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Abstract: In the era of environmental concerns, many attempts were proposed to optimize energy
efficiency for buildings and consequently reduce their carbon footprint. As a sustainable approach,
it is a promising solution to incorporate phase change materials (PCMs) in construction materials
(i.e., ultra-high-performance concrete (UHPC)) to increase its thermal storage capacity and reduce
the operation energy. However, incorporating microencapsulated phase change materials (MPCMs)
into cementitious materials negatively impacts the fresh and hardened properties. UHPC’s improved
mechanical strength allows for the creation of slimmer and lighter structures, which may result in less
demand in concrete manufacturing and fewer emissions. Hence, the properties of UHPC incorporated
with MPCMs (MPCM-UHPC) need more investigations. To fill the gap in the literature about the
lack of information about MPCM-UHPC performance, this paper provides a comprehensive work to
study the mechanical, thermal, and impact resistance properties of (MPCM-UHPC). Proportions of
5% and 10% of MPCMs were incorporated as a replacement of sand by volume. Proportions of 0.5%,
1.0%, and 1.5% of micro steel fiber reinforcement were used as a percentage of the mixture’s total
volume. The results revealed the importance of fiber reinforcement in compensating for the negative
effect of MPCMs inclusion for improving the thermal properties. Increasing the amount of MPCMs
enhanced the thermal performance of the produced UHPC panels through the ability to absorb and
release the energy during the phase change process.

Keywords: ultra-high-performance concrete; microencapsulated phase change material; micro steel
fiber; thermal performance; modified Charpy impact

1. Introduction

Buildings are now the world’s greatest energy consumers due to population expansion
and an increased reliance on cooling and heating systems [1]. The potential to reduce the
annual cooling and heating demand by up to 50% has been demonstrated by using phase
change material (PCM) [2,3]. Currently, the direct inclusion of PCM into cement-based
materials is creating a significant debate in the scientific community over the wise choice
and effective application of PCM [2]. PCMs are the materials used to store latent heat energy
and have the ability to absorb or release thermal energy through temperature changes
under controlled circumstances [4,5]. The main benefits of PCMs, which enable them to
be successfully applied in buildings for thermal management, are their singular and high
storage capacity with small temperature fluctuations due to the phase transition of PCMs
at the melting point and typically minor volume changes [6,7]. As a result, PCMs have
been recognized as one of the most progressive materials to enhance energy efficiency and
sustainability in buildings, especially for heating and cooling [8–10].

In recent years, researchers have conducted many studies to assess the thermal perfor-
mance of building materials containing phase change materials (PCMs). These materials
can be integrated into various building components, such as wallboards [11,12], roofs and

Fibers 2023, 11, 94. https://doi.org/10.3390/fib11110094 https://www.mdpi.com/journal/fibers

https://doi.org/10.3390/fib11110094
https://doi.org/10.3390/fib11110094
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fibers
https://www.mdpi.com
https://orcid.org/0009-0002-5824-4334
https://orcid.org/0000-0002-4785-9280
https://doi.org/10.3390/fib11110094
https://www.mdpi.com/journal/fibers
https://www.mdpi.com/article/10.3390/fib11110094?type=check_update&version=1


Fibers 2023, 11, 94 2 of 17

ceilings [13], floors [14,15], external walls [16], windows [17,18], bricks [19,20], mortars and
concrete [21–23]. Changes in concrete, the most commonly used construction material,
characteristics were assessed after PCM inclusion in various formats, including micro-
capsules, porous lightweight aggregates loaded with PCMs, and shape-stabilized PCMs
(SSPCMs) [24,25]. Incorporating microencapsulated PCMs (MPCMs) in concrete is the most
popular method [26,27]. The microencapsulation technique is defined as the process by
which one or more compounds in the form of discrete solid particles or liquid droplets
(e.g., the core) are encased in a protective layer using a continuous polymeric film made of
one or more materials (e.g., the shell); or by which the internal core material is dispersed
throughout the shell, primarily to separate the core ingredient (PCM) from the environment
and protect it as a result [28]. Most MPCMs are produced as powders with adequate
morphological and size properties. MPCMs are typically added to concrete or mortar as a
partial replacement for fine particles [2]. Although utilizing MPCMs increases the thermal
inertia of concrete by increasing its thermal energy storage capability, it drastically de-
grades its mechanical properties [26]. Numerous researchers have extensively highlighted
concerns about the potential leaking of PCM paraffin in the liquid state [20,29–31], and
microcapsule rupture during mixing or under loads [30,32–36].

