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A B S T R A C T

Microencapsulated phase change materials (MPCM) incorporated in buildings walls can reduce indoor tem-
perature fluctuations, conserving energy and enhancing thermal comfort. MPCM were incorporated in calcium
sulphoaluminate cement (CSA) at high concentrations to achieve a significant effect on the thermal properties.
The cement hydration development was studied by isothermal calorimetry and laboratory X-ray powder dif-
fraction (LXRPD). The hydration mechanism was not affected by the addition of MPCM. In order to obtain
homogeneous mortars in the presence of MPCM, a superplasticizer (SP) was used. However, the SP causes a
significant delay of the hydration. Although the mineralogical composition of the hydrated pastes did not change
with the addition of MPCM, the mechanical strengths decrease dramatically. This decrease is well described by
the Bolomey equation, assuming MPCMs act as air voids. This is a physical effect due to the high volume of
MPCM, and not due to a change in the hydration chemistry.

1. Introduction

Calcium sulphoaluminate cements (CSA) are considered low CO2

emission materials [1]. The main constituent of the clinker is ye'elimite
(C4A3S ) in combination with other phases such as belite, gehlenite and
calcium aluminates. In order to obtain an optimum setting time,
strength development, and volume stability, the clinker is ground with
10–25 wt% calcium sulphate (usually anhydrite). The resulting hydra-
tion phases depend on the amount and reactivity of the interground
calcium sulphate, of which the main ones are ettringite, monosulphate,
aluminum hydroxide as well as strätlingite or C-S-H (calcium silicate
hydrates) [2–7]. In recent years, CSA cements have been evaluated as
seasonal thermal storage materials, since their main hydrated com-
pound is ettringite, a mineralogical phase with a high number of water
molecules in its structure [8–10]. However, some of the drawbacks of
using ettringite for thermal energy storage is a lack of stability, and
crack formation. In addition, it is difficult to achieve an optimal char-
ging and discharging of the reversible energy storage.

Incorporation of microencapsulated phase change materials
(MPCM) in building materials is a promising solution in building

construction. MPCM contribute to reduce the energy consumption
[11–13], and provide thermal comfort of buildings. In order to in-
troduce MPCM in sustainable construction, several combinations be-
tween MPCM and building materials can be used [14]. MPCMs are
classified in three main families: organic, inorganic and eutectic
[15,16].

Several studies are related to addition of MPCM to plaster [17],
geopolymers [18–20] or Portland cement (PC) composites [21]. Even
though the cement industry is focused on decreasing the use of Portland
cement because of its high CO2 emissions, the majority of the literature
regarding introducing MPCM in the cement matrix is utilizing on
Portland cement [22]. Although there are a few exceptions, such as
magnesium phosphate cements [23].

However, studies related to how CSA cement interacts with MPCM
are still lacking. A recent study is related to sulphoaluminate cement
composites combining steel fibers and PCM [24].

Evaluation of the hydration development of cement mortar and how
MPCM can affect the hydration kinetics has been reported [25]. How-
ever, there is no available literature regarding the way the different
hydrated phases of the cement can interact with MPCM or how
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polycarboxylate ether superplasticizers (SP) (commonly used to im-
prove workability of MPCM composites) can interact with MPCM and
the cement matrix.

In this study, we aim to elucidate whether organic paraffin based
MPCM can affect or be affected by the CSA cement matrix. The study is
conducted using isothermal calorimetry to evaluate hydration kinetics
as well as hydration degree, and by Rietveld quantitative study to
evaluate if the different hydrated phases are being affected by MPCM. It
is already known that pure MPCM can be degraded in a gypsum en-
vironment [21]. In addition, the thermal properties of the cement
composites are evaluated by DSC (differential scanning calorimetry)
and TGA (thermogravimetric analysis) in order to evaluate their sta-
bility during the hydration processes. Finally, the porosity of the ce-
ment composites was determined by MIP (mercury intrusion por-
osimetry), and the compressive strength of standard mortar was
examined.

