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Abstract

Calcium aluminate cement (CAC) mortars were investigated by nondestructive ultrasonic measurement in the through-transmission mode
and compressive strength measurements. The detected profile of ultrasonic signal was fitted as a sine wave modulated with the Gauss
function. The linear relationship between compressive strength and the product of the amplitude and angular frequency of the signal was
established. A qualitative explanation of the proposed correlation based on the existing theories was given.
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1. Introduction

There is a continuous need to evaluate the state of the
concrete structures already in use (like bridges, tunnels,
dams, buildings, etc.) [1]. Nondestructive methods of
investigation, such as ultrasonic measurements, are often
proposed. The use of ultrasonic methods in cement materi-
als investigations dates more than 40 years ago on both
Portland and other special cements [2]. The usual param-
eter measured is the velocity of longitudinal ultrasonic
waves in material that, together with the density, enables
calculation of Young’s modulus of elasticity. The velocities
of transversal and surface ultrasonic waves are also mea-
sured and relations between thus obtained ultrasonic
parameters and bulk elastic modulus of material can be
found [3—5]. The influence of aggregate to cement ratio on
the compressive strength—ultrasonic pulse velocity depen-
dence had been shown [3,6]. Popovics et al. [7] presented
clear experimental evidence that compressive strength is
dependent on concrete composition (that is, different con-
cretes have different calibration curves) and additional
results stressed the complex properties of concrete, role
of compositeness and dispersion are discussed. The con-
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clusion that evolved over years, about correlations between
velocity of ultrasonic waves and compressive strength of
cement materials is that some additional properties have to
be measured, for example, hammer rebound index, hard-
ness, etc. [3]. Recently, several studies of cement and
concrete setting and hardening by ultrasonic measurements
have been published [8—10]. In those studies, compressive
strength of samples was not investigated. The correlation
between compressive strength and ultrasonic pulse velocity,
proposed for calcium aluminate cement (CAC) mortars has
the form of either power law or exponential function
[11,12]. It was pointed out that proposed correlation should
be used for similar materials compositions only. Liang and
Wau [13] have recently presented theoretical justification for
the exponential dependence of strength on velocity. They
have also made one step in further developing the com-
bined method that includes both measured ultrasonic pulse
velocity and amplitude in predicting the compressive
strength of concrete. The preceding literature overview
points out that there exist some limitations regarding the
possibility of establishing a general relation between com-
pressive strength and velocity of ultrasonic waves for
cement materials. The aim of this work was to extract
information from the profile of ultrasonic signal, thus
monitoring the evolution of properties of CAC materials
at carly ages and to correlate them with the compressive
strength of material.
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2. Theoretical background

Several approaches describing/dealing with the problem
of ultrasonic wave propagation through cement materials are
described. Recent work of Liang and Wu [13] deals with the
wave propagation in cement materials. Depending on the
boundary conditions, solution to the one-dimensional ultra-
sonic wave propagation Eq. (1) gives velocity of longitudi-
nal wave, vi/ms ', vi=((E/p)/(v))"?, where E is Young’s
modulus, p is the density of the material and f(v) = 1 is a
function of the Poisson’s ratio.
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Eq. (1) is of the form (9%u/d7*)=(constant)®(d%u/dx?)
because it is supposed that material could be described as
homogenous, and its properties does not depend on time or
distance. Choice of different material or boundary condi-
tion would change the values of Young’s modulus and
density (material properties) or f(v), respectively. A more
general form of wave Eq. (1) is the so-called telegraph Eq.

2) [13]:
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Two new terms are added corresponding to a damping
force, p(du/df), whereas the term gqu produces wave disper-
sion. Harmonic wave propagating through the viscous
material attenuates (due to the energy dissipation), and its
frequency is lower, Eq. (3) [14]:

o =/} — & (3)

Micromechanics approach has been applied by Hernan-
dez et al. [15] to the characterization of mortars by ultra-
sound. In their approach, representative volume element of a
composite material is formed by an isotropic elastic matrix
of volume V™ and ellipsoidal nonhomogenous inclusions of
volume V. Averaging material properties, two independent
tensor’s elastic constants C;; and C,4 are calculated by
knowing unporous matrix constants Cj} and Cyy and pore
volume fraction. The velocity of longitudinal ultrasonic
wave, v equals Eq. (4):
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and shear wave velocity, vs equals Eq. (5):
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From calculated values of composite’s elastic constants
Cy; and Cy4, the Young’s modulus can also be calculated,

Eq. (6):
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The compressive strength of a composite material (con-
crete) is calculated from the empirical dependence of the
compressive strength on Young’s modulus. Berthaud [5]
also mentioned the possibility of deducing the evolution of
the Young’s modulus and Poisson ratio from the measure-
ments of longitudinal and shear wave velocity. Panet et al.
[16] applied micromechanics model in the study of ageing
of cement material. They call for improved modeling
taking into account wave diffusion on cracks, pores and
aggregates.

