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asurements allow the continuous monitoring of the setting of both mortar and
concrete samples, which is important to determine for instance the formwork removal time. However,
aspects such as the cause of the low initial velocity, the relation between the velocity and the setting times
and the effect of cement type or cement replacing additives are still under discussion. Therefore, different
concrete compositions with blast-furnace slag were tested by traditional as well as ultrasonic measurements.
The ultrasonic method gives a more complete picture of the setting. The change of ultrasonic velocity in time
is sensitive to the differences in setting behaviour of the tested mixtures. The initial setting seems to
correspond with the inflection point of the velocity-vs.-time graphs and the final setting with the point at
which the velocity increase levels off.

© 2008 Elsevier Ltd. All rights reserved.
1. Introduction
The development of methods to monitor the setting behaviour of
fresh concrete benefits its practical application, since these techniques
enable to determine the period that the concrete is workable.Moreover,
a better comprehension of the setting process is also of fundamental
importance for the study of the effect of admixtures and cement
replacing additives on the stiffness development of concrete. Non-
destructive ultrasonic measurements clearly offer advantages in this
field, since they can be performed on both mortar and concrete, as
opposed to the traditional methods such as the apparatus of Vicat (only
on cement paste, EN 196-3) or the proctor needle test (only on mortar,
ASTM C403). This study focuses on the application of the transmission
method with compression waves (p-waves) which are less sensitive to
difficulties with the sample-transducer contact than shear waves (s-
waves) and allowamore accurate determination of the velocity through
fresh concrete because of their higher signal-to-noise ratio. Both
advantages are attributed to the ability of p-waves to propagate through
fluids, in contrast to s-waves [1].

Much research has already been done on the ultrasonic wave trans-
mission technique on fresh concrete by Reinhardt and Grosse [2], Voigt
et al. [3] and Lee et al. [4] amongst others. However, aspects such as the
origin of the low initial velocity and the relation between the velocity
and the setting times are still under discussion. Therefore, in the first
section of this paper, several theoretical descriptions of the ultrasonic
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wave velocity in suspensions and porous media are reviewed and
applied to cementitiousmaterials. Theworkof Sayers andGrenfell [5] on
this subject is hereby extended to mortar and concrete. In the experi-
mental part, differentmortar and concrete compositionswere tested by
both traditional and ultrasonic measurements. These experiments were
performed on mixtures with different blast-furnace cement types, in
which the slag is ground together with the Portland clinker and gypsum
in the production process of the cement itself (intergrinding). Addi-
tionally, also mixtures in which blast-furnace slag (BFS) was added as a
separate component in the concrete composition (blending) were
tested. In this way, the effect of mineral additives and different cement
types on the ultrasonic measurements was investigated.

2. Theoretical background

The change that the velocity of an ultrasonic p-wave undergoeswith
time during setting and hardening of concrete, is already discussed in
several papers [2,6,7]. In all velocity curves the following characteristic
parts can be distinguished. The first part is the dormant period,
characterised by a constant low velocity value. After this period, the
velocity increases rapidly atfirst (second stage) and thenmore gradually
(third stage) to finally reach an asymptotic value.

2.1. Initial wave velocity during the dormant period

Immediately after mixing, the p-wave velocity in cement pastes as
well as in mortar and concrete mixes often reaches values lower than
600 m/s as reported by several researchers [4,8,9], while ultrasonic
waves can propagate through water at a velocity of approximately
1500 m/s.
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Table 1
Theoretical calculation of the initial wave velocity during the dormant period

Mixture cair n (=1−ϕs) Kf ρf K G Ks ρs v

(–) (–) (MPa) (kg/m3) (MPa) (MPa) (GPa) (kg/m3) (m/s)

Mortara 0 0.256 2200 1000 89 30 42.7 2750 1907
Mortara 0.01 0.263 3.73 1000 89 30 42.7 2750 265
Concreteb 0 0.179 2200 1000 89 30 40.2 2713 2110
Concreteb 0.01 0.187 2.65 1000 89 30 40.2 2713 255

a Standard mortar according to EN 196-1.
b Concrete with w/c=0.5 and cement content 350 kg/m3.