2. Experimental section

2.1. Materials, compositions and sample preparation

A MPCM powder, MPCM24D (Mikrotek Laboratories Inc.) was used
in this study. It is a microencapsulated paraffin: 85–90% PCM and
10–15% polymeric shell (melamine-formaldehyde) [26]. This MPCM
was selected due to its price, good references based on previous papers
[27] and its hydrophilic shell which is more compatible with the ce-
ment paste [28]. The thermal properties of MPCM D24 are shown in
Table 1.

CSA cement was prepared by mixing 75 wt% of a CSA-clinker
(manufactured in China and marketed in Europe by BELITH S.P.R.L
Belgium) with 25 wt% of anhydrite. Anhydrite was obtained by cal-
cining a commercial bassanite from BELITH S.P.R.L. (Belgium) at
700 °C for 60 min [29]. Chemical and mineralogical compositions are
presented in Table 2. The relatively high ACn content is caused by the
lower clinkering temperature and higher aluminate content of CSA
compared to Portland cement, and is in agreement with previous stu-
dies of CSA [30,31].

The chemical composition was measured by X-ray fluorescence
(XRF) and the mineralogical composition was determined by XRD (X-
ray diffraction) and the Rietveld method [32,33] jointly with the in-
ternal standard methodology as detailed below. Fig. 1 gives the particle
size distribution of CSA cement and MPCM D24 measured by laser
diffraction with a Malvern Mastersizer 2000, using a dry chamber.

Cementitious samples were further studied without and with
MPCM. Based on results from a previous study [28], the amount of
MPCM D24 was set to 45 wt% with respect to dry cement, with the
objective to have a composite material with good thermal properties.
Pastes were prepared using mechanical stirring, as described previously
[34]. Mixing proportions are given in Table 3. Solid powders were first
dry mixed, then deionized water was added at the w/c ratio given in
Table 3. Superplasticizer, SP, (KHEMEFLOW 1030, Kheme chemicals
S.A., which contains 35 wt% of active matter) was used in the pastes
with MPCM to improve the fluidity of the mixtures. The SP was utilized
at a concentration of 2.0 wt%, where all particles are coated by the
admixture (determined by rheological measurements) [28,35].

Cementitious pastes were cast in a Teflon mold with eight cylinders
(1 cm diameter) and filled with cement paste [7]. The device was sealed

and introduced in a humidity chamber at 95% RH at 20 °C. The device
was rotating during the first 24 h, in order to obtain homogeneous
samples. After each curing time (1, 7, 28 and 56 days), two different
steps were conducted depending on sample type.

2.2. Analytical methods

2.2.1. Differential thermal analysis - thermogravimetric analysis (DTA-
TGA)

DTA-TGA measurements were performed by a SDT-Q600 analyzer
from TA Instruments (New Castle, DE). The temperature was varied
from room temperature to 1000 °C at a heating rate of 10 °C/min.
Measurements were carried out in open platinum crucibles under air
flow. The equipment is composed with an electronic ultra-microbalance
with a resolution of 0.1 μg and a maximum capacity of 200 mg, tem-
perature sensors, a computer and a furnace equipped with an electrical
resistance (max. temp. 1500 °C). The acquisition of the data was con-
ducted by means of TA Universal Analysis software. The hydration of

Table 1
Thermal properties of the MPCM used in this study.

MPCM Product type Melting Freezing

Onset (°C) Endset (°C) Peak (°C) Enthalpy (J/g) Onset (°C) Endset (°C) Peak (°C) Enthalpy (J/g)

Microtek®D24 Powder 16.6 26.6 23.7 119.1 22.3 15.1 19.2 120.3

Table 2
Chemical composition (expressed as wt% of oxides) and mineralogical phase
assemblage (determined by Rietveld method including amorphous and crys-
talline non-quantified, ACn, by internal standard method), in weight percentage
(wt%) of the materials used in this study.