To mitigate the negative effects of MPCMs in cementitious materials, enhancing the
properties by using excellent properties of cement composites can be a vital solution
(i.e., UHPC). Compared with ordinary concrete, UHPC is a new type of sustainable and
environmentally friendly material with high compressive strength, tensile ductility, and
toughness [37,38]. Reactive powders and fibers are typically added to the mixture to meet
design requirements. Reactive powders can fill the fine pores, producing an extremely
dense material structure [39–42]. Micro steel fibers boost the mixture’s ability to withstand
flexural and tensile loads after initial cracking, resulting in higher toughness. Applications
of UHPC will undoubtedly encourage “do more with less” and “build to last,” leading to a
significant reduction in the amount of CO2 embodied in concrete [43].

Generally, to our knowledge, the properties of MPCM-UHPC have not been high-
lighted in prior research except in the previous study by Ren et al. [44]. Ren et al. studied
the effect of adding MPCMs as a percentage of the binder’s mass on the UHPC’s properties
reinforced by a constant percentage of micro steel fiber 1%, including thermal performance,
mechanical properties, and shrinkage strain. The previous study adopted adding MPCMs
as a percentage of the mass of the binder. However, the incorporation of MPCMs as a
replacement for sand volume was reported to produce better performance for cementitious
materials [35]. The previous study did not cover the effect of changing fiber percentages on
the properties and the combined effect of MPCM incorporation.

Hence, this study aims to expand upon previous research by exploring the impact
of varying percentages of micro steel fiber and MPCMs (as replacement of sand volume)
on the properties of UHPC. Moreover, a modified Charpy impact test was applied to
determine the effect of these factors on the dynamic properties. This research is anticipated
to advance knowledge of the properties of MPCM-UHPC and its potential applications in
various industries.

2. Materials and Methods
2.1. Materials

General-used (GU) hydraulic cement according to the CSA-3001-03 (Cementitious
Materials for Use in Concrete) (CSA, 2013) [45], silica fume (SF) complies with ASTM C1240-
05 [46], and Class F fly ash (FA) ASTM C618 [47] were used as cementitious materials
for all tested UHPC. Physical features and chemical compositions for GU, SF and FA
are summarized in Table 1. Natural riverside sand with a fineness modulus, specific
gravity, and water absorption of 2.70, 2.51, and 2.73% was used as the main aggregate.
The aggregate was in a saturated surface dry condition. A commercial MPCM with a
paraffin wax core encased with a melamine shell (Figure 1) and was added as a volume
replacement of sand. Thermo-physical characteristics of the MPCMs are summarized in
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Table 2. Copper-coated micro steel fiber with a yield strength of 2850 MPa, specific gravity
of 7.85, a diameter of 0.2 ± 0.02 mm and length of 14 ± 1 mm, as shown in Figure 2, was
added at rates 0.5%, 1.0% and 1.5% to improve the mechanical properties, by total volume.
A high-range-water-reducer (HRWR) polycarboxylate ether-based admixture adjusted the
workability.

Table 1. Chemical and physical properties of general-used cement, fly ash and silica fume.

Item GU FA SF

SiO2 19.80% 43.39 96.00
Al2O3 4.90% 22.08 1.10
CaO 62.30% 15.63 1.20

Fe2O3 2.30% 7.74 1.45
SO3 3.70% 1.72 0.25
K2O 0.83% - 1.20

Na2O 0.34% 1.01 0.45
MgO 2.80% - 0.18
P2O5 0.11% -

Na2Oeq 0.87% -

Loss on ignition 1.90% 0.58
Specific gravity 3.15 2.50 2.20

Surface area (m2/kg) 360 280 17.8 × 103
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Figure 1. Micro-encapsulated phase change materials (SEM).

