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Research on ultrasonic methods to monitor the setting of concrete has mainly focussed on the wave velocity
as a useful quantity. To investigate the application of also the wave energy as a parameter, an experimental
program was set up to apply the ultrasonic wave transmission technique on several mortar samples
containing air entrainer, blast-furnace slag or fly ash causing clearly different setting behaviour.
The increase of the relative energy E/Eref during setting is generally retarded if ordinary Portland cement is
replaced by blast-furnace slag or fly ash. The mixtures with cement of a lower strength class or with large air
content were difficult to test with the energy measurements since they were more sensitive to poor sensor
contact due to shrinkage. For the other samples, the thresholds E/Eref=0.02 and 0.13 are proposed to easily
determine respectively initial and final setting based on the ultrasonic energy measurements.

© 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The propagation of ultrasonic waves in fresh concrete or mortar is
studied for several purposes such as general quality control,
determination of the water-to-cement ratio [1] and monitoring of
the setting [2–4]. Research on ultrasonic monitoring of setting has
mainly focussed on the change of wave velocity in time as a useful
quantity, while the wave energy transmission might be equally or
better suited since it considers the entire received signal. Moreover,
the calculation of wave energy does not require an accurate onset
determination of the received signal and therefore is a more
unambiguous parameter. However, compared to the ultrasonic
velocity, which mainly depends on the density and compressibility
of the medium, the energy loss is caused by many other factors [5].

As a wave propagates through a medium its energy decreases with
path length due to divergence and attenuation. Divergence, also called
geometric attenuation or beam spreading, is the phenomenon by which
the amplitude of thewave decreases as thewave front spreads out over a
larger area and only depends on the type of wave front and the distance
between the sensors in themeasurement set-up.Attenuationon theother
hand depends on the medium and is much more complex in this case.
Fresh concrete is a liquid suspension of different particle types (cement,
sand, aggregates and air inclusions) transforming into a porous solid
medium by cement hydration reactions [6]. The material attenuation
mechanisms can be classified as either absorption or scattering [7].
According to Aggelis et al. [6] scattering is the dominant attenuation
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mechanism in fresh mortar for high frequencies (N300 kHz) since both
sandcontent andgrain size influence the attenuation in this range.Aggelis
et al. observed a linear increase of the attenuation in function of the sand
content and the slope of this curve was steeper for higher frequencies.
However, at low frequencies the wave length is larger than the grain size
of the sand and thus the scattering is limited. For example, a freshmortar
with sand 0/4 and an initial p-wave velocity of 500 m/s [8], appears
homogeneous for waves with frequencies lower than 500 m/s/
0.004 m=125 kHz [9]. Therefore, the attenuation in the low frequency
range is mostly attributed to the presence of air bubbles in the fresh
mixture. No matter how sufficient the compaction might be, there is
always an amount of entrapped air that varies from1 to 10%. According to
Aggelis [6], air inclusions causea largeattenuation inwater for frequencies
lower than 100 kHz, but their effect is negligible when they are
surroundedbya solidmatrix. In freshmortarhowever several researchers
[8,10–12] observed a low initial velocity attributed to the presence of air
which probably also influences the attenuation at early age.

Besides divergence and attenuation, wave energy loss can also be
caused by decoupling of the sensors from the hydrating cementitious
sample due to shrinkage of the cement matrix. In this case, an air gap
exists between the sensor and the sample so that the ultrasonic wave
is partly reflected at the sensor-to-air and air-to-sample interface due
to the difference in acoustic impedance of these media. The acoustic
impedance Z (Pa s/m) of a medium can be calculated with Eq. (1) as
shown in Table 1 for some materials [9,13].

Z = ρ⋅vp ð1Þ

where ρ is the density (kg/m³) and vP is the p-wave velocity (m/s) for
that material. At the interface, the energy of the transmitted wave
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Table 1
Density (kg/m³), p-wave velocity (m/s), acoustic impedance (Pa s/m) and absorption (dB/m) of several materials.