Velocity of elastic waves enables to learn several aspects
of materials [5]:

— elastic constant if the wavelength is large when compared
to the size of heterogeneity,

— their internal structure if the wavelength is short when
compared to the size of the heterogeneity.

Wave propagation event, through relatively simple two-
phase systems (suspensions of particles in gas [17] or liquid
[18]), are governed with complex models and resulting
solutions.

Recently, Haire and Langton [19] had reviewed Biot
theory that is applicable to the wave propagation through the
fluid-saturated porous media. Although Biot theory had
great success in many of its applications, it has been found
in some instances to be only an approximation, possibly in
cases when additional attenuation mechanisms are operative
(e.g., in the case of complex pore shapes). Incomplete
knowledge of the material’s properties that are needed for
calculations is likely to occur in the case of time-dependent
properties of cement materials. Nilsen and Monteiro [20]
had shown evidence that concrete and mortar behave as a
three-phase material consisting of the cement matrix, sand
particles and interfacial transition zone (ITZ), while Yang
[21] has shown the influence of the ITZ on the elastic
module of mortar. Chaix et al. [1] have analyzed back-
scattered ultrasonic waves from the concrete material con-
sisting of numerous scatterers (sand particles) giving rise to
the received signal, that is, a superposition of large number
of elementary (single) reflection events in spatial/temporal
domain. Their model of the structure is very instructive
because as for every wave that impinges phase boundary
(two materials of different acoustic impedances, Z= pv),
part of the wave’s energy is transmitted and reflected. Thus,
the transmitted ultrasonic wave is a superposition of large
number of waves differing in phase and intensity. The result
is a voltage—time curve as obtained using piezoelectric
ultrasonic receiver (transducer).
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Recent studies [22—24] of the wave propagation in
nonlinear elastic materials, such as rocks and sandstones,
enable new insights in the interpretation of the results of
ultrasonic measurements. It has been shown that volumet-
rically damaged material, like concrete, possesses nonlinear
elastic properties, and one manifestation of nonlinearity is
the shift of ultrasound frequency towards lower frequencies.
If more cracks and microcracks are present in the material,
the frequency shift is greater.

As the strength of concrete also depends on the number
and size of (critical) cracks [25—27], the measured com-
pressive strengths should correlate with the extent of non-
linear elastic response as determined by ultrasonic
measurements. The frequency shift has contributions from
both linear (Eq. (3)) and nonlinear effects.

Because of the aforementioned problem of microscopic
description and modeling of ultrasonic wave propagation
through porous polyphase composite material, we sought
for a way of obtaining easily measurable parameters from
the transmitted ultrasonic signal representative for the mac-
roscopic state and properties of the material.

3. Methods

The CAC used was taken from a regular production of
“Istra Cement International,” Pula, Croatia, part of Heidel-
berger Zement Group. The cement has the following oxide
mass fraction composition: CaO, 40.2%; Al,Os, 39.0%;
Fe,03, 11.7%; FeO, 4.3% and SiO,, 1.9%. The principal
mineral phase is monocalcium aluminate, CaAl,O4 (CA),
with C312A114033 (C12A7), Ca4A12F62010 (C4AF) and B3-
Ca,Si04 (B-C,S) as minor phases. Li;CO;3 used was com-
mercial analar grade reagent.

Two different compositions of CAC mortars were pre-
pared at w/c ratio of 0.44 and 20 °C as described in Refs.
[28—30]. Sample S31 had a quartz sand (fraction: 0.63—
1.25 mm) to cement ratio of 3:1. Sample S21L had a
standard sand to cement ratio of 2:1 with Li,CO5; added
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Fig. 1. Ultrasonic measurements setup.

as a setting accelerator. Samples were investigated by
ultrasonic measurements in through-transmission mode un-
der immersion (Fig. 1) and by compressive strength deter-
mination according to EN 196-1. The ultrasonic probes used
were K0.5S/B0.5SL operating at 500 kHz frequency and
were driven by spike impulse at a repetition frequency of
100 Hz. Transient signals were measured using LeCroy
9310 AM oscilloscope.

