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Abstract

This paper presents a multiphysics investigation of the effectiveness of textile-reinforced
concrete (TRC) composite modified by the addition of phase change materials (PCMs).

The potential of this composite lies in the combination of the lightweight characteristic of
TRC with the heat storage capacities provided by PCMs.

This study focuses on the effects of PCMs on both the mechanical and thermal performances
of TRCs. The efficiency of an innovative concept of PCM-TRC slab resulting from the
reinforcement of a PCM modified matrix with a textile grid is mechanically and thermally
evaluated.

Despite the degradation of the mechanical performance of PCM-TRC slabs with PCM
content, the ductile and multicracking behaviors of the slabs are conserved.

The temperature and thus the PCM state (solid or liquid) affect the mechanical performance
of the PCM-mortar matrix and PCM-TRC slabs. This can be attributed to the PCM volume
change that occurs during phase change.

In terms of thermal performance, in comparison with the reference TRC slab, the 10wt%
PCM-TRC slab (4.5 cm thick) results in an energy saving of 37% and a temperature decrease
of 4°C at the peak.

Key words

Phase change material (PCM), textile-reinforced concrete (TRC), mechanical behavior,
thermal behavior, physicochemical investigation

1-Introduction

The building industry is one of the many consumers of energy. In the European Union, this
industry accounts for 40% of the total energy consumption and 37% of thend€sions [1].

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/



The use of renewable energy resources is crucialproving building efficiency. In this
context, the use of composite and non-conventioraeérials is increasing worldwide.

Textile-reinforced concrete (TRC) comprises a faggregate cementitious matrix reinforced
with a non-corrosive textile fabric [2, 3]. TRC @Ns for the combination of compressive
resistance and tensile strength due to textildosiement, thus enabling the construction of
lightweight elements, such as sandwich and cladpargls [4, 5, 6, 7 and 8]. TRC exhibits a
significant resistance to temperature (such aatsitos involving fire) and is considered as a
promising alternative to fibre-reinforced polymendyich are characterised by their expensive
cost, fire instability, and toxicity [6]. Despitbdse benefits, the reduced thickness of TRC
structures (which are lightweight because of théuced covers attributed to the non-
corrosive fabric) can lead to the degradation efrthal inertia, thus limiting the possibilities
of current construction applications.

Although sensible heat storage is the most exploitehe construction industry owing to the
wide range of building materials, such as concaetd cellular foams, latent heat storage with
the incorporation of phase change materials (POMS®f growing interest in the scientific
community. PCM can reduce the indoor temperaturatan by absorbing and releasing the
latent heat generated by a phase change in a naemoperature range [9, 10]. When the
temperature is above the phase change tempertgtar®CM melts and absorbs energy that
can be restored when the PCM solidifies at a teaiper below the phase change
temperature.

The incorporation of PCM in cementitious materiatsich as concrete, has received
significant attention from researchers through edéht techniques, such as direct
incorporation [11, 12], shape stabilisation [13jdavacuum impregnation [14]. However, the
encapsulation technique [15, 16, 17, 18, 19, andi®2@he most suitable for preventing
leakage of pure PCM wax.

Several researchers have investigated the incdiporaf encapsulated PCM in concrete to
achieve thermal comfort in the building envelopem® researchers [19, 21, 22, and 23]
studied the energy saving of PCM-concrete withaualysing the effect of PCM on the

microstructure and mechanical behaviour of concréiher researchers [24, 25] focused
more on the mechanical behaviour of PCM-concretgires without evaluating the effect

of PCM on thermal performances. Other researchieg @6, 27] focused on the effect of
PCM on the mechanism of cement hydration and itseguences on the microstructure of
concrete.