Material Density P-wave
velocity

Acoustic
impedance

Absorption (and scatteringb)

at 10 kHz at 50 kHz at 100 kHz

Air 1.205 343 413 [9] 0.16 1.66 3.28c

Water 1000 1480 1.48·106 [9] 0.02·10−3 0.58·10−3 2.34·10−3 [30]
Glycerine (couplant) 1260 1920 2.42·106 [13] – – –

Plastic (nylon) 1120 2600 2.90·106 [31] – – –

Mortar (hardened)a 2300 3000–4200 6.9–9.7·106 40 150 180 [32]
Concrete (hardened)a 2400 3000–4500 7.2–10.8·106 [9] 40 120 180 [32]

a Values may differ depending on the mixture composition.
b For heterogeneous materials such as mortar and concrete, absorption and scattering cannot be completely separated.
c Calculated according to ISO 9613-1:1993.

Table 2
Chemical composition (%), mineralogical composition according to the Bogue
calculation (%) and Blaine specific surface area (m2/kg) of the cement and the blast-
furnace slag.

Cement
type

CEM I
52.5

BFS FAa CEM I
42.5

CEM III/A
42.5

CEM III/B
42.5

CEM III/A
32.5

CEM III/C
32.5

CaO 62.21 40.38 3.21 63.13 51.88 45.17 49.85 43.66
SiO2 18.84 34.35 53.58 21.22 25.15 28.78 26.88 31.55
Al2O3 5.39 11.36 26.49 3.90 7.39 8.89 8.30 9.42
Fe2O3 3.79 0.48 7.01 5.05 2.32 1.55 2.01 0.83
MgO 0.86 7.57 2.08 0.89 4 5.80 4.22 4.22
SO3 3.06 1.65 – 1.70 3.29 3.33 2.97 2.07
CO2 0.72 0.25 – 0.39 1.17 1.83 1.16 0.97
Cl− 0.04 0.013 – 0.01 0.04 0.04 0.04 0.22
C3S 59.6 – – 57.4 – – – –

C2S 9.1 – – 17.6 – – – –

C3A 7.9 – – 1.8 – – – –

C4AF 11.5 – – 15.4 – – – –

Blaine 370 400 275 315 485 450 345 317
SSA

a Mean chemical composition of 2 batches.
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depends on the intensity transmission coefficient and is given by
Eq. (2) for normal incidence [13].

Tn =
4⋅Z1⋅Z2

ðZ2 + Z1Þ2
ð2Þ

where Z1 and Z2 are the acoustic impedances of mediums 1 and 2
respectively.

However, when a layer of finite thickness is formed between two
media, the intensity transmission coefficient becomes different from
Eq. (2) and depends of the ratio of the layer thickness to the ultrasonic
wavelength due to the multiple reflections at the two interfaces of the
layer [14]. For very thin layers with acoustic impedance smaller than
the surrounding media the transmission coefficient is given by Eq. (3).

Tn =
4

2⋅Z1⋅Z3 + Z21 + Z23
Z1⋅Z3

� �
+ Z1⋅Z3⋅ k2⋅d

Z2

� �2 ð3Þ

with Z1, Z2 and Z3 the acoustic impedances of the three media (Z2bZ1
and Z3), d the thickness of the thin layer and k2 the wave number in
this layer (medium 2).

If the sensor is protected by a plastic wear cap, the air layer
(Z2=413 Pa s/m) arises between plastic (Z1=2.90 MPa s/m) and
mortar (Z3=8.3 MPa s/m). Taking into account an air gap width of
1 μm, the transmission coefficient amounts to 0.03 for a frequency of
50 kHz (k2·d=0.000916). Thus, due to the large impedance mis-
match between air and mortar, only a small fraction of the incident
wave is transmitted at the interface. Although the sensor will never
entirely detach, this underlines the important influence of sample
shrinkage on the energy measurements.

2. Materials and methods

2.1. Mortar mixtures

The ultrasonic measurements were performed on four series of
mortar mixtures. Besides ordinary Portland cement (OPC), these
mixtures also contained cement replacing additives such as blast-
furnace slag (BFS) and fly ash (FA). In the first series of mortar
mixtures BFS was added as a separate component to partially replace
the cement (30, 50, 70 and 85%). The second series of mortar
compositions were made with OPC and different types of blast-
furnace cements, in which BFS is merged during the production
process. According to EN 197-1, CEM III/A contains 36–65% BFS by
mass, CEM III/B 66–80% and CEM III/C 81–95%. In the third series 0,
35, 50 and 67% of the OPC was replaced by FA. Finally, also mortar
mixtures were tested in which air entrainer was added in different
amounts (1 ml and 2 ml). The standard mortar samples consisted of
1350 g standard sand, 450 g cement and 225 g water and were mixed
according to EN 196-1. The chemical composition and the specific
surface area of the different cement types and of the additives BFS and
FA are given in Table 2.
2.2. Ultrasonic wave transmission measurements