Table 2. Thermo-physical properties of MPCMs.

Properties Values

Core Paraffin wax
Shell Melamine Formaldehyde (MF)
Tm, peak (◦C) 24

Bulk Density (kg/cm3) ~600
Latent Heat Capacity (J/g) 192

Mean particle size (µm) 15–30
Appearance White Powder
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Figure 2. Thermal performance test setup.

2.2. Mixing Procedure

The mixture proportions including, cement, S.F, F.A, sand, water and HRWR as a ratio
of cement weight are shown in Table 3. UHPC incorporated micro steel fiber of (0.5, 1.0,
1.5) % by volume of the mixture. MPCM of 5% and 10% was incorporated as a replacement
of sand volume. For four minutes, cement, silica fume, and sand were mixed. Water and
SP were added for an 8 min mixing phase. A homogeneous dispersion of micro steel fiber
was achieved after another 8 min of mixing. Finally, MPCMs were gradually added for
1.5 min to reduce any damage to the shell. The specimens were demolded and maintained
in a steam curing chamber at 90 ◦C for 72 h after undergoing conventional curing for
24 h [44,48].

Table 3. Mixture compositions.

Mix Cement SF FA Sand HRWR Water MPCMs% Micro Steel Fiber%

M1

1.0 0.23 0.18 1.27 0.04 0.29 0.0%

0.0%
M2 0.50%
M3 1.0%
M4 1.50%

M5

1.0 0.23 0.18 1.20 0.04 0.29 5.0%

0.0%
M6 0.50%
M7 1.0%
M8 1.50%

M9

1.0 0.23 0.18 1.14 0.04 0.29 10.0%

0.0%
M10 0.50%
M11 1.0%
M12 1.50%

2.3. Tests and Specimens Preparations
2.3.1. Characterization of MPCM-UHPC

The flowability of the designed mixtures was measured according to ASTM C1437-15
“Standard Test Method for Flow of Hydraulic Cement Mortar” [49], a mini-slump cone
with a base diameter of 100 mm, a top diameter of 70 mm, and a height of 60 mm were used
for the slump flow test. Accordingly, a mixture was poured into the cone and placed on a
flat, levelled base. The slump cone was then raised upward. The maximum diameter and
the diameter perpendicular to its phase were measured after the mortar flow was stopped.
The result was based on the average value.
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Cubic specimens 50 mm × 50 mm × 50 mm were used to evaluate the compressive
strength at 28 days of curing according to ASTM C109/109 M “Standard Test Method
for Compressive Strength of Hydraulic Cement Mortars (Using 2-in. or [50 mm] Cube
Specimens)” [50].

To evaluate the flexural strength of UHPC specimens, a universal testing machine
(UTM) was used to perform a three-point loading test with a span of 120 mm at a rate
of 0.4 mm/min on (40 mm × 40 mm) area × 160 mm specimens at 28 days of curing
according to ASTM-C348 “Standard Test Method for Flexural Strength of Hydraulic-Cement
Mortars” [51]. The flexural strength can be calculated by Equation (1). All reported results
represent the average of triplicate specimens.

Flexural strength =
1.5PmaxL

B3 (1)

where:
Pmax: The maximum load determined by the load-deflection curve.
L: The span.
B: The side length of the cross-section.

2.3.2. Thermal Performance Test of MPCM-UHPC Sheets

As shown in Figure 2, thermal performance was measured on 30 cm × 30 cm rect-
angular MPCM-UHPC panels with a thickness of 2.0 cm. The MPCM-UHPC panel was
fitted in a polystyrene foam board, and then the polystyrene foam board with the UHPC
panel was allowed to cool naturally for 24 h and then installed as a test room wall. The
heat profile of the environmental chamber was adjusted to produce heat fluctuating around
the melting point of the used MPCMs (i.e., 24 ± 2 ◦C). The temperature remained at the
maximum temperature for one hour. Then, it returned to the start temperature, as shown
in Figure 3. The temperature changes inside the environmental chamber and the corre-
sponding temperature changes in the UHPC-MPCMs panels surfaces were recorded using
thermocouples. Moreover, a high-resolution, forward-looking infrared (FLIR) camera,
which converts thermal energy into visible light, was used to capture and monitor the
changes in the outer surface temperature of the panels during the process.