1170 N. Robeyst et al. / Cement and Concrete Research 38 (2008) 1169–1176
2.1.1. Cement paste
In fresh cement pastes, the poorly hydrated cement particles are

initially isolated in the suspension. Although the pore water is fully
connected, the ultrasonic velocity in this medium is low which can be
attributed to the presence of air entrained during the mixing proce-
dure since Chotard et al. [10] reported initial velocities of 1500 m/s in
cement pastes in which the air bubbles were removed by under-
pressure. Moreover, the influence of entrapped air on the ultrasonic
velocity in fresh mixtures can be demonstrated by the application
of the theoretical model of Harker and Temple [11] for ultrasonic
propagation in colloids. According to this model, thewave velocity in a
suspension is given by

v2P ¼ 1� /sð Þ 1
Kf

þ /s
1
Ks
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d
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where ϕs is the solid volume fraction, Kf and Ks are the bulk moduli of
the continuous (fluid) and discontinuous (solid) phases respectively
and ρf and ρs are likewise the densities. The parameter S generally
depends on the size and shape of the particles, the volume fraction ϕs

and the continuous phase viscosity [12], but can be approximated by
Eq. (2) for spherical particles in a fluid [13].
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For cement particles, Ks is 105.2 GPa [14] and ρs is 3100 kg/m3.
When Kf is taken as the bulk modulus of water, namely 2.2 GPa, the
initial velocity in a fresh cement paste with a w/c ratio of 0.5
(ϕs=0.392) is 1495 m/s. However, the compressibility of the con-
tinuous phase can be corrected for the presence of air assumed to be
uniformly distributed.
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In Eq. (3) cair is the air content of the mixture and Kair is the bulk
modulus of air, namely 142 kPa [15]. The change inwave velocity in the
cement paste according to the air content is shown in Fig. 1, which
resembles the results of Povey [16] inwater–air systems. This calculation
demonstrates that small percentages entrapped air (0.20–0.02%) can
already reduce the velocity to values between 200 and 600 m/s.

2.1.2. Concrete and mortar
Fresh concrete and mortar can be considered as water-saturated

media rather than suspension. In contrast to an early-age cement
paste, they already have an elastic granular frame before the cement
grains start to hydrate. Therefore, the theory developed by Biot [1] of
Fig. 1. The change in p-wave velocity in a cement paste (w/c=0.5) according to the air
content as calculated with the theoretical model of Harker and Temple.
wave propagation in a fluid-saturated porous medium can be applied.
According to this theory, an impulse applied to a two-phase medium
splits into two waves of different velocity, termed fast and slow wave
respectively. The slow wave is much more attenuated than the fast
wave because of the shorter wavelength [17], and will not be dis-
cussed here. The velocity and the attenuation of the fast wave depend
on the frequency regime defined by Biot based on the viscous skin
depth δ given by Eq. (4).

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g
kd qf d f

r
ð4Þ

η is the viscosity of the fluid (10−3 Pa·s for water) and f is the
frequency.

In the low frequency regime, δ is larger than the pore size of the
medium and there is no movement of the fluid relative to the solid. In
this case, the wave velocity can be written as

v 2
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where K is the bulk modulus and G the shear modulus of the granular
framework and n is the porosity.

In the high frequency regime, δ is smaller than the pore size of the
medium and the tortuosity of the suspension gains importance. The
ratio of the p-wave velocity at high and low frequencies can be cal-
culated by Eq. (6) [15].
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The tortuosity α is approximately 1.9 for a sand frame [15] and 1.7
for gravel [18].

The centre frequency of the ultrasonic transducers used in this work
is 0.5 MHz, which leads to a viscous skin depth of less than 1 μm
comparedwith an initial pore size in themortar of 30 μm [5] so the high
frequency limit of the theory of Biot should be used. Taking into account
an air content of 1%, the calculated solid volume fraction of a fresh
standard mortar (EN 196-1) ϕs is 0.737. Thus, the porosity n amounts to
0.263 (n=1−ϕs) which is comparable with the porosity of dense sand.
Therefore, K and G can be set to 89 MPa and 30 MPa respectively [19].
As the solid fraction in a standard mortar contains 77.8 vol.% sand
(Ks=36.5GPa,ρs=2650 kg/m3 [20]) and 22.2 vol.% cement,Ks is 42.7GPa
and ρs is 2750 kg/m3. With these values, the p-wave velocity in a fresh
mortar mixture is 265 m/s, calculated with formulas (3), (5) and (6).
Analogously, thevelocity in a freshconcretemixture amounts to 255m/s
(Table 1). It should be noted that these values are merely estimations
under the important assumption that the entrapped air is uniformly
distributed in the fresh mixture.