The ultrasonic p-wave transmission measurements on the hard-
ening mortar samples were performed with the FreshCon system
developed at the University of Stuttgart. A detailed drawing of the
sample cell is given by Reinhardt and Grosse [15]. Every 5 min, a pulse
signal with a width of 2.5 μs and thus a frequency band of
approximately 400 kHz was generated and transmitted through the
fresh mortar with the aid of a piezoelectric broadband transmitter.
After traveling through the hardening sample, the signal was received
by the ultrasonic receiver and sent to the DAQ card. More details about
the FreshCon system are described in previous publications [3,15]. The
ultrasonic energy is determined by numerical integration of the
squared amplitude values following the onset time. This value is then
divided by the reference energy to eliminate the energy loss due to
divergence and reflection at the contact interfaces shown in Fig. 1
(sensor-couplant and couplant-plastic). The reference energy was
measured during the calibration of the set-upwith the container filled
with water, but with the same path length. The reflection at the
plastic–mortar interface changes in time as the mortar sets so it
cannot be completely eliminated.

All the tests were conducted in a climate chamber at 20 °C and 60%
relative humidity. During the setting and hardening process, cemen-
titious material tends to shrink due to loss of water caused by
evaporation (drying shrinkage) and consumption in hydration
reactions (autogenous shrinkage). As mentioned above, this can



Fig. 1. Schematic representation of the set-up with (a) sensor, (b) couplant,
(c) protective wear cap, (d) sample container wall and (e) mortar sample.
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lead to a poor contact between the sensors and the sample and
consequently severe energy loss. Therefore, the tested mortar was
frequently sprinkled with water and the container was sealed with
plastic tape to limit the drying shrinkage. Since autogenous shrinkage
is mainly important for mixtures with low water-to-cement ratios
(b0.42 [16]), its effect on the measurements is expected to be
Fig. 2. Effect of sealing and curing the hardening sample during the (a) wave energy and
(b) wave velocity measurements (concrete mixture with CEM I 42.5 and w/c=0.5).
negligible. According to the model of Lee et al. [17] the autogenous
shrinkage in concrete with OPC and w/c=0.5 is limited to 20·10−6 at
48 h. Fig. 2 illustrates the effect of drying shrinkage on both ultrasonic
wave energy and velocity. At the age of 2 days, the wave energy
measured on the sample that was neither sealed nor cured was
reduced to 28% compared to the sample that was properly cured,
while the velocity merely decreased to 98% of this reference. This
confirms the larger sensitivity of the energy measurements to sensor
decoupling compared to velocity measurements.

To indicate the reproducibility of the ultrasonic measurements, the
results of three replicates of the mortar mixture with CEM I 52.5 and
w/c=0.5 are given in Fig. 3. Immediately after mixing, high
repeatability errors are expected due to the low signal-to-noise ratio
of the early recorded waves and the possible variability in air content
and compaction degree of the replicate sample. In the period ranging
from 4 to 48 h after mixing, the average repeatability error amounted
to 1.5% for the velocity and 5.7% for the energy measurement.
2.3. Determination of initial and final setting times

The setting behaviour was also monitored more traditionally with
the penetration resistance test (ASTM C403) onmortar. The initial and
final setting times are determined by a penetration resistance of
respectively 3.5 MPa (the concrete can no longer be vibrated) and
27.6 MPa (the concrete can carry measurable loads) [18]. According to
this standard, the coefficient of variation for the initial and final
setting time is respectively 7.1% and 4.7%. Except for the mixture with
blast-furnace cement CEM III/B 42.5 (10.6% and 14.1%), the
Fig. 3. Ultrasonic (a) wave energy and (b) wave velocity vs. mortar age for three
replicates of a properly cured mortar mixture with CEM I 52.5 and w/c=0.5.



