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Abstract: Limestone calcined clay cement (LC®) has emerged as a promising low-carbon alternative to ordinary
Portland cement (OPC) due to its reduced clinker content and associated carbon footprint. In parallel, integrating phase
change materials (PCMs) into cementitious composites offers a pathway to enhance building thermal regulation through
latent heat storage. However, hydrophobic PCMs may adversely affect fresh workability and hardened performance,
particularly by promoting entrapped air and increasing porosity. This study investigates the incorporation of capric acid
(CA) as an organic PCMs through partial cement replacement (0%, 1%, 5%, and 10% by mass) in OPC and LC® mortars.
In this context, the mortar is a functional organic—inorganic composite, where the organic PCMs phase contributes
thermal energy storage functionality. Unlike most PCMs studies focused on OPC systems, this work emphasises LC?
and identifies air-void control as a critical mechanism for performance recovery in LC*~PCMs composites. It also
evaluates the effectiveness of a silicone-based defoamer (0.15% by mass of the total mixture) in mitigating air-related
performance losses. Fresh flowability, hardened density, ultrasonic pulse velocity, and compressive strength were
determined up to 28 days. Results showed that increasing CA content reduced flowability, density, UPV, and
compressive strength in both OPC and LC® systems, indicating that hydrophobic PCMs inclusion adversely affected
matrix continuity. However, the incorporation of a silicone-based defoamer enabled performance recovery in both OPC
and LC® composites by improving matrix compactness through air-void control. Overall, the results demonstrate that
air-void control is critical for PCMs-modified mortars, and that defoamer addition provides a practical approach to
improve the performance of LC*~PCMs systems while maintaining their sustainability benefits.
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1. INTRODUCTION materials (AAMs) and geopolymers [3, 4], as well as

wider deployment of supplementary cementitious
materials (SCMs) [5]. Among these approaches,
limestone calcined clay cement (LC3) has gained
significant interest as a practical, scalable, and
resource-efficient system because it is designed to
reduce clinker content while maintaining mechanical

Ordinary Portland cement (OPC) remains the
dominant binder for concrete and mortar production,
yet its manufacture is associated with substantial
greenhouse gas emissions due to  both
energy-intensive clinker production and process

emissions from limestone calcination [1]. The cement
sector is consistently identified as one of the major
industrial contributors to global emissions [2], which
has intensified pressure on the construction industry to
adopt lower-carbon binders and to improve the
environmental performance of  cement-based
materials.

In response, several alternative or reduced-clinker
binder technologies have been developed and
increasingly investigated, including alkali-activated
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performance suitable for structural applications [6].

LC®is a blended cement system typically composed
of clinker, calcined clay, and limestone [7]. The synergy
between calcined clay and limestone enables a higher
clinker substitution level than conventional limestone or
clay blending alone [8]. In many reported formulations,
clinker factors as low as approximately 50% can be
achieved with comparable strength development to
OPC and improvements in selected durability
indicators, depending on mixture design and curing
conditions [9]. In parallel, the reduction in clinker
content provides a direct pathway to lowering
embodied carbon, with studies reporting that LC3-type
blends can deliver substantial CO, savings relative to
OPC [8].
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Alongside binder decarbonisation, improving the
operational energy efficiency of buildings is another
key strategy to reduce life-cycle environmental impacts
[10]. Cementitious materials with thermal energy
storage capability have therefore received increasing
attention, particularly through the integration of phase
change materials (PCMs) [11-13]. PCMs can absorb
and release significant quantities of latent heat during
phase transitions, which can dampen indoor
temperature fluctuations and reduce cooling loads [14].
Such effects are attractive for building envelopes and
interior components, especially in climates where daily
temperature cycles align with the PCMs transition
range.

PCMs used in cementitious composites are
commonly categorised as organic (such as paraffins
and fatty acids), inorganic (such as salt hydrates), and
eutectic systems [15, 16]. Organic PCMs are widely
studied because of their chemical stability and
favourable cycling behaviour [17]. In this study, capric
acid (CA) was selected as the PCMs due to its phase
change temperature range that aligns well with typical
indoor comfort temperatures and its relatively high
latent heat capacity [18-20].