CSA clinker Anhydrite CSA-cement Anhydrite

CaO 41.97 40.61 C2S 14.4 –
SiO2 8.2 0.89 C4A3S 36.6 –
Al2O3 33.8 CS 23.6 99.1(1)
Fe2O3 2.37 0.06 CT 2.3 –
MgO 2.73 0.33 Akermanite 0.6 –
SO3 8.8 56.71 Mayenite 1.8 –
K2O 0.01 SiO2 (Quartz) 0.4(1)
Na2O <0.08 0.15 CaCO3 0.5(1)
Eq.Na2O
Cl 0.006

LoI 0.75 ACn 20.7
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Fig. 1. Particle size distribution of the CSA cement and MPCM D24.
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control samples was stopped prior to these measurements with acetone
and ether [36]. Contrarily, samples with MPCM were measured without
stopping the hydration, as these samples could not be stopped by che-
mical treatment, since the organic solvent may penetrate the shell of the
MPCM and dissolve the paraffin in the core of the microcapsules.

2.2.2. Isothermal calorimetry
Isothermal calorimetry was performed in an eight-channel Thermal

Activity Monitor (TAM Air, TA Instruments) instrument using glass
ampoules. Pastes were prepared ex-situ by mixing ~6 g of each sample
with the appropriate amount of water, followed by manually stirring for
1 min, and were thereafter immediately introduced in the calorimeter.
A stabilization period of 45 min was needed prior to the start of the
measurements. The heat production rate (thermal power, mW/g ce-
ment) and the heat (integral of thermal power, J/g cement) [37] were
collected for up to 7 days at 20 °C.

2.2.3. Laboratory X-ray powder diffraction (LXRPD) data collection
LXRPD was performed in a D8 ADVANCE DaVinci diffractometer

(Bruker AXS, Germany) (250 mm radius) with a Molybdenum X-ray
tube, a primary Johansson monochromator Ge (111), which gives a
strictly monochromatic radiation (λ = 0.7093 Å), MoKα1, and in
transmission mode. The X-ray tube worked at 50 kV and 50 mA. The
optics configuration was a fixed divergence slit (2°) and a fixed dif-
fracted anti-scatter slit (9°) and the energy-dispersive linear detector
LYNXEYE XE 500 μm, specific for high energetic radiation, was used
with the maximum opening angle. Using these conditions, the samples
were measured between 3 and 35° (2θ) with a step size of 0.01° and
with a total measurement time of 2 h and 30 min. The samples were
spun at 10 rpm.

In order to quantify the amorphous and non-diffracting content
(ACn), the internal standard method was used [38]. Prior to LXRPD
data collection, samples were mixed with ~20 wt% of crystalline
quartz. Samples were manually mixed with quartz in an agate mortar
for 15 min and powder patterns were collected in the diffractometer.
The hydration of the control samples was stopped prior to these mea-
surements as detailed before. Contrarily, samples with MPCM were
measured without stopping the hydration.

Additionally, in situ LXRPD experiments were performed in order to
compare early age hydration development with the calorimetry results.
Cement paste composites were mixed as previously described and in-
troduced in two different Kapton film sample holders. The first round of
measurements was done with one of the Kapton samples for the first
6 h. After this, a second round with the other Kapton sample was
measured up to 10 h.

2.2.4. LXRPD data analysis
The patterns were analysed by the Rietveld method using a GSAS

software package [39], utilizing a pseudo-Voight peak shape function
with the asymmetry correction included [40,41], to obtain Rietveld
Quantitative Phase Analysis (RQPA). The refined parameters were:
background coefficients, phase scale factors, unit cell parameters, zero-
shift error and peak shape parameters.

2.2.5. Differential scanning calorimetry (DSC)
A differential scanning calorimeter METTLER TOLEDO model DSC 1

was used. The measurement cell is a silver furnace model 400 W which
operates between room temperature and 700 °C, with a heating speed
maximum of 100 °C/min, and a ceramic sensor model HSS8 formed by
120 thermopar of Au-Au/Pd. The device incorporates a liquid N2

cooling system, which allows decreasing the temperature to−150 °C. A
continuous N2 flux at 20 l/min was utilized as a protective gas. Samples
are introduced in 40 μl Al crucible in a temperature range from −20 °C
to 60 °C and back to −20 °C at 3 °C/min. Around 8–10 mg of sample
was used. A calibration with In was done previous to the tests. The
hydration of control samples was stopped prior to these measurements,
as detailed before. Contrarily, samples with MPCM were measured
without stopping the hydration.

