populations are used as aggregates in order to control the 
microstructure better that having wide distribution of real aggregates. Pulse velocity is 
measured for pulses of different central frequencies, aiming at the calculation of the “phase 
velocity”, which is the velocity of each frequency component. For more information, the 
interested reader is referred to [12-13]. 

2. Experimental details 

For the realization of the experiments, a data acquisition system, a computer embedded 
software, a waveform generator, a preamplifier and two R15 piezoelectric transducers are 
used, as shown in Figs. 1a and 1c respectively. The software displays on real time and 
analyses the acquired signals, the preamplifier amplifies the received signals using a gain of 
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40 dB, while the transducers (narrow band, high sensitivity, resonance frequency 150 kHz) 
function as the transmitting and receiving sensor respectively. The investigated mixes are 
hosted in a special plexi-glass U shaped mold which has a volume of approximately 125 ml 
(Figs. 1b and 1c). 

In the current experimental campaign, plain cement paste specimens with various 
w/c ratios as well as cement pastes with embedded glass spheres of specific sizes and 
contents are examined. Five different sizes, namely 8 mm (Figs. 1b and 1d), 5 mm, 3 mm, 
1000-1200 um and 600-800 um (1 um = 10-6 m), and three different contents, namely 20 %, 
40 % and 60 % by mass of the cement, are separately considered in the tests. The use of 
single sized populations of spherical glass beads embedded in a cement paste matrix is 
decided since it provides a better control on the microstructure relatively to sand grains of 
random shapes and wide size distributions.  

In order to optimize the experiment (shape of the pulse, narrow band vs. broad band 
frequencies, signal to noise ratio) and verify the dispersive trends caused by the wave-
microstructure interaction mixes containing only water or spheres embedded in water (Fig. 
1b) are also considered as reference. 

 

  
 

  
Fig. 1. a) Experimental setup for ultrasonic measurements, b) U-shaped plexi-glass mold containing water and 

8 mm glass spheres, c) through transmission arrangement of sensors for the ultrasonic examination of fresh 
cementitious materials, d) distribution of 8 mm spheres in a hardened cement paste matrix. 

(a) (b) 

(c) (d) 



4 

The examination of the fresh cementitious materials is performed with the 
Ultrasonic Pulse Velocity (UPV) technique using the two R15 sensors in a through 
transmission arrangement, as shown in Fig. 1c. With the aid of the waveform generator, 
2000 waves are transmitted and received by the pulser and the receiver respectively in order 
to increase the signal to noise ratio. Each wave is a 20-cycle sinus wave consisting of 3072 
samples with 5 MHz sampling frequency. Various frequencies from 50 kHz to 500 kHz 
with a step of 25 kHz or 50 kHz are excited allowing for the thorough investigation of the 
wave dispersion phenomenon, i.e. the dependence of the pulse velocity from frequency. For 
statistical reasons, the ultrasonic tests on the fresh cement based mixes are repeated three 
times on three different specimens per mix, while the third specimen is let to cure for at 
least 24 hours. During curing ultrasonic waves with a frequency of 150 kHz are transmitted 
every five minutes. The transit time through the sample is found from the delay between the 
two acquisition channels (direct electric excitation and receiver) after subtracting the transit 
time through the plexi-glass walls and the delay effect of the sensors. 

3. Results 

In this section, results from the velocity measurements on reference and fresh cementitious 
media are presented. The figures are expressed as a function of the frequency and contain 
information on the dispersion at the fresh state as well as during curing. 

As shown in Fig. 2 and the reference case represented by the dashed line, water is 
non-dispersive since no variation of the pulse velocity is exhibited. Moreover, since its 
value is close to 1500 m/s confidence is provided that the setup results in reasonable 
accuracy. In addition, when the mold is tested empty, the measured velocity is 
approximately 300 m/s, as indicated by the solid line, implying that a small amount of 
energy can propagate though air. The above measurements clearly show that the results are 
in good direction since the aforementioned velocities are in agreement with the existing 
values in literature. Therefore, step by step, more complex media where spheres are added 
in water are considered in order to build up an overall knowledge on the interaction of the 
microstructure with the propagating wave.  Small sized glass spheres of 1000 – 1200 um 
are firstly taken into account. In this case, as shown in Fig. 2, the velocity is higher than 
that of water due to the addition of stiffer elements, but no dispersion is observed, implying 
a low degree of heterogeneity due to the small size of the beads. On the other hand, when 
bigger diameter spheres are used (8 mm), a higher velocity and a much stronger dispersion 
is observed, even though the scatterer content is nominally the same as in the previous case. 