Despite these benefits, the incorporation of PCMs
into cementitious systems commonly introduces
drawbacks that limit broader adoption. Reductions in
fresh  workability and hardened  mechanical
performance have been frequently reported [17, 21].
These effects arise from PCMs dilution of the reactive
binder fraction, weak mechanical contribution of the
PCM phase, and increased heterogeneity in the
hardened matrix [22]. A practical and often
under-emphasised issue is the tendency for
hydrophobic PCMs to promote foam stabilisation and
entrapped air during mixing, which increases porosity
and disrupts matrix continuity [11].

The use of defoaming agents provides a potential
route to mitigate these air-entrainment and
foam-stabilisation issues. Defoamers are designed to
suppress and control foams in cementitious

Table 1: Oxide Compositions of Raw Materials

suspensions, reducing the persistence of air voids that
can become weak points after hardening [23].
Evidence from cementitious mortar studies indicates
that appropriate defoamer use can modify pore
structure and improve mechanical performance by
limiting entrapped air [24]. This strategy is therefore
promising for enabling PCMs integration while
preserving the sustainability advantages of LC®.

Against this background, the present study
examines the feasibility of incorporating CA as a PCMs
through partial binder replacement in both OPC and
LC® mortar systems, with specific emphasis on LC® as
the primary low-carbon binder platform. While previous
studies have investigated PCMs integration in
OPC-based systems and the mechanical behaviour of
LC? independently, limited attention has been given to
the combined challenges of PCMs incorporation in LC?,
particularly the role of air-void formation in governing
performance loss. This study uniquely highlights
air-void control as a key mechanism influencing the
fresh and hardened behaviour of LC*~PCM mortars.
CA was introduced at replacement levels of 0%, 1%,
5%, and 10% by mass, and a silicone-based defoamer
was applied at a constant dosage to evaluate its
effectiveness in mitigating air-related performance
losses. By systematically evaluating the effectiveness
of a silicone-based defoamer in mitigating entrapped
air, this work provides new insight into how mechanical
performance recovery can be achieved without
compromising the sustainability advantages of LC®.

2. MATERIALS AND METHODS

2.1. Materials

The OPC used in this study was obtained from the
Structures and Materials Laboratory at Universiti
Teknologi Malaysia (UTM) and was originally
manufactured by YTL Cement, Malaysia. The calcined
clay and limestone were supplied by Kaolin Sdn. Bhd.,
Malaysia. The oxide compositions of all raw materials
were determined using X-ray fluorescence (XRF), with
the results summarised in Table 1. The true densities

Oxides OPC (wt.%) Calcined Clay (wt.%) Limestone (wt.%)
Si02 15.12 65.22 0.21
AI203 4.08 25.42 0.62
CaO 72.05 0.13 94.27
Fe203 3.13 2.03 0.09
K20 0.97 4.32 -
MgO 0.64 1.26 4.42
SO3 3.03 - -
Others 0.98 1.62 0.39
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of the materials were measured using a helium
pycnometer (PentaPyc 5200e, Quantachrome, USA),

and the corresponding values are presented in Figure 1.

The mineralogical characteristics of the raw materials
were analysed using X-ray diffraction (XRD) with a
SmartLab diffractometer (Rigaku, Japan), and the
diffraction patterns are shown in Figure 2. The OPC
primarily consists of tricalcium silicate (C;S) and
dicalcium silicate (C,S), accompanied by minor phases
of tricalcium aluminate (C;A) and tetracalcium
aluminoferrite (C.,AF). For the calcined clay, residual
kaolinite peaks were still detected despite the
calcination process, together with dominant quartz and
minor anatase phases. An amorphous hump observed
between 15° and 35° 26 indicates the presence of
metakaolin, consistent with previous findings [25]. In
contrast, the limestone exhibits a pronounced calcite
crystalline phase with a minor contribution from
dolomite. The particle size distribution of the raw
materials was determined by laser diffraction
(Mastersizer 3000, Malvern Panalytical, UK) as
displayed in Figure 3. Table 2 provides the distribution
percentiles of the raw materials. The surface
morphology of the raw materials was characterised
using scanning electron  microscopy (SEM)
(JSM-IT300LV, JEOL, Japan) shown in Figure 4.
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Figure 1: Density of raw materials.

