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A B S T R A C T

The effect of micro-encapsulated phase change materials (MPCM) in solid and liquid states on the mechanical
properties and microstructure of geopolymer and Portland cement concretes is investigated. Geopolymer con-
crete (GPC) and Portland cement concrete (PCC) containing different amounts of MPCM were prepared and
cured at both 20 °C and 40 °C. The results revealed that the compressive strength of both GPC and PCC decreases
with the addition of MPCM. Whether the PCM is in solid (20 °C) or liquid (40 °C) state did not significantly affect
the mechanical properties of GPC, while melting the PCM was found to reduce the strength of PCC. X-ray
tomography imaging was utilized to examine the effect of MPCM on the porosity of the samples. SEM imaging
reveals that air gaps are formed between the microcapsules and the surrounding concrete matrix.

1. Introduction

Phase change materials (PCM) have attracted the interest of the
scientific community due to the possibilities of increasing of the
thermal energy storage in buildings. Utilization of PCM will reduce the
energy demand, and thereby contribute to a better environment. During
the daytime, PCM absorbs excess heat by melting. The heat is released
when the temperature decreases at night, causing the PCM to solidify
[1]. Due to the high latent heat capacity of PCM, a considerable amount
of heat energy can be stored during the phase change [1,2]. However,
utilizing bulk quantities of PCMs is subject to problems. A low thermal
conductivity causes bulk amounts of PCM to solidify only around the
edges preventing a good heat transfer process [2,3]. These problems
can be avoided by encapsulating the PCM into microcapsules. These
microcapsules can then be incorporated into building materials, such as
concrete, in order to create a smart material suitable for passive house
construction. Incorporating micro-encapsulated PCM (MPCM) in
structural materials significantly improves thermal energy storage.
However, MPCM has been found to reduce the mechanical properties of
building materials [4].

In recent years, the effect of PCMs and MPCMs on the mechanical
properties of structural materials especially cementitious materials such
as mortar and concrete has been studied at various curing conditions.
Unfortunately, the presence of MPCM decreases the mechanical
strength of concrete [5–9]. Several factors have been suggested to
contribute to this strength reduction. When MPCMs replaces a certain
percentage of sand, the mechanical strength decreases due to lower
stiffness and strength of MPCM compared to sand [6]. In addition,
rupture of the capsules during the mixing process and compression may
cause leakage of PCM into the cementitious materials thereby reducing
the strength [7]. PCM might induce voids and air bubbles, which also
reduces the concrete strength [8]. In addition, weak bonds between the
MPCM and the binder matrix can lead to interfacial gaps between
MPCM and the concrete matrix [9].

Geopolymer is an attractive alternative to ordinary Portland ce-
ment. The negative environmental impact and high cost of Portland
cement production can be significantly improved by replacing it with
geopolymers [10,11]. Several studies have been conducted on the
mechanical properties of geopolymer compositions [12–15] and a few
studies have focused on cementitious materials with incorporated
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MPCM [4,6–8,16]. However, very few studies have examined the me-
chanical properties of geopolymer compositions with incorporated
MPCM [17]. Rasoul et al. [17] observed that the compressive strength
of geopolymer mortar decreased after adding PCM, mainly due to the
reduced unit weight, and the low strength and stiffness of the PCM.
Nevertheless, the compressive strength of geopolymer mortar con-
taining up to 20% PCM was still sufficiently high for applications in
buildings.

The main purpose of this study is to examine how incorporation of
MPCM influences the mechanical properties of both GPC and PCC at
different curing times. Since the state (liquid or solid) of the PCM might
influence the compressive strength, the systems have been studied both
below and above the melting point of the PCM. The PCM utilized in this
study has a melting temperature of about 28 °C, which is suitable for
warm climates such as southern Europe [18,19]. In order to gain more
information regarding the cause of the reduced compressive strength,
we have also investigated how the MPCM alters the microstructures of
GPC and PCC.