Fig. 4. (a) Ultrasonic energy and (b) its derivative vs. mortar age for standard mortar
mixtures in which an increasing percentage of the OPC (CEM I 52.5) was replaced by
BFS. The initial and final setting according to ASTM C403 are indicated with white and
black dots respectively.

Fig. 5. (a) Ultrasonic energy and (b) its derivative vs. mortar age for standard mortar
mixtures with OPC and 4 different blast-furnace cement types. The initial and final
setting according to ASTM C403 are indicated with white and black dots respectively.
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coefficients of variation of the performedmeasurements were smaller
than these values.

2.4. Semi-adiabatic calorimetric measurements

From every mixture, tested in the FreshCon system, a sample was
put in a semi-adiabatic calorimeter (Langavant calorimeter) so
ultrasonic and calorimetric measurements were conducted simulta-
neously. According to the semi-adiabatic method, the temperature
rise of the hydrating sample in a heat-insulated flask is continuously
measured. The cumulative heat production Qj at time point j is then
calculated with the following formula (EN 196-9):

Qj =
c
mc

· θj +
1
mc

· ∑
j

i=1

P
α

i ·
P
θi · Δti ð4Þ

where c is the thermal capacity of the setup, mc the mass of cement, θ
the temperature rise and �αiand

�
θi the mean coefficient of heat loss

and the mean temperature rise of the test sample during period Δti
between two temperature measurements.

The temperature rise during the semi-adiabatic measurements can
amount to 35 °C accelerating the hydration reactions; while the sample
in the FreshCon container hydrates under almost isothermal conditions
(the temperature increases less than 2 °C). To compare the results of the
calorimeterwith the ultrasonicmeasurements, the heat production rate
will be shown as a function of the equivalent age at 20 °C, calculated
with the maturity function according to the Arrhenius law. The
activation energy was set to the value of OPC, namely 33.5 kJ/mol [19]
for all mixtures. Although the activation energy of BFS or FA is much
higher, this difference was not taken into account because of the
difficulties in separating the different reactions.

3. Results and discussion

3.1. Energy measurements

The change of the received ultrasonic wave energy in time and its
derivative during the setting of the mortar are given in Figs. 4–7 for the
different series. Since the wave energy is calculated as the sum of the
squared amplitudes and thus increases rapidly, it is presented on a
logarithmic scale capturing the early–age increase. At 48 h the relative
wave energymeasured on the reference (CEM I 52.5) reached a value of
0.72, which means that the energy received on the reference mortar
sample is 72% of the energy received when the container is filled with
water. Considering the difference in absorption between water and
mortar (Table 1), thewave energymeasured on amortar sample should
theoretically be between 0.40 and 0.82 for the range of 10–100 kHz.

The dormant period, during which the wave energy does not
increase, is very limited (at the maximum 2 h) or even missing.
However, like the early increase of the p-wave velocity [8] this is also
caused by other factors than by setting of the cement. In a small
experiment performed on standard mortar in which the cement was
replaced by non-reactive quartz filler, the energy increased from
1.17·10−6 to 5.19·10−5 during the first 48 h and to 2.71·10−4 after
70 h due to internal settling. Though the effect of the latter seems to be
limited, this process will be accelerated in mortar by the cement
hydration and coagulation. Also the formation of early hydration



Fig. 6. (a) Ultrasonic energy and (b) its derivative vs. mortar age for standard mortar
mixtures inwhich an increasing percentage of the OPC (CEM I 52.5) was replaced by FA.
The initial and final setting according to ASTM C403 are indicated with white and black
dots respectively.

Fig. 7. (a) Ultrasonic energy and (b) its derivative vs. mortar age for standard mortar
mixtures in which an increasing amount of air entrainer was added.

872 N. Robeyst et al. / Cement and Concrete Research 39 (2009) 868–875
products such as ettringite [4] and bleeding [8,20] influence the
acoustic characteristics in the beginning.