2.2. Increase of the wave velocity during hydration and final velocity

According to Voigt et al. [3], the very early increase in p-wave
velocity is not attributed to setting, but to the formation of ettringite
and to internal settling. Hydration products such as ettringite do not



Table 3
Slump (mm) and air content (vol.%) of the mixtures with CEM I 52.5 and different
replacement levels of blast-furnace slag and of the mixtures with different cement
types

%BFS 0 15 30 50 70 85

Slump 130 60 120 80 70 50
Air content 2.5 2.7 2.9 2.1 1.9 1.4

Cement type CEM I CEM III/A CEM III/B CEM III/A CEM III/C
42.5 42.5 42.5 32.5 32.5

Slump 110 50 50 70 30
Air content 2.7 2.1 1.8 2.0 1.4

The repeatability value of the slump is 16 mm (EN 12350-2) and of the air content is
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create connected particles and have no or little influence on the
stiffening process. However, they fill pore space as a result of which the
porosity n in Eqs. (5) and (6) and the air content cair in Eq. (3) decrease
and the velocity increases. Internal settling due to gravity causes a better
mechanical coupling of the particles without a real bond. As a result
framework bulk modulus K and shear modulus G in Eq. (5) can increase
and thus also the velocity increases. However, the largest velocity
increase takes place during setting when the cement hydrates start to
percolate and form complete pathways of connected particles for the
ultrasonic pulse wave [9]. The mortar or concrete starts to acquire
mechanical strength and can eventually be treated as homogeneous
elastic solid material with an elastic Young's modulus E and a Poisson's
ratio ν. The velocity can than be calculated with Eq. (7).
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For example, the velocity in concrete with elastic parameters E and
ν equal to 36 GPa and 0.25 respectively is 4245 m/s.

3. Materials and methods

3.1. Mix design

Experiments on mixtures made with ordinary Portland cement
(OPC) CEM I 52.5 were compared to mixtures in which 15%, 30%, 50%,
70% and 85% of the cement were replaced by BFS, added to the mixer
separately. In addition, also compositions with OPC CEM I 42.5 and 4
different blast-furnace cement types (CEM III), in which BFS is
interground with OPC during the production, were tested. According
to EN 197-1, CEM III/A contains 36–65% BFS bymass, CEM III/B 66–80%
and CEM III/C 81–95%. The chemical composition, the maximum
theoretical hydration heat according to the mineralogical composition
calculated with the formulas of Bogue and the specific surface area of
the cement types and the BFS are given in Table 2.

Both mortar and concrete were tested. The standard mortar samples
consisted of 1350 g standard sand, 450 g cement and 225 g water and
weremixedaccording toEN196-1. The concretehadawater/binder (w/b)
ratio of 0.5 and the composition for 1 m3 was:

Cement 350 kg
Water 175 kg
Sand 0/4 791 kg
Gravel 2/8 425 kg
Gravel 8/16 618 kg.
Table 2
Chemical composition (%),mineralogical composition according to the Bogue calculation
(%), maximumhydration heat (J/g) and Blaine specific surface area (kg/m3) of the cement
and the blast-furnace slag

Cement typea CEM I BFS CEM I CEM III/A CEM III/B CEM III/A CEM III/C
52.5 42.5 42.5 42.5 32.5 32.5

CaO 62.21 40.38 63.13 51.88 45.17 49.85 43.66
SiO2 18.84 34.35 21.22 25.15 28.78 26.88 31.55
Al2O3 5.39 11.36 3.90 7.39 8.89 8.30 9.42
Fe2O3 3.79 0.48 5.05 2.32 1.55 2.01 0.83
MgO 0.86 7.57 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 – – – –

Hydration heat 465 – 431 – – – –

Blaine SSA 370 400 315 485 450 345 317

a Terminology according to EN 197-1.
For each mixture the slump (EN 12350-2) and the air content (EN
12350-7) were determined and are summarized in Table 3.

