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Abstract

In this paper, the application of acoustic emission (AE) technique during cement hydration is used to predict the mechanical behaviour
of the set material. This non-destructive and in situ method widely used in damage characterisation and more recently, in material process
monitoring. It permits the cement hydration to be followed at early age from a few minutes to a few hours after mixing. The AE signals
concerning two lots of aluminous cement paste (water to cement weight ratio: 0.4; temperature of measuré@pwiti2@ifferent ageing
conditions were recorded and analysed. Mechanical testing was also conducted on set samples. Based on the experiments, the relationshi
between the AE features recorded during setting and the mechanical properties of the hard material was emphasised. The results showed the
AE technique is a valuable tool to characterise and predict with a quite good reliability the mechanical performance of a set cement from its
young age behaviour.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction mances in service. The long-term behaviour of acement paste
is closely related to its state at the early age and in particu-
Calcium aluminate cements (CACSs) are the basis of high lar its hydration process. Since this period is essential, it has
performance materials and have found recent applications inbeen very well studied over the past 10 yea?sMost of
sewage networks, hydraulic dams, refractories, low-cementcharacterisation techniques involved in these studies were ex
castables or in building components (tile cements and self- situ (X-ray diffraction, differential thermal analysis, thermo-
levelling screeds)= These cements contain CaO and®4 gravimetric measurements). However, in situ methods such
as the main oxides combined to give monocalcium alumi- as proton and aluminium nuclear magnetic reson&mes-
nates (CA) as the major active phase in the anhydrous pow-tron diffraction’=° or ultrasonic measuremetts'can also
der. This phase reacts with water to give calcium aluminate give good results concerning this period. Recehtlgcous-
hydrates (CAHp, C2AHg and GAHg) and also alumina hy-  tic emission (AE) technigue has proved its ability, after per-
drates (AH). One of the key issue with such materials is forming both statistical and chronological AE data analysis,
to be able to predict their mechanical behaviour and perfor- to characterise physical phenomena and chemical reactions
taking place during the hydration process and that. One chal-
—_— lenge with cement-based materials is to be able to predict
. Corresponding author. from the early age behaviour its final performance. In this
Co-corresponding author. B . . .
E-mail addressest_chotard@ensci.fr (T. Chotard), samith@ensci.fr paper, we describe how AE can prowde useful information
(A. Smith). about cement hydration and how this information can be cor-

0955-2219/$ — see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2004.09.019



3524 T. Chotard et al. / Journal of the European Ceramic Society 25 (2005) 3523-3531

related with the mechanical properties of the material in its 2.2. Characterisation techniques
hardened state. The AE technique, as used in this work, is a . o
“passive technique” which utilises the AE signals generated 2.2.1. Acoustic emission

by the physical and chemical changes occuring in the cement2-2.1.1. BackgroundUltrasonic methods are widely used
paste during the first 24 h. to perform in situ material characterisatioris® AE tech-

nigue has been developed over the last two decades as a non-
destructive evaluation technique for material reseafds.

2. Material and methods AE is an efficient method to monitor, in real time, damage
growth in both structural components and laboratory speci-
2.1. Preparation of the cement paste mens. Inloaded materials, the strain-energy release due to mi-

crostructural changes results in stress-wave propagation. AE

The cement is a commercial aluminous material whose is defined as “the class of phenomena whereby transient elas-
composition and physical characteristics are giverainle 1 tic waves are generated by the rapid release of energy from