Castellon [19] constructed two identical cubiclegtlf walls having a 12-cm thickness)
composed of plain concrete and PCM-modified coecraintaining 5wi% PCM. These
cubicles were located in the south of Spain andceweaposed to the atmosphere. The PCM—
concrete cubicles demonstrated a peak temperateraiation of 4°C with a peak delay time
of 4 h. Hunger [20] observed a 12% energy savinigguself-compacting concrete containing
5wt% microencapsulated PCM when subjected to cytiermal loading. Although the
thermal benefits of PCM addition in concrete haeerb verified in the literature [21, 22],



negative effects of PCM addition are also obseiwetthe mechanical performance of PCM-
concrete [24, 25, 26, 27, 28]. In addition, thehhogsts of the PCM encapsulation process, as
well as steel reinforcement, lead to uncompetisteel-reinforced PCM concrete, which
further hinders the introduction of PCM concretethie construction market. Furthermore,
PCM can significantly increase the porosity andiaal pore diameter of concrete [29],
thereby reducing its durability, particularly inetltase of an association with corrosive steel
reinforcement.

The present study aims to enrich the state of therathe effect of PCM addition on the
thermomechanical behaviour of concrete and to coenkhie advantages of PCM-modified
concrete and TRC to propose a new PCM-modified T&®@posite ‘PCM-TRC’.The
purpose of this study is to evaluate the efficiencyf the proposed composite in structural
elements, such as slabs.

The concept of ‘PCM-TRC slabs is interesting in gnasays:

- The load-bearing slabs undergo heat. Therefbee pptimisation of heat transfer by PCM
addition has an apparent interest.

- The flexural behaviour of the slabs allows optimuse of the textile reinforcement.

To this end, the innovative concept of a lightweighslab composed of PCM-modified
concrete reinforced with a glass textile reinforcemant (PCM-TRC slab) is evaluated in
this study in terms of its mechanical behavior andhermal performance.

Unlike the effect of PCMs on the mechanical behagfcordinary concrete, few studies have
been conducted on the impact of PCM on the mechkhb&havior of fibrous concrete and
TRC structures. Savija et al [30] studied the ¢ftddCM on the resistance of PVA fibrous
mortar. They observed that the addition of smallbams of microencapsulated PCM to
fibrous mortar can reduce its compressive strenitlile having a small effect on its flexural
strength and deformation capacity.

Thus, the objective of this study is tavestigate the effect of PCM on the mechanical
performance of PCM-TRC slabs particularly their bending response. This studgwua
combination of mechanical tests and physicocheniisadstigations to explain the response
of the slabs to different PCM rates.

Moreover, owing to the lack of research [31, 32]tba impact of the PCM state (solid or
liquid) on the mechanical performance of PCM—mostauctures, this study focuses on the
effects of temperature (and thus PCM state) omrtbehanical performances of PCM—mortar
matrices and their consequences on PCM-TRC sldies.rdasons for the changes in the
PCM-TRC slabs responses due to temperature vausadie also explained.

Finally, an experimental investigation is condudiednalyse the efficiency of the PCM-TRC
slabs in terms of thermal performance and energnga



2-Material and methods

2-1 Materials

2-1-1 Cement mortar

A fine aggregate cement mortar (D<1.6 mm) was usdtis study to ensure the adequate
impregnation of the textile reinforcement for tRCM-TRC’ slabs.

2-1-2 PCM material

The PCM used in the study was a fatty ester vegesxl The phase change temperature
ranged from 24 to 27°C with a phase change pe2k°@. The capacity of the PCM to store
energy during phase change was 160 kJ/kg.

2-1-3 Textile reinforcement

The textile used in this study was a latex-coat&lghass fabric with a tensile resistance and
Young’s modulus of 800 £ 48 MPa and 53 + 2.5 GRaeetively (informations provided by
the producer). The textile grid has a mesh widtd aohm and 5 mm in the warp and weft
directions, respectively.

2-2 Experimental methods

2-2-1 Casting procedure

2-2-1-1 Production of the PCM- mortar matrices

PCM microcapsules were added at differente&’a(i.e. the percentage of PCM per matrix
weight)

0, 5, 10, 15wt% to the formulation of the cemerdrtar. A minimum rate of 5wit% is
recommended to ensure a significant effect onttaenal efficiency [19].