3.2. Ultrasonic wave transmission measurements

The ultrasonic p-wave transmission measurements on the hard-
ening mortar and concrete 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 [2]. Every
5 min, a pulse signal with a width of 2.5 μs was generated by the DAQ
card of the FreshCon computer, of which the amplitude was increased
by the amplifier (up to 800 V). The ultrasonic wave was then trans-
mitted through the fresh concrete or mortar sample with the aid of a
piezoelectric broadband transmitter. After traveling through the
hardening sample, the signal was received by the ultrasonic receiver
and sent back to the DAQ card. The onset of the received signal was
detected manually during the first 2 to 3 h and then automatically
with the Akaike Information Criterion (AIC) algorithm. More details
about the FreshCon system and the AIC algorithm are described in
previous publications [2,7]. During the setting and hardening process,
the container was sealed with plastic film to limit concrete shrinkage
resulting in decoupling of the sample and the container walls. All the
tests were conducted at a room temperature of 20 °C.

Although the FreshCon system also measures the frequency content
of the received ultrasonic signals, the focus will be on the velocity. To
estimate the repeatability with which the velocity can be determined, 3
standard mixtures of the same composition were tested. The repeat-
ability error amounted to 10%during thefirst hours and decreased to 1%.
By modeling the measured velocity curves mathematically, smooth
curves can be presented in the following paragraphs which make the
comparison between the different curves clearer. Moreover, character-
istic points (e.g. point of inflection) can be determined accurately. The
graph of the velocity in time can be modeled using multi-logistic func-
tions as presented in formula (8) [7,21].

v tð Þ ¼
X
i

vi
1þ e t�tið Þ=gi þ c ð8Þ

This formula superposes two or more logistic functions with
different slopes (determined by parameter gi), points of inflection ti
and asymptotic values vi (Fig. 2). The logistic function typically
describes quantities that grow exponentially at the outset after which
the growth is gradually decelerated by feedback mechanisms, pro-
ducing an S-shaped curve. The velocity graphs also follow this S-shape
and were modeled as multi-logistic functions with an average root
mean square error of calibration (RMSEC) of 28 m/s.

3.3. Determination of initial and final setting times

The setting behaviour was also monitored more traditionally with
the penetration resistance test (ASTM C403) on the mortar fraction of

0.4% (EN 12350-7).



Fig. 3. Ultrasonic velocity vs. concrete age for concrete mixtures (w/c=0.5) in which an
increasing percentage of the OPC (CEM I 52.5) was replaced by BFS.

Fig. 2. Example curve demonstrating the different parameters of the logistic function.

Fig. 4. Ultrasonic velocity vs. concrete age for concrete mixtures (w/c=0.5) with OPC
and 4 different blast-furnace cement types.
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the concrete mixtures. Since sieving the wet concrete mixture is not
practical for concrete compositions with aw/b ratio of 0.5 andwithout
plasticizers, the test was performed on an equivalent mortar mixture,
calculated with the MBE method (Mortier de béton équivalent). In the
MBEmixture, the gravel fraction is replaced by the amount of sand that
has the same specific surface and the water amount is adjusted ac-
cording to the difference in absorption between gravel and sand [22].

3.4. 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 is then calculated with the
following formula (EN 196-9):

Q ¼ c
mc

d hþ 1
mc

X
i

Pai d
P
hi d Dti ð9Þ

where c is the thermal capacity of the setup, mc the mass of cement, θ
the temperature rise and αi¯¯ and θi¯¯ the mean coefficient of heat loss
and temperature rise of the test sample during period Δti. Since the
mixing takes place outside the calorimeter, the first peak in the
evolution of heat rate q is only partly registered and will therefore not
be taken into account.

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 condi-
tions (the temperature increases less than 2 °C). To compare the results
of the calorimeterwith the ultrasonicmeasurements, the heat produc-
tion 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
[23] for all mixtures. Although the activation energy of BFS is much
higher, this difference was not taken into account because of the dif-
ficulties in separating the slag and the cement reaction.