Fibers 2023, 11, x FOR PEER REVIEW 5 of 18 
 

and the diameter perpendicular to its phase were measured after the mortar flow was 
stopped. The result was based on the average value. 

Cubic specimens 50 mm × 50 mm × 50 mm were used to evaluate the compressive 
strength at 28 days of curing according to ASTM C109/109 M “Standard Test Method for 
Compressive Strength of Hydraulic Cement Mortars (Using 2-in. or [50 mm] Cube Speci-
mens)” [49]. 

To evaluate the flexural strength of UHPC specimens, a universal testing machine 
(UTM) was used to perform a three-point loading test with a span of 120 mm at a rate of 
0.4 mm/min on (40 mm × 40 mm) area × 160 mm specimens at 28 days of curing according 
to ASTM-C348 “Standard Test Method for Flexural Strength of Hydraulic-Cement Mor-
tars” [50]. The flexural strength can be calculated by Equation (1). All reported results 
represent the average of triplicate specimens. 𝐹𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ = 1.5𝑃 𝐿𝐵  (1)

where: 
Pmax: The maximum load determined by the load-deflection curve. 
L: The span. 
B: The side length of the cross-section. 

2.3.2. Thermal Performance Test of MPCM-UHPC Sheets 
As shown in Figure 2, thermal performance was measured on 30 cm × 30 cm rectan-

gular MPCM-UHPC panels with a thickness of 2.0 cm. The MPCM-UHPC panel was fitted 
in a polystyrene foam board, and then the polystyrene foam board with the UHPC panel 
was allowed to cool naturally for 24 h and then installed as a test room wall. The heat 
profile of the environmental chamber was adjusted to produce heat fluctuating around 
the melting point of the used MPCMs (i.e., 24 ± 2 °C). The temperature remained at the 
maximum temperature for one hour. Then, it returned to the start temperature, as shown 
in Figure 3. The temperature changes inside the environmental chamber and the corre-
sponding temperature changes in the UHPC-MPCMs panels surfaces were recorded us-
ing thermocouples. Moreover, a high-resolution, forward-looking infrared (FLIR) camera, 
which converts thermal energy into visible light, was used to capture and monitor the 
changes in the outer surface temperature of the panels during the process. 

 
Figure 3. Heat profile adjusted for environmental chamber. 

2.3.3. Impact Resistance 
Based on the device created by Yu et al. [51], a downsized model of the “Modified 

Charpy Impact Device” was created. Using the modified Charpy impact test, two 340 × 40 
× 20 mm3 prisms from each mix were utilized to evaluate how much energy each mix 

3 4

5○C 5○C

45○C

30 mins 40 mins 60 mins 40 mins

1 2 5

Initial stage

Figure 3. Heat profile adjusted for environmental chamber.

2.3.3. Impact Resistance

Based on the device created by Yu et al. [52], a downsized model of the “Modi-
fied Charpy Impact Device” was created. Using the modified Charpy impact test, two
340 × 40 × 20 mm3 prisms from each mix were utilized to evaluate how much energy
each mix design could absorb. These prisms were positioned in the hammer’s circular
path, reducing the hammer’s energy. The 2.9 kg hammer and its holders were attached
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to a pendulum that was released from height H1 and swung to height H2 after striking
the specimen (Figure 4a,b). Following the energy conservation law, the modified Charpy
impact test states that an object’s total energy (the sum of its potential energy, kinetic energy,
and energy loss) was constant. The impactor’s total energy was equal to the potential
energy due to the impactor’s height when it was at H1. The kinetic energy was at its highest,
and the potential energy was zero when the specimen was first placed. The height of the
hammer before and after the hit was used to calculate the energy lost by the specimen
during the test. It should be emphasized that the results considered the machine’s energy
loss (without the specimen) to offset the energy lost during machine movement. According
to the energy equilibrium relationship, the lowest height hammer’s maximum contact
velocity (Vc) to the specimen can be computed as follows (Equation (2)):

