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Abstract

Microencapsulated Phase Change Materials (PCMs) can be directly incorporated into
mortars to enhance their thermal performance. In this study, the addition of a commercial
microencapsulated PCM in a polymer modified cement mortar was investigated, aiming at
the development of a thermally efficient repair composite that may be used, along with
textile reinforcement, for the structural and energy retrofitting of existing building
envelopes. The effect of incorporating this PCM into the reference mortar at percentages
ranging from 5% to 20% by wt. of solid constituents was thoroughly evaluated by assessing
the physico-mechanical and thermal properties of the hardened end-product. Emphasis
was placed on specific operational characteristics associated with the intended use of the
modified mortar, such as its stress-strain behavior and temperature regulating efficiency.
The results show a substantial drop in the mechanical properties of the composite with
PCM addition, as well as an increase in its porosity and deformation capacity. In terms of
thermal performance, the microencapsulated PCM contributed towards the attenuation
and time shifting of temperature peaks. At dosages < 20% by wt., it was thus possible to
obtain mortars with favorable thermal characteristics, without compromising their
physico-mechanical behavior to a degree that would preclude repair/strengthening

applications.



1 Introduction

Improving the energy efficiency of buildings is one of the major challenges towards
environmental sustainability. The recently updated EU policy framework for energy
performance in buildings (EU 2018/844 [1]) and the increasing relevant requirements set
by national building codes and regulations, promote the renovation and energy upgrading
of existing buildings. Given the aging building stock encountered in most countries and the
high seismicity of many regions, however, energy upgrading alone cannot be considered a
viable solution, unless measures to ensure adequate structural performance are also taken.
Studies ( [2], [3], [4]) have shown that concurrent energy retrofitting and strengthening of
building envelopes is feasible via the application of Textile Reinforced Mortar (TRM)

structural overlays combined with thermal insulation.

Traditional building insulation materials are normally used in thick or multiple layers
in order to achieve higher thermal resistances. This results in complex building details, an
adverse net-to-gross floor area and possibly heavier load-bearing structures [5]. Advanced,

sustainable and better performing insulation materials are therefore needed.

Phase Change Materials (PCMs) can function as latent heat storage media ( [6], [7]).
They can absorb energy while being heated, by changing phase from solid to liquid state.
When the ambient temperature drops, they re-solidify, releasing the energy previously
absorbed. The endothermic and exothermic processes which take place during the phase
change cycle can contribute towards attenuating temperature fluctuations in building

spaces [8].

PCMs can be encapsulated within chemically and physically stable shells, 1-1000 pum in
size, using various techniques (e.g. polymerization, coacervation, spray drying, pan coating
etc.) [9]. Direct integration of PCM microcapsules into cementitious mortars is a widely
used technique [10], which exhibits obvious advantages in terms of practicality and cost-
efficiency ( [11], [12], [13]). However, the efficiency of this technique is influenced by the
durability of the encapsulation shell. Capsule breakage during mixing and/or casting may

cause PCM leakage, which can negatively affect the performance of the end-product. In



addition, the large surface area of the fine PCM particles and/or the use of absorbent
encapsulation shells can increase the demand for mixing water to maintain adequate
consistency at fresh state [14]. This, inevitably, negatively affects the mechanical
properties of the hardened composite end-product. Table 1 presents data from the
literature showing the effect of microencapsulated PCM addition on the physico-

mechanical and thermal properties of cement-based mortars.

Table 1. Properties of cement-based mortars incorporating microencapsulated PCMs. In each case, the properties of the
reference mixtures not containing PCM (Ref.) are reported, along with the corresponding properties of the PCM-modified
mixtures (PCM).

Study Type of PCM fe feb c A
application incorporation  (MPa) (MPa) (kg/m?min'/2)  (W/mK)
(Kheradmand, Geopolymeric ~ 10%, 20% and  13-16 (Ref) 1.0-2.3 (Ref)) 0.4-1.0 (Ref))
etal. 2018) cement 30% addition ~ 2.5-10 (PCM)  1.0-2.0 (PCM)  0.15-0.40
[15] mortars by wt. of solid (PCM)
constituents
(Shadnia, etal.  Geopolymeric 5%, 10% and 25-26 (Ref.)2
2015) [16] cement 15% 15-21 (PCM)=
mortars substitution of
sand by vol.
(Aguayo, etal.  Cement Two PCMs (M 45 (Ref) 5.5 (Ref)
2016) [17] mortars with  and E) usedas ~ 27-40 (PCM- 3.0-4.7 (PCM-
quartz sand sand M) E)
rgpBgemnt 46-60 (PCM-E) 6.0-6.5 (PCM-
M)
atvol.
fractions 5%-
20%
(Savija, et al. Engineered 10%, 20% and 49 (Ref) 12 (Ref))
2017b) [18] cementitious  50% 35-43 (PCM)  9-11.5 (PCM)
composite substitution of
containing limestone
blast furnace filler by vol.
slag, limestone
filler and PVA
fibers
(Haurie, et al. Single-layer 10% and 20% 4.2 (Ref) 0.51-0.54
2016) [19] cement addition by wt.  2.36-4.12 (Ref)
mortars of mortar (PCM) 0.42-0.49
containing mixture (PCM)
glass fibers,
organic
additives,
mineral

pigments and



(Cunha, et al.
2018) [20]

(Cunha, et al.
2015a) [21]

(Jayalath, et al.

2016) [22]

(Lecompte, et
al. 2015) [23]

(Joulin, et al.
2014) [24]

(Ricklefs, et al.

2017) [25]

(Guardia, et al.

2019) [26]

resins

Cement
mortars
containing
varying
amounts of fly
ash and
polyamide
fibers

Cement
mortars with
32.5N and
42.5R cement
binders

Cement
mortar

Cement
mortars
containing
limestone
filler

Cement: sand
(1:2.7 w/w)
mortar

Cement
mortars with
quartz sand

Cement-lime
mortars with
and without
perlite and
cellulose
fibers

22% addition
by wt. of solid
constituents

20%, 40% and
60%
substitution of
sand by wt.

3% to 55%
substitution of
aggregates by
vol.

14.8%, 22.1%
and 29.3%
addition by
vol. of solid
constituents

19.4%

addition by wt.

of solid
constituents

10% and 20%
addition by
vol. of the
mortar

10% and 20%
addition by
vol. of the
mortar

12-30 (Ref)
5-12.5 (PCM)

32.5N cement
30 (Ref)
12-20 (PCM)

42.5R cement
12 (Ref)
4-7 (PCM)

43 (Ref)
22-38 (PCM)

60.5 (Ref))
16.3-30.0

(PCM)

9.4-14.3 (Ref)
4.6-7.3 (PCM)

3.5-7 (Ref)
1.5-4.3 (PCM)

32.5N cement
7.3 (Ref)
4-7 (PCM)

42.5R cement
5 (Ref))
1.8-3.0 (PCM)

5.3 (Ref)
2.4-3.4 (PCM)

2.6-3.5 (Ref)
1.7-2.4 (PCM)

0.14-0.38
(Ref)
0.08-0.25

(PCM)

0.35-1.08
(Ref)
0.28-0.53

(PCM)

1.5-1.7 (Ref) 2
1.0-1.5 (PCM)

a

0.70-0.80
(Ref)
0.54-0.65
(PCM)a

0.65 (Ref)
0.37 (PCM)

1.50-1.77
(Ref)
1.27-1.46

(PCM)

0.16-0.29
(Ref)
0.19-0.32

(PCM)

fe = Compressive strength at 28 days

feb = Flexural strength at 28 days
C = Capillary absorption coefficient

A = Thermal conductivity
adepending on the assessment method used



This study examines the use of microencapsulated PCMs in the development of a TRM
system for combined thermal and structural upgrading. The addition of a commercial
microencapsulated PCM to a commercially available ready mixed polymer modified cement
mortar is considered, aiming to increase the thermal mass of the latter to a degree that this
could function as an overlay for passive building applications. The main evaluation
criterion adopted is the attenuation and shifting of thermal peaks, without compromising
the mechanical performance of the composite. The proposed system may be applied when
the renovation scheme focuses on improving the thermal mass of the building envelope, or
when restrictions regarding the use of other insulation methods exist (e.g. space
constraints precluding bulky installations or limitations concerning the use of conventional

thermal insulation layers that can alter the architectural character of listed buildings).