3.1.1. Mixtures with BFS
Besides the reference samplewith only OPC (CEM I 52.5) as binder,

mortar in which 30, 50, 70 and 85% of the OPC was replaced by BFS
was tested. The change of the received wave energy in time is shown
in Fig. 4a for the different mixtures and is similar to that of the wave
velocity shown in the previous publication [8]. The hydration of the
BFS is not initiated until the lime liberated during the hydration of OPC
provides the correct alkalinity [21,22] which causes a slower setting in
mixtures with BFS. In mortar with little BFS (30%), the difference with
the reference is restricted but clearer compared to the velocity
measurements. If a large fraction of the cement is replaced by BFS, the
energy curve shows a second increase after approximately 20 h (70%
BFS) and 28 h (85% BFS) that might be caused by the slag reaction. The
different setting behaviour of the mixtures can even be better
distinguished when the derivative of the energy is plotted against
mortar age (Fig. 4b). The largest increase in transmitted energy
(maximum of the derivative) takes place 8 h after mixing for the
reference and the compositions with little BFS. This peak tends to
appear at later ages the more OPC is replaced by BFS. Moreover, a
second peak becomes visible corresponding to the contribution of the
BFS to the setting as mentioned above.

3.1.2. Mixtures with blast-furnace cement
The ultrasonic wave energy and its derivative vs. mortar age for

standard mortar mixes with 1 Portland cement (CEM I 42.5) and 4
different types of blast-furnace cement are shown in Fig. 5. Consider-
ing the mortars with strength class 42.5, the maximum value at 42 h
was reached by the sample with CEM III/A (E/Eref=0.73) instead of
the OPC mixture (E/Eref=0.69) which can be attributed to the higher
fineness of the cement type (Table 2). Moreover, the addition of BFS
can lead to higher strength and stiffness. The energy curves of these
two samples are rather similar. The composition with CEM III/B on
the other hand clearly sets slower and the energy merely amounts to
E/Eref=0.42 after two days.

For the strength class 32.5, the energy increases faster during the
first 12–14 h in the mortar made with CEM III/C than in the sample
with CEM III/A. This acceleration was also observed in the results of
the velocity measurements [8] and was attributed to the higher
chloride and lower SO3 content of CEM III/C in comparison to CEM III/
A (Table 2). After a short stagnation, the ultrasonic energy of the
mortar containing CEM III/C shows a second acceleration as also
noticed in the mixtures with 70% and 85% BFS. However, in both
samples of strength class 32.5 only a small fraction of the energy is
transmitted at 42 h (E/Eref=0.25 and 0.34 respectively). Cement
replacing additives such as BFS are known to increase the autogenous
shrinkage [17], but this effect is limited for mortar with w/c=0.5 and
at very early age. Moreover, the influence of the BFS on shrinkage and
sensor decoupling would also have been observed in the samples with
BFS replacement. In addition, cement types with lower values for the
Blaine fineness are less sensitive to autogenous shrinkage [23].
However, since these mortar mixtures set slower than the others,
they possibly did not adhere enough to the container walls and
sensors at early age to prevent decoupling.



Fig. 8. Correlation between the final setting time (ASTM C403) and the age at which (a)
the derivative of the energy d(E/Eref)/dt is maximum and (b) the energy reaches a value
of E/Eref=0.13. The low strength mixtures (CEM III/A 32.5 and CEM III/C 32.5) deviate
from the trend and are considered outliers (white dots).

Fig. 9. Correlation between the initial setting time (ASTM C403) and the age at which
the energy reaches a value of E/Eref=0.02. The slow setting mixtures (CEM III/A 32.5
and 85% BFS) deviate from the trend and are considered outliers (white dots).
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3.1.3. Mixtures with FA
The reference with OPC (CEM I 52.5) is the same as the reference

shown above. The other samples contained 35, 50 and 67% FA as
binder. Their energy graphs (Fig. 6) resemble those of the mixtures
with BFS: a slower increase in the energy and a second peak in the
derivative curve when more OPC is replaced by FA. However, the
origin of this second peak is less clear and can be the contribution to
the setting of reaction products formed by the hydration of FA or by
C3A reactions activated by FA as suggested by Baert et al. [24].

3.1.4. Mixtures with air entrainer
The large influence of the air content of the mixture is illustrated by

Fig. 7 inwhich the measurements onmortar without and with addition
of air entrainer are compared. The initial air content (EN 459-2) in the
reference was 5.6% while the mortar with addition of 1 ml and 2 ml air
entrainer contained respectively 8.7% and 10% air. This difference in
initial air content is not reproduced in the initial transmitted energy
(Fig. 7a). In the suspension stage 5.6% air seems already sufficient to
decrease the transmitted energy to values around 10−6 which is not
altered by entraining more air. In a previous publication, it was already
noticed that the ultrasonic velocity measured shortly after mixing is
greatly influenced by little air in the fresh mortar [8].