Before fixing the PCM-mortar mixture compositiomastest of water absorption (table 1) after
24 hours of immersion in water was conducted adogrdo EN 1097-6 [33] on the
hydrophilic encapsulated PCM to evaluate the amafirwater absorbed by 100 grams of
PCM powder .

Mass of surface dried (24h i Mass of saturated PCM powdel Water absorption
100°C oven) PCM powder after 24h immersio  (Q) coefficient ——) in %
(9
100 154 54

Table 1Test results ofvater absorption capacity of PCM powder

The high water demand of PCM [27, 34] is on the baed due to its very high porosity and
on the other hand attributed to the existence dfl -g@oups on the polymer shell used for
microencapsulation. The -OH groups can induce ct@nadsorption by creating hydrogen
bonds.



The high hydrophilic nature of PCM impairs the walokity of concrete. This implies an
adjustment of the———— ratio at each PCM rate to achieve equivalent d¢md of
impregnation of textile reinforcement in the PCM-0Romposites at each PCM rate.

However, it should be emphasized that since additiovater in each PCM-mortar

formulation is fully attributed to PCM absorpticaconstant ratio of

is maintained in all the PCM-mortar formulations

It should also be emphasized, that a fine sandeggtg (0-1.2mm) has been chosen in the
mix compositions of the PCM-mortar matrix to ensgoed conditions of impregnation of the
textile reinforcement which is characterized byng fmesh opening (4mmx5mm).

The PCM—mortar mix compositions used for productdiPCM-TRC slabs with the mortar

raw materials densities are given tables 2 andspactively (for 1

of each formulation).

Reference 5wt% PCM-mortar | 10wt% PCM-mortar | 15wt% PCM-mortar
PCM-mortars
Mass Volume| Mass Volume| Mass Volume| Mass Volume
(kg) () | (ka) () | (ko) ) (kg) ()
Cement 450 143.30 450 143.30 450 143.30 450 143.30
PCM 0 0 103.89 111.72 185.47 199.43 249.5 268.28
Fine sand (0-1.2 mm) 1668.7 | 632.10 | 1254.97 | 475.37 904.62 342.66 604.05 228.81
Water 216 216 261 261 306 306 351 351
Superplasticizer 9 8.60 9 8.60 9 8.60 9 8.60
Mass fraction of PCM 0 5 10 15
(%)
Volume fraction of PCM 0 11.17 19.94 26.82
(%)
| "# 0.48 0.58 0.68 0.78
$"%"&
& (OH™ (+$ 0.48 0.48 0.48 0.48
$%&
slump (mm) 182 181 182 183
Table 2PCM-mortar mixture compositions
| Mortar components | PCM | Cement | Fine sand| Supergizatic




| Real density (kg/ ) | 930 | 3140 | 2640 | 1046 |
Table 3Real density of mortar raw materials

2-2-1-2 Production of the ‘PCM-TRC’ slabs

One-third-scale PCM-TRC slab samples (600 x 606 m#) at different PCM rates (0, 5,
10, 15wt%) were realised using an insitu hand lpytechnique in plywood rigid moulds
(Figure 1).

A suitable amount of each PCM—mortar matrix (016, 15wt% PCM) was spread on the
bottom of the mould so that 4 mm cover layer wapliag between the bottom textile
reinforcement layer and the lower slab face. Thies reinforcement was impregnated by the
matrix with a roller such that the matrix penetdatbe textile fabric meshes. The procedure
was repeated so that the PCM-TRC slabs were regdowith a textile layer every 5 mm
thick in the in-tension area of the slab (the vadimc rate of reinforcement was 4.78%).

The slabs were tested using three-point bendingciSipattention was given to the placement
of the AR glass reinforcement in the area subjededtensile stresses (the textile
reinforcement was placed in the lower half of tlads under the neutral axis).