The particle size distribution ranges between 0.3 and localised sources within a material (or structure) or the tran-
100pm with an average size around L. The results  sient waves so generated”. When a material is submitted to
presented in this paper refer to cement manufactured at astresses (such as mechanical stresses, electric transients, etc.),
given date but stored for different periods. After reception, acoustic emission can be generated by a variety of sources,
cement A was stored at 2C and 40% relative humidity  including crack nucleation and propagation, multiple disloca-
(RH) for two days and before testing. Cement B is a part tion slip, twinning, grain boundary sliding, Barkhausen effect
of the same cement but stored in the same conditions for (realignment or growth of magnetic domains), phase transfor-
55 days. Prior to mixing, a thermogravimetric analysis was mations in alloys, debonding of fibres in composite materials
performed on each lot of the anhydrous cement powder (A or fracture of inclusions in alloys>~2°In the case of com-
and B) in order to determine their weight losses between posite materials, many mechanisms have been confirmed as
20 and 1200C. Cement pastes were prepared to the same AE sources including matrix cracking, fibore—matrix interface
water-to-cement weight ratio (W/C), 0.4. The pastes were debonding, fibre fracture and delaminatf$nAE deals with
mixed according to the normalised procedure no. CEN 196- the detection of such waves at the materials surface. There-
3. After mixing, the same quantities of paste for both ce- fore, this technique potentially allows not only the location
ment A and cement B were poured in silicone foam moulds of the source of the emission, but also the determination of
(100 mmx 100 mmx 30 mm) prior to AE measurements. its nature.
Silicone foam has been selected since it can follow the shrink-  The stress waves resulting from microstructural changes
age of the cement paste during setting. A possible separa-depend on the propagation conditions including attenuation,
tion between the mould and the tested material is reduceddamping and boundary surface interactions in a heteroge-
and the related parasitic noise in the AE signal is avoided. neous medium. The signal delivered by the sensor is not an
The AE characterisations have been carried out &C2énd exact representation of the original source. Nevertheless, it
95% relative humidity. After AE measurements, the sam- is realistic to consider that this signal contains some fea-
ples were re-stored under the same climatic conditions andtures representative of the source in such a manner that di-
during the same time (12h at 2G and 40% RH). Then, rect correlations exist between the internal mechanisms and
cylinders were machined from the main samples and testedthe magnitude of the various AE parameters. Consequently,
under indirect tensile loading. The reproducibility of data each signal can be considered as the acoustic signature of
has been checked using several pastes made from the sanmdifferent phenomena. In the case of concrete structures sub-

cements. mitted to mechanical loading, AE events occur when cracks
Table 1
Chemical composition, either in nature of cementitous phase or in oxide, for the cement
Chemical composition Percentage (wt. %)
CaALO, (orCA) 56
_ CaAl,0, (orCA,) 38
Cementitous phase <6
Al O,
Ca Al Oy (orCLA,) <
CaO -
Oxide 26.6-29.2
Al O, 69.8-72.2
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develop in the concrete and stress waves are enfiftétl.  ber of alternation in a single hit), rise time or peak am-
Research activities about AE has been applied to concreteplitude. Fig. 1 presents the typical AE features extracted
either to characterise crack development or to monitor plain from the signal waveform. Different types of analysis can
structure. Concerning the first aspect, i.e. crack development,also be done concerned with amplitude, duration, energy and
AE has been used to observe the fracture process zone (FPZyequency.
that develops ahead of the crack 4fto describe the frac-
ture mechanisms or to locate the cracks and their type of 2.2.1.2. Experimental set-ugicoustic emission was con-
propagatior?® Conventional AE source location methods tinuously monitored during cement early age (from O to 24 h)
are typically used to spatially locate crack developniént, by using a Mistras 2001 data acquisition system of Physical
whereas moment tensor analysis has been applied to identifyAcoustics Corporation (PAC), with a sampling rate of 8 MHz
the location of the source and orientation of the danfge. and a 40 dB pre-amplification. The total amplification of the
When coupled with normalised mechanical testing of mate- recording system was 80 dB. Ambient noise was filtered us-
rials, AE enables the determination not only of the existence ing a threshold of 35dB. AE measurements were achieved
of damage, but also of the type and extent of damage. Fromby using two resonant R15 PAC sensors, one as test sensor
this information, attempts have been made to infer the lo- and one as reference sensor. The reference sensor is used in
cation of specimen failure and the probable mechanisms oforder to record noise arising from the electromagnetic en-
failure. With respect to the second aspect, i.e. monitoring of vironment and to eventually subtract these parasitic signals
structures, several researchers have suggested the use of Affom that recorded on the test sensor. A coupling fluid (Dough
either to assess the degree of damage or as a method to mor28 Rhodorsil Silicone) is used to have an airless and flaw-
itor structural integrity?® In the present work, the use of AE  less contact between the transducer and the speckiger?
technique will be devoted to record the elastic waves emitted shows the experimental set up.
during the physical and chemical changes that occur through-
out the hydration of the cement paste. The specificity here is2.2.2. Indirect tensile test
two-fold: Since some difficulties are encountered in testing brittle
materials in direct tension, indirect methods become attrac-
tive. Indirect tensile test was here performed in order to de-
termine the tensile strength of the set cements. In his review,
DarwelP* described a cylinder split routine testing for the
The potential of acoustic emission for providing reliable tensile strength of concret€ig. 3 shows the experimental
information and the ease with which it is applied for in configuration of this kind of test. The sample is a cylinder that
situ testing depend largely on the available AE instrumenta- has a length over diameter ratidD) ranging between 1 and
tion. Significant improvements and modifications have been 5. This condition must be respected in order to avoid buckling
made on acoustic emission systems including features foror unexpected shear stress distribution. In our case, and con-
numerical acquisition and analyses. From the emitted sig- sidering the thickness of the set cement samples, cylinders of
nals, different data can be extracted, such as number of hits30 mm length with a diameter of 20 mm were machined with
(i.e. the recorded signal), number of counts (i.e. the num- a core sampler as presentedHig. 4.