4. Results and discussion

4.1. Ultrasonic p-wave velocity

The change of ultrasonic velocities in time for concrete mixes with
different replacement percentages of BFS is presented in Fig. 3. The
initial velocity ranges from 324 to 412 m/s, which is higher than the
estimated value of 255 m/s mentioned above (Table 1). The smaller
theoretical value of the velocity is probably due to the assumption that
the entrapped air is uniformly distributed in the mixture, causing the
bulk modulus of the continuous phase Kf to decrease very rapidly with
small percentages of air. In reality, part of the air is entrapped locally (e.g.
in corners of the sample or beneath larger aggregates) so Kf does not
decrease equally over the whole sample. On the other hand, the
determination of the signal onset time and thus wave velocity is less
accurateduring this early period (repeatabilityerrorof 10%) due to larger
signal attenuation compared to amore hardenedmaterial. The dormant
period, duringwhich the velocity does not increase, ismerely 2 to 3 h for
all the mixes. However, as discussed above, the early increase of the p-
wave velocity is rather caused by other factors than by setting of the
cement. In a small experiment performed on a standardmortarmixture
in which the cement was replaced by non-reactive quartz filler, the
velocity increased from 240 to 264 m/s during the first 48 h due to
internal settling. Since the effect of the latter seems to be limited, it can
be hypothesized that mainly the formation of early hydration products
such as ettringite influences the velocity in the beginning.

Thereafter, theactual setting takesplace. Since theultrasonic velocity
is a measure for the stiffness of the hardening concrete sample, the
stiffness seems to develop slower with increasing BFS content. This
deceleration is attributed to the fact that the hydration of the BFS is not
initiated until the lime liberated during the hydration of OPC provides
the correct alkalinity [24,25]. In mixtures with little BFS (15% and 30%),
the difference with the reference is restricted to approximately 1.7%
which is little more than the repeatability error. The slower setting
becomes clear at replacement levels of at least 50%. After approximately
24 h, the ultrasonic velocity of the concrete containing 85% BFS shows a
second steep increase that might be caused by the reaction of the slag.

The p-wave velocity graphs, measured on the concrete samples
with different types of blast-furnace cement are shown in Fig. 4. The



Fig. 5. Comparison between p-wave velocity and penetration resistance of the concretemixtureswith (a) CEM I 52.5, (b) CEM I 52.5+50% BFS, (c) CEM I 52.5+70% BFS, (d) CEM I 52.5+85%
BFS, (e) CEM I42.5, (f) CEM III/A 42.5, (g) CEM III/B 42.5, (h) CEM III/A 32.5and (i) CEM III/C32.5. The inflectionpoint (·) and the initial (—) andfinal (- - -) setting times according toASTMC403
are indicated. The p-wave velocity in the corresponding standard mortar is shown in grey.
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Fig. 7. The heat production rate q (Joule per g binder per h) vs. equivalent mortar age
(20 °C) for standard mortars in which an increasing percentage of the Portland cement
was replaced by blast-furnace slag (top) and for standardmortars with Portland cement
and 4 different blast-furnace cement types (bottom) under semi-adiabatic conditions.

1174 N. Robeyst et al. / Cement and Concrete Research 38 (2008) 1169–1176
same remarks about the low initial velocity and the short dormant
period can be made for these mixtures. For cements of the strength
class 42.5, the stiffness of the concrete sample seems to develop
slower with increasing BFS content which is in agreement with the
results mentioned above and shown in Fig. 3. However, for the
strength class 32.5, during the first 12 h the velocity increases faster in
the concrete made with CEM III/C than in the concrete with CEM III/A.
This acceleration might be due to the higher chloride content of CEM
III/C in comparison to CEM III/A (Table 2). According to Moranville-
Regourd [26], chlorides act as accelerating agent. CEM III/A also con-
tains a higher amount of gypsum (indicated by SO3 content in Table 2),
possibly leading to a slower hydration in the beginning. Thereafter, the
velocity curve of the mixture with CEM III/C levels off, while the curve
of the CEM III/A continues to increase. However, after approximately
26 h, the ultrasonic velocity of the concrete containing CEM III/C
shows a second acceleration which was also noticed in the mixture
with 85% BFS. In the last stage, the p-wave velocity reaches an as-
ymptotic value which was not observed for some mixes within the
measuring period of 48 h.

4.2. Comparison between ultrasonic velocity and penetration resistance

Fig. 5 gives the comparison between the ultrasonic measurements
performed on concrete and on mortar and the penetration resistance
tests performed on the equivalent mortar mixture. The initial and final
setting times according to ASTM C403 are indicated and are deter-
mined by a penetration resistance of respectively 3.5 MPa (the con-
crete can no longer be vibrated) and 27.6 MPa (the concrete can carry
measurable loads) [27].