Vc =
√

2g(H1 − H2) (2)

where g is the acceleration due to gravity (g = 9.806 m2/s). The impactor is raised to the
height of H2 by the residual energy following the collision. The energy absorbed by the
specimen is equal to the difference in total energy of the pendulum before and after the
collision, according to Equations (3) and (4), assuming that friction on the device is low
(less than 1% of the total impact energy)

U1 + K1 = U2 + K2 + Wc (3)

Wc = M × g × (H1 − H2) (4)

where U1 and K1 refer to the original pendulum’s potential and kinetic energy, respectively.
The final stage of the pendulum’s potentials and kinetic energy are represented by U2 and
K2, respectively. Additionally, M and Wc refer to the impactor’s mass and the specimen’s
ability to dissipate energy, respectively.
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3. Results and Discussion
3.1. Effects of MPCMs Content and Micro Steel Fiber Content on Flowability of UHPC

The effects of MPCMs and micro steel fiber content on the flowability of fresh UHPC
mixtures are shown in Figure 5. The control batch (M1) had a flowability of 325 mm. The
flowability seems to be unaffected by the increasing MPCM content in a verified range. For
the inclusion of MPCMs of 5% and 10%, there was only about a +1% and −1% difference
from the reference, respectively, as shown in Figure 5a. Due to the high flowability of UHPC,
MPCMs have an insignificant effect on the workability of high-performance cementitious
composites, which agreed with Hunger et al.’s [30] study on self-compacting concrete
containing MPCMs. In contrast, for a constant amount of MPCMs, with the incorporation
of 0.5%, 1%, and 1.5% micro steel fibers, the flowability linearly decreased by around 1.6%,
3.5%, and 5.2%, respectively, as shown in Figure 5b. This is attributed to the increase in
the specific surface area associated with the increase in the fiber content [53]. Furthermore,
the micro steel fibers were randomly distributed throughout the matrix and served as a
skeleton, preventing fresh concrete flow [54].
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3.2. Analysis of Strength Results
3.2.1. Compressive Strength

Figure 6 shows the 28-day compression strength for the various UHPC mixtures;
adding micro steel fiber enhanced the strength. The compressive strength of UHPC in-
creased gradually with the increase in fiber content. For instance, the strength was increased



Fibers 2023, 11, 94 8 of 17

by 5.7%, 10.0%, and 16.3% by adding 0.5%, 1.0%, and 1.5% fibers, respectively. The increase
in compressive strength is caused by an increase in density and rigidity when micro steel
fibers are present, as well as an improvement in the fibers’ ability to control the spread of
microcracks before they reach their maximum strength (Figure 7). This is following the
results reported in references [55,56].
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Conversely, the compressive strength decreased as the proportion of MPCMs in the
mix increased. For instance, the compressive strength of mixtures containing 5% and 10%
MPCMs decreased by 12.3% and 16.5% compared to that of the control; the microcapsules’
low strength can explain this. The paraffin leakage caused by the shell breaking during
mixing (Figure 8), the additional irregular void space, and the weak interface with the
matrix are additional effects (Figure 9) [26,35,36,57,58].
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The results showed that adding micro steel fibers significantly compensated for the
loss of compressive strength caused by the inclusion of MPCMs. This was attributed to
the fact that the addition of fibers constrained the matrix materials around the particle at
the micro-scale, creating a state of triaxial compression [59]. This mechanism significantly
compensated for the strength loss caused by adding phase change material. The results
revealed that adding ≥1.0% of micro steel fiber eliminates the reduction in the strength due
to MPCMs incorporation while adding 0.5% fiber compensated for some of the strength
loss. For instance, the strength was reduced by 16.5% by adding 10% of MPCMs (M9).
However, the strength reduction was compensated by −10.70%, −1.10%, and +5.70% by
adding 0.5%, 1.0% and 1.5% micro steel fibers, respectively (M10, M11, and M12).