(1) Characterisation is done on a paste that transforms into
a solid,
(2) No external load is applied on the system under study.

Duration of Hit (D) in ps

Rise Time (RT)
in ps

Count

Amplitude (A)
indB

=

[—
T
————

Threshold in dB (Ref 1 uV)

Fig. 1. Typical AE signal recorded with its associated characteristics.



3526 T. Chotard et al. / Journal of the European Ceramic Society 25 (2005) 3523-3531

Thermocouple conditioner 0-10V type T thermocouple
—
‘fﬁﬁﬁﬁﬁ'iﬁﬁﬁﬁﬁﬁ'iﬁﬁw
3 y Y
; i %
S ﬁ :
§ &
MISTRAS 2001 W Cement sample i
AE System ; i
ﬁ :
: :
1220A Preamplifiers ! ;
20-1200kHz, G=40 dB i
ki

u
Silicone foam mould ',i
%

Reference Sensor
(PAC RIS

%"H xxxxxxxrxxxxxxxﬂﬁ'

Test Sensor
(PACRI5) Climate regulated device
(T° & RH)

Fig. 2. Experimental set-up for AE testing.

(b)

Fig. 3. Experimental set-up for indirect tensile test: (a) front view and (b) side view.
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30 mm

100 mm

100 mm

Fig. 4. Scheme of core sampling in set cement samples.

Once the tests performed, the tensile strength is calculatedacteristic of a high acoustic activity taking place in the sample
using the basic equation which derives from Hertzian theory: probably related to the number of physical events and chem-

2P

ot = ——
nDL

whereP is the load at failureD the diameter of the cylinder

andL its length.

3. Results and discussion

3.1. AE testing

Fig. 5 presents typical curves reporting the variations of
the AE cumulative hit as a function of time after mixing ce-
ment A and cement B. The first observation is relative to
the cumulative number of hits which is more important for
cement A than for cement B (nearly twice more). Thisis char-
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Fig. 5. AE cumulative hits as a function of time after mixing (cement A and

cement B).
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ical reactions occurring during hydration. A second observa-
tion concerns the rate of variation that is greater in the case of
cement A than cement B. We will discuss about the interpre-
tation of this later. A more precise analysis was performed
on both AE data and internal temperature data measured in
cement in order to characterise the differences in AE activity
occurring during the setting period. Several parameters were
either determined from the curves or calculated as shown on
Fig. 6. ;7@ andr3 @ refer to the times when there is a signifi-
cant modification of slope foF and the number of cumulative
hits, respectivelyty'ax corresponds to the time when the in-
ternal temperature reaches its maximum vallig®), aT/ot
is the internal temperature rate during the increase of tem-
perature andH/dt is the AE hit rate. We deliberately do not
discuss the decreasing of the internal temperature curve due
to the influence of the specific thermal coefficient (diffusion)
of the silicon foam mould, on the values obtain&tj. 7a
and b show the variations of the number of AE cumulative
hits and the temperature as a function of time after mixing for
the cement A and cement B, respectiv@gble 2reports the
different values deduced from AE and temperature curves.
The AE feature variation for cement Aig. 7a) can be
divided into three distinct periods. During the first one, from
0 to 4.92 h (32", no acoustic emission activity is recorded.
If we look at the temperature variations in the same inter-
val, we notice that the temperature starts increasing earlier
(££18"=2.70 h) than AE riserf@"'< /312" Beforer2@" it has
been founded that the cement is in its dormant period where
the anhydrous phase dissolves and a small amount of hydrates
starts to nucleat&® Another point concerning the variation
of temperature must be underlined. A significant change in
the temperature rate occurstat4.91 h which is extremely



3528 T. Chotard et al. / Journal of the European Ceramic Society 25 (2005) 3523-3531

Max

T

)

T
)

2 o
= <
2 ¢
= s
= £ af T =
: o e g
| . TR ;S TN
O Q:> E,
=
2| < :

1

T Time after mixing(h)

Start Max Start

tT tT tAE

Fig. 6. Schematic representation of AE cumulative number of hits and internal temperature variations as a function of time after mixing. Dafsitription
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close to the value alﬁ‘tEa” (4.92h). As the internal tempera- These acoustically emissive mechanisms, and especially
ture measured in a cement specimen is a marker of hydrationpoth the growth of crystalline phases and the tangling of hy-

reaction, we can assume that the exothermic phenomenordl'ates, have a Significant contribution to the mechanical be-
characterised by a notable rise of the internal temperature ishaviour of the set material. In terms of energy released the
closely related to the beginning of the precipitation of hy- quoted mechanisms from (1) to (4) have been classified in
drates §T/ot=5.3°C/h). increasing order.