The PCMs employed in this investigation was capric
acid (CA), with a chemical formula of C10H2002 and a
molar mass of 172.27 g/mol. The material had a
certified purity greater than 98% and was obtained from
Macklin Biochemical Co., Ltd. (Shanghai, China), as
illustrated in Figure 5a. The differential scanning
calorimetry (DSC) results of CA are presented in Figure
6. The melting phase initiated at 31.75 °C and reached
a peak at 33.80 °C, with an associated latent heat of
153.29 J g-1. Upon cooling, solidification commenced
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Figure 2: Diffraction patterns of (a) OPC, (b) calcined clay, and (c) limestone.
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Figure 3: (a) Volume density and (b) cumulative particle size distributions of the raw materials.
Table 2: Size Distribution of Raw Materials
Raw Materials OPC Calcined Clay Limestone
D90 (um) 127 3.70 2.80
D50 (um) 54.2 16.1 7.27
D10 (um) 213 38.3 13.9

NL D4.3 x1.5k

50 um

NL D43 x1.5k

50 um

NL D43 x2.0k 30um

Figure 4: Surface morphology of (a) OPC, (b) calcined clay, and (c) limestone.

at 26.94 °C, with a peak crystallisation temperature of
26.57 °C and a latent heat of 159.14 J g-1. A
silicone-based defoamer was also incorporated in the

mixtures to control entrapped air. The defoamer was
supplied as a viscous, milky-white liquid, sourced from
Dchemie Malaysia, and is shown in Figure 5b.
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Figure 5: (a) Capric acid and (b) Silicone defoamer.
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Figure 6: DSC Capric acid.
2.2. Mix Design

All mortar mixtures were prepared using a
cement-to-sand ratio of 1:3 and a water-to-cement ratio
of 0.60. CA was incorporated as a partial replacement
of cement at dosage levels of 0%, 1%, 5%, and 10% by
mass. The control mixture consisted of OPC as the
sole cementitious material, with the corresponding mix
proportions presented in Table 3. For the Lc? system,

Table 3: Mixture Proportions of OPC-CA Samples

the binder composition comprised 55% OPC, 30%
calcined clay, and 15% limestone. The mixture
proportions of LC® mortars incorporating CA are
summarised in Table 4 and were selected based on
established LC® formulations reported in the literature
[26]. A silicone-based defoamer was added to all OPC
and LC® mixtures at a constant dosage of 0.15% by
mass of the total mixture, with the detailed proportions
provided in Tables 5 and 6.

Samples OPC (kg/m®) Water (kg/m®) Sand (kg/m®) CA (kg/m®)
OPC_CA 0 506.00 253.04 1518.00 0.00
OPC_CA 1 500.96 253.04 1518.00 5.04
OPC_CA 5 480.72 253.04 1518.00 25.28

OPC_CA_10 455.44 253.04 1518.00 50.26
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Table 4: Mixture Proportions of Lci-cA Samples

Samples OPC (kg/m®) | Calcined clay (kg/m®) | Limestone (kg/m®) Water (kg/m®) Sand (kg/m®) | CA (kg/m®)
LC’ CA 0 278.3 151.8 75.9 253.04 1518.00 0.00
LC® CA_1 275.5 150.3 75.1 253.04 1518.00 5.04
LC’ CA 5 264.4 144.2 72.1 253.04 1518.00 25.28
LC’ CA_10 250.5 136.6 68.3 253.04 1518.00 50.26
Table 5: Mixture Proportions of OPC-CA-Defoamer Samples
Samples OPC (kg/m®) Water (kg/m®) Sand (kg/m®) CA (kg/m®) Defoamer (kg/m®)
OPC_CA_0 506.00 253.04 1518.00 0.00 3.42
OPC_CA_1 500.96 253.04 1518.00 5.04 3.42
OPC_CA_5 480.72 253.04 1518.00 25.28 3.42
OPC_CA_10 455.44 253.04 1518.00 50.26 3.42
Table 6: Mixture Proportions of LC®-CA-Defoamer Samples
Density (kg/m°)
Samples
OPC Calcined clay Limestone Water Sand CA Defoamer
LC’ CA 0 278.3 151.8 75.9 253.04 1518.0 0.00 3.42
LC® CA_1 275.5 150.3 75.1 253.04 1518.0 5.04 3.42
LC’ CA 5 264.4 144.2 72.1 253.04 1518.0 25.28 3.42
LC® CA_10 250.5 136.6 68.3 253.04 1518.0 50.26 3.42

2.3. Test Methods

Thermal performance tests were not included in this
study, as the primary objective was to evaluate the
influence of PCM incorporation and air-void control on
the fresh and mechanical behaviour of LC>-based
composite mortars. The thermal characteristics of
capric acid have been widely reported in the literature,
and the focus of the present work is on enabling
structural reliability of PCM-modified LC® systems.