2 Materials and methods

2.1 Materials

2.1.1 Reference mortar mixture

In this study, a commercially available ready mixed polymer modified cement mortar,
produced by Tsircon® Co Ltd, was used as reference material. This product is classified as
R4 structural repair mortar, according to EN 1504-3 [27]. In addition to cement, fine
aggregates (sand) and polymeric admixtures, this mortar also contains a viscosity

modifying agent and short polypropylene fibers.

2.1.2 Microencapsulated PCM

A microencapsulated paraffin PCM (Nextek 37D), commercialized by Microtek
Laboratories® Inc, was added to the polymer modified mortar in various quantities. This
PCM is in the form of white dry powder and has a mean particle size in the range of 15-30
um. Figure 1 shows the spherical morphology of the aforementioned PCM and also reveals
a variation of its particle sizes. According to the product’s specifications, the melting point
is around 37 °C and the heat of fusion is 2 190 J/g. Differential Scanning Calorimetry data
provided by the manufacturer show that the onset of the phase changing stage occurs at

about 33 °C. The heat flux versus temperature curves exhibit peaks at 36-37 °C and give



normalized enthalpy values 210-214 ]/g, thus verifying the declared melting temperature
and heat of fusion. Furthermore, according to the manufacturer, this microencapsulated
PCM exhibits very high temperature stability and shows less than 1% leakage when heated
to 250 °C. Static contact angle measurements performed by the authors using the sessile
drop technique indicated the hydrophobic nature of the microencapsulated PCM used

(contact angles > 95°).

Figure 1. (a) Low and (b) high magnification SEM images showing the morphological characteristics of the

microencapsulated PCM powder used.

2.2 Mix design, production and sampling
Mix designs with 5%, 10% and 20% PCM addition, by weight of the powder
components of the ready mixed reference mortar, were produced in the laboratory. Before

wet mixing, the PCM microcapsules were dry mixed with the powder mortar.

Preparation, curing and conditioning of the test specimens were carried out in
accordance with EN 12190 [28] for polymer hydraulic cement mortars. All the mixtures
were prepared using a standard 24 ltr capacity mortar mixer set at low speed (103 rpm).
Initially, the amount of water suggested by the mortar supplier for reaching workable
consistency (0.125 ltr per kg of mortar powder) was added to the bowl of the mixer. The
solid constituents (i.e. the blend of the powder mortar mix components and the PCM
microcapsules) were then added and the mixture was mixed for at least 2 min. After this

period, the consistency of the fresh mixture was assessed using the EN 1015-3 [29] flow



table test method. A target consistency of 165 + 5 mm was set. In case this was not
achieved with the initial quantity of water used, additional water was gradually introduced
to the mixture and the materials were kneaded until the desired consistency could be
attained. The final quantities of water used in each mortar composition and the respective
flow values obtained are reported in Table 2. Higher water demand with increasing PCM
dosage was noted, in line with the findings of Coppola, et al. [30], Kheradmand, et al. [15]
and Sanfelix, et al. [14]. According to the aforementioned researchers, water demand can

increase substantially due to the higher specific surface area of the PCM microparticles.

Table 2. Quantities of water used in the mortar compositions prepared, expressed as ratios with respect to the solid
constituents’ weights, and corresponding consistencies assessed from flow table tests.

Mortar composition Water to solids ratio (ltr/kg) Consistency at fresh state (mm)
0% PCM 0.126 160
5% PCM 0.229 166
10% PCM 0.234 167
20% PCM 0.244 168

Prisms measuring 40 x 40 x 160 mm, cast in standard metallic molds, and plates
measuring 30 x 150 x 170 mm, cast in customized molds made of shuttering plywood,
were prepared with the fresh mixture. In both cases, the molds were filled in two equal
layers and each layer was compacted with 60 jolts of a jolting apparatus. Immediately after
casting, the molds were covered with polyethylene film. After 24 h, the specimens were
demolded and wrapped in polyethylene bags for 48 h. They were then unwrapped and
stored for 25 days in controlled laboratory conditions (24 + 2 °C and 45 + 5% RH).

2.3 Testing methodologies

2.3.1 Scanning electron microscopy
The reference and PCM-enhanced composites were characterized using a JEOL, JSM-

6610 LV scanning electron microscope (SEM), equipped with a BRUKER type QUANTAX



200 energy dispersive X-ray spectrometer (EDS). The effect of microencapsulated PCM
addition on the microstructural characteristics of the mortars was investigated using
secondary electron images (SEI) from representative samples, mounted on double-sided

carbon tape and sputter-coated with Au.

2.3.2 Assessment of physical properties

The apparent (bulk) density and open porosity of the materials were assessed via
vacuum assisted saturation [31]. Oven dried mortar prisms (40 x 40 x 160 mm) were
placed into an evacuation vessel (Figure 2a) under vacuum for a period of 2 h in order to
eliminate the air in their pores. Afterwards, water was slowly introduced into the vessel
until complete immersion of the specimens. The vessel was returned to atmospheric
pressure and the specimens were left submerged for 24 h to achieve saturation. Each
specimen was then weighted submerged in water (mj), while the mass of the water-
saturated specimens (m;s) was also measured. The apparent density (p») was expressed as

the ratio of the mass of the dry specimen to its apparent volume:

mg

where pr is the density of water.

The open porosity (p,) was determined from the ratio between the volume of open pores

and the apparent volume of the specimen:

= Ms T M g4
Po = ns —my )

MIP measurements were also performed on fragments acquired from the specimens
used for the physico-mechanical tests, aiming to examine changes in the average pore
diameter and pore size distribution of the studied composites. A Micromeritics (AutoPore
IV 9520) mercury intrusion porosimeter was used for these measurements; this has a low-
pressure upper limit of 50 psia, while in the range of high values it generates pressures up

to 60,000 psia.



The water absorption coefficient (C) due to capillary action was assessed as per EN
1015-18 [32]. From each composition, six half-prisms (40 x 40 x ~80 mm) obtained after
the flexural failure of specimens previously subjected to three-point bending were tested.
The long faces of the test units used in the water absorption tests were sealed with epoxy
resin. Following oven dying at 65 °C, the specimens were placed in plastic trays, with the
broken faces immersed in deionized water up to a depth of 5 mm (Figure 2b). The
specimens’ weight was measured as a function of the time lapsed and the absorption

coefficient was calculated from the recordings made at 10 (m;) and 90 (m2) minutes:

C =0.1(m, —my) 3)

In equation (3) m; and m; are measured in grams and the units of C are kg/mZmin?/2,

(b)

Figure 2. Test set-ups for the determination of the physical properties of mortars: (a) Vacuum assisted saturation for the
evaluation of apparent (bulk) density and open porosity; (b) Water absorption experiments for the determination of the
capillary absorption coefficient.