2.2.6. Mercury intrusion porosimetry (MIP)
The pore size distribution was measured by MIP. Cylindrical sam-

ples (2.5 cm Ф x 1.5 cm height) of the cement composites were pro-
duced and cured until 28 days following the same procedure as for the
compressive strength measurements described below. Before MIP
measurements, the samples were dried at room temperature at 20% RH
(relative humidity) until constant weight. Gently drying at room tem-
perature is expected to avoid dehydration of cement hydrates and
changes in the microstructure that might occur with oven drying
[42–44]. Accordingly, even though there might be small deviations
between the pore structure measured by MIP and the pores within the
compressive strength samples, the results are expected to be compar-
able. These samples were crushed into smaller pieces to be measured by
MIP. In order to measure porosity in the range from 1 mm down to
2 nm, a micromeritics AutoPore IV 9500 porosimeter (Micromeritics
Instrument Corporation, Norcross - GA, US) was used. The pressure
applied by the intrusion porosimeter ranged from 0 to 200 MPa in step
mode. A constant contact angle of 140° was assumed for data evalua-
tion [45].

2.2.7. Compressive strength
Mortars were prepared according to UNE-EN196-1 at cement/sand

and w/c mass ratios of 1/3 and 1/2, respectively. SP was utilized at a
concentration of 2 wt% with respect to cement and MPCM, and CEN
EN196-1 standard sand was used. Mortar cubes (3 × 3 × 3 cm3) were
cast and cured at 20 ± 1 °C and 99% relative humidity (RH) for 24 h.
The cubes were demolded and kept in a water bath (20 ± 1 °C) until
mechanical strength characterization (compression) was performed at
1, 7, 28 and 56 days. The reported value is the average of three mea-
surements under the compression machine (Model Autotest 200/10 W,
Ibertest, Madrid, Spain). The measured compressive strength values
were corrected by the geometrical factor of 1.78 in order to obtain
comparable values to those determined when using standard prisms
(4 × 4 × 16 cm3). This factor is obtained by dividing the compression
area of the machine (1600 mm2) with the area of the specimen
(900 mm2).

2.2.8. Scanning electron microscopy
The microstructure of the fracture surface of the cement composites,

at 28 days of hydration, was observed through Scanning Electron
Microscopy (SEM) (model Quanta 250, FEI Company) with a tungsten
filament operating at a working potential of 15 kV.

Table 3
Mixing proportions (in weight percentage) and w/c ratios of the cement pastes.

Sample w/c w/s Cement (wt%) Water (wt%) SP (wt% with respect to solids content) MPCM D24 (wt%)

CSA-control 0.50 0.5 66.7 33.3 – –
CSA-D24 0.50 0.3 50.5 25.3 2 22.7
CSA-control-075 0.75 0.75 57.1 42.9 – –
CSA-D24-075 0.75 0.65 45.5 34.1 – 20.5
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3. Results and discussion

3.1. Phase assemblage of cement pastes

Table 4 shows the RQPA results of CSA control and CSA with MPCM
pastes hydrated at t0, 1, 7, 28 and 56 days at w/c of 0.5, including the
amorphous (ACn) and free water (FW) contents. ACn was determined
by internal standard methodology as detailed in the Experimental sec-
tion. FW was calculated by analysing the DTA-TGA curves of stopped
and non-stopped pastes [46], except for the t0 columns, where the FW
contents are the theoretical ones. The phase assemblage has not
changed by inclusion of MPCM.