2.3.1. Fresh Properties

The fresh-state behaviour of the mortar mixtures
was characterised by flowabilty measurements
conducted in accordance with ASTM C1437 [27].
“Standard Test Method for Flow of Hydraulic Cement
Mortar”. Fresh mortar was placed into a flow mould in
two layers, each layer being lightly tamped to ensure
uniform filling. The mould was then lifted vertically, and
the flow table was dropped 25 times within 15 s. The
resulting spread diameter of the mortar was measured
along two perpendicular directions and averaged to
determine the flow value.

2.3.2. Density

The density of the hardened mortar specimens was
determined in accordance with ASTM C642 [28].

“Standard Test Method for Density, Absorption, and
Voids in Hardened Concrete”. The density was
calculated based on the measured mass and specimen
volume as prescribed by the standard.

2.3.3. Ultrasonic Pulse Velocity (UPV) Test

Ultrasonic pulse velocity (UPV) testing was
conducted on the mortar specimens in compliance with
ASTM C597 [29]. “Standard Test Method for Ultrasonic
Pulse Velocity Through Concrete” for mortar samples”.
For each mixture, the reported UPV values represent
the average of three specimens tested at curing ages
of 1,7, 14, and 28 days. For mixtures incorporating the
defoamer, UPV measurements were carried out only at
28 days. Early-age UPV measurements were not
performed for defoamer-modified mixtures because the
primary purpose of defoamer incorporation was to
evaluate its influence on the final hardened matrix
compactness through air-void control rather than on
early hydration kinetics.

2.3.4. Compressive Strength Test

Compressive strength tests were conducted in
accordance with ASTM C109 [30] using a universal
testing machine (Eco Smartz Automatic Compression
Machine, 3000 kN). A constant loading rate of 0.9 kN/s
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was applied during testing. The reported compressive
strength values correspond to the average of three
specimens evaluated at curing ages of 1, 7, 14, and 28
days.

3. RESULTS AND DISCUSSION

3.1. Fresh Properties
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5

Figure 7: Flowability of OPC and LC? fresh mortar with CA
replacement at different percentages.

Figure 7 illustrates the flowability of fresh OPC and
LC® mortars incorporating different CA replacement
levels. A consistent reduction in flow diameter is
observed for both systems as the CA content increases.
For the OPC mortar, the control mixture without CA
exhibited a flow diameter of 140 mm, which
progressively decreased to 130 mm, 125 mm, and 120
mm for CA replacement levels of 1%, 5%, and 10%,
respectively. A similar trend was observed for the LC?
mortars, where the flow diameter reduced from 148
mm at 0% CA to 143 mm, 126 mm, and 109 mm as the
CA content increased. The magnitude of flow reduction
observed in this study is consistent with previous
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reports on PCM-modified cementitious materials.
Cunha et al. [31] and Drissi et al. [21] reported that
PCM incorporation increases water demand and
internal friction in mortar systems, particularly when
hydrophobic PCMs are used.

The reduction in flowability with increasing CA
dosage can be attributed to the hydrophobic nature of
capric acid [32], which disrupts the uniform distribution
of free water within the fresh mortar matrix and
weakens the lubrication effect required for particle
mobility. Owing to its limited affinity for water, CA tends
to segregate within the mix and locally impede
water—solid interactions, thereby increasing internal
friction among cementitious and aggregate particles.
As a result, the presence of CA promotes particle
agglomeration and restricts mortar spread. Consistent
trends have been reported in previous studies on
PCMs-modified cementitious systems, confirming the
reduction in flowability associated with increasing
PCMs content [21, 31, 33]. The more pronounced
reduction in flow observed in LC® mixtures at higher CA
contents may be associated with the higher fineness
and surface reactivity of calcined clay, which increases
water demand and intensifies the sensitivity of LC?
systems to the incorporation of hydrophobic PCMs.