2. Experimental

2.1. Materials

Geopolymer concrete was prepared by mixing class F fly ash (FA),
ground granulated blast furnace slag (GGBFS), sand, gravel, and an
alkaline activator solution. The FA (Blaine fineness = 2954 ± 50 cm2/
g, specific gravity = 2.26 ± 0.02 g/cm3) and GGBFS (Blaine fine-
ness = 3312 ± 50 cm2/g, specific gravity = 2.85 ± 0.02 g/cm3)
were purchased from Norcem and Cemex, Germany, respectively.
Table 1 shows the chemical compositions of class F fly ash and GGBFS
which are determined by X-ray Fluorescence (XRF). The alkaline

solution was prepared by adding sodium hydroxide powder (density
2.1 g/cm3) to water (14 M), before mixing with sodium silicate solution
(50 wt%, density of 1.9 g/cm3). A sodium silicate solution to sodium
hydroxide solution weight ratio of 2.5 was used for all GPC mixtures.

Portland cement concrete consists of Portland cement II mixed with
FA (Blaine fineness of 4500 cm2/g, density of 3.0 g/cm3), was pur-
chased from Norcem, Norway. Dynamon SR-N (density of 1.1 g/cm3)
from MAPEI, Norway, was used as a superplasticizing admixture to
improve the workability of PCC and decrease the amount of water. The
same sand (density of 2.7 g/cm3) and gravel (density of 2.6 g/cm3)
were used for both GPC and PCC, and purchased from Gunnar Holth
and Skolt Pukkverk AS, originating from Mysen and Råde, Norway,
respectively.

MPCMs (density of 0.9 g/cm3) was synthesized by spray drying
[20]. The MPCM has a copolymer shell consisting of low density
polyethylene (LDPE) and ethylvinylacetate (EVA) (EVA/LDPE = 0.5),
and contain paraffin wax (Rubitherm®RT27) as the core material
(RT27/Polymer = 2). The melting point of MPCMs is 28.4 ± 0.9 °C.
The melting point of MPCM should be approximately three degrees
higher than the room temperature [18], and near the average tem-
perature of the hottest summer month [19]. The mean particle size of
the microcapsules was around 5 μm (Fig. 1a). However, as can be seen
from the SEM image in Fig. 1b, the microcapsules have a strong ten-
dency to form agglomerated structures with larger sizes
(D60 = 240 μm) [21].

The particle size distribution analysis of sand and gravel was carried
out by mechanical sieving according to EN 933-1. The FA and GGBFS

Table 1
Chemical composition of fly ash (FA) and ground granulated blast furnace slag (GGBFS).

Chemical FA (wt%) GGBFS (wt%)

Al2O3 25.71 10.65
SiO2 52.65 34.3
CaO 6.236 43.97
Fe2O3 5.307 0.359
MgO 1.402 5.026
K2O 1.981 0.569
TiO2 1.2 1.19
Na2O 1.1 0.28
P2O5 1.01 –
SO3 0.935 3.01
SrO 0.19 –
CO2 1.74 0.13

Fig. 1. SEM images of (a) individual MPCM (LDPE.EVA-RT27), (b) agglomeration of MPCM.
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Fig. 2. Particle size distributions of sand, gravel, MPCM, fly ash, and ground granulated
blast furnace slag.
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particle size distribution were performed by a laser diffraction particle
size analyzer (Beckman-Coulter, LS 13 320 Series). The particle size
distribution of MPCM was determined by Low Angle Laser Light
Scattering laser diffraction (Malvern Rasterizer 2000). The diameter of
the microcapsules was measured to be between 10 and 1000 μm, which
confirm the tendency of MPCMs to form agglomerates [21]. Fig. 2
displays the particle size distributions of the utilized materials.

2.2. Mixing methods

In order to prepare GPC and PCC containing PCM, the required
amount of PCM in the mixture was determined by its volume percen-
tage and replaced a certain percentage of sand [6]. The percentages
given in this paper indicate the amount of sand replaced by MPCM.

2.2.1. GPC mixing method
FA, GGBFS and alkaline solution were mixed together into a

homogenous binder. The binder was then introduced into the dried
sand and mixed for 30 s. Subsequently, gravel was added to the mixture
and mixed for 2 min. Afterwards, the MPCM was added to the mixture
and mixing was continued for 2 more minutes.

2.2.2. PCC mixing method
Cement, sand and gravel were mixed together for 2 min.

Subsequently, water containing admixture were gradually added and
mixed for 1 min. Finally, the MPCM was added to the concrete mixture
and mixing was continued for 2 more minutes.