Based on the previous observations, the study is continued to media composed of 
cement paste with various water to cement ratio (0.3 and 0.6 respectively) or cement pastes 
mixed with spherical glass beads of various aggregate sizes (8 mm and 1000-1200 um 
respectively). As shown in Fig. 3, all specimens follow a dispersive behavior, indicated 
from the continuously changing values of pulse velocity as a function of frequency. The 
most significant dispersion measured as the difference between maximum and minimum of 
each curve is represented by the cement paste mix containing the biggest size of glass 
spheres (8 mm) (around 100 m/s), while the weakest dispersion (around 25 m/s) is observed 
for the cement paste with the lowest water to  cement ratio (w/c=0.3). Moreover, based on 
Fig. 3 and the comparison of the doted and solid lines (w/c=0.3 and w/c=0.6 respectively), 
it is concluded that the dispersion of the cement paste mixes remains weak, regardless of 
the water content. Finally, the results of the glass bead specimens show that their velocity 
increases as the frequency goes higher to 400 kHz. Although for higher frequencies the 
scattering interactions are stronger, this does not mean that the wave velocity should 
decrease; on the contrary in typical scattering systems with embedded scatterers the phase 



5 

velocity rises with frequency while the amplitude of the wave suffers great losses (increase 
of attenuation) [14-15]. 

 
Fig. 2. Dispersive curves for reference media. 

 
Fig. 3. Dispersive curves for fresh cementitious media. 

According to literature [12-13], the “phase” velocity calculations have been proved 
more sensitive to the mix design (water to cement ratio or sand content). Therefore, in the 
current study, a primary extension of the traditional “pulse” velocity calculations into more 
advanced ultrasonic wave features is attempted, as shown in Fig. 4. In this figure, the phase 
velocity versus frequency curves are plotted in unitless y-axes, allowing for a direct 
qualitative comparison of two different cases of cement based specimens. The first case 
concerns a cement paste sample with w/c=0.6, while the second case refers to a cement 
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paste sample mixed with 40 % (by mass of cement) glass spheres of 8 mm diameter 
(g8s40). As it is clear, the cement paste sample exhibits no dispersion, while the opposite is 
true when spheres are added to the cement paste matrix. The latter is in complete agreement 
with Fig. 3, where the dispersion of the cement paste mix with embedded glass spheres is 
found four times stronger than that of the pure cement paste. Furthermore, it is interesting 
to notice from Fig. 4 that during curing of the cement mortar (cement paste + spheres), 
unlike the case of cement paste, the dispersion becomes more prominent, implying that 
monitoring of the quality and setting process of fresh cementitious materials based on 
“phase” velocity measurements is highly possible.  

 

  
Fig. 4. Phase velocity versus frequency curves during curing for a cement paste and a cement paste mixed 

with 8 mm spheres. 

4. Conclusions 

In the current paper, the early age ultrasonic testing of fresh cementitious materials is 
discussed. A step by step experimental campaign is launched including reference 
measurements as well as measurements on cement pastes and cement pastes mixed with 
glass spheres of various sizes and contents. The microstructure is well controlled, since 
glass beads of narrow distributions and specific shapes are used instead of the wide 
distributions and random shapes characterizing the sand grains. The pulse velocity 
measurements verify that water is a non-dispersive medium, while the addition of stiff 
inclusions in water “disturbs” the homogeneity resulting in a dispersive trend. The addition 
of small sized spherical glass beads in water media does not seem to affect the pulse 
velocity for different excited frequencies. Moreover, it is here found that the dispersion of 
cement pastes is weak regardless of the water content. Finally, it is shown that extending 
the traditional “pulse” velocity measurements into “phase” velocity measurements reveals 
valuable information on the setting process of fresh cementitious materials. This work is the 
first step towards the use of advanced ultrasonic wave dispersion and attenuation 
characteristics for the quality control of fresh cementitious materials. 
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