3.2. Density of Mortars

Figure 8 presents the density of OPC and LC?
mortars incorporating CA at different replacement
levels and curing ages. In general, the density of both
mortar systems increases with curing age, reflecting
the progressive hydration and densification of the
cementitious matrix. However, the inclusion of CA
results in a noticeable reduction in hardened mortar
density across all replacement levels. At 28 days, the
OPC control mixture exhibited a density of
approximately 2200 kg/m?3, which decreased to 2080,
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Figure 8: Density of (a) OPC and (b) LC? fresh mortar with CA replacement at different percentages.
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2020, and 2010 kg/m® with CA replacement levels of
1%, 5%, and 10%, respectively. A similar trend was
observed for the LC® mortars, where the 28-day density
of the control sample was 2130 kg/m?® and declined to
2090, 2070, and 2040 kg/m® as the CA content
increased.

The reduction in density associated with CA
incorporation can be attributed to the lower intrinsic
density of CA compared with cement, as well as its
hydrophobic nature, which promotes air entrapment
and disrupts particle packing within the hardened
matrix [31, 33]. In addition, the presence of
hydrophobic organic PCMs has been reported to
locally interfere with water distribution during mixing
and early hydration, which can hinder matrix
densification and result in increased porosity and lower
bulk density [34]. These observations highlight the
importance of mitigating air entrapment effects when
incorporating CA, thereby justifying the use of a
defoaming agent in the present study.

3.3. Ultrasonic Pulse Velocity

The 28-day UPV results for OPC and LC® mortars
incorporating CA are presented in Figure 9. A clear
reduction in UPV is observed with increasing CA
content for both binder systems, indicating a
progressive deterioration in internal matrix continuity.
For OPC mortars, the control sample exhibited a UPV
of 4.32 km/s, which decreased to 3.79, 3.41, and 3.24
km/s with 1%, 5%, and 10% CA incorporation,
respectively. A similar trend was recorded for LC?
mortars, where the control mixture showed a UPV of
3.89 km/s, declining to 3.68, 3.55, and 3.27 km/s as the
CA dosage increased.

The reduction in UPV can be attributed primarily to
the physical behaviour of CA within the cementitious
system. As a hydrophobic organic compound, CA does

o
o

not integrate into the hydration products and instead
forms dispersed phases within the matrix [20]. These
phases create regions of lower stiffness and density
contrast relative to the surrounding hydrated cement,
which disrupts the continuity of solid-phase wave
transmission paths. In addition, CA incorporation is
associated with increased entrapped air and localised
heterogeneity, both of which increase acoustic
impedance mismatches inside the material [35]. These
discontinuities cause greater scattering and attenuation
of ultrasonic waves, resulting in lower measured pulse
velocities. The LC® mortars show lower baseline UPV
values than OPC due to the different binder
composition system of calcined clay, which increases
water demand and makes the matrix more sensitive to
the presence of dispersed hydrophobic phases [36].
Consequently, CA-induced heterogeneity has a
stronger influence on the internal transmission
behaviour of LC® mixtures.

3.4. Compressive Strength

The 28-day compressive strength results of OPC
and LC® mortars incorporating CA are presented in
Figure 10. A systematic reduction in strength is
observed with increasing CA replacement in both
binder systems. This trend closely mirrors the
reductions observed in density and UPV, indicating a
strong relationship between matrix continuity, internal
integrity, and load-bearing capacity. For OPC mortars,
the control mixture achieved a 28-day compressive
strength of 25.5 MPa. The incorporation of CA then
resulted in strength reductions of approximately 24%,
41%, and 63% at replacement levels of 1%, 5%, and
10%, respectively. LC® mortars showed a control
strength of 16.4 MPa, with corresponding reductions of
approximately 18%, 32%, and 41% at the same CA
contents. The magnitude of reduction increases with
CA dosage, demonstrating the progressive influence of
CA on the internal structure of the mortar.
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Figure 9: UPV of (a) OPC and (b) LC? fresh mortar with CA replacement at different percentages.
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Figure 10: Compressive strength of (a) OPC and (b) LC? fresh mortar with CA replacement at different percentages.