It is noteworthy that for both GPC and PCC, the MPCM was added as
the last component in order to limit the damage of the MPCM during
the mixing process [6,8]. The summary of mixture designs of GPC and
PCC are given in Tables 2 and 3. All components were weighted uti-
lizing a digital balance (BERGMAN) with an accuracy of 0.1 g. The total
amount of sand and gravel for the samples without MPCM is approxi-
mately the same for GPC and PCC. However, in order to obtain samples
with sufficiently high compressive strength while keeping a usable
workability of the samples and avoid segregation of the gravel, the ratio
between sand and gravel is different for GPC and PCC.

2.2.3. Casting and curing methods
After mixing, GPC and PCC were cast into molds at a size of

10 × 10 × 10 cm3. Due to the short setting time of GPC, a vibration
machine was used to remove air trapped inside the specimens. The
molds were first filled halfway up by fresh GPC and vibrated for 25 s.
After this the molds were filled completely and vibrated for further 25 s.
For the PCC, half-filled molds were compacted by means of a steel
pestle (25 times) and the same procedure was repeated after the molds

were filled all the way up. After casting, both GPC and PCC were pre-
cured at ambient temperature with a relatively humidity of 90% for
24 h, followed by demolding of the samples. After demolding, the
samples were cured in water at either 20 °C (below the melting point of
MPCM) or at 40 °C (above the melting point of MPCM) for 1, 3, 7, 14,
and 28 days.

2.3. Testing methods

2.3.1. Slump flow test
The workability of fresh GPC and PCC mixtures was measured im-

mediately after mixing by a slump test according to EN 12350-2. An
Abrams cone was used as the mold. The cone dimensions were 300 mm
in height, and 100 mm and 200 mm in diameters at the top and base,
respectively.

2.3.2. Compressive strength test
The compressive strength tests were performed in accordance with

EN 12390-3. In this study, the compressive strength was determined
using digital compressive strength test machine (Form + Test Machine)
with compression capacity of 3000 kN. Each test cube was exposed to a
force at a loading rate of 0.8 kN/s until it failed. The compressive
strength tests were carried out at 20 °C and 40 °C on GPC and PCC
specimens containing 0%, 5%, 10% and 20% MPCM at curing times of
1, 3, 7, 14, and 28 days. For each compression test at 20 °C, three cubes
were left in the room for 1 h (to remove free water from the surfaces),
before they were weighed and tested. The reported values are the

Table 2
Mixture design of GPC, amounts represent 1 L of mixture. The MPCM percentages indicate the amount of sand replaced by MPCM.

MPCM (vol%) Alkaline solution (g) Water (g) FA (g) GGBFS (g) Sand (g) Gravel (g) MPCM (g)

0 161.6 56.4 242.6 161.4 893.1 868.6 0
5 161.6 56.4 242.6 161.4 848.6 868.6 15
10 161.6 56.4 242.6 161.4 803.8 868.6 30
20 161.6 56.4 242.6 161.4 714.5 868.6 60

Table 3
Mixture design of PCC, amounts represent 1 L of mixture. The MPCM percentages indicate the amount of sand replaced by MPCM.

MPCM (vol%) Cement (g) Water (g) Admixture (g) Sand (g) Gravel (g) MPCM (g)

0 434 191.8 5.6 1057 705 0
5 434 192 5.6 1004.2 705 18
10 434 192.2 5.6 951.3 705 36
20 434 192.5 5.6 845.6 705 72
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Fig. 3. Slump of GPC and PCC containing various amounts of MPCM.
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average of the three cubes. In order to determine the compressive
strength at 40 °C, the compressive strength machine was isolated
thermally, and connected to a heating chamber by means of an isolated
tube to keep the environmental temperature of the machine constant at
40 °C. Before the compressive strength test, three cubes were kept in a
heating chamber at 40 °C for 1 h (to remove free water from the sur-
faces while keeping the temperature of the cubes constant), im-
mediately afterward the cubes were weighed and tested. The reported
values are the average of the three cubes.

2.3.3. X-ray micro-tomography analysis
To study internal microstructure of GPC and PCC, X-ray tomography

images from cross-section of specimens in cylindrical form (1 cm dia-
meter and 1 cm height) containing 0 and 20% of MPCM cured at 20 °C

were performed using a Skyscan 1172 CT scanner (Bruker) with 85 kV
incident radiation, 400 ms exposure time per frame and 0.5° rotation
step. The final sets of vertically stacked slices were reconstructed using
the Feldkam algorithm [22] and have a voxel size of 10 μm.