2.3.3 Assessment of mechanical properties

Tests for the determination of the mortars’ mechanical properties were carried out at
28 days from casting. The flexural and compressive strengths were assessed in accordance
with EN 1015-11 [33]. The mean flexural strength of each mortar mix design was
determined by subjecting six prisms measuring 40 x 40 x 160 mm to three-point bending.
The prisms were placed into a flexural jig assembly with a ball-seated upper bearer and
two roller supports spaced 100 mm apart (Figure 3a). The loading jig was fitted between
the platens of a universal testing machine, onto which a 10 kN loading head was mounted.
Loading was applied at a displacement-controlled rate of 0.005 mm/s, which resulted to

specimen failure at times between 30 and 90 s.

After the three-point bending test and the failure of the prism specimens, the
compressive strength of each mortar mix design was determined by load testing six of the
resulting half prisms. Specimens were tested using a compression jig equipped with a
spherically seated upper platen (Figure 3b). The jig was accommodated into a 300 kN
capacity universal testing machine. Compressive stresses were again exerted under

displacement control, by setting the speed of the machine’s travelling head to 0.02 mm/s.

The mortars’ modulus of elasticity was assessed as per EN 13412 [34], by subjecting
prims measuring 40 x 40 x 160 mm to controlled axial compressive loading and
monitoring the longitudinal strain generated as a function of the imposed stress. Three
prims were tested from each mix design. The tests were again carried out on a universal
testing machine with a 300 kN load-cell. A spherically seated upper false platen was placed
between the machine’s fixed loading plates, in order enable adequate alignment with non-
parallel bearing surfaces. The deformation measuring instruments used in each test
consisted of two 60 mm long strain gauges, attached on opposite faces of the test units,

originally in contact with the casting mold. The test setup is shown in Figure 3c.



Figure 3. Test set-ups used for the implementation of loading tests: (a) Three-point bending of mortar prims and (b)
compression testing of half-prims as per EN 1015-11 [33]; (c) Uniaxial compressive loading tests with deformation
monitoring on mortar prisms fitted with strain gauges as per EN 13412 [34].



To examine the response of the materials at the elastic range, the specimens were
initially subjected to three loading-unloading cycles, during which the exerted stress varied
between 0.5 MPa and one-third of the expected failure stress. After the completion of the
three cycles, the specimens were loaded up to failure. Throughout the testing procedure,
loading was applied under deformation control, at a constant rate of 0.2 mm/min. The
modulus of elasticity was estimated from the stress-strain data recorded during the three
loading-unloading cycles, using linear regression. The experimental results yielded also
enabled examining the stress-strain response of the materials up to a post-peak point
corresponding to ca. 10% loss of load-bearing capacity. Therefore, measurements of strain

at peak compressive stress could be obtained.

2.3.4 Assessment of thermal properties

Thermal conductivity (A), thermal diffusivity (a) and specific heat capacity (cs) were
assessed, based on the analysis of the temperature response of the mortars to heat flow
impulses. This was done using an ISOMET 2104 measuring instrument. The apparatus is
equipped with a surface probe that is placed in direct heat contact with the test specimen.
During the test, heat flow is excited by electrical heating of a resistor heater incorporated
into the probe. Heat propagation into the tested medium is monitored via periodically
sampled records of temperature over time. In this study, a probe with a thermal
conductivity (1) measuring range 0.30-2.0 W/mK at temperature gradients -15 °C to +50 °C
was used. From every mix design, a single plate specimen (thickness x length x width = 30
x 150 x 170 mm) was examined. Measurements were carried out on three different
positions across the surface of this specimen. Prior to testing, the specimens were placed
inside an environmental chamber, at a controlled temperature of 25 °C, until thermal
equilibrium was attained (minimum conditioning time 48 h). In order to verify that thermal
equilibrium was achieved, the temperature of the specimens was constantly monitored
with thermocouples attached to their upper and lower surfaces. The selected temperature
conditions aimed to ensure that the PCM would remain at a steady (solid) state throughout

the thermal tests.

The thermal properties of each specimen were automatically computed by the

measuring instrument, following processing of the recorded data. At the range of



properties measured, the system has 5% accuracy and 3% reproducibility with respect to
the readings made. It is noted that the system reports the volume, rather than the specific
heat capacity of the tested materials. The specific heat capacity (c,) was thus estimated
from the volume heat capacity (cv) and the volume (Vi) and dry mass (mq) of each specimen
as ¢p = cvVs/ma. The thermal diffusivity was evaluated by the testing system by dividing the
thermal conductivity with the volume heat capacity measurement (a = A/c). It is worth
noting that, although the transient heat method hereby adopted differs from the
standardized guarded hot plate method, it has been used in several research studies
examining PCM-modified mortars (e.g. [19], [35], [36], [37]). This method is also

prescribed in certain standards referring to soft rocks and soils [38].

For investigating the thermal performance of the mortars prepared under temperature
variations, a customized test setup (Figure 4) was designed, based on relevant work by
Shadnia, et al. [16], Young, et al. [39] and Ramakrishnana, et al. [40]. Tests were performed
on mortar plates (the same as those tested with the transient heat method), attached on
thermally insulated cubic test cells (side length = 450 mm). Five of the cells’ walls were
made of 70 mm thick extruded polystyrene (A = 0.035 W/mK), while the mortar plates
were attached on the remaining free face. The joints between the extruded polystyrene
panels and along the perimeter of the mortar plates were filled with insulating foam and
sealed with heat resistant silicone. The exterior surface of the extruded polystyrene walls

was entirely covered with high-heat ducting insulation tape.

(a)



(b)

Mortar plate sample 3 x 15 x 17 cm

Extruded polystyrene thermal insulating
enclosure 7 cm thick

Environmental chamber with controlled
temperature variation

Thermocouple for measuring the ambient
temperature inside the chamber

Thermocouple attached to the exterior
surface of the sample

Thermocouple attached to the interior
surface of the sample

Thermocouple for measuring the
temperature inside the test cell

Data acquisition system

Figure 4. Schematic representation (a) and photograph (b) of the test set-up implemented to investigate the response of

mortar plate samples to temperature variations in laboratory-controlled environment.



The test cells were placed inside a climatic chamber, where they were subjected to
controlled sinusoidal variations of the ambient temperature. The experimental procedure
aimed to produce a condition of unidirectional heat flow, in which the heat flux governing
the temperature at the interior of the test cell develops through the thickness of the mortar
plate, rather than through the insulated walls that possess higher thermal resistance.
Indeed, the exterior surface of the mortar plate was exposed to convection within the
chamber. Heat flow in the lateral direction was considered to be practically negligible, as all

sides along the plate’s perimeter were heavily insulated.

Sinusoidal variation of the ambient temperature as a function of time (Ts(t)) was
imposed over a cyclic period of P = 24 h:

Tsa (t) _ Tmax - Tmin sin (27T T[) + Tmax - Tmin

— T .
2 P 2 2 + Lnin (4)

In the above equation Tmax and Tmin are the maximum and minimum values of the ambient
temperature. These values were hereby taken as Tmax = 45.6 °C and Tmin = 8.8 °C, based on
local climatic data for Cyprus. More specifically, the recordings of the Athalassa
meteorological station from year 2010 to year 2018 for the spring-summer seasons (May-
September) were considered. Emphasis was placed on the spring and summer months,
because the response of building materials to the hot arid conditions that occur in Cyprus
during this time of the year is critical. In each test, the temperature of the chamber was
initially set constant to 20 °C for 24 h, in order to achieve thermal equilibrium.

Subsequently, three sinusoidal cycles were implemented.

Four type-T thermocouple sensors were used for monitoring the temperature at
different positions of the test setup. One thermocouple measured the ambient temperature
of the chamber. Two thermocouples were centrally attached to the mortar plates to
measure the temperature on the exterior and interior surface of the material. The fourth
thermocouple was placed inside the test cell to record the temperature of the air at the
mid-height of the cubicle enclosure. The thermocouples were connected to data acquisition

systems that made recordings at regular intervals of 5 minutes.