Figure 1 A- Insitu hand lay-up technique, B-PCM-TRC cresstion

2-2-2 Mechanical characterisation

2-2-2-1 Matrix scale

2-2-2-1-1 Mechanical behavior of PCM—mortar matmt different PCM rates and
temperature conditions

Compression and bending tests were conducted @mmsges containing 0, 5, 10, and 15wt%

PCM with a loading speed of 2.4 kN/s for compress&st and 0.015 mm/s for bending test
according to EN 196-1[35] by considering two spemimemperatures: ambient temperature
(maximum of 20°C) and a temperature of approxinyad€°C. Five samples for each PCM

rate and temperature condition were tested.

The samples tested at 40°C were placed for 6 mioven to induce a PCM phase change
from solid to liquid. The tests were conducted 3 @iter the samples were removed from the
oven (five samples were tested for each PCM rat@yeéserve the temperature homogeneity
in the test samples.

A temperature of 40°C was chosen to be sufficiehityh to ensure complete melting of the
PCM and to limit the risk of temperature drop, whaould lead to tests with the PCM in the
liquid-to-solid transition phase. This temperatwas also sufficiently low to ensure that the
assumption of the absence of damage to the PCMsodar due to temperature before the
tests was true. The age of the samples duringntestas 28 days.

Five additional samples (of each PCM rate) weradueat 40°C then cooled to 20°C for 6 h
in a temperature-conditioned room to allow homogeseresolidification of the PCM. The
tests on the heated then cooled samples were caad8anin after removing them from the
temperature-conditioned room.



2-2-2-2 Structural element scale (‘(PCM-TRC’ slabs)

2-2-2-2-1 Efficiency of textile reinforcement

To verify the effectiveness of textile reinforcemehree-point bending testBigure 3) with

a loading speed of 0.2 mm/min, over a span of 5ifQ) mere conducted on a 600 x 400 x 45
mm unreinforced control slab without PCM and orexztite-reinforced slab without PCM
(with a textile reinforcement rate of 4.78% in thretension zone). Three samples per
specimen configuration were evaluated.

Figure 3 Three points bending test on PCM-TRC slab

2-2-2-2-2 Mechanical tests at variable PCM rate amtstant temperature

PCM-TRC slabs (600x400x45mm) at different PCM rdfesb, 10 and 15wt%) were tested
in displacement imposed three points bending wittading speed of 0.2 mm/min and over a
span of 570 mm

The temperature during the tests was maintain@d«@ (the PCM incorporated in the slabs
is therefore in the solid state).

Three slabs per PCM rate were tested during thgerxental campaign to ensure the
reproducibility of the results.

The instrumentation used for the te$tgy(re 4) comprised

1-An LVDT sensor vertically positioned at mid-spenmeasure the deflection of the slabs
during the test.

2-Two LVDT sensors in a horizontal position to maasthe elongation of the slabs in the in-
tension face, over a measurement length of 200 Tima first LVDT sensor was placed in the
central zone of the in-tension face, and the sesendor was offset by 30 cm from the first.



Figure 4 Instrumentation of bending tests on PCM-TRC slabs

2-2-2-2-3 Mechanical tests at variable temperadmck constant PCM rate

The 10wt% PCM-TRC slabs with the same reinforcemeet (4.78%) underwent three-point

bending tests under different temperature conditiorevaluate the effect of the PCM state on
the mechanical performance of the PCM-TRC slabth@structural element scale). 10wt%

PCM-TRC slabs at different temperatures were eteduas described below:

A- A slab was maintained at 20°C and then undentreee-point bending tests at the same
temperature

B- A slab was heated to 40°C for 6 h and then de8tenin after being removed from the
oven.