Image thresholding based on a minimum cross entropy algorithm
[23] was performed in order to convert the slices into binary images.
Such images were then used to calculate the equivalent radii (e.g. the
radius of a sphere having the same volume as the considered object) of
the MPCM present in the samples and their standard deviations of the
center-to-surface distance (SD), by using the ImageJ software [24]. The
latter parameter is a measure of the deformation of an object (i.e. the
extent to which its shape departs from that of a sphere, for which
SD = 0).
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2.3.4. Scanning electron microscopy (SEM) imaging
SEM images from fractured surfaces of GPC and PCC specimens

containing 0 and 20% of MPCM cured at 20 and 40 °C were prepared
using Quanta FEG-250 Scanning Electron Microscope device at an ac-
celerating voltage of 30 kV. The methods of LFD (Large Field Detector)
detector and vCD (Low voltage High Contrast) detector were applied for
imaging. The fractured surfaces for SEM images were not polished or
coated in order to prevent the effect of coating on the surface.

3. Results and discussion

3.1. Slump flow test

A slump flow test was performed to determine the effect of MPCM
addition on the workability of fresh GPC and PCC. The slump test was
carried out immediately after mixing GPC or PCC with different
amounts of MPCM to obtain the free flow of fresh mixtures. The results
are shown in and Fig. 3.

The slump of GPC varied between 10 and 200 mm, whereas PCC
showed a slump in the range of 30–230 mm. It is clear from Fig. 3 that
increasing the percentage of MPCM from 0 to 20 reduces the work-
ability of both GPC and PCC (markedly lower slump in the presence of
MPCM compared to the sample without MPCM). In all cases, the slump
of GPC is lower than PCC. This phenomenon has been attributed to the

high viscosity of sodium silicate in the alkaline solution making the GPC
mixture highly cohesive [25,26]. According to Park et al. [27], the
workability of concrete is dependent on the size of the microcapsules.
The decrease of the slump flow with the addition of MPCM might
therefore be due to differences in the particle size of MPCM compared
with the sand it replaces (see Fig. 2).

3.2. Compressive strength

In order to investigate the effect of MPCM on the mechanical
properties of the GPC and PCC, the compressive strength was tested at
different curing times and temperatures. The results obtained at 20 °C
and 40 °C are plotted in. Fig. 4. It should be noted that the samples are
both cured and measured at the indicated temperatures, both of which
will affect the mechanical properties of the samples.

3.2.1. Effect of MPCM addition
Fig. 4a and b illustrate that the compressive strength of both GPC

and PCC decrease with increasing amount of MPCM both at an early age
(7 days) and after curing for 28 days at 20 and 40 °C. This decrease
might be caused by the lower stiffness and strength of MPCM compared
to sand, causing MPCM to be deformed or broken during the com-
pression test [6,17]. PCM might also induce strength reducing voids
and air bubbles in concrete [8]. It is also possible that poor bonding and

Fig. 6. X-ray-tomography images of samples (a) PCC without MPCM, (b) PCC with 20% MPCM, (c) GPC without MPCM and (d) GPC with 20% MPCM. In these images, dark colors correspond to
low or no absorption of X-rays (e.g. air bubbles or microcapsules) and bright colors represent high absorption of X-rays (sand and gravel). The field of view is approximately 1 cm.
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gaps between the MPCM interface and the concrete matrix reduce the
compressive strength [9]; these hypotheses will be further discussed in
connection with the X-ray tomography and SEM analysis (Sections 3.3
and 3.4) below.

The percentage strength reduction of GPC and PCC compared to
samples without MPCM are plotted in Fig. 5. After 28 days, the strength
reduction is more pronounced for GPC than for PCC, especially at 20 °C.
Low adhesion and weak bonds between MPCM and the concrete matrix
may contribute to the strength reduction [9,28].

For GPC cured at 20 °C, the percentage strength reduction increases
at short curing times before it stabilizes at a nearly constant value after
approximately 1 week. Interestingly, the strength reduction of PCC
shows an opposite trend at short curing times. For PCC the strength
reduction at 20 °C decreases with curing time, before stabilizing after
about 1–2 weeks. The opposite trends at short curing times suggest that
the addition of MPCM affects the curing process of GPC and PCC in
different ways.

