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Abstract

Nondestructive and in situ characterisation techniques, such as ultrasonic measurements, permit to follow cement hydration at the early

age from a few minutes to a few hours after mixing. The technique reported in this paper is based on measurements in reflection modes.

Results concerning an aluminous cement, Secar71, are presented (water-to-cement weight ratio (W/C): 0.3 and 0.4; temperature of

measurement: 20°C; duration: 0±24 h). Information deduced from ultrasonic measurements (longitudinal wave velocity, reflection

coefficient) associated with other data obtained from X-ray diffraction (XRD), differential thermal analysis (DTA) and thermogravimetric

(TG) measurements enable to propose a qualitative description of hydration's chronology. The sensitivity of these ultrasonic parameters to

hydrates formation and structuring is underlined. D 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Calcium aluminate cements are a range of cements in

which calcium aluminates are the main phase constitu-

ents. These materials are used for many special applica-

tions in the construction, civil engineering and refractory

industries because of their ability to gain strength rapidly

and to withstand aggressive environments and high tem-

perature [1,2]. The knowledge of their mechanical beha-

viour at a young age becomes essential to forecast their

performance in service. In order to describe hydration of

cement paste at the early age (from a few minutes to a

few hours after mixing), different approaches have been

developed. Conductivity and pH measurements, usually

carried out on dilute systems, have been applied to

predict the dissolution and precipitation processes [3,4].

Classical techniques such as thermal analysis, X-ray

diffraction (XRD) and scanning electron microscopy, have

also been carried out. These characterisations are done ex

situ after stopping hydration [5±8]. Aluminous cements

hydration has also been investigated by proton and

aluminium nuclear magnetic resonance [9,10] or more

recently by neutron diffraction [11,12]. These last two

techniques correspond to in situ measurements. In this

paper, we wish to present another original in situ tech-

nique for looking at hydration of fresh pastes. It is based

on ultrasonic testing, which has already proven to be

reliable for characterising hard cements [13,14]. Several

attempts to detail the growth of structure in fresh cement

pastes during the 1 or 2 h after mixing have been

reported in the literature [15±24]. They dealt with the

component of ultrasonic signal, which is transmitted

inside the material. The technique presented in this paper

considers both the transmitted and reflected signals.

Results reported here refer to Secar71, where character-

istics are given in Table 1.

2. Experimental procedure

2.1. Preparation of the cement paste

Two lots of paste have been prepared with a water-to-

cement weight ratio (W/C) equal to 0.3 and 0.4. Each lot has
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been mixed according to the normalised procedure No. CEN

196-3. These lots are noted SE030 and SE040, respectively.

After mixing, the paste is poured in polymethylmethacrylate

(PMMA) moulds prior to ultrasonic measurements. The

removal of air is done under a significantly low pressure

for 15 min. The quantity of paste is sufficiently large to

avoid a change in W/C during air removal.

2.2. Characterisation techniques

2.2.1. Ultrasonic measurements

These characterisations are carried out at 20°C and 95%

relative humidity. Short pulses of acoustic waves are

radiated by a source (transducer) with sufficiently low

amplitude of vibration for the cement to remain in its

viscoelastic or elastic state depending on whether it is a

liquid or a solid. Reflection pulse echo technique enables to

measure the transit time related to the ultrasonic velocity. In

the present case, the experimental setup is designed to

operate in a semiinfinite mode (Fig. 1), which means that

the dimensions of the tested sample are very large compared

to the ultrasonic wavelength. A transducer sends wideband

pulses of longitudinal ultrasonic wave with a central fre-

quency of 1 MHz (Panametric), which propagate into a

buffer acting as a delay line. Considering the dimensions of

the mould (100� 50� 10 mm), the average particle size of

the cement powder (50 mm) and the average value of the

longitudinal wave velocity already measured on set samples

(3400 m/s), the value of the central frequency (1 MHz) has

been chosen in order to be in accordance with the semi-

infinite mode [wavelength (l) dimensions of the mould] and

with the homogeneity of the material [wavelength (l)

average particle size). The longitudinal wave velocity has

been measured in the 10-mm direction. The proportion of

transmitted wave inside the cement-based material depends

on the reflection coefficient at the buffer/cement interface.

The transit time, t, through the cement sample is related to

its thickness, e, and the velocity of longitudinal wave, VL (m

s ÿ 1), as follows [Eq. (1)]

VL � 2e

t
�1�

The experimental error on VL is of the order of 2%.