For sake of completeness, all the described test®a 2-2-2 are summarizdéble 4



Type of test

Number of identical
samples

Examined parameters

PCM-mortar compression and
bending tests

- Strength at different
temperatures

- Rate of strength decrease due
PCM rate

- Rate of strength decrease due
temperature

- Rate of strength recovery due t
temperature

(0]

[0

PCM-TRC slabs bending tests
at constant temperature ang
differents PCM rates

- Force at failure

- Force at first crack

- Deflection at failure

- Textile exploitation ratio
- Average crack spacing

PCM-TRC slabs bending tests
at constant PCM rate and
differents temperatures

- Force at failure

- Force at first crack

- Deflection at failure

- Average crack spacing

Table 4 Summary of the examined parameters during the tkesicribed section 2-2-2

2-2-3 SEM observations

To have a better understanding of the impact of R&Mhe mechanical behavior of PCM—
TRC slabs, SEM observations (on a MIRA FEG SEM)ememnducted at the matrix/textile

scale on a few samples of PCM-TRC composites #rdift PCM rates (the samples were
realised beforehand for SEM observations). A baattsed electron detector was used to
identify the different phases existing at the nxéieixtile interface scale.

All the examined parameters are also summarTzdde 5

Type of test

Number of identical simples

Examipadameters

SEM observation on PCM-TRC
samples at matrix/textile interfag

e

interface

- Matrix/textile interaction

analysis) at the matrix/textile
interface

- Pore sizes at the matrix/textile

-Chemical characterisation (EDS

Table 5 Summary of the examined parameters during the SEdérvation

2-2-4 Thermal performance evaluation

The thermal inertia of 1010 x 1010 x 45 mm PCM-T&4&bs was evaluated using a guarded
hot box. The instrumentation during the test fobothe recommendations of the standard

ASTM

236[36]. The guarded hot box comprised a hot-sitdosure, cold-side enclosure,



and sample holder between the two enclosures whertest sample was placéggure 5).

The same slab thickness used during the mechat@std was considered for the thermal
inertia test.

To evaluate the thermal inertia of the PCM—-TRC slaimilar scenarios were imposed on the
reference slab (without PCM) and 10wt% PCM-TRC ¢tab with 10wt% PCM rate). The
scenarios were as follows: first, the temperatuas wcreased from 17 to 45 °C in 8 h on the
hot side of the guarded hot box; second, the hgatsistances in the hot chamber were
turned off. The cold side remained free of any isg@bstress throughout the entire scenario
(see the imposed scenanmoFigure 5). The aim was to analyse the effect of PCM addito

the air temperature and surface temperature ofskhles on the cold side. The imposed
scenario corresponds to a situation wherein thesidetrepresents the outside temperature and
the cold side represents the feeling inside a home.

Temperature sensors with a resolution of 0.1°C wesgtioned on the surfaces of the PCM—
TRC slabs on the hot and cold sides of the samples. air temperature sensors were also
positioned in each enclosure (on the hot and ddieks The heat flux was measured thanks

to the heat flux meters placed in the surface efdllabs in the two sides (in the hot and cold
side of the guarded hot box).

Figure 5 Imposed scenario in the guarded hot box for themaatia test on ‘PCM-TRC’
slabs



All the examined parameters during the test arensamzedTable 6

Type of test Number of identical simples  Examipadameters

- Sample surface temperature in hg
box

- Air temperature in the hot box

- Sample temperature in the cold b
- Air temperature in the cold box

- Heat flux in the hot and cold box

Thermal inertia of PCM-TRC 1
slabs

—

- Stored energy by the sample

Table 6 Summary of the examined parameters during thenlenertia test

3-Results and discussion

3-1 Mechanical characterisation

3-1-1 Matrix scale

3-1-1-1 Mechanical characterisation of PCM-mortatnmges

Figure 6 depicts compressive and tensile strength in bgndinthe 28-day matrices with
different PCM rates. The tests were conducted utittee temperature conditions: samples
whose temperature was maintained at 20°C, sampilgedh to 40°C, and samples cooled to
20°C after heating at 40°C.



(@)

(b)
Figure 6 Effect of PCM rate and state on (a) the compressrength (b) tensile strength in
bending of PCM-mortar matrix

The main results derived from the experimentabktpstsented above are as follows:

(a)-The resistance of the PCM—mortar matrices @see as the PCM rates increased during
the mechanical tests of compression and bending.dlservation was valid regardless of the
temperatures.