3 Experimental results and discussion

3.1 Scanning electron microscopy (SEM)

SEM observations show that the porosity of the studied mortars significantly increases
with increasing levels of microencapsulated PCM (Figure 5). This is consistent with other
published works that have reported a less dense microstructure in PCM-enhanced mixtures
(e.g. [14], [20], [37], [41]). The latter is primarily attributed to the high specific surface
area of the PCM particles (see Figure 1), which notably increased the water demand of the

mixtures hereby studied (see Table 2) ( [14], [15], [30]).

Figure 5. SEM images showing a gradual increase in porosity with increasing microencapsulated PCM dosage; mortar

specimens containing (a) 0%, (b) 5%, (c) 10% and (d) 20% PCM.



10pm

Figure 6. SEM images showing a number of microstructural features in the studied mortars; (a) Micro- and macro-pores
in the mortar containing 20% PCM; (b) Strong and (c) Weak adhesion between the polymer modified cement paste matrix
and the aggregate particles in the composites with 0% and 20% PCM, respectively; (d) Agglomerated PCM particles in the

composite with 20% PCM; Broken PCM microcapsules (see arrows) in the mortars containing (e) 10% and (f) 20% PCM.



Figure 6a shows the abundance of micro-pores in the mortar containing 20%
microencapsulated PCM, while a number of macro-pores can also be observed in the same
Figure. The formation of the latter is closely related to the considerably weaker adhesion
between the polymer modified cement paste matrix and the aggregate particles in the
presence of microencapsulated PCM (compare Figure 6b with 6c). This effect probably
becomes more prominent in the presence of damaged microcapsules, since the leaked
paraffin may significantly weaken the bond between the aggregates and the cementitious

matrix [42].

Agglomerated PCM particles were also detected in the PCM-enhanced mortars. Their
presence was more pronounced in the composite containing 20% PCM (Figure 6d). This
phenomenon is presumably attributed to the breakage of a number of PCM microcapsules
(Figure 6e and 6f) during the mixing process, and subsequently to the leakage of paraffin
throughout the matrix. Non-encapsulated paraffin may act as an adhesive, thus promoting
the agglomeration of microcapsules, particularly in mixtures with relatively high PCM
additions. Such agglomerates tend to reduce the homogeneity of the mixture, thereby
negatively affecting the performance of the hardened composites. In fact, the leaked
paraffin and the resulting agglomerates can increase the viscosity of the mixture, thus
facilitating the entrapment of air and the formation of macro-voids ( [41], [43]). This
process could comprise another potential explanation for the enhanced macro-porosity

observed, mainly in the mortar with 20% PCM addition (Figure 6a).

3.2 Physical properties

The experimentally assessed physical properties of the mixtures hereby examined are
given in Table 3. Figure 7 plots the ratios of the densities, porosities and capillary
absorption coefficients with respect to the properties of the reference composition, as a

function of microencapsulated PCM addition.



Table 3. Average physical properties (Coefficient of Variation) determined from vacuum saturation and water absorption
tests on polymer modified cement mortar samples containing 0% (reference composition), 5%, 10% and 20% PCM.

Property No. of Mortar composition
tests o9 PCM 5% PCM 10% PCM 20% PCM
Apparent (bulk) density - pa (kg/m3) 3 2080 (0.0%) 1823 (0.3%) 1593 (0.0%) 1423 (0.4%)
Open porosity - po (%) 3 9.28 (1%) 9.93 (3%) 12.66 (1%) 15.70 (3%)
Absorption coefficient - € (kg/m2minl/2) 6 0.03 (8%) 0.03 (5%) 0.03 (15%) 0.04 (15%)
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Figure 7. Ratios of average apparent (bulk) density, open porosity and capillary absorption coefficient with respect to the
properties of the reference composition (0% microencapsulated PCM), plotted as a function of microencapsulated PCM
percentage addition.



An increase in the total volume of open pores and a reduction in the apparent (bulk)
density of the samples is observed with increasing amounts of microencapsulated PCM.
The accessible porosity of the reference mortar is 9.3%. For 5%, 10% and 20%
microencapsulated PCM addition, this value increases by 10%-69%, rising to 9.9%, 12.7%
and 15.7%, respectively. These results are in agreement with the SEM observations, which
showed a gradual increase in porosity with increasing microencapsulated PCM dosage (see
Figure 5). Furthermore, the results acquired here are in line with the outcomes of X-ray
tomography and MIP tests performed by Djamai, et al. [41]. The aforementioned
researchers pointed out that, increasing the microencapsulated PCM dosage in
cementitious mortars, generally leads to higher volume of accessible pores. The use of
microencapsulated PCMs may also lead to the formation of macro-pores with diameters an
order of magnitude larger than those present in mixtures without microencapsulated PCM.
This scenario is strongly supported by the SEM observations hereby reported, which reveal
that macro-porosity is more evident in the mixture with 20% PCM addition (see Figure 5d
and Figure 6a). The significant increase in the porosity of the PCM-enhanced composites
hereby studied is mainly attributed to the higher water demand required to reach the
desired consistency at fresh state (see Table 2); the latter is due to the fineness of the

microencapsulated PCM additive.

The recorded reduction in the density of the studied mortars is almost proportional to
the percentage of microencapsulated PCM added to the mixtures. It ranges from 13% for
5% microencapsulated PCM addition to 33% for 20% microencapsulated PCM addition.
Analogous results are reported in several other studies (e.g. [15], [16], [19], [44], [45],
[46], [47]) for a variety of PCM-modified cementitious materials, including geopolymer
mortar and concrete. The low unit weight of the PCM material hereby used (paraffins
generally have densities < 1250 kg/m3, according to the data reported in [8]) is considered

to be the main parameter affecting the density of the hardened composites.

The MIP results provide significant information on the pore structure of the studied
mortars. As can be seen in Figure 8, an increase of the average pore size with increasing
levels of microencapsulated PCM addition is observed. Similar results have also been

reported by Djamai, et al. [41], following the addition of different amounts of PCM (i.e. 5-



15% by wt.) in cementitious mortars. According to the aforementioned researchers, this
increase in pore size is mainly attributed to the fact that cement grains coated with PCM
particles cannot participate in the hydration process, due to the limited access of water to
cement. As a result, the pore spaces of the PCM-enhanced composite are occupied by fewer
hydration products, thus resulting in a microstructure with larger pore diameters,
compared to specimens without PCMs. The presence of damaged PCM capsules further
inhibits the hydration reactions in cement mortars, probably due to the leakage of paraffin
and its interference with the surrounding material [48]. In the mortars hereby studied, this
effect becomes more pronounced with increasing percentage of microencapsulated PCM
addition. As shown in Figure 8, a nearly twofold increase of the average pore diameter is
observed from 0% to 5%, as well as from 5% to 10% microencapsulated PCM addition,

whilst a smaller increase is acquired by increasing the amount of PCM from 10% to 20%.
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Figure 8. Average pore diameter values, estimated via mercury intrusion porosimetry (MIP), plotted as a function of
microencapsulated PCM percentage addition.
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Figure 9. Pore size distributions determined by mercury intrusion porosimetry (MIP) on polymer modified cement
mortar samples containing 0% (reference composition), 5%, 10% and 20% PCM.