4. Results and discussion

Nondestructive ultrasonic measurements and compres-
sive strength measurements were conducted on samples S31
and S21L during the first 10 h of hydration. Sample S21L
started to develop strength approximately 3 h earlier than
the sample S31 due to the addition of lithium carbonate
accelerator [28]. Compressive strength of the sample S31 is
lower than the compressive strength of the sample S21L
because of the narrow quartz sand particle size distribution
and entrapped air voids within the material. Hydration of
CAC proceeds through the dissolution of CA and subse-
quent precipitation of calcium aluminate hydrates and
alumina gel. Products of reaction between CA and water
have greater volume than CA alone and they bind together
filling the space between grains, which is accompanied by
an increase of strength and a decrease of porosity [29,30].

Measured ultrasonic signals for selected times of hydra-
tion for the sample S21L are presented in Fig. 2. From Fig.
2, it is seen that as the hydration advances, the amplitude of
the ultrasonic signal increases and the time of flight of the
wave packet decreases (shift of the voltage—time curves to
the left). Decrease of the time of flight of the received
longitudinal ultrasonic pulse corresponds with the increase
of the longitudinal wave group velocity. Thus, as hydration
of the sample advances, the porosity decreases while the
increase in compressive strength, ultrasonic pulse amplitude
and velocity is observed.

The usual procedures of the ultrasonic signal interpreta-
tion extract the time of flight of the ultrasonic wave and the
amplitude of the signal. That is, only three points are used
from the whole signal that contains typically about thousand
U(t)/V points. The functional form that fits a measured
ultrasonic signal could provide additional information. The
aim of this work was to find the additional parameters from
the ultrasonic signal received that could be correlated with
the compressive strength of the material (CAC mortar
samples). Various functions were tested and the best fit of
the voltage—time curves was obtained for a sine wave
modulated with the Gauss function (Eq. (7)):

w

U(#) = dsin(wt — ¢)exp (- @) (7)

where 4/V is amplitude of the signal envelope, w/rad ~ ' is
the angular frequency of the wave, ¢/rad is the phase shift
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Fig. 2. Increase of amplitude (4) and velocity (v) of ultrasonic waves at
prolonged time of hydration, #nyq4>thyd3>hyd>>thya1- Experimental data for
S21L at hydration times fyyq; =133 min, f,yq> =141 min, #yq3= 158 min
and fyyq4 =172 min.

of the wave, 7./s is the time of the arrival of the wave packet
group velocity and w/s is the width of the distribution. That
functional form could be found in a textbook by Henc-
Bartolic [14] and is similar (in a different notation) as the
one used by Chaix et al. [1] to describe incident ultrasound
wave. Eq. (7) is shown schematically in Fig. 3. From the
figure, it is seen that the wave packet is represented as
sinusoidal wave of the angular frequency, w/s ~ ', modulat-
ed with the Gauss function.

The measured ultrasonic signals for the two investigated
samples at different times of hydration were fitted to the
proposed function and the results are presented in Tables 1
and 2. Good agreement between experimental and fitted
data is shown in Figs. 4 and 5 for the sample S31 at 482 min
of hydration and sample S21L at 289 min of hydration.
Values of the parameters of Eq. (7), along with the error
margins and square of S.D., are listed in Table 3. S.D.
between fitted and experimental data is less than 0.5% of

10 +

10 12 14 16 18 20 22 24
t/us

Fig. 3. Function U(f) = Asin(wt — p)exp( — (¢ — 1.)*/w?) shown schematical-
ly. 4=10.17V, 0=3.02x 10°s ~ ', ¢=0.81 rad, ,=17.41 ps, w=2.08 pis.

Table 1
Results of fit of Eq. (7) on the measured U(f) ultrasonic signal at different
times of hydration, #,y4/min, for the sample S31

thya/min AV t/us wips ®10~% ¢/rad
rad !