Measurement of t is obtained according to the procedure

described elsewhere [25]. In addition to the ultrasonic

measurements, the temperature of the mixture was recorded

during the whole experiment by a T-thermocouple immersed

in the sample.

Our experimental setup also permits to measure the

amplitude, A, of the waves reflected at the buffer/cement

interface. The corresponding reflection coefficient, R, is

related to the acoustic impedances (in kg m ÿ 2 sÿ 1) of

the two materials, namely the cement (Zcement) and the

buffer (Zbuffer), by the following relation

R � Zcement ÿ Zbuffer

Zcement � Zbuffer

�2�

For the present study, the buffer is made of PMMA,

which has an acoustic impedance close to that of cement

when it is in the liquid state. The reflection coefficient

approach has already been use by OÈ ztuÈrk et al. [26] in order

to monitor the setting and hardening of cement-base materi-

als. They used both longitudinal and shear wave reflection

factors. This interesting study dealt with Portland mortars

with different additives.

By measuring a reference amplitude, noted Aref, for an

echo reflected at the interface between the buffer and a

medium with a known acoustic impedance, Zref, the value of

R can be deduced by

R � A

Aref

Rref �3�

where Rref is the reflection coefficient at the interface

between the buffer and the reference medium with its

acoustic impedance, Zref. Rref is given by Eq. (4)

Rref � Zbuffer ÿ Zref

Zbuffer � Zref

�4�

In our case, the reference medium is air where Zref� 0 kg

m ÿ 2 sÿ 1. This gives Rref� 1 and Eq. (3) becomes R�A/

Aref.. For a perfect interface between the buffer and the

cement, the acoustic impedance is related to the velocity by

Zcement � rVL �5�
where r (in kg m ÿ 3) refers to the density of the material.

Table 1

Characteristics of Secar 71

Chemical composition Al2O3: 69.8±72.2 wt.%

CaO: 26.6± 29.2 wt.%

Specific Blaine surface 3800 to 4400 cm2/g

Average particle size 50 mm

Minimal particle size 1 mm

Maximal particle size 100 mm

Density 2.90± 3.05 g/cm3

Fig. 1. Schematic representation of the experimental setup for ultrasonic

testing.
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The combination of Eqs. (2) and (5) gives a direct relation

between R and r. Due to the error on A values

(maximum� 5±10%), the precision on R is of the order

of 5±10%.

2.2.2. Other measurements

Volume variations during cement hydration have been

estimated from Archimede's method. It consists of pour-

ing the paste in a latex membrane just after mixing. The

quantity of paste that has been used in the present case is

equivalent to the amount poured in the PMMA mould.

The sample is supported in water. The apparent weight

variations are recorded as a function of time and related

to volume changes. Similar procedures have been des-

cribed in the literature [27±29]. Measurements of volume

changes, DV (in m3), correspond to the difference

between the volume Vt at t > 0 s and the initial volume,

V0, at t = 0 s. The relation between volume changes and

Le Chatelier's shrinkage, Sh, normally expressed in mm3

gÿ 1, is given by Eq. (6) [30]

10ÿ6 � DV � Sh� mcement �6�
where mcement is the mass of anhydrous cement (in kg).

In our study, on top of these in situ characterisations

(namely T, VL, R and Sh), we have also used other methods

for determining the chemical nature of the hydration pro-

ducts. When cement hydration progresses, the material goes

from a paste to a solid state. In order to carry out the ex situ

characterisation of the formed hydration products, speci-

mens of the cement are taken at increasing times. The

cement hydration is stopped by a mixture of ethanol and

ether in a 1:1 volume ration [31]. This procedure eliminates

the water which is not trapped in hydrates. The resulting

product is ground to obtain a powder and characterised by

XRD, differential thermal analysis (DTA) and thermogravi-

metric (TG) measurements. XRD has been conducted with

an INEL CPS 120-Curved Position Sensitive diffractometer.

Thermal analysis has been carried out with a DTA-TG

coupled RIGAKU thermoflex; each experiment has been

done on 96 mg of product under dry nitrogen with a heating

ramp of 15°C/min. The reference material is a calcined

alumina from PROLABO.