3.2.2. Effect of curing temperature
The temperature at which the compressive strength is measured will

affect the results. However, the effect of curing temperature can be
examined by following the time development of the samples. As can be
seen in Fig. 4c and d, curing at a higher temperature accelerates the
reaction rates (geopolymerization/hydration). This causes a faster in-
crease of the compressive strength, in agreement with previous findings
[14,29–32]. As the compressive strength approaches its final value at
long times, the difference between the samples cured at 20 and 40 °C

diminishes.
For both GPC and PCC, the effect of curing time on the percentage

strength reduction is less obvious at 40 °C than at 20 °C (Fig. 5). This is
due to the faster curing at elevated temperatures.

3.2.3. Effect of solid or liquid PCM
In order to evaluate the effect of whether the PCM is in solid or

liquid state, it is important to minimize the influence of curing condi-
tions on the results. This is facilitated by utilizing the percentage
strength reduction compared to a sample without PCM that has ex-
perienced the same curing times and temperature (Fig. 5). Since the
compressive strength stabilizes at the longest curing times (Fig. 4), the
percentage strength reduction at 28 days provides a reasonable esti-
mate of whether the compressive strength of the samples is affected by
a solid or liquid state of the PCM. Comparing 20 and 40 °C, there are
only small differences in the levels of strength reduction after 28 days
for GPC (Fig. 5c). Accordingly, it seems that whether the PCM is in solid
or liquid state does not significantly affect the mechanical properties of
GPC.

However, unlike GPC, the strength reduction of PCC after 28 days is
more pronounced at 40 °C than at 20 °C (Fig. 5c). Accordingly, melting
the PCM seems to affect PCC much more than GPC. Melting the PCM
can make the microcapsules softer. GPC has a higher compressive
strength than PCC, and the stronger matrix might be less affected by the
introduction of soft particles. In addition, any PCM that is not properly
encapsulated (either from broken capsules or from PCM that is not
encapsulated during fabrication) will be in liquid state inside the

Fig. 7. 3D rendering of air bubbles and MPCM present in cylindrical samples (1 cm diameter) of: (a) PCC without MPCM; (b) PCC with 20% MPCM; (c) GPC without MPCM; (d) GPC with
20% MPCM.
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concrete matrix. If the MPCM is poorly distributed within the concrete
sample, microcapsule agglomerates containing unencapsulated PCM
will become much weaker when the PCM is melted. A better distribu-
tion with less agglomerated microcapsules in the GPC matrix than in
the PCC matrix could explain why the PCC is more affected by melting
the PCM. The distribution of microcapsules in the concrete samples will
be discussed in connection with the X-ray micro-tomography in Section
3.3 below.

3.3. X-ray micro-tomography

Typical 2D X-ray micro-tomography cross-sectional slices obtained
from PCC and GPC, both without and with 20% MPCM, are displayed in
Fig. 6. More than 600 2D slices were taken for each sample in order to
obtain good statistical data. Fig. 7 displays 3D renderings of the mea-
sured samples. The images in Fig. 7 were processed such that only air
voids and MPCM are shown.

Given the low level of X-ray attenuation of the organic materials
constituting the MPCM, it is not possible to discriminate them from air
voids based on grey scale values. However, the discrimination is pos-
sible based on shape, which tends to be approximately spherical for air
voids, due to interfacial tension effects. The MPCM may have a more
irregular shape, as illustrated in Fig. 8.

From a quantitative point of view, the results of the image analysis
give a mean value of standard deviation (SD) of 1.36 for PCC in the pre-
sence of 20% MPCM compared to a mean value of 0.83 for the plain
sample. The mean value of SD increases from 0.56 to 1.24 when 20%
MPCM is added to the GPC sample. These values testify to the higher
degree of deformation suffered by the MPCM compared to the air bubbles.

A visual inspection of Fig. 7 suggests that a larger number of air
voids, having smaller sizes, are present in the GPC sample compared to
PCC. This is confirmed by the results of the image analysis, which give a
total volume of air voids of approximately 4% for PCC and 6% for GPC.
The mean equivalent radius of the air voids drops from 50 μm for PCC
to 35 μm for GPC. Such differences might be due to the higher viscosity
of the alkaline solution or shorter setting time of fresh GPC, which
hinder the coalescence and release of air bubbles. Such a high viscosity,
is also testified by slump loss (Fig. 3).