The reduction in compressive strength can first be
attributed to the dilution effect, as CA replaces a
portion of the cementitious binder. Since CA is a
non-cementitious material and does not participate in
hydration reactions, its incorporation reduces the
amount of reactive binder available to form
strength-contributing hydration products, leading to a
lower volume of load-bearing solid phases. Beyond
dilution, CA exists within the matrix as dispersed
low-stiffness organic domains that are mechanically

weaker than the surrounding hydrated skeleton [20, 35].

These inclusions interrupt stress transfer pathways and
reduce the effective cross-sectional area resisting
compressive load. Similar strength reductions have
been reported in previous studies incorporating capric
acid or other organic PCMs into cementitious systems,
where the non-structural nature of PCM phases and
the associated increase in internal discontinuities led to
comparable declines in compressive strength.
Reported reductions in the literature commonly range
between approximately 15% to 50%, depending on
PCM type, dosage, and incorporation method [19, 21,
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33], which aligns well with the magnitude of strength
loss observed in the present study.

3.5. Effect of Defoamer Addition on Mortar
Properties

3.5.1. Fresh Properties

Figure 11 illustrates the flowability of OPC and LC?
mortars incorporating CA with and without the addition
of a silicone-based defoamer. The inclusion of
defoamer significantly improved the flow behaviour of
CA-modified mixtures, confirming its effectiveness in
mitigating the adverse fresh-state effects associated
with hydrophobic PCM incorporation. For OPC mortars,
defoamer addition increased the flow diameter by
approximately 23-25% across all CA contents. LC?
mortars also exhibited improved flowability, although to
a lesser extent, with increases of approximately 3-7%.

The improvement in flowability is attributed to the
ability of the silicone-based defoamer to destabilise
and eliminate entrapped air bubbles generated during
mixing [24]. In CA-modified mortars, the hydrophobic
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Figure 11: Flowability of (a) OPC and (b) LC® mortars incorporating different CA percentages with defoamer.
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Figure 12: Hardened density of (a) OPC and (b) LC® mortars with varying CA replacement levels in the presence of defoamer at

28 days.

nature of CA promotes air entrapment and disrupts
water distribution, increasing internal friction and
restricting mortar spread. By reducing entrained air and
improving particle packing, the defoamer enhances the
effectiveness of the lubricating water phase. Overall,
the results demonstrate that defoamer incorporation is
essential for maintaining workable consistency in
CA-modified mortars.

3.5.2. Hardened Properties

Figure 12 shows the 28-day density of OPC and
LC® mortars incorporating CA in the presence of
defoamer. Compared with the mixtures without
defoamer (Figure 8), all CA-modified mortars exhibit
higher densities. For OPC mortars, density increased
by 3approximately 3% across all CA replacement levels.
LC

mortars showed smaller but consistent
improvements of about 0.6—1.0%.
The increase in density confirms that the

silicone-based defoamer effectively reduced entrapped
air within the matrix. In CA-modified mortars, the
hydrophobic nature of capric acid promotes air bubble

stabilisation during mixing, leading to increased
porosity and reduced packing efficiency [37]. The
defoamer destabilises air-liquid interfaces and
facilitates bubble escape, resulting in improved particle
packing and a more compact hardened structure [23].
The smaller density improvement observed in LC?
mortars may be related to their finer binder system,
which already contributes to relatively dense packing,
thereby reducing the relative influence of air removal.

The 28-day UPV results in Figure 13 show a
consistent increase in pulse velocity for all mixtures
incorporating defoamer. For OPC mortars, UPV
improved by approximately 3—12%, while LC® mortars
showed increases of about 3-4% compared with
mixtures without defoamer. The UPV improvement
corresponds well with the density results, confirming
enhanced internal continuity of the matrix. Since
ultrasonic wave propagation is highly sensitive to voids
and internal discontinuities, the reduction in entrapped
air leads to more continuous transmission paths.
Consequently, the UPV reduction observed previously
in CA-modified mortars (Figure 9) arises from both
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Figure 13: UPV of (a) OPC and (b) LC® mortars with varying CA replacement levels in the presence of defoamer at 28 days.
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Figure 14: Compressive strength of (a) OPC and (b) LC® mortars with varying CA replacement levels in the presence of

defoamer at 28 days.

PCMs inclusion and air entrapment, with the latter
being partially reversible through defoamer addition.