For all the mixtures, the rise in ultrasonic p-wave velocity occurs
sooner than the penetration resistance. As mentioned above, the
ultrasonic velocity starts to increase when the first hydration products
are formed, which fill up the pore space creating a denser structure
and thus a higher bulk modulus (K). Jousset et al. [28] showed that the
force, measured by the proctor needle mainly scales directly with the
shear modulus (G) and hardly with the bulk modulus. Thus, an
increase in bulk modulus will cause an increase in the p-wave velocity
but not in penetration resistance. Only after some time, when the
cement particles are connected, the shear modulus and thus the
penetration resistance starts to develop [3]. This time corresponds
with the inflection point of the velocity curvewithin a timewindow of
30 min for the investigated mixtures, which was also reported by
Voigt et al. [3] for concrete with OPC. The initial setting indicated by
ASTM C403 occurs later. For most of the mixes, the final setting
corresponds quite well with the beginning of the third stage of the
Fig. 6. Correlation between final setting (ASTM C403) and the start of the slow velocity
increase (indicated by the age when the derivative of the velocity curve has decreased to
20% of its maximumvalue). The mixtures with a high BFS content (85% BFS and CEM III/C)
deviate from the trend and are considered outliers (white dots).
velocity curves, namely the slow increase in velocity. This correlation
is presented in Fig. 6 in which the beginning of the slow velocity
increase is indicated by the time when the derivative of the velocity
curves has decreased to 20% of its maximum value. Concrete with a
high BFS content (85% BFS and CEM III/C) deviates from this trend. For
these mixtures, the evolution of the penetration resistance does not
follow an exponential, but a power law indicating a slower setting
process. Moreover, there is more deviation between the measured
points and the regression curve in comparison with the results of the
other mixtures and the second acceleration of the setting is not
captured by the proctor needle.

Fig. 5 also allows the comparison between the results of the ultra-
sonic measurements on the mortar (grey lines) and on the concrete
(black lines) samples. The first hours after mixing, approximately until
the inflection point in the velocity curve appears, the p-wave velocity in
the concrete and in themortarmixture changes analogously in time. The
influence of the larger aggregates is rather small as long as the setting
has not yet occurred [4]. This difference between concrete and mortar
also indicates that the initial setting occurs around the time correspond-
ing with the inflection point in the velocity graph.

As a final remark regarding the comparison between the ultrasonic
velocity and setting times defined by the penetration resistance test, it
should be noted that setting refers to the continuous transition from a
fluid to a solid state. The terms initial and final setting as defined in
standards such as ASTM C403 are used to describe arbitrarily chosen
stages of setting in practice [24], while the ultrasonic method gives a
more complete picture of the setting process.

4.3. Semi-adiabatic calorimetric measurements

Fig. 7 shows the heat production rate q under semi-adiabatic
conditions, in function of the equivalent age at 20 °C. The quantity is
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expressed by mass of total binder. As mentioned above, the first peak
has been left out. The second peak, due to the rapid hydration of C3S,
appears earlier with increasing BFS content. The early hydration is
stimulated by heterogeneous nucleation since the slag particles
dispersed in the cement paste act as nucleation sites for the precipi-
tation of hydration products [29].

For the mortar mixtures with BFS, also a third peak appears in the
evolution of q. The more BFS is added, the more defined this peak
becomes. The third peak can be due to the hydration of C3A (the
reaction of ettringite to monosulphate). According to Bensted [30]
only a C3A amount of more than 12% results in a visible third peak at
20 °C. However, according to Poppe and De Schutter [31] and Baert
et al. [32] the reactions of C3A in cement types with low C3A content
can be activated at 20 °C by respectively limestone filler and fly ash. In
the case of BFS addition, the third peak is more likely attributed to the
hydration of the BFS itself. The lime liberated during the hydration of
C3S (second peak) can indeed provide the correct alkalinity to initiate
the slag reaction. Zou et al. [33] demonstrated with scanning electron
microscopy that part of the BFS in blended cement already starts to
react the first day after mixing. Moreover, the cumulative heat pro-
duction Q amounts to almost 1200 J/g cement for the mixture with
85% BFS at 20 °C after 6 days, while the maximum theoretical heat
release of the OPC used in this study is 465 J/g (Table 2). Therefore, it is
more likely that also the BFS reacts the first days after mixing and
contributes to the heat release. This additional hydration peak is more
pronounced in the interground slag cement (Fig. 7, bottom) than in the
blended BFS mixes (Fig. 7, top).