Regarding the pore size distribution of the studied mortars, Figure 9 reveals a shift
towards larger pore sizes in the PCM-enhanced mortars. This modification of the pore
structure agrees well with the higher porosity and lower density values of the specimens
containing PCMs (see Table 3). In the reference mortar hereby studied, a main peak exists
between ca. 0.01 and 0.05 pm, and a smaller peak appears at ca. 0.1 pum. In the mortar
containing 5% PCM, the same peaks have been shifted to higher values (ca. 0.02-0.15 pm
and 0.25 pm for the main and secondary peak, respectively), while a new peak also appears
at 2 um. These results confirm that larger pores tend to become more abundant due to the
addition of microencapsulated PCM. A further shift towards larger pore sizes is observed in
the composite with 10% PCM. In fact, the latter shows two partially overlapping peaks
within the ca. 0.03-2 um pore size range, as well as a significantly smaller peak at even

larger pore sizes (i.e. 2-3 pum). The mixture containing 20% microencapsulated PCM shows



a prominent increase in the volume of pores between ca. 0.05 and 0.6 pum, while two
smaller peaks can also be detected at larger pore sizes (i.e. 0.8-2 um and 2-3 pm). All the
aforementioned changes in the pore structure are consistent with the microstructural
features observed by SEM. They are also in line with the results of the vacuum saturation
tests, which showed a gradual increase in porosity with increasing microencapsulated PCM

content.

Comparing the capillary absorption coefficients of the microencapsulated PCM-
enhanced mortars with those of the reference mix design, no differences are noted at
dosages up to 10%. For 0% to 10% microencapsulated PCM addition, the experimental
results are consistently around 0.03 kg/m2minl/2, A higher absorption coefficient was
obtained for the mixture containing 20% microencapsulated PCM; 0.04 kg/m2min1/2. It is
interesting to note that all compositions tested can be graded as W2 mortars (C < 0.20
kg/m?minl/2), which is the superior absorption class specified in EN 998-1 [49] for
masonry renders and plasters. This implies that, despite the increase reported in capillarity
at high microencapsulated PCM dosages, mortars aligning with standardized performance

requirements may still be produced.

Characteristic curves showing average water absorption by capillarity as a function of
the square root of time (t1/2) for the four different mortar compositions examined are given
in Figure 10. The measurements taken indicate that, at early time stages, capillary
absorption varies linearly with t1/2, as expected [31]. As the test proceeds, the cumulative
water absorption per unit surface area falls below what would have been expected from
the classical unsaturated flow theory. This is likely attributed to the reactivity of cement
with water [31]. However, it may also be the result of the development of bimodal pore
size distribution with microencapsulated PCM addition, as indicated by the MIP tests
(Figure 9). Hall and Raymond Yau [50] and loannou et al. ( [51], [52]) showed that bimodal
cementitious materials can indeed exhibit anomalous water sorptivity of the type hereby
observed. These researchers explained deviation from linearity during capillary absorption
tests, by considering the retarding effect of gravity on the capillarity of coarse pores. Both
the experimental results yielded in this study (see for example Figure 9) and the data

reported in the literature, strongly support that microencapsulated PCM addition poses a



significant effect on the pore size distribution of cementitious composites, subsequently
influencing their capillary absorption. The overall impact can be quite complex. Breakage
and/or agglomeration of capsules (see Figure 6d-f), may result in the entrapment of air due
to increased viscosity in the fresh state and, in turn, to the formation of macro-voids in the
hardened composites ( [41], [53]). At the same time, some filling effect may also take place
[54]. It is thus possible that the pore structure and absorption behavior of the tested
materials have indeed been influenced by more than one of the aforementioned
mechanisms. However, a deeper insight into the anomaly observed would require further
investigation and additional capillary absorption experiments with non-reactive liquids

(e.g. organic solvents), which is beyond the scope of this paper.
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Figure 10. Characteristic curves for the evolution of water absorption by capillarity as a function of the square root of time
for the four different mortar compositions hereby examined. The data points presented in each case correspond to the
average water absorption measured at a given time point following the testing of six specimens. It is noted that individual
measurements taken from different specimens originating from the same composition at any given time point have
coefficients of variation from 3.5% to 17%.



Nevertheless, comparing the suction curves for the 5% and 10% microencapsulated
PCM mortars (Figure 10), which yielded similar capillary absorption coefficients, it is
shown that the initial rate of water absorption is not significantly affected by the
microencapsulated PCM addition. However, the influence of microencapsulated PCM
content on the suction curves of the two aforementioned mortars is evident when
absorption stops following the t1/2 law. At this stage, the rate at which the mortar
containing 10% microencapsulated PCM absorbs water is clearly higher, compared to that
of the mortar containing 5% microencapsulated PCM. It may thus be argued that the
absorption coefficients, computed in accordance with EN 1015-18 [32], describe only the
early stage absorption rates and are thus not entirely representative of the full capillary

absorption behavior of PCM-enhanced mortars.

3.3 Mechanical properties

Table 4 presents the average compressive and flexural strengths derived, along with
the elastic moduli and the axial strains at peak compressive stress, measured from static
compression loading tests. Figure 11 plots the ratios between the mechanical properties of
the microencapsulated PCM-modified mixtures and the reference mix design. The results
show an almost exponential decrease in the load-bearing capacity and elastic modulus with
increasing percentage of microencapsulated PCM addition. The reference mortar gave an
average flexural strength of 8.6 MPa, while the microencapsulated PCM mortars have
flexural strengths in the range 6.2 to 4.8 MPa. A more acute effect is noted in the results of
compression tests. The lower amount of microencapsulated PCM addition considered (i.e.
5%) caused a nearly twofold reduction in compressive strength; from ca. 64 MPa to 37
MPa. For 10% and 20% microencapsulated PCM addition, the compressive strength
dropped further to ca. 22 MPa and 14 MPa, respectively. The elastic modulus results follow
the same trend noted for the compressive strength. The average elastic modulus of the
reference mortar is 31.2 GPa. The respective values obtained after the addition of
microencapsulated PCM were 52% to 86% lower. The test results agree with the findings
of several other studies, which report analogous reduction in the mechanical properties of

PCM-enhanced cementitious mortars (see Table 1).



Table 4. Average mechanical properties (Coefficient of Variation) determined from load tests on polymer modified
cement mortar samples containing 0% (reference composition), 5%, 10% and 20% PCM.

Property No. of Mortar composition
tests o9 PCM 5% PCM 10% PCM 20% PCM
Flexural strength - f;» (MPa) 6 8.55 (9%) 6.19 (12%) 5.56 (4%) 4.82 (8%)
Compressive strength - f: (MPa) 6 64.4 (5%) 37.0 (2%) 22.2 (5%) 14.4 (2%)
Elastic modulus - Es (GPa) 3 31.2 (5%) 14.9 (4%) 7.95 (11%) 4.44 (3%)
Strain at peak comp. stress - &, (um/m) 3 3300 (5%) 4300 (9%) 6200 (26%) 8700 (4%)
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Figure 11. Ratios of average flexural strength, compressive strength and elastic modulus with respect to the properties of
the reference composition (0% microencapsulated PCM), plotted as a function of microencapsulated PCM percentage
addition.
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Figure 12. Stress-strain curves obtained by the implementation of uniaxial compressive loading tests as per EN 13412
[34] on mortar specimens containing 0%, 5%, 10% and 20% PCM. For each composition, the results obtained from 3
different test units are reported. Strain values correspond to the average reading of two strain gauges, attached on
opposite faces of the test unit.

The stress-strain response of the tested samples is shown in Figure 12. The mortars
exhibit a compressive behavior, which is typical of quasi brittle cementitious materials. An
almost linear increase of axial deformations with increasing magnitudes of imposed stress
is observed up to approximately 30% of the compressive strength. Beyond this limit, the

stress-strain relationship becomes nonlinear. In the plastic regime, the response is



characterized by stress hardening up to the maximum allowable stress. This is followed by
post-peak strain softening up to the ultimate strain sustained. In all cases, the descending
softening branch is quite distinct, with a drastic loss of bearing capacity occurring after the
exceedance of the material’s strength. The experimental data indicate a significant
influence of microencapsulated PCM addition on the hardening behavior of the composites.
For the reference mortar, the peak compressive stress occurs at a strain ca. 3300 um/m.
This is similar to what is reported in the literature for conventional cementitious mortars
of analogous strength [55]. The presence of microencapsulated PCM inclusions shifts the
strain at which the peak compressive stress is attained to considerably higher levels.
Subsequently, the ultimate failure strain also increases. The increase in the deformation
capacity is more profound for 10% and 20% microencapsulated PCM addition; the average

strains at peak compressive stress for these compositions were 6200 and 8700 um/m.