Considering that the unagglomerated single microcapsules have a
size of about 50 μm (Fig. 1a), single microcapsules will be difficult to
see in the X-ray tomography pictures. Accordingly, the large irregular
shapes observed are due to agglomerated microcapsules. From Fig. 6, it
can be seen that PCC has agglomerated MPCM distributed throughout
the sample, while GPC has some areas with agglomerates and some
more homogeneous parts where agglomerates are not observed, which
could be due to the gravel. In addition, the agglomerates appear to be
larger in the PCC sample. However, it should be noted that the field of
view of study is approximately 1 cm, and it may not be representative
of the whole concrete sample. As discussed in Section 3.2.3. above, the
presence of a high amount of large agglomerates might reduce the
compressive strength of PCC when the PCM is melted. The presence of
agglomerated structures suggests a poor affinity between the MPCM
and the concrete matrix. It is possible that the high viscosity (low
workability) of the pre-set GPC and the short setting times of GPC help
prevent the formation of MPCM agglomerates.

3.4. SEM analysis

The PCC and GPC samples with 20% MPCM after 28 days curing at
20 and 40 °C were chosen for SEM analysis. Images in Fig. 9a, b, c and d
are taken by vCD (Z compositional detector) to illustrate the organic
(MPCM) and inorganic (concrete matrix) components. In these images,
the organic MPCM will appear as darker areas in contrast to the
brighter concrete matrix. Images of the same areas (Fig. 9A, B, C, D),
taken with LFD (Morphological detector) show the topography of the
sample (bright areas are extending higher up than dark areas). Ac-
cordingly, areas that are dark in vCD and light in LFD are micro-
capsules. Comparing vCD and LFD it is obvious that there are gaps
between the MPCM particles and the concrete matrix. Similar ob-
servations have been reported previously [7,21].

The gaps between the microcapsules and the concrete indicate that
the connection between the MPCM and the surrounding matrix is weak,
and that MPCM may induce air voids in the samples. There are several
mechanisms that might cause these gaps. The tendency of MPCM to
agglomerate into larger structures reduces the ability of the MPCM to
fill in the cavities in the concrete structure [7,33-35], thereby inducing
air voids. In addition, a poor compatibility between the microcapsules
and the concrete matrix can cause voids to be formed between them. A
poor compatibility indicates that the shell of the microcapsules does not
bond nor associate with the concrete matrix. Other kinds of micro-
capsules did not exhibit this problem [16], which illustrates the im-
portance of a good compatibility between the shell of the microcapsules
and the concrete matrix. Accordingly, the shell used in the current
MPCM is probably not optimal for inclusion in concrete structures.

The air voids are probably an important contributing factor to the
compressive strength reduction in the presence of MPCM. Accordingly, the
SEM results can help to explain the reduced compressive strength induced
by the addition of MPCM to PCC and GPC, as described in Section 3.2
above.

Fig. 8. (a) Grey scale 2D cross sectional slice relative to PCC with 20% MPCM; (b) the
same image after conversion to binary. The field of view is approximately 0.9 cm.
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Fig. 9. SEM images of fracture surface of 20% MPCM incorporated
in (a) PCC at 20 °C, (b) PCC at 40 °C, (c) GPC at 20 °C, and (d) GPC
at 40 °C (by vCD detector), (A) PCC at 20 °C, (B) PCC at 40 °C, (C)
GPC at 20 °C, and (D) GPC at 40 °C (by LFD detector). MPCM will
show up as dark areas in vCD and bright areas in LDF, while voids
will be dark in both types of images.
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4. Conclusions

In this study, the effect of MPCM in solid and liquid states on the
physical and mechanical properties of GPC and PCC was investigated.

It was found that increasing the percentage of MPCM from 0 to 20
reduced the workability of both GPC and PCC. In all cases, the slump of
GPC was lower than PCC due to the high viscosity of the alkaline so-
lution. The compressive strength of both GPC and PCC decreased with
increasing amount of MPCM at both 20 and 40 °C. SEM images reveal
weak connections and air voids between the MPCM and the sur-
rounding matrix, which will contribute to the strength reduction of
concrete with incorporated MPCM.

Whether the PCM is in solid or liquid state does not significantly
affect the mechanical properties of GPC. However, the addition of
MPCM to PCC induced a compressive strength reduction, which seemed
to be affected by the state (solid or liquid) of the PCM. These results
could indicate that GPC is a more suitable option for concrete with
incorporated MPCM, when these building materials are exposed to
changes in temperature. However, despite the negative effect of the
MPCMs on the compressive strength of GPC and PCC, the compressive
strength is still sufficiently high for structural applications (acceptable
range of compressive strength is between 25 and 40 MPa).
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