Figure 14 presents the 28-day compressive
strength of OPC and LC® mortars incorporating CA in
the presence of defoamer. The inclusion of defoamer
leads to a clear strength enhancement for all mixtures
compared with those without air control. For OPC
mortars, compressive  strength  increased by
approximately 7-29%, depending on CA content. LC?
mortars also showed consistent improvements, with
strength increases of about 17-18% across the CA
replacement levels. The magnitude of recovery in LC®
mixtures is particularly notable given their lower
baseline strength compared with OPC.

The strength improvement aligns closely with the
trends observed in density and UPV (Figure 12 and 13),
confirming that the defoamer enhances internal
compactness and matrix continuity by reducing
entrapped air. Since compressive strength is highly
sensitive to void content and internal discontinuities,
the reduction of air-induced porosity increases the
effective load-bearing cross-sectional area and
improves stress transfer within the hydrated matrix [38].
Although LC® mortars exhibit lower absolute strength
than OPC due to their reduced clinker content and
different hydration chemistry [9], the present results
demonstrate that part of the strength loss associated
with PCMs incorporation originates from secondary air
entrapment rather than solely the non-cementitious
nature of CA. The defoamer effectively mitigates this
secondary mechanism, allowing LC’~PCMs mortars to
achieve significantly improved structural performance
while retaining the environmental advantages of the
LC® system.

From a practical perspective, the highest CA
replacement level (10%) resulted in substantial

strength reductions, even with defoamer incorporation,
which may limit its suitability for structural applications.
The inclusion of high PCMs contents primarily serves
to illustrate the sensitivity of LC>-based composite
systems to PCM-induced heterogeneity and air-void
formation. Based on the present results, lower
replacement levels in the range of 1-5% provide a
more balanced compromise between mechanical
performance and potential thermal functionality. At
these levels, strength recovery through air-void control
remains  effective  while avoiding excessive
deterioration of structural properties. Therefore,
moderate PCMs dosages are recommended for
practical implementation of LC*-PCM composite
mortars in building applications.

4. CONCLUSION

This study evaluated the incorporation of CA as a
PCMs in OPC and LC® mortars and evaluated the
effectiveness of a silicone-based defoamer in
mitigating the adverse effects associated with PCMs
inclusion. The results showed that CA reduced the
flowability of both OPC and LC® mortars due to its
hydrophobic nature, which disrupted water distribution
and increased internal friction among particles. This
effect was more pronounced in LC? systems because
of the higher fineness and water demand of calcined
clay. The inclusion of CA also resulted in reductions in
hardened density, UPV, and compressive strength in
both binder systems. These changes were attributed to
the lower intrinsic density and non-cementitious nature
of CA, together with increased internal heterogeneity
and air entrapment.

The addition of a silicone-based defoamer
effectively improved both fresh and hardened
properties of CA-modified mortars. Density increased
by approximately 3% in OPC and up to 1% in LC®
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mixtures, while UPV improved by about 3-12%.
Compressive strength recovery reached up to 29% in
OPC mortars and approximately 17-18% in LC®
mortars. These improvements indicate that a
considerable portion of the performance loss in
PCMs-modified mortars originates from air entrapment
rather than solely from PCMs substitution.

Although LC® mortars exhibited lower absolute
strength compared with OPC due to reduced clinker
content and different hydration chemistry, the use of
defoamer significantly mitigated the mechanical
drawbacks associated with PCMs incorporation. This
finding is particularly important from a sustainability
perspective, as LC? is designed to reduce clinker
consumption and associated carbon emissions. The
combination of LC® and CA therefore offers a pathway
for developing multifunctional cementitious materials
that integrate thermal energy storage while maintaining
improved mechanical reliability through effective
air-void control. For practical applications, moderate
PCM replacement levels (approximately 1-5%) are
recommended to balance mechanical performance
with thermal energy storage potential. Overall, the
study highlights that air-void management is a critical
factor in PCMs-integrated cementitious systems. While
thermal performance was not experimentally evaluated
in this study, the selected PCM possesses
well-established latent heat storage properties, and the
findings herein address the structural feasibility
necessary for future thermally functional LC®
composites. Further research is recommended to
investigate the long-term mechanical stability and
thermal cycling performance of LC°~PCM mortars in
building envelope applications, together with direct
microstructural and pore structure characterisation
(e.g., SEM and porosity analysis) to verify the air-void
control mechanism proposed in this study.
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