The negative effect of microencapsulated PCM addition on the mechanical properties
of the materials hereby examined can be primarily attributed to the lower strength and
stiffness that the PCM capsules possess, in comparison to the polymer-modified cement
paste matrix and the aggregate particles. Based on the micromechanical framework
developed in Falzone, et al. [56], Fernandes, et al. [57] and Xu, et al. [58], the PCM
microcapsules can be considered as soft inclusions surrounded by interfacial transition
zones. Increasing the volume that the microcapsules occupy within the host matrix can
result to higher elastic strains at low levels of uniaxial compressive loading (< 30% of the
peak stress), as softer particles undergo larger deformations. This inevitably reduces the
elastic modulus of the composite. Falzone, et al. [56] also comment that, at high
microencapsulated PCM dosages (> 30% by vol.), the volume fraction of the interfacial
transition zones grows substantially, and some tendency for microcracking-induced
softening occurs. Such phenomena can further decrease the effective elastic modulus, since
linear response is essentially lost at lower stress magnitudes. According to Wei, et al. [59]
and Fernandes, et al. [57], the elastic mismatch between the host matrix and the
microencapsulated PCM inclusions can promote crack blunting/deflection effects, as well

as some stress relaxation at static strain rates. This can limit brittleness to some degree and



is possibly the reason for the enhanced deformation capacity that the microencapsulated

PCM mortars exhibit.

As stated in Falzone, et al. [56], the maximum allowable stress in compression is linked
to the percentage addition of the microencapsulated PCM because the capsules constitute
the critical defect in the system. This notion is supported by the numerical study of Das, et
al. [60]. The aforementioned researchers have shown that soft inclusions within
cementitious composites subjected to external strains sustain lower stresses than the rest
of the material constituents, due to their lesser stiffness. However, their response under
loading is the one governing the failure of the composite. This is because their distinctively
low bearing capacity is far inferior to that of the paste matrix and of the interfacial

transition zones.

Nevertheless, it should be wunderlined that the strength achieved by the
microencapsulated PCM-enhanced mortars hereby studied has not been solely dependent
upon the weak nature of the capsules themselves. It was almost certainly influenced by the
increased water demand (and subsequent rise of open porosity) caused by the
microencapsulated PCM incorporation. In fact, the higher water-to-binder ratios in the
PCM-enhanced mortars resulted in a less dense microstructure, as confirmed by SEM
observations and the results of the physical property tests (see sections 4.1 and 4.2). The
increased micro- and macro-porosity, the presence of agglomerated PCM particles, as well
as the weak adhesion between the cementitious matrix and the aggregates in the
composites containing PCMs, are considered among the main reasons for the reduction in
the mechanical properties with increasing microencapsulated PCM content. Regarding the
agglomerated PCM particles, in particular, it should be underlined that they can potentially

act as weak pockets, thus promoting the formation of microcracks.

Although the experimental data clearly indicate a decrease in the flexural strength with
increasing microencapsulated PCM levels, this is not as pronounced as the decrease
observed in compression tests. This is particularly true for 10% and 20%
microencapsulated PCM addition, where the reduction of the flexural strength was in the

order of 35% and 45%, respectively. The respective decrease in the compressive strength



and the elastic modulus was substantially higher (i.e. 65-86%). Wei, et al. [59] have
attributed this behavior to the tensile resisting mechanism being more dependent upon
failure processes that develop at the matrix-inclusion interfaces, as opposed to
compression, where the response is critically affected by the limited strength of the

capsules.

The reduction in the mechanical property values noted above is not necessarily a
limiting factor for the intended use of the PCM-enhanced mortars hereby considered.
According to Ghiassi [61], the strength and stiffness of textile-carrying mortars should be
compatible with the properties of the substrate being strengthened. This researcher also
underlined that TRM systems with effective pseudo ductile response should generally be
composed of mortars with elastic moduli several orders of magnitude lower than that of
the reinforcement fabric. Taking into account the construction typologies encountered in
earthquake-prone regions and the normative requirements for energy and structural
upgrading, it is envisaged that the proposed system will more likely have applications on
load-bearing and infill masonries [2]. Indeed, there is a substantial stock of such structures
dating before the introduction of seismic and energy design standards. These are very often
composed of brickwork with elastic modulus in the order of 2-4.5 GPa and compressive
strength < 8 MPa ( [62], [63], [64], [65]). It can thus be argued that the mechanical
characteristics of the composites containing 10% and 20% microencapsulated PCM are
compatible with the quoted brick masonry properties. At the same time, their elastic
modulus is close to that of the masonry, hence enabling a more even distribution of
stresses between the substrate and the coating overlay. The elastic moduli of the two
aforementioned mortars are also significantly lower than that of commonly used
reinforcement textiles (typically > 50 GPa for most carbon, glass, basalt, polyphenylene
bezobisoxazole and steel fiber fabrics). In fact, the mechanical properties of these
composites are directly comparable to those of textile carrying mortars used in other
research projects for the retrofitting of masonry elements. For example, Askouni and
Papanicolaou [66], Basili, et al. [67], Giaretton, et al. [68], Bertolesi, et al. [69] and De

Santis, et al. [70] report on the successful use of materials with compressive and flexural



strengths in the range of 8.5-22.5 MPa and 3-5.5 MPa, respectively, and with elastic moduli
between 3 and 10 GPa.

In terms of damage sensitivity, the previously noted viscoelasticity and crack
blunting/deflection effects can mitigate cracking risks according to Wei, et al. [59].
Fernandes, et al. [57] added that the beneficial influence of such mechanisms reduces the
impact of microencapsulated PCM additions on the fracture properties of cementitious
materials. This argument is supported by the experimental work of Savija, et al. [18], who
successfully incorporated microencapsulated PCMs into engineered cementitious
composites exhibiting deflection hardening under flexure. Nevertheless, it is acknowledged
that the mechanical performance and fracture characteristics of TRM matrix materials
should be considered on a case-by-case basis, taking into account the particular conditions

of the intended application and the properties of the substrate to be strengthened.

3.4 Thermal performance

The average values of thermal conductivity, specific heat capacity and thermal
diffusivity obtained from dynamic heat transfer measurements are given in Table 5. For 5%
microencapsulated PCM addition, a 35% drop in thermal conductivity is noted with respect
to the properties of the reference mix design; from ca. 1.7 to 1.1 W/mK. A thermal
conductivity close to 0.8 W/mK was recorded for the mixture containing 10%
microencapsulated PCM. At 20% PCM addition the thermal conductivity further dropped to
0.6 W/mK. The aforementioned reduction in thermal conductivity agrees well with the
literature, whereby the addition of microencapsulated PCMs in cementitious mortars
generally leads to a decrease in the value of this property by 10% to 50% (see relevant data
in Table 1). This effect is attributed to the less dense microstructure and higher open
porosity of microencapsulated PCM-enhanced mortars, compared to the reference mixture.
The lower thermal conductivity that the microencapsulated PCM particles possess, in
comparison to the polymer modified cementitious matrix and the aggregate particles, also
contribute to this effect ( [22], [44], [45]). The experimental results are particularly close
to corresponding data reported in Jayalath, et al. [22] and Ricklefs, et al. [25] for cement



mortars. In these studies, the reference compositions had thermal conductivities between
1.5 and 1.7 W/mK, while the incorporation of microencapsulated PCMs as aggregate
substitutes at quantities 1%-5% by wt., or as additives at amounts 0.1-0.3 vol./vol., reduced
the value of this property by < 1.0 W/mK. Very similar results are found in the study of Cao,
et al. [44], who tested geopolymer concerte mixtures with microencapsulated PCM dosages

from 0% to 3% by wt.