The degree of hydration of C4A3S in these pastes is given in Fig. 2.
The delay is noticeable only at 1 day of hydration, due to the presence
of SP (see Section 3.3). When SP is added to CSA cement, there is a
strong retardation of the early hydration of CSA cement, since the SP is
mainly adsorbed on AFt [47–50]. At later stages, the degree of hydra-
tion of ye'elimite is even higher than that for the CSA control. This
enhanced degree of reaction may be due to a better homogenization of
the pastes due to the addition of SP, which increases the availability of
water.

3.2. Isothermal calorimetry

Fig. 3a shows the calorimetric curves (heat flow and total cumulated
heat) for CSA pastes at w/c of 0.5 during 7 days of hydration. Before
~10 h of hydration, three peaks are observed for the CSA-control,

which has been attributed to ettringite formation at short hydration
times [49]. The second peak at ~35 h has been attributed to hydration
of the remaining ye'elimite after total depletion of anhydrite, leading to
formation of monosulphate [49].

CSA-D24 exhibits a strong retardation and the calorimetric curves
are significantly different from the CSA-control. As will be discussed in
the next section, this retardation in CSA is due to SP addition. The three
first signals (ettringite formation) appear much more separated in time.
In addition, the last signal has the highest intensity, while it has the

Table 4
Full phase assemblageb (RQPA, amorphous and free water) for CSA-control and CSA-D24 pastes at different ages at a w/c = 0.5.

Phases t0 t0 1d 1d 7d 7d 28d 28d 56d 56d

CSA-control CSA-D24 CSA-control CSA-D24 CSA-control CSA-D24 CSA-control CSA-D24 CSA-control CSA-D24

C4A3S 24.4 21.0 12.8 17.2 6.1 3.5 6.7 1.7 6.2 1.2
b-C2S 9.6 6.7 12.0 6.6 11.0 7.2 11.2 5.1 11.4 4.6
CT 1.5 1.3 1.9 1.2 1.7 1.3 1.9 1.2 1.7 1.0
CS 15.5 11.2 7.7 6.9 3.2 6.9 2.6 6.8 2.5 1.0
Akermanite 0.4 1.3 – – – – – – – –
Mayenite 1.2 1.3 – – – – – – – –
AFt – – 24.9 6.4 34.1 36.6 42.2 35.5 46.7 33.9
ACn 13.8 31.6 29.1 52.7 42.2 47.7 35.5 49.8 31.4 58.4
FW 33.3a 25.6a 11.6 8.9 1.8 1.4 0 0 0 0

a These values of FW are the total amount of added water, i.e., theoretical values.
b The relative errors of the values are of the order of 2% for the main phases and increase to approximately 5–10% for the low-content components [51].

001011
0

10

20

30

40

50

60

70

80

90

100

D
eg

re
e 

of
 re

ac
tio

n 
(%

)

t (days)

 C4A3S CSA-control
 C4A3S CSA-D24

Fig. 2. Degree of reaction of C4A3S as a function of time.

0 20 40 60 80 100 120 140 160
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

015
0

5

10

15

20

25

30

35

40

45

50

55

H
ea

t f
lo

w
 ( 

m
W

/g
 a

ny
dr

ou
s 

ce
m

en
t)

Time (hour)

62 hour

a)

Heat    Cum.
flow     heat

            CSA-control
            CSA-D24 
            CSA-SP

0 20 40 60 80 100 120 140 160
0

50

100

150

200

250

300

350

C
um

ulative heat (J/g anhydrous cem
ent)

C4A3S    AFt    Heat
            CSA-control
            CSA-D24

b)

W
ei

gh
t %

 P
ha

se
s

Time (hour)
1 2 3 4 5 6 7 8 9 10

0

20

40

60

80

100

120

140

C
um

ulative heat (J/g anhydrous cem
ent)

Fig. 3. (a) Calorimetric curves during the first 7 days for CSA-control, CSA-D24,
and CSA-SP. (b) Ettringite (squares) and ye'elimite (stars) contents, determined
by in-situ RQPA and cumulative heat during the first 10 h of hydration of both
samples.