The changeof the energy in time is however clearly influencedby the
addition of this chemical admixture. The increase of the transmit-
ted energywas retarded and lowvalueswere reached after 48 h, namely
E/Eref=0.55 and 0.06when respectively 1 ml and 2 ml air entrainerwas
added to themortar. These low values can be caused by the scattering of
the ultrasonic waves on air inclusions due to the large impedance
mismatch between mortar and air. In addition, although the samples
with higher air content will not shrink more, they might be more
sensitive to sensor decoupling due to decreased adhesion of the sample
to the container walls compared to the reference.

3.2. Comparison between ultrasonic energy and penetration resistance
test

In Figs. 4–6 the initial and final setting determined by the
penetration resistance test (ASTM C403) are indicated with white
and black dots respectively. For most of the samples final setting
occurred little after the peak in the derivative curve of the ultrasonic
energy. The Pearson correlation between these two time points is 0.97
(Pb0.001), indicating a linear relation as illustrated in Fig. 8a.

To define a simpler relation between the ultrasonic measurements
and the setting times, the relative energy E/Eref reached at initial and
final setting according to ASTM C403 was determined for the 14 tested
mixtures and their replicates. The mean energy value at final setting
amounted to 0.15. However, if a regression was made between the
final setting time and the age at which the energy reaches this value,
the coefficient in the equation of this line was 0.95 instead of 1.
Therefore, Fig. 8b shows the correlation between the final setting time
and the age at which E/Eref=0.13. Although the Pearson corre-
lation is lower (0.93, Pb0.001) than with the derivative criterion, the
E/Eref=0.13 threshold is a more practical criterion for indicating the
final setting on the energy curves. The measurements on mortar with
lower strength cement (CEM III/A 32.5 and CEM III/C 32.5) deviate
from the trend, but since they might be not accurate due to sensor
decoupling they are considered outliers. In a similar way, it was
determined that the initial setting can be indicated by a threshold
value E/Eref=0.02. Excluding the samples with the slowest setting
behaviour (CEM III/A 32.5 and 85% BFS), the Pearson correlation
amounted to 0.89 (Pb0.001) and the linear relation is shown in Fig. 9.
Both criteria are summarized in Eq. (5).

tinitial setðhÞ = tE =Eref =0:02ðhÞ
tfinal setðhÞ = tE =Eref =0:13ðhÞ ð5Þ

3.3. Wave energy versus velocity measurements to indicate setting

As illustrated by Fig. 2, the wave velocity approach is less sensitive
to sensor coupling and thus to sealing and curing of the sample.
However, if a sample is properly cured and sealed, the wave energy
approach offers some advantages over the velocity. The calculation of
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the velocity requires an accurate onset determination which can be
difficult immediately after mixing due to the poor signal-to-noise
ratio. Therefore, the determination of the velocity cannot always be
automated the first hours after water addition. Conversely, the
calculation of the transmitted energy scarcely relies on the accurate
onset determination and is therefore more unambiguous.

In literature, a number of criteria can be found to indicate initial
settingbasedon thewave velocitymeasurements.Often, avelocityvalue
or range is given to determine the initial setting time: 800–980 m/s
(mortar, w/c=0.27–0.5), 1100–2000 m/s (concrete, w/c=0.27–0.5)
[11], 2300–2700 m/s (concrete, w/c=0.45–0.6) [25], 1000–1500 m/s
(concrete) [26]. Analogously, the final setting is also indicated by a
velocity value or range: 1200–1400 m/s (mortar, w/c=0.27–0.5),
2000–3000 m/s (concrete, w/c=0.27–0.5) [11], 2790–3180 m/s (con-
crete, w/c=0.45–0.6) [25], 3000 m/s (concrete) [26]. On the other
hand, also characteristic points in the velocity graph can be useful.
According to Robeyst et al. (mortar and concrete) [8], Trtnik et al.
(cement paste) [27] and Voigt et al. (mortar and concrete) [4] the
inflection point (maximum in the first derivative) indicates the start of
the increase in penetration resistance. Robeyst et al. [8] related the final
setting to the beginning of the third stage of the velocity curves, namely
the slow increase in velocity (timewhen derivative of the velocity curve
has decreased to 20% of itsmaximumvalue). Although the criteria based
on these characteristic graph points allow an accurate determination of
the initial and final setting times, they cannot be used during
measurements since they require the entire velocity graph in time. On
the other hand, the velocity threshold values vary significantly as
demonstrated above, which limits their applicability. Thus, the criteria
based on the energy graphs contribute to the study of the setting: they
are simple threshold values which can indicate initial and final setting
times before the measurements are terminated and this for a variety of
mixtures.