(b) Significant degradation in the mechanical penfance of the PCM—mortar matrices was
observed when the PCM changed from the solid toidicstate after heating. The rate of
strength deterioration increases when increasing B@nhtent in the matrices.

(c) Mechanical tests conducted on the PCM—mortarioes cooled to 20°C after heating at
40°C for 6 h indicated that the initial strengthlstbe PCM-mortar samples were only
partially restored.

Observations (b) and (c) can be attributed to ttenpmenon of PCM expansion during phase
change observed by the authors in [26, 33]. Thesitian from the solid to liquid state
induces an increase in the PCM microcapsule voluvheh can induce microcracking in the
matrix (i.e. local strains). These microcracks aesponsible for the degradation of the
mechanical performance of the matrices and thegpagstoration of the initial properties.

3-1-2 Structural element scale ‘PCM-TRC slabs’




3-1-2-1 Efficiency of the textile reinforcement

The results of the three-point bending tests imseof (force vs deflection) on unreinforced
reference slabs (without PCM) and on referencesslalth a 4.78% rate of textile
reinforcement in the in-tension area are depiatdelgure 7.

Figure 7 Three-point bending test result on reinforced ametnforced slabs

The unreinforced slabs exhibited brittle behavidreve the failure occurred directly after
reaching the ultimate tensile stress of the moAasingle macrocrack at mid-span followed
by the simultaneous failure of the slab was obsk(Fgure 8).

In the reinforced slabs, a ductile and multicragkbehavior was observed (ségure 8,
which depicts the cracking pattern in the in-tensarea of the slab), synonymous to a
matrix/textile stress transfer during the test.|ufai of the reinforced slab occurred by
compression crushing in the compressed face aspad-

Two distinct phases can be clearly identified ia teinforced slabHigure 7). The first phase
(phase |, Figure 7)corresponds to the elastic behavior of the sldiis phase ends at the
occurrence of the first crack. The second pHabase I, Figure 7) is associated with the
change in slope on the force—deflection curve. phase corresponds to the redistribution of
forces from the cracked matrix towards the textdenforcement at each crack in the in-
tension area of the slab.



Figure 8 Behavior of reinforced and unreinforced slabs

3-1-2-2 Mechanical tests at variable PCM rate anmstant temperature

3-1-2-2-1 Global behavior

The results of the three-point bending tests imseof (force vs deflection) at a constant
temperature of 20°C on the 0, 5, 10, and 15wt% PURE-slabs are depicted kigure 9 (all
experimentally derived curves for three samplesgamh PCM-TRC configuration are also
presentedAppendix 1 at the end of the manuscripflhe main characteristics of the PCM—
TRC slabs during the three-point bending testsanemarised ifable 7.

—Reference TRC slab (3 samples)
+—5wt% PCM-TRC slab (3 samples)

Applied force (N)

Bending deflection (mm)

Figure 9 Bending test results on PCM-TRC slabs at diffeR@M rates (constant
temperature)



Unreinforced Reference 5wt% PCM- 10wt% PCM- | 15wt% PCM-
PCM-TRC slabs slab TRC slab TRC slab TRC slab TRC slab
Force at first crack (kN) 9.8+0.4 9.76x0.4 7.2+0.3 4.7+0.2 2.910.12
Force at failure (kN) 9.8+0.4 31.6+1.9 25+1.7 19.7+1.2 9.9+0.5
Deflection at failure (mm) 0.4+0.1 23.9+0.8 23.3+0.7 23.9+0.7 36.1+2.8
Textile exploitation ratio (%) / 82.125 72.98+3.0 48.38+2.3 27.88+1.9
Average crack spacing (cm) / 2.0£0.1 2.65%0.1 37+0 5.1+0.1

Table Performance characteristics of PCM-TRC slabs durgngding test

From the results