S.G. Sanfelix, et al. Cement and Concrete Research 132 (2020) 106039

4



lowest intensity for CSA-control. It is possible that for CSA-D24 the
sulphate depletion peak overlaps with the last peak for ettringite for-
mation. The total heat released after 7 days of hydration for CSA-D24
(347 J/g) is also similar than that of CSA-control (327 J/g). The time of
hydration when CSA-D24 achieves the same cumulative heat as CSA-
control is ~62 h.

In order to compare the samples, a sample of CSA with 2 wt% of SP
and w/c = 0.34 was measured (in green). This w/c was chosen as the
sample with MPCM has w/c = 0.5, meaning that the w/s (water/solids)
is 0.34, taking into account the 45 wt% of MPCM. The hydration of CSA
is significantly delayed in the similar way as the CSA-D24 sample,
confirming that the delay is mainly due to SP.

The delay of the early hydration of CSA cement, corresponding to a
delay in the early formation of AFt crystals [52,53] has also been ob-
served by LXRPD. Fig. 3b provides the AFt and ye'elimite contents de-
termined by Rietveld method, during the first 10 h of hydration. It is
clearly observed that the reaction of ye'elimite to form ettringite is
strongly inhibited in the sample with MPCM, in agreement with the
heat released by this sample. It is assumed that SP is adsorbed onto the
surface of the clinker particles, thereby suppressing ettringite formation
[54].

3.3. Delaying effect of SP

In order to confirm that the retarding effect was only due to SP, as
previously claimed by Wei et al. [21] and She et al. [55], and to gain a
better understanding of the different signals observed in the calori-
metric curves, tests without SP were performed. In order to prepare
samples with usable workability, a much higher w/c ratio (0.75) was
needed in the absence of SP. Samples without and with MPCM were
compared.

Fig. 4 shows heat flow for CSA without and with MPCM at w/c of
0.75 for up to 3 days of hydration. The curves of the samples with and
without MPCM are almost coincident, illustrating that the retarding
effect is not due to MPCM addition.

The sulphate depletion peak is significantly different for the MPCM
sample compared to the control. Accordingly, at early ages (less 24 h)
the kinetics are different when MPCM is present in the system, probably
due to the filler effect [56] of MPCM. However, the final performance of
the composites with MPCM is not negatively affected.

3.4. Thermal study by DSC

Fig. 5 shows the heating (from −20 to 60 °C) DSC curves of CSA

pastes at different curing ages and Table 5 provides the heat data. The
enthalpy of fusion measured with respect to the pure MPCM is also
given in Table 5.

Except at 1 day, the values are close to the theoretical values pre-
dicted from the mass percentage of MPCM in the cement composites
(22.7%). The thermal behaviour of MPCM is not affected by the cement
matrix with time, since the onset, endset and peak temperature are
almost constant (Table 5). This means that the functionality of the
MPCM is not altered by the process of cement hydration, which sug-
gests that the MPCM has withstood the mixing process.
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Table 5
Thermal data obtained for the studied samples.

Designation Weight
of
sample
(mg)

Melting

Onset (°C) Endset (°C) Absolute
enthalpy
(J/g)

Relative
enthalpy
(%)

Peak
T
(°C)

Pure MPCM 3.0 16.6 26.6 119.1 100 23.7
CSA D24-1d 10.6 17.0 25.3 17.2 14.4 22.9
CSA D24-7d 10.8 17.6 24.9 28.2 23.7 23.7
CSA D24-28d 9.5 19.0 25.4 25.4 21.3 24.1
CSA D24-56d 7.3 18.3 25.0 25.4 21.3 23.7
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3.5. Mercury intrusion porosimetry of cement pastes

Fig. 6 gives the MIP results for both samples. The total porosity
determined by this method is similar in the presence of MPCM (18.4%)
and for the control sample (20.9%). It should be noted that SP can act as
a deffloculant agent, taking air out. The total porosity of the MPCM
sample is slightly smaller and the hydration degree of this sample is
higher than that of the control sample, as evidenced by the XRD and
Isothermal calorimetry results. Although the total porosity is not higher
in the presence of MPCM, the sizes of the pores are higher, see Fig. 6.
This suggests that the samples with MPCM will develop lower me-
chanical strengths.