Table 5. Average thermal properties (Coefficient of Variation) at steady state determined from dynamic heat transfer
measurements at T= 25 oC and RH = 32% on polymer modified cement mortar samples containing 0% (reference
composition), 5%, 10% and 20% PCM. The number of tests reported in each case corresponds to measurements
conducted on the same specimen.

Property No. of Mortar composition

tests o9 PCM 5% PCM 10% PCM 20% PCM
Thermal conductivity - A (W/mK) 3 1.677 (2%) 1.070 (1%) 0.839 (2%) 0.593 (1%)
Specific heat capacity - ¢, (J/kgK) 3 883 (1%) 891 (1%) 932 (2%) 1045 (1%)
Thermal diffusivity - a (mm?2/s) 3 1.040 (2%) 0.702 (1%) 0.554 (1%) 0.397 (1%)

The experimental data also show an increase in the specific heat capacity of the PCM-
enhanced mortars, which correlates well with their microencapsulated PCM content. The
specific heat capacity (883 J/kgK) of the reference composition increases slightly to 891
J/kgK with the addition of 5% microencapsulated PCM. This value rises above 930 ]J/kgK
when the microencapsulated PCM content becomes = 10%. As expected, the composition
with 20% microencapsulated PCM exhibits the best thermal energy storage performance,

producing a specific heat capacity ca. 1045 J/kgK.

It should be noted that, in the presence of microencapsulated PCMs, specific heat
capacity cannot be actually considered as a static property, but is rather temperature-
dependent. In fact, differential scanning calorimetry tests performed by Shadnia, et al. [16]
and Hunger, et al. [45] revealed endothermic peaks, when the specific heat capacity varies
as a function of temperature. Such peaks occur at the PCM phase transition stage and
substantially increase the composite’s specific heat capacity when the temperature

approaches the PCM’s melting point. This is because a considerable amount of heat is used



for changing the state of the PCM inclusion, rather than for raising the temperature of the
composite itself. Indeed, additional heat transfer measurements conducted at temperatures
above 33 °C (i.e. after the onset of the selected PCM’s phase transition stage) showed that
the specific heat capacity of the reference composition remained essentially unaltered,
whereas that of the mixtures containing 10% and 20% PCM increased to 958 J/kgK and
1089 J/kgK, respectively. Haurie, et al. [19], who tested single layer cementitious mortars
at temperatures below the PCM melting point, assessed specific heat capacities of 730
J/kgK for compositions without microencapsulated PCM and 910-920 ]J/kgK for 10% and
20% microencapsulated PCM addition by wt. of the mixture constituents (including water
and powder components); these results are in line with the results obtained in the present
study. The aforementioned researchers reported values of specific heat capacity in the
range 1160-1260 J/kgK for the same microencapsulated PCM mortars, when the

measurements were performed at the liquid phase of the PCM.

Thermal diffusivity is another indicator of thermal inertia, in the sense that materials
with lower thermal diffusivity exhibit slower heat conduction rates relative to their
volumetric heat storage capacity, and therefore do not respond as quickly to temperature
changes. The results hereby obtained verify the positive effect of microencapsulated PCM
addition on the thermal diffusivity. The trend recorded is analogous to that noted in the
case of thermal conductivity. A thermal diffusivity of 1.040 mm?2/s was measured for the
reference mix design. This value decreased by 33% for 5% microencapsulated PCM
addition (0.702 mm?/s). The reduction achieved by 10% and 20% microencapsulated PCM
addition was ca. 50%. Other researchers have noted similar results following the testing of

cement- [19] and lime-based [37] microencapsulated PCM-enhanced mortars.
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Figure 13. Temperature variation over time for mortar specimens containing (a) 0%, (b) 5%, (c) 10% and (d) 20% PCM.
The temperatures corresponding to the onset of the phase changing stage and to the melting point of the PCM used are
also indicated on the graphs presenting results for PCM-modified mortar mixtures (b-d). Time 0 min corresponds to the
time when thermal equilibrium between the test specimens was considered to have been achieved after 24 h exposure to
the same ambient temperature (20 °C).

The experimental data obtained from the climatic chamber tests are presented in
Figure 13. A distinct reduction in the rate at which the temperature on the interior surface
of the microencapsulated PCM-enhanced mortar plate specimens changes is observed
between 33 °C and 37 °C. This is clearly due to the melting and re-solidification of the PCM,
as the temperature range over which the heating/cooling rate changes coincides with the
material’s phase transition zone. The scale of this phenomenon is directly linked to the
microencapsulated PCM content, and is thus much more noticeable for 20%
microencapsulated PCM addition. The same behavior was recorded by Zhang, et al. [71],
who performed controlled heating experiments on microencapsulated PCM-enhanced

cement mortar plates fitted on insulated cubic enclosures.

Comparing the temperatures recorded on the interior surface of the mortar plate
samples and at the center of the cubicle enclosures, it is noted that these differ consistently,
with the latter being closer to the temperature on the mortars’ exterior surface. This is
possibly related to heat release within the cubicle by the mortar. In any case, the difference
between the ambient exterior temperature and the temperature inside the cubicles is still
significant. This is particularly true for the specimens containing 10% and 20%
microencapsulated PCM. The same applies for the shifting of thermal peaks. Shadnia, et al.
[16], who implemented a similar setup to examine the performance of geopolymer mortar
plates, reported analogous deviations in the temperatures recorded on the material

surfaces and inside the test enclosures.

In order to derive quantitative indicators for the thermal regulating efficiency of the
various compositions hereby examined, two additional parameters were computed using
the experimental data recorded while subjecting the cubicle test units to temperature

variations, namely the decrement factor and the time lag.



The decrement factor represents the reduction in cyclical temperature in relation to

the ambient temperature of the exterior environment. It was estimated as:

_ Timax = Timin
/= Te,max - Te,min (5)
In the above equation Tjmax and Timin are the maximum and minimum temperatures
recorded on the interior surface of the mortar plate sample and Temax and Temin are the
maximum and minimum ambient temperatures recorded at the climatic chamber. It is
noted that the latter differ slightly (< 5%) from the respective values (Tmax = 45.6 °C and
Tmin = 8.8 °C) used for programming the chamber’s temperature variation due to allowable

fluctuations (+ 0.4 °C) in the device’s temperature controller system.

The time lag, which represents the time delay due to the thermal mass provided by the

mortar plate samples, was estimated as:

b = tTi,max - tTe,max (6)

where trimax and tremax are the times at which the maximum temperatures at the interior

surface of the mortar plate sample (T;max) and in the chamber (Temax) were recorded.