3.2.2. Flexural Strength

Figure 10 shows the 28-day flexural strength results. Generally, the flexural strength
gradually increased with the increase in micro steel fiber content. For instance, the flexural
strength of the UHPC matrix with 0.5%, 1.0% and 1.5% micro steel fibers increased by
approximately 7.3%, 43.8% and 55.2% compared to that of the control. This is attributed
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to the ability of fiber to delay the initiation of micro-crack and to prevent crack propa-
gation [60–63]. However, the incorporation of MPCMs negatively affected the flexural
strength results. This was ascribed to the MPCM inclusions’ excessive debonding, which
causes lower fracture toughness (KIC) values with increasing MPCM volumes as well as
composite weakening [64].
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Figure 10. The 28-day Flexural Strength results as a percentage of the control mix result.

Figure 10 showed that the strength gained due to fiber reinforcement compensated for
the loss due to MPCMs incorporation. Compared to the control mix (M1), adding ≥0.5%
micro steel fiber overcomes the reduction in the strength due to MPCMs incorporation.
For instance, for mixtures with 10% of MPCMs, the reduction in the strength was a 15.60%
reduction (M9). However, adding 0.5%, 1.0% and 1.5% micro steel fibers (M10, M11, and
M12, respectively) has successfully compensated for the strength reduction by −2.10%,
+13.50%, and +24.0%, respectively.

3.2.3. Impact Resistance

Figure 11 depicts the impact testing of samples with and without adding micro steel
fiber. The reinforced samples consistently revealed two parallel rectangle-like fractions,
while the samples with 0% fiber exhibited four parallel rectangle-like fractions (Figure 11a).
Furthermore, the concrete matrix was damaged following the impact loading, and all
embedded micro steel fibers were pulled out at the fracture surfaces. Therefore, the energy
absorption of the samples could be attributed to two main factors, including the energy
consumed to break the concrete matrix and the energy spent to pull out the fibers from the
damaged cross-sections (Figure 11b).

To quantify the energy dissipation capacity of concrete, the impact energy absorption
of the mixtures was analyzed, as illustrated in Figure 12. The results indicated that the
absorbed impact energy of the UHPC gradually increased as the fiber volume fraction
increased. For instance, in the mixes group containing 0% MPCMs, the impact energy
absorption of mixtures containing 0.5%, 1.0%, and 1.5% micro steel fibers increased by
204.8%, 236.0%, and 428.5% higher than the control. This can be attributed to the significant
amount of energy absorbed during debonding, stretching, and pulling out of these fibers
(Figure 11b) [65,66]. The randomly oriented fibers arrest a micro-cracking mechanism
and limit the propagation of cracks. This leads to improved strength and ductility of the
concrete (Figure 9) [65,66].
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Similarly, the absorbed energy increased as the proportion of MPCMs in the mix
increased. For example, in the mix group containing 0% fiber, the absorbed energy of
mixtures containing 5% and 10% MPCMs increased by 50.0% and 92.8% higher than
the control. This behavior was attributed to the fact that the lower rigidity of MPCMs
particles (Figure 13) decreased the modulus of elasticity of the matrix, resulting in greater
elasticity and displacement under impact load. Furthermore, an increase in the amount of
MPCM facilitated the production of a more heterogeneous composite, resulting in energy
dissipation via rebounding or deforming rather than cracking [67].
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3.2.4. Thermal Performance

Typical time-temperature profiles were recorded from the thermocouples located at
the center of the sheets’ outer and inner surfaces, as shown in Figure 14a,b.