As mentioned above, to convert the age of the samples to the
equivalent age at 20 °C, the activation energy was set to the value of
OPC and the higher value of the BFS reaction was not taken into
account. Consequently the second peak in the heat production rate
will be located correctly, on the assumption that the activation energy
of the OPC is not influenced by the addition of BFS. The third peak on
the other hand will occur little too early.

4.4. Comparison between ultrasonic velocity and calorimetric
measurements

With the semi-adiabatic calorimeter the heat production in time of
the concrete or mortar sample is determined to monitor the hydration
process, which is the overall chemical reaction of the cement and slag
grains. Setting, on the other hand, refers to the mechanical evolution of
the cement paste in the sample. However, since the shear strength is
proportional to the amountof precipitatedhydrates for a givenw/c ratio,
hydration and setting are closely related [34]. According to Pinto and
Hover [35] final setting occurs when a specific level of microstructure
development (degree of hydration) has occurred. Consequently, a com-
parison between ultrasonic velocity and calorimetric measurements
is meaningful.

The second peak in the heat production rate occurs approximately
9 h after mixing for the OPC concrete. This age corresponds with the
age at which the velocity graph levels off. The latter can be considered
as the final setting, since setting occurs during the acceleratory period
of the heat production [25]. The third hydration peak attributed to the
reaction of the BFS, accounts for the largest part in the heat develop-
ment of the mixes with high BFS content (85% BFS and CEM III/C) and
explains the second acceleration of the ultrasonic velocity measure-
ments. The formed slag hydration products can start to coagulate and
accelerate the setting process that was already started with the
coagulation of the cement hydration products.

As suggested by Herb [36] the ultrasonic velocity can be shown in
function of the reaction degree r, calculated from the calorimetric
measurements with Eq. (10).

r ¼ Q
Qmax

ð10Þ
where Qmax is the maximum cumulative heat measured after 7 days.
After the dormant period, a bilinear relation between the ultrasonic
velocity and the reaction degree can be seen for the reference mortar
mixture in Fig. 8. According to Herb, the first straight line represents
the setting and stiffening of the concrete or mortar sample, while the
second one visualizes the hardening process. Consequently, the
intersection would indicate the final setting. In case of the reference
mixture, the intersection occurred at a reaction degree of 8.5%.
However, in case of concrete mixture with OPC and a w/b ratio of 0.5,
the model of Schindler shown in Eq. (11) predicts initial and final
setting to occur at reaction degrees of 7.5% and 13% respectively [37] so
the intersection is situated closer to the initial setting.

initial set : ri ¼ 0:15dw=c
final set : rf ¼ 0:26dw=c

ð11Þ

The reaction degree of 7.5% is reached 4.7 h after mixing, thus close
to the point of inflection of the velocity curve (4.5 h after mixing).
More likely, the final setting is indicated by the beginning of the
second straight part of the graph.

5. Conclusions

The ultrasonic transmission method draws a more complete pic-
ture of the setting process than for example the penetration resistance
method. The increase of theultrasonic velocity during setting is generally
retarded if more than 30% of the OPC is replaced by BFS. For the concrete
containing high percentages of BFS (85% of the cementitious material or
more), a second steep increase in the velocity graph attributed to the
contribution of the slag hydrationproducts to the setting, canbe detected
after approximately 24 h. This phenomenon is not captured by the pen-
etration resistance method.

Initially thevelocitymerely reaches valuesbetween300and420m/s,
which is theoretically proven to beattributed to air entrappedduring the
mixing procedure. The velocity starts to increase, when the first
hydration products are formed, which have no or little influence on
the stiffening process. Only after a time, when the cement particles are
connected, also the penetration resistance starts to develop. Within a
timewindowof 30min, this age correspondswith the inflectionpoint of
the velocity curve and thepoint atwhich thevelocitymeasurements in a
concretemixture starts to deviate from those in amortarmixture. At this
age a reaction degree of approximately 7.5% is reached, which is con-
sistent with the prediction of initial setting according to Schindler.

The relation between the final setting and the velocity measure-
ments is less clear. For most of the mixtures, it corresponds well with
the beginning of the third stage of the velocity curves during which
the velocity increases more gradually. However, this point cannot be
determined as unambiguously as the point of inflection. Therefore,
future research will be performed on extracting more information for
instance from the ultrasonic wave energy.
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