3. Results and discussion

In Fig. 2, the variations of Le Chatelier's shrinkage (Sh)

for SE030 (Fig. 2a) and SE040 (Fig. 2b) for the paste inside

the latex membrane are reported. The time scale corre-

sponds to the duration elapsed after mixing water and

cement. In addition, TG measurements have been performed

Fig. 2. Sh variations as a function of time for Secar71 mixed with two

different W/C ratios. (a) SE030; (b) SE040.

Fig. 3. VL (&) and T ( ) variations as a function of setting time for Secar71

mixed with different W/C ratios. (a) SE030; (b) SE040.
.
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at the end of massive Sh variations. Prior to thermal

characterisation, all the free or nonbound water has been

removed in the tested samples by solvent exchange. There-

fore, TG measurements permit to evaluate the quantity of

bound water since the thermal treatment degrades the

hydrates. The weight loss has been calculated after heating

the samples up to 1000°C. In the case of SE040, the weight

loss is equal to 16.5% for Sh equal to 16 mm3/g (Fig. 2b).

Fig. 3 shows the variations of VL and T for SE030 (Fig.

3a) and SE040 (Fig. 3b) for the cement contained in the

PMMA mould. For each set of data, two characteristic times

have been graphically determined as shown in Fig. 4 and are

summarised in Table 2. tVL

Start and tT
Start refer to the times

when there is a significant modification of slope for VL and

T, respectively. In both cases, before tVL

Start, VL has a low

value (1800 m sÿ 1 for SE030 and 1500 m sÿ 1 for SE040),

which is close to the longitudinal wave velocity in water

(around 1430 m sÿ 1 at 20°C). The slightly larger value

obtained in the case of SE030 could be due to the lower

quantity of water compared to SE040. After a notable

increase, VL reaches an asymptotic value around 3900 and

3400 m sÿ 1 at 24 h for SE030 and SE040, respectively.

This difference, which is greater than the experimental error

on VL measurements, can be related to the difference in the

available water amount between the two compositions.

Concerning the temperature variations, there is a large

exothermic phenomenon which starts earlier than the

velocity variations tVL

Start < tT
Start. In Fig. 5, for SE040

sample, the R coefficient directly deduced from ultrasonic

measurements (called Rexp) and the R coefficient (called Rcal)

deduced from the calculated acoustic impedance are plotted

using the following relation [Eq. (7)]

Zcal � rLeChatelierVL �7�
Where rLeChatelier is deduced from hydrostatic measurements.

It leads to Eq. (8)

Rcal � Zcal ÿ Zbuffer

Zcal � Zbuffer

�8�

It can be seen in Fig. 5 that the value of both Rexp and

Rcal are closely related during the first 7 h. Beyond this time,

Rexp is greater than Rcal.

Table 2

Characteristic times for the different tested mixtures

Mix nature tVL

Start tT
Start

SE030 4 h and 20 min 4 h

SE040 6 h 5 h and 43 min

Fig. 4. Schematic representation of VL and T variations as a function of

time. Description of the graphical determination of tVL

Start and tT
Start. Fig. 5. Variations of Rexp (~) and Rcal. ( ) as a function of time.

Fig. 6. Weight loss ( ) and longitudinal velocity (&) variations as a

function of time for (a) SE030 and (b) SE040.

6

A
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Since VL and R are the most interesting data for

assessing the mechanical behaviour of the cement, our

discussion is mainly focussed on these parameters. In the

work of OÈ ztuÈrk et al. [26] on Portland mortars, the

evolution of reflection coefficients is compared only with

the temperature variations. A good agreement between

these two indirect parameters was found by the authors.

In addition to our study, for each specimen where

hydration has been stopped at chosen times, the weight

loss has been calculated from TG measurements. Fig. 6

presents results of VL and weight losses for SE030 (Fig.

6a) and SE040 (Fig. 6b). By comparing Fig. 6a and b,

the observed values of weightlosses for SE040 are

greater than the weight losses for SE030. The quantity

of formed hydrates increases when the W/C ration

changes from 0.3 to 0.4 due to the higher quantity of

available water in the mixture. Moreover, it is interesting

to note that the weight loss evolution closely follows VL

variations. The corresponding DTA for the same speci-

mens are presented in Fig. 7. The thermal spectra do not

show noticeable signals below 4h and 5 min and 5 h

and 15 min for SE030 (Fig. 7a) and SE040 (Fig. 7b),

respectively. As a matter of fact, even if hydrates are

already formed, their amount is probably too low to lead

to a detectable heat exchange during their decomposition.