MPCMs were employed to enhance the thermal performance of UHPC panels. As a
result of this enhancement, the heating rate during the PCMs melting process decreased
by increasing %MPCMs. For instance, the heating rate changed to be +0.52 ◦C/min and
+0.37 ◦C/min by adding 5% MPCMs and 10% MPCMs, respectively. This change in heating
rate was about 11.0% and 32.7%, respectively, lower than the rate of panels with 0% MPCMs
(i.e., +0.56 ◦C/min) (Figure 14a).

Conversely, during the solidification, the cooling rate increased to −0.53 ◦C/min
and −0.37 ◦C/min by adding 5% MPCMs and 10% MPCMs, respectively. This change in
cooling rate was about 24.0% and 35.0%, respectively, higher than the rate of panels with
0% MPCMs with (i.e., −0.57 ◦C/min) (Figure 14a). These rates experienced a great change
during the phase change process.

Steel has a thermal conductivity that is substantially higher than cement concrete at
approximately 53 W/(mK). Theoretically, concrete with a higher percentage of steel fibers
results in greater thermal conductivity. However, the addition of steel fibers and fiber
agglomeration will increase the porosity of the concrete, particularly with higher steel
fiber content, which significantly reduces thermal conductivity and offsets any increase in
the thermal conductivity of the samples [43,68–72]. The thermal properties of the UHPC
with different steel fiber contents are plotted in Figure 14b, where the MPCM content of
the mixture is fixed at 0%. This study showed that adding steel fiber decreased thermal
conductivity, especially with a higher %steel fiber (i.e., ≥0.5%). As shown in (Figure 14b),
the addition of micro steel fiber lowers the rate of heat transfer through the sheets during
the heating process, peak temperature, and cooling process. For instance, during the
heating process, the rate changed to +0.49 ◦C/min, +0.42 ◦C/min and +0.39 ◦C/min by
adding 0.5%, 1.0% and 1.5% of steel fiber, respectively.

Overall, the results showed that adding MPCMs and micro steel fiber decreases the
thermal conductivity of the sheets and affects their thermal performance during heating
and cooling processes. Additionally, MPCMs enhance the thermal energy efficiency of the
panels by absorbing and releasing the heat during the phase change process. Moreover,
adding micro steel fiber with UHPC panels incorporated with MPCMs will affect the
overall thermal performance (decrease the thermal conductivity) in response to changes in
temperature (Figure 14c).
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Figure 14. (a) Effect of increasing MPCM content on thermal performance. (b) Effect of increasing
fiber content on thermal performance. (c) Combined effect of MPCMs and steel fiber on ther-
mal performance.

The results were confirmed using a thermal imaging camera to monitor the thermal
performance over time in response to the changes in temperature (Figure 15).
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Figure 15. Monitoring the performance using thermal camera (210 min): (a) Temperature profile.
(b) Thermal image for 0%MPCMs sheet. (c) Thermal image for 5%MPCMs sheet. (d) Thermal image
for 10%MPCMs sheet.

4. Conclusions

The effects of microencapsulated phase change materials (MPCMs) and micro steel
fibers on the workability, mechanical properties, thermal performance, and impact strength
of UHPC were investigated. Based on the results presented in this paper, the following are
the conclusions made from the experimental and analytical evaluation of the design mixes
of MPCM-UHPC.

• Slump flow test showed that the addition of MPCMs had no significant effect on the
flowability of UHPC, while the inclusion of micro steel fibers significantly decreased
the flowability.

• In terms of compressive strength, adding 1.0% fiber counteracts the reduction in
strength caused by the inclusion of MPCMs, while using 1.5% fiber results in higher
compressive strength than the control group. On the other hand, incorporating 0.5%
fiber helps to offset some of the strength loss.

• For flexural strength, adding 0.5% fiber eliminates the reduction in the strength due to
MPCM incorporation, while adding 1.0% and 1.5% fiber achieved flexural strength
higher than the control.

• The study analyzed the impact energy absorption of the mixtures and found that
the increase in the amount of micro steel fiber or MPCMs can improve the energy
dissipation capacity of concrete.

• Increasing the amount of MPCMs enhanced the thermal performance of the produced
UHPC panels through the ability to absorb and release the energy during the phase
change process.
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