3.6. Compressive strength

Compressive strengths of the mortar composites are given in Fig. 7.
The addition of MPCM provokes a dramatic decrease of the mechanical
strengths at all ages. This may be a physical effect due to i) the low
resistance of the organic shell of the MPCM and ii) the absence of in-
teractions between the MPCM and the cement matrix (Fig. 8). Fig. 8
gives a SEM image of a cement paste sample at 28 days. There is little
interaction between the MPCM particles and the cement matrix. In
some cases, a gap between the particles and the cement matrix is clearly
observed. The lack of interactions in the interfacial zone may provoke a
reduction of the compressive strengths [19]. Moreover, the MPCM
particles remains unbroken, illustrating that they are strong enough to
withstand the mixing process without breaking, as reported in Sanfelix
et al. [28].

The dramatic decrease of mechanical strengths could also be at-
tributed to the lower volume percentage of cement which is present in
CSA-D24 (13 vol%) compared to the control sample (42 vol%), i.e.,
about 60 vol% reduction of cement content in the sample with MPCM.

Since the microcapsules could have a similar effect on the com-
pressive strength as air voids, it is interesting to utilize the Bolomey
equation [57,58] to predict the compressive strengths considering the
MPCM volume as air voids:

= × ⎡
⎣⎢ + +

− ⎤
⎦⎥

f K σ C
W W W

0.5c B C
v MPCM

where fc is the calculated compressive strength, KB is a constant de-
pending on the utilized aggregates, σC is dependent on the cement class,
C is the mass of cement in the mix, W is the mass of water, WV is the
mass of water equivalent to the volume of entrapped air voids, and
WMPCM is the mass of water equivalent to the volume of MPCM. Since
KB and σC are the same for both samples, the reduction in compressive
strength of the sample containing MPCM can be calculated from the
contents of the different components in each sample together with the
air content from the MIP experiments (Section 3.5). As can be seen from
the open symbols in Fig. 7, the calculated strengths for CSA-D24 are
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Fig. 7. Compressive strengths of CSA mortars, prepared at w/c = 0.50 with and
without MPCM and 2.0 wt% SP. Calculated strengths from the Bolomey equa-
tion considering the volume of MPCM as air (open symbols).

Fig. 8. SEM image of a freshly fractured sample of CSA-D24 at 28 days.
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very close to the experimental ones. This confirms that the compressive
strength reduction is mainly due to air pores and addition of MPCM,
and that the effect of MPCM is very similar to that of air voids inside the
mortar. While the experimental and calculated values are very similar
at long curing times, after only 1 day of curing the value calculated
from the Bolomey equation is significantly higher than the measured
value. This is probably caused by the slower reaction rate of the samples
containing MPCM (due to the SP-addition), as is evident from Fig. 3a.

4. Conclusions

This study has been focused in the development of CSA cement
mixed with MPCM incorporating superplasticizer in the composites in
order to improve workability. The MPCM content was the highest
possible [28], in order to get the maximum efficiency with regards to
the thermal properties. The mechanism of hydration of CSA is not af-
fected by the addition of MPCM, since the phase assemblage is the same
at all studied hydration ages. Due to the presence of SP in the composite
matrix, there is a possible interference between the effects of MPCM
and SP addition on the cement. However, it has been shown that the
addition of MPCM did not affect the kinetics of CSA hydration. The DSC
results demonstrated that the introduced MPCM is stable in the com-
posites considering the latent heat content. Although neither the hy-
dration mechanisms nor the total porosity have changed due to the
addition of MPCM, there is a dramatic decrease of the compressive
strength. This is caused by i) the fact of MPCM is acting similar to air
bubbles in the mortar and ii) the very low cohesive force between
MPCM and cement matrix. The compressive strength reduction at long
curing times is in very good agreement with the Bolomey equation, if
MPCM is considered to have the same effect as air voids.
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