265 0.044 23.24 343 2.06 4.51
269 0.069 23.03 3.32 2.09 4.26
271 0.091 22.95 3.25 2.12 4.10
275 0.182 22.23 3.06 2.23 3.40
278 0.231 22.09 3.01 2.26 3.26
280 0.285 21.96 2.97 2.28 3.15
289 0.631 21.61 2.77 241 2.05
300 1.171 20.57 2.61 2.51 2.46
308 1.555 20.21 2.54 2.57 2.25
318 1.825 19.73 242 2.64 2.14
335 2.486 19.13 2.28 2.72 2.05
365 4.968 17.98 2.23 2.83 2.94
378 5.267 17.71 2.23 2.84 2.95
392 6.657 17.40 2.19 2.88 3.37
407 6.973 17.17 2.20 2.90 3.63
426 8.100 16.94 2.19 2.93 3.80
441 8.280 16.83 2.18 2.95 3.86
455 9.330 16.64 2.17 2.98 3.90
482 10.21 16.29 2.16 3.00 4.20
515 11.33 16.26 2.18 3.03 4.10
536 11.60 16.13 2.16 3.03 4.26
548 11.63 16.08 2.18 3.05 4.14
559 11.81 16.03 2.18 3.06 4.19
572 11.55 16.08 222 3.08 3.93
Table 2

Results of fit of Eq. (7) on the measured U(¢) ultrasonic signal at different
times of hydration, #,y¢/min, for the sample S21L

thya/min AV t./us wius w10~% ¢/rad
rad ™!

133 0.040 23.60 2.65 2.62 —0.87
139 0.267 2291 2.52 2.72 —0.88
141 0.425 22.48 2.49 2.67 —0.08
158 1.183 20.92 2.34 2.74 —1.55
160 1.358 20.77 2.34 2.74 —1.41
172 2.104 19.93 2.22 2.82 —0.97
174 2.361 19.79 2.20 2.83 —0.90
184 3.725 19.21 2.23 2.87 —0.31
187 3.967 19.13 2.24 2.88 —-0.23
194 4.725 18.84 2.28 2.90 0.13
204 5.691 18.28 2.09 2.94 0.20
213 6.800 18.24 2.19 2.98 0.35
222 7.862 17.73 2.18 3.00 0.94
229 8.645 17.64 2.17 3.00 1.15
238 10.18 17.48 2.11 3.05 0.81
250 11.15 17.46 2.15 3.07 0.97
272 13.45 16.87 2.08 3.12 1.31
280 14.67 16.66 2.03 3.11 1.55
289 15.90 16.48 2.02 3.13 1.56
301 15.98 16.33 2.02 3.14 1.75
320 17.77 16.25 2.04 3.17 1.52
352 19.12 16.12 2.07 3.19 1.61
363 19.32 16.06 2.07 3.20 1.62
375 19.98 16.00 2.09 3.18 1.88
394 20.41 15.99 2.08 3.19 1.80
404 20.22 15.94 2.08 3.18 1.94
411 21.00 15.93 2.09 3.19 1.94
427 21.07 15.75 2.00 3.20 1.96
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Fig. 4. Experimental and fitted data for the sample S31 hydrated 482 min.

signal span for all the measured datasets. From Tables 1 and
2, it is seen that the amplitude of the signal increases as the
hydration advances. The increase of the amplitude of the
ultrasonic signal is a consequence of the decrease of the
porosity that acts as a scatterer and the decrease of the
quantity of the liquid phase that is a source of viscous
damping. From Tables 1 and 2, it can be also seen that the
angular frequency of the signal increases and the angular
frequency shift (the difference between the angular frequen-
cy of the ultrasonic probe and angular frequency of the
signal) decreases. The difference between ultrasonic probe’s
nominal frequency (54 kHz) and peak frequency of the
Fourier Transformed received signal (47 kHz) was noticed
by Popovics et al. [7], but was not commented further. The
decrease of the frequency shift could be explained as a
consequence of the linear and nonlinear elastic response of
the material under study. In the realm of linear elastic
behavior, frequency shift occurs because of the viscous
damping. The decrease of viscous damping during hydra-
tion decreases frequency shift (Eq. (3)). From the nonlinear
elastic behavior view [22-24], decrease of the angular
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Fig. 5. Experimental and fitted data for the sample S21L hydrated 289 min.

Table 3
Values of the parameters of Eq. (7) for the best fit obtained for the sample
S31 at 482 min of hydration and S21L for 289 min of hydration

S31 S21L
A4 10.216 £ 0.011 15.908 &+ 0.024
w 2.9923 +0.0007 3.1274 £ 0.0010
@ 4.205 + 0.008 1.561 +£0.012
te 16.288 + 0.002 16.479 + 0.003
w 2.157 £ 0.003 2.023 +0.004
S.D.? 0.00388 0.01857

frequency shift during hydration is a consequence of more
dense structure that develops, with less defects and micro-
cracks.