Other techniques, such as high frequency measurements

on fresh paste between 1 MHz and 1 GHz, permit to

identify hydrate formation during this first period

[32,33]. The major endothermic peaks recorded after-

wards can be attributed to dehydration of CAH10,

C2AH8 and AH3 [9,34]. Lastly, Fig. 8 presents XRD

spectra for some setting times in the case of SE030 (Fig.

8a) and SE040 (Fig. 8b), respectively. We can see that

crystallised calcium aluminate hydrates can be detected

only after 6 h and 20 min for SE030 (Fig. 8a) and 7 h

for SE040 (Fig. 8b).

Fig. 7. Thermal analysis for (a) SE030 and (b) SE040 at increasing setting times. These times are numbered according to Fig. 6.
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If we compare the evolution of the different sets of data

(namely, VL, T, R, weight loss, DTA and XRD), we can

propose the following sequence for cement hydration in a

qualitative manner (Fig. 9).

Step 1: The velocity remains low (close to the long-

itudinal wave velocity in water) and fairly constant while the

temperature changes. During this first period, hydrates are

probably formed in very low amounts. The ultrasonic waves

travel across the water like medium.

Step 2: VL increases notably, the weight loss of bound

water (measured by TG) increases (Fig. 6), which means

that the quantity of formed hydrates is growing. During

this step, two major events are occurring. The beginning

is characterised by Le Chatelier's shrinkage, the grains

come closer to each other as hydration proceeds [27].

After several hours (7 h in the case of SE40 for instance),

crystallised calcium aluminate hydrates are detected and a

difference between Rexp and Rcal is observed (Fig. 5).

These experimental facts suggest in such heterogeneous

samples that Rexp is not only sensitive to relative density

variations but also to modification in the material struc-

ture. In addition, by comparing weight losses at the end

of massive variation of Sh and VL, which are reported

respectively in Figs. 2 and 6, we can notice that variation

of Rexp is also sensitive to the quantity of formed

hydrates. A study is in progress to better understand the

existing relationship between Rexp variations and micro-

structural changes at constant apparent relative density in

such a heterogeneous material. When the structure has

certain stiffness, water seems to be no longer the major

propagation medium for the ultrasonic waves. Schemati-

cally and qualitatively [35], the volume changes, which

take place during Step 2, are represented in Fig. 10.

Step 3: During this stage, the augmentation of VL is

notably reduced. VL seems to reach an asymptotic value,

which is close to the VL value for solid cement [9].

4. Conclusion

This paper describes ultrasonic testing carried out on

Secar71 cement paste just after mixing (W/C = 0.3 and 0.4;

temperature of measurement = 20°C). Three parameters are

measured in situ, namely the ultrasonic longitudinal wave

velocity (VL), the reflection coefficient (R) and the tempera-

ture (T). Their variations as a function of setting time

together with information deduced from other ex situ

techniques (XRD, DTA and TG), enable to propose a

phenomenological description of the hydration process.

Three steps can be distinguished.

(i) Step 1: Beginning of hydrate formation.

(ii) Step 2: Le Chatelier's shrinkage and massive pre-

cipitation of hydrates with a progressive transition

from amorphous to crystallised forms (underlined by

the value of R). The mixture stiffens, which corre-

sponds to a major variation of ultrasonic parameters

(VL and R).

(iii) Step 3: The cement skeleton approaches its final

stiffness. Therefore, VL and R evolve only slightly.

Several advantages could be found in this ultrasonic

technique:

(i) It is an in situ technique for following the stiffening of

the cement paste at a young age through VL variations.

Fig. 8. XRD spectra for (a) SE030 and (b) SE040 at increasing setting

times. These times are numbered according to Fig. 6. For the most

significant peaks, the chemical nature of the corresponding product is

indicated.

Fig. 9. Main steps of cement hydration.
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(ii) It gives in real time information about the evolution

of the amount and the structure of formed hydrates,

through R variations, inside a material that has

reached a certain stiffness.

(iii) The close correlation obtained between the results of

this technique and other ex situ measurements clearly

shows that, in a near future, ultrasonic measurements

may replace other setting tests.

Fig. 10. Schematic representation of the Step 2 chronology.

T. Chotard et al. / Cement and Concrete Research 30 (2001) 405±412 411



(iv) This technique can be applied at temperatures lower or

higher than 20°C in order to evaluate in situ the effect

of this parameter on cement setting.
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