The second Stage begins from 4.92 h to finish approxi_ The last period from 5.94 to 24 h Corresponds to a lower
mate|y atéh. During this period, and as the reaction pursues,vame of the hit rate Compared to the previous one since it is
amassive precipitation of hydratfsoccurs and itinducesa ~ equal to 2.54 hits/h.
temperature increase; there is a significant change in the tem-  Fig. 7b shows differences in the evolution of the AE and
perature ratedT/ot=31.9°C/h) and both temperature and temperature characteristics for cement B (55 days old). As
the AE hit rate reach their maximum valueB"®=55°C, already said, we observe a lower value of the total number of
,yax =5.61h,dT/3t=1320 hits/h). As the understanding of hits which denotes a lower acoustic activity during the setting
the mechanisms inducing AE activity during this period is Process. Asthe number of hits can be considered as the acous-
essential for the rest of the study, it has been shéwn tic activity of the phenomena, the number of counts can be
that numerous phenomena acting during the hydration pro-associated to the global energy generated by the phenomena.

cess can be identified. We can quote in a non-exhaustiveln fact, for the same AE activity, the higher the energy it emits,
way: the higher the amplitude and the longer its duration, and con-

sequently the most numerous the counts, are. From data in
Table 2 it turns out that the average total number of counts is
(2) Growth of crystalline phases, lower for cement B than for cement A (1500 <3300). These
(3) Fitting of hydrates due to tangling, observations (hits and counts number) demonstrate that the

(4) Microcracking due to stress relaxation induced by shrink- hydration of cement B generates less acoustic activity and
age or drying. releases less energy than the hydration of cement A. Other

(1) Capillary effect,

Table 2
AE and temperature features determined for cements A and B

Name Duration of ~ AE features Temperature features
storage (d2yS) pverage total  Averagetotal  (SE(h) 2 (hith) St () Max (hy T (oC/h) T™ax (=)
number of hits number of counts (associated (associated
time period) time period)
CementA 2 680 3300 4.92 1320 (5.53h-5.94h) 2.70 5.61 5.3(2.7h—-4.91h) 55
2.6 (5.94h-24h) 31.9(4.91h-5.61h)
CementB 55 310 1500 4.76 129.4 (4.76 h—6.11h) 4.71 7.18 11.2 (4.71h-6.48h) 46

25.6 (6.11h-9.31h)
117.4 (9.31h-10.02 h)
4.2 (10.02h—-24 h)

14.7 (6.48h-7.18h)
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Fig. 7. (a) AE cumulative hits and internal temperature as a function of time can alsoleadsto changes inthe hydration process including
after mixing for cement A. (b) AE cumulative hits and internal temperature delayed dissolution of anhydrous grains slow precipitation
as a function of time after mixing for cement B. . ’

or disturbed growth of hydrated phases.

At this stage of the study, some hypothesis, concerning
differences between the two cements occur. If we look at the the AE response of the cement at young age and its corre-
variation of the AE hits for both cements, three distinctive lation with the mechanical behaviour when it is set, can be
stages can be identified. However, the second period, fromexamined. Between all the mechanisms that can be active
approximately 4.76 to 10 h, presents an evolution in several and potentially acoustically emissive, the ones that seem to
stages. Indeed, during this time, three different values of the be most active and most energetic are the fitting of hydrates,
AE hit rate can be calculateddble 9. The first and the  due to tangling, and the microcracking, due to stress relax-
third calculated rates seem to be of the same order (129 andhtion induced by shrinkage or dryif§ The consequence of
117 hits/h). The intermediate one (from 6.11 to 9.31h) is these two mechanisms on the mechanical behaviour of the set
reduced (25.6 hits/h) and it could probably indicate that a material seems to be opposite. In the first case, it can favours
kind of “pause” is taking place in the hydration process. This an efficient rigidification of the solid skeleton in the paste and
AE evolution, in three steps, can also be interpreted throughleads, even after the setting, to an increase of the mechanical
the analysis of the internal temperature variations. For ce- strength. The second mechanism corresponds to the damage
ment B Fig. 7o andTable 2, £ ~ 13" TMaX=46°C and of the set material and the density of microcracking reduces
t¥ax: 7.18h. The temperature reaches its maximum (lower both the rigidity and the strength of the set cement. Consid-
than cement A: 55C) later than cement A. These results in-  ering these interpretations, two hypotheses are proposed:
dicate that the reactivity of cement A and cement B differ.
It is important to remember that only the duration of storage
is different for the two cements. A thermogravimetric analy-
sis (heating rate = 5C/min) was then performed in order to
characterise the initial state of the anhydrous cement powder.
The results are presentedhig. 8. As we can see, cement
A exhibits a notable weight-loss between 100 and GDO
The weight-loss is less important for cement B and starts at
200°C. Two hypothesis can explain these differences:

1. The level of AE is closely related to the efficiency of hy-
drates tangling and the associated mechanical properties
are consequently high,

2. The level of AE is closely related to the microcracking
density and the associated mechanical properties are con-
sequently reduced.

3.2. Mechanical testing

e Atavolumic scale, small hydrated germs are presentinthe In order to check these propositions, indirect tensile tests
anhydrous powder and participate in a better control of the were conducted on several samples of the set cement (A and
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Table 3

Mechanical features determined for cements A and B

Name Duration of Mechanical characteristics

storage (days)

Average experimental rigidity Average tensile strengtla{(
(F/8 in N/mm) and scattering in MPa) and scattering

Cement A 2 10215 (10.1%) 4.11 (6.5%)

Cement B 55 1329 (6.7%) (I) 2.45 (2.7%)

5071 (7.5%) (1)
For cement B, (1) and (Il) correspond to the periods sighted in Fig. 9 and where two different values of the experimental rigidity has been calculated.

B). Fig. 9 and Table 3present the obtained results. As we
can see, the mechanical behaviour of cement A is differ-
ent from that of cement B. The values of the experimental
rigidity and the maximum strength are the highest for ce-
ment A (10215 N/mm >5071 N/mm; 4.11 MPa > 2.45 MPa).
Moreover, cement A exhibits a brittle like behaviour (linear
variation of load with respect to the displacement and sudden
fall of the strength related to the fracture of the specimen).
For cement B, the load—displacement evolution probably in-
dicates the occurrence of a high level of damage initially
present in the set material. The final variations of the load
for this cement can be interpreted as the propagation of the
microcracking leading the catastrophic failure of the sample.
Fig. 10a and b, which present the fracture aspects of the ce-
ment A and B samples, respectively, confirm the observation
made on the load displacement curves. With respect to the
hypotheses proposed above and the results of the mechal
ical testing, it appears that the first hypothesis is valid. In-
deed, we observe a high level of AE activity associated with
high mechanical properties. In the present case, the acous
tic emission seems to be probably more likely related to a
cohesive phenomenon (tangling of hydrates) than a damage
process (microcracking). Even though, the two contributions
(tangling of hydrates and microcracking) are active in both
specimen, incementA, the predominant mechanism seems t¢
be the tangling of hydrates while in cement B, microcracking
is playing an important role.

4000
Cemel%
S5 mim

3000 -
= 10215 N/mm { Cement B
<
2 2000 /“"‘ Fig. 10. Typical fracture aspect for sample after indirect tensile test (Brazil-
<
-

/ / ian test): (a) cement A and (b) cement B.
3071 N/mm
1000

4. Conclusion

329 N/mm
T

T

o o1 02 03 04 05 06 07 08 09 The results reported in this paper demonstrate that AE
Displacement (mm) . .

technique can be considered as a valuable tool not only to

Fig. 9. Load—displacement curves from indirect tensile test for cement A Char‘?‘Ctense the ear_ly hydratlo_n of a cement paste but also _to

and cement B. predict the mechanical behaviour of the set cement. Quali-
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tative observations and quantitative measurements enable to

propose some conclusions:

e AE activity recorded during the setting allows to follow the

build-in mechanism of the paste and to detect a potential

disruption of the hydration process (in association with
temperature measurement).

13.

14

e Some the AE recorded signals seemto be related to the tan-

gling of hydrates leading to the rigidification of the paste.
Differences in surface reactivity of the starting materials

influence upon the hydration process and, Consequently,16'

the AE response.

e Based on the experiments, the ageing conditions (durationy 7.

15.

of storage) of the anhydrous phase have a notable influence

on the mechanical performances of the set material and18.
can, with a good reliability, be detected and forecasted by

AE monitoring.

This work opens interesting perspectives like real-time
monitoring which can be applied to fairly large specimens

(cement, mortars or concrete), in order to predict the me-

chanical characteristics of the set materials.
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