Finally, the ultrasonic wave energy can also be used as an indicator
whether significant shrinkage has caused sensor decoupling or not.
The combined study of both parameters is probably the best approach
when using ultrasonic measurements to monitor mortar or concrete
setting.

3.4. Semi-adiabatic calorimetric measurements

With the semi-adiabatic calorimeter the heat production is
determined of a mortar sample of the same batch as the sample for
the ultrasonic measurements. In this way the hydration process and
the setting were monitored simultaneously. For a given water-to-
Fig. 10. The heat production rate q (Joule per g binder per h) vs. equivalent mortar age
(20 °C) for standard mortar mixtures in which an increasing percentage of the Portland
cement was replaced by fly ash.
cement ratio, setting can be related to the amount of precipitated
hydrates [28] so a comparison between setting and hydration is
meaningful.

The heat production of the mortar compositions with BFS and
blast-furnace cement are already published in a previous publication
[8]. Therefore, Fig. 10 shows the heat production rate q of mortar with
an increasing amount of FA under semi-adiabatic conditions, in
function of the equivalent age at 20 °C. This quantity is expressed by
mass of total binder. Since the mixing occurred outside the
calorimeter, the first peak in the evolution of q has been left out.

The similarity between the heat production rate and the derivative
of the energy change is the one peak in case of OPC mixtures and the
growing second peak the more OPC is replaced by FA. There are
however clear differences. The heat production peak due to the rapid
hydration of C3S occurred earlier for the 67% FA mixture. The fly ash
particles dispersed in the cement paste act as nucleation sites for the
precipitation of hydration products and stimulate the early hydration
[29]. This shift of the first maximum is not observed in this direction in
the derivative of the energy. At early age, the dispersed fly ash
particles do not react themselves and decelerate the initial setting by
increasing the distance between the hydrating cement grains. For the
FAmortar the second peak in both the heat production and the energy
derivative might be caused by the hydration of FA or more likely by
C3A reactions activated by FA [24]. However, the age at which the two
peaks occurred in the heat production rate does not correspond with
the energy measurements. This can be expected since the setting
times depend more on the water-to-cement ratio than the hydration.
Moreover, the conversion of the semi-adiabatic hydration rate in time
to equivalent age is merely approximate in case of mineral additions.
Nonetheless, the similarities between the calorimetric and ultrasonic
measurements support the hypothesis that the second increase in the
energy curve is caused by reactions activated by the FA. Similarly, this
applies to the BFS and blast-furnace cement mixtures, where the
second peak in the energy curves is caused by the reaction of the BFS
itself.
4. Conclusions

Besides the change of the wave velocity in time, also the wave
energy transmission is a useful quantity to monitor the setting
behaviour of mortar. As main advantage, the ultrasonic energy
depends less on an accurate determination of the signal onset time.
The tested mortar has to be frequently sprinkled with water and the
container sealed with plastic tape to limit the drying shrinkage and
anticipate a poor contact between the sample and the sensors.

The increase of the ultrasonic energy during setting is generally
retarded if OPC is replaced by BFS or FA. For the mortars containing
high percentages of these cement replacing additives a second
increase in the energy graph can be detected after approximately
24 h. Mixtures with low strength cement types or with large air
content were difficult to test with the ultrasonic energy measure-
ments. For the other samples, the final setting determined by the
standard penetration resistance test (ASTM C403) occurs shortly after
the peak in the derivative curve of the ultrasonic energy. In addition,
the thresholds E/Eref=0.02 and 0.13 are proposed to easily determine
respectively initial and final setting based on the ultrasonic energy
measurements.
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