The decrement factor and time lag values were computed for each of the three
temperature cycles imposed. The average results are reported in Figure 14. The decrement
factors computed indicate that for 5% and 10% microencapsulated PCM addition, the effect
posed in terms of moderating temperature fluctuations is rather marginal. However, in
comparison to the reference mixture, the 5% and 10% microencapsulated PCM mortars
still succeeded in reducing the thermal peaks. The peak temperatures recorded in the
chamber and on the interior surface of the plate test specimens differed on an average by
2.2 °C for the reference composition. The corresponding values recorded for 5% and 10%
microencapsulated PCM addition were 2.7 °C and 3.0 °C, respectively. A similar influence
was not observed at low temperatures. For the compositions with 0%-10% PCM, the
temperatures measured at the interior surfaces of the mortar plates were 2.2 °C higher
than the minimum ambient temperature of the chamber. The response of the test sample

containing 20% microencapsulated PCM differed subtly. For this composition, the



minimum interior temperature was 4.7 °C higher than that of the chamber, while an
impressive 8.4 °C reduction of the peak temperature was also observed. Subsequently, a

much lower decrement factor of 0.65 was achieved.
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Figure 14. Decrement factor (a) and time lag (b) measured by subjecting the test cubicles to sinusoidal cyclic variations of
ambient temperature inside a climatic chamber. The results reported correspond to average values estimated from three
test cycles. In each case, deviations between the values obtained from individual test cycles are indicated with error bars.



Of particular interest is the shifting of thermal peaks caused by the addition of
microencapsulated PCM. The thermal peaks at the interior surface of the reference mortar
occurred 73 min after the time the ambient temperature reached its maximum value. This
time increased to approximately 94 min for 5% and 10% microencapsulated PCM content.
Again, the mixture containing 20% microencapsulated PCM exhibited the best thermal

performance, giving a time lag of 130 min.

Direct comparisons with decrement factors and time lag values reported in the
literature are not easy to perform because these parameters are strongly dependent upon
the test setup and the specimen dimensions. Nevertheless, some relevant data are quoted
for qualitative evaluation purposes. Zhang, et al. [71] measured a reduction of peak
temperatures near 6 °C and a time lag of approximately 20 min, when heating up to 40 °C
mortar plates measuring 40 mm in thickness, in which 20% of the cement binder had been
replaced by microencapsulated PCM. Cunha, et al. [20], who performed cyclic thermal tests
with temperature variations 10-45 °C, observed that microencapsulated PCM incorporation
in cement mortars resulted to peak indoor temperatures consistently > 2 °C lower than the
temperatures recorded for conventional mixtures. The time lag in heating conditions also
increased from ca. 70 min to 93-104 min. Although these results totally agree with the data
hereby obtained, it should be noted that the setup used by Cunha, et al. [20] involved the
testing of insulated cubic cells, the interior walls of which had been coated with 10 mm
thick mortar layers containing 22% microencapsulated PCM by wt. of solid constituents
(i.e. 40% by wt. of the sand aggregate). Attenuation of temperature fluctuations by > 2 °C
after the addition of 20% and 30% microencapsulated PCM by wt. of the solid constituents
was also reported by Lucas, et al. [54], who tested cement mortar samples using the same
setup as Cunha, et al. [20]. When exposing test cells accommodating geopolymer mortar
plates 50 mm thick to outdoor conditions (ambient temperatures 25-50 °C), Shadnia, et al.
[16] recorded surface temperatures at the bottom of the specimens containing 2% and 5%
microencapsulated PCM by wt. of the solid constituents (i.e. 10% and 20% replacement of
sand by vol.) that were 3.3-6.2 °C lower than those measured for specimens without PCMs.
Furthermore, these researchers noticed that the surface temperature started to rise about

70 min later when microencapsulated PCM was used in the mortar mixture. Despite the



different testing conditions encountered in the aforementioned studies, it can be argued
that the results reported in the literature fully support the findings presented in this paper

regarding the thermal regulating efficiency of microencapsulated PCM-enhanced mortars.

4 Conclusions

The addition of microencapsulated PCMs in polymer modified cement repair mortar
was examined in this paper, in the context of developing a composite suitable for the
construction of thermally efficient TRM structural overlays for masonry retrofitting. The

following conclusions were derived:

*  Mixtures containing microencapsulated PCM required higher amounts of water to
achieve the desired workability, thus resulting in mortars with a less dense
microstructure. This parameter, in combination with the distinct difference between
the stiffness and strength of the capsules and the rest of the mortar constituents, are
the main factors affecting the physico-mechanical properties of the hardened
composites.

* The MIP measurements revealed a shift towards larger pore sizes in the mortars
containing microencapsulated PCMs. These results are strongly supported by SEM
observations, which showed a noticeable increase in both micro- and macro-porosity
with increasing PCM dosage.

* The water absorption due to capillarity was found to deviate from t1/2 Kinetics.
Interestingly, microencapsulated PCM addition at dosages up to 10% did not affect
early stage absorption. Although an increase in the initial rate of absorption was noted
for 20% microencapsulated PCM addition, the capillary coefficients of all tested
mixtures were well below 0.20 kg/m?min?/2, which is adequate according to the EN
998-1 specifications for masonry coating mortars.

* In line with the data reported in the literature, a drastic reduction of the compressive

and flexural strengths was observed with increasing amounts of microencapsulated



PCMs. Except for the weak nature of the PCM microcapsules themselves and the higher
porosity of the PCM-enhanced composites, the reduced mechanical strength recorded
could be also attributed to agglomerated PCM particles, which act as weak inclusions
under loading. Strength reduction was found to be more profound under compressive
loads.

The influence of microencapsulated PCM addition on the elastic modulus of the
mortars hereby tested shows the same trend as that noted for the compressive
strength. A significant effect of microencapsulated PCM inclusions on the post-yield
compressive hardening repose was observed. Larger microencapsulated PCM dosages
increased the deformability of the mortar, thus shifting the strain at the peak
compressive stress to higher magnitude.

Despite the negative influence of microencapsulated PCMs on the mechanical
properties of the hardened end-products, all mixtures gave compressive and flexural
strengths above 10 MPa and 4 MPa, respectively, and elastic moduli > 4 GPa. The
aforementioned values may be perceived as thresholds, based on existing literature
regarding TRMs. Mortars containing 10% and 20% microencapsulated PCM were also
found to possess mechanical properties compatible with clay brick masonry.

Dynamic heat transfer measurements showed a decrease in thermal conductivity with
microencapsulated PCM content. At the same time, an increase in the specific heat
capacity and a reduction of the thermal diffusivity were observed. This indicates the
beneficial effect of microencapsulated PCM addition on the thermal mass and thermal
inertia of the mortars hereby studied.

Climatic chamber tests on cubicles, carried out at conditions resembling local spring-
summer diurnal temperature fluctuations, showed that a ca. 3 °C reduction of the peak
indoor temperature can be attained by mortars containing 5%-10%
microencapsulated PCMs. These samples also succeeded in shifting the thermal peaks
by approximately 95 min. An impressive attenuation in cyclical temperature variations
was recorded in the case of the mixture with 20% microencapsulated PCMs, which

gave a decrement factor of 0.65 and a time lag of 130 min.



Based on the aforementioned results, it can be concluded that the incorporation of
microencapsulated PCMs in textile-carrying polymer mortars is feasible. For the particular
materials examined in this study, microencapsulated PCM dosages > 5% and < 20% w/w
are deemed to be appropriate for achieving favorable thermal performance, without
compromising the physico-mechanical behavior of the end-product. It should be
highlighted that the selection of the appropriate dosage of PCM is essentially an
optimization problem, for which different parameters need to be accounted for [72]. For
the proposed type of application, the amount of microencapsulated PCM addition should be
selected on a case-by-case basis. The ultimate goal should be adequate thermal and
physico-mechanical properties of the composite, depending on the specific characteristics

of the substrate to be retrofitted and the local climatic conditions.
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Highlights

* Microencapsulated Phase Change Materials (PCMs) added in polymeric cement
mortar.

* Study of microstructure, physico-mechanical and thermal properties of the
mortar.

* Porosity increased, while strength dropped with increasing PCM dosage.

* PCMs contributed to the attenuation and time shifting of temperature peaks.

* Incorporation of PCMs (up to 20% w/w) in textile-carrying mortars is feasible.
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