The product of amplitude and angular frequency (Aw/
Vs~ ') is in fact proportional to the maximum velocity of
particles of the material [14]. Ultrasonic wave propagation
through the cement material at later ages of hydration
induces greater velocities of the particles of the material
and the rate of the change of momentum is greater. Thus,
cement material at later ages of hydration have greater
ability to carry stress, or alternatively, greater ability to
transfer force. Results of compressive strength measured
plotted against the product of amplitude and angular fre-
quency (Aw/Vs ~ ') is shown in Fig. 6. As could be seen, the
linear dependence for the samples investigated is obtained.
The products of 4 and w are interpolated from the measured
data (Tables 1 and 2) at the time of hydration, #,yq4, that
corresponds to the compressive strength determination and
are presented in Table 4. The data of compressive strengths
measured against the product A(tyyq)w(thyq) were fitted as a
straight line (S.D. of 2 MPa) through the origin because the
compressive strength and the Aw product of fresh CAC
mortar are practically 0. The different slopes of the lines are
caused by the different coefficients of absorption of ultra-
sound in mortars, because of different sand to cement ratios
and probably different surface roughnesses that influence

50 y
40 -
& 304
2 ]
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©
201 = S21L
' 0 S31
10
0 T T T T T T T T T T T T T T
0O 10 20 30 40 50 60 70
10° Aw / Vrads™

Fig. 6. Results of compressive strength measured plotted against the
product of amplitude and angular frequency (4w/Vs ') show linear
dependence for the samples investigated.
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Table 4

Compressive strengths of the samples S31 and S21L measured and the
product of amplitude and circular frequency (4w/V rad ~ ') interpolated at
times of hydration, #yq/min

S31 S21L
thya/min Aw10 ™Y a/MPa thyd/ Aw107Y a/MPa
Vrad ! min Vrad !
330 6.96 7.8 150 1.89 2.8
360 11.96 12.2 180 8.95 9.0
390 17.43 17.8 210 18.79 18.1
420 22.73 25.6 240 30.51 27.5
450 27.32 29.1 270 42.10 33.1
480 30.88 309 300 51.66 40.3
510 33.44 334 330 58.42 453
540 35.17 36.3 360 62.71 48.3
390 65.23 51.9

sample/probe contact. The samples of constant thickness
were used but it is worth noting that different thicknesses of
the same material would result in different amplitudes
(because of the attenuation) and therefore different slopes
of the line of linear fit.

Although CAC mortars investigated differ greatly in
aggregate to cement ratio, aggregate particle size distribu-
tion, setting time due to the addition of Li,COs, the
compressive strengths measured were successfully correlat-
ed with the ultrasonic parameters of materials. In this way,
instead of the usual dependence of compressive strength on
the velocity of ultrasonic waves, the compressive strength
was correlated with the velocity of particles of the material.
Moreover, the information was extracted from the full signal
collected.

We suppose that further development will result in three
possible applications: monitoring of material condition,
especially of concrete materials subjected to the chemically
harsh and corrosive environment, qualitative and quantita-
tive assessment of the construction that suffered fire, freeze/
thaw or earthquake damage or is simply under heavy
exploitation conditions. Possible uses could be found in
application to the preservation of archeologically and his-
torically important buildings/cultural heritage. By simply
measuring material response (fast and nondestructive ultra-
sonic measurements), one can compare material homogene-
ity/uniformity or monitor deterioration of material properties
during time. Furthermore, we believe that it will trigger
more investigations on the relation between concrete atten-
uation coefficient and structure thus leading to the better
understanding of the concrete as a polyphase composite
material.

5. Conclusion

Calcium aluminate mortars prepared were investigated by
nondestructive ultrasonic measurement in through-transmis-
sion mode and compressive strength determination. By using
Eq. (7) for the ultrasonic signal fit, meaningful parameters

could be obtained, e.g., ultrasonic pulse group velocity and
angular frequency. Frequency shift could be explained as a
contribution from linear and/or nonlinear elastic response.
Experimental results demonstrated that frequency shift
decreases with the advance of hydration, indicating the
change of microstructure and development of more dense
structure with less defects and microcracks. Linear propor-
tionality of the compressive strength and the maximum
velocity of particles of material corresponding to the longi-
tudinal ultrasonic pulse had been proposed (Eq. (8)).

o X Aw (8)

Particle velocity depends on the frequency shift and on
the coefficient of absorption of ultrasound that both depend
on the mechanism of wave—microstructure interaction. We
suggest that this finding may also be true for other cement
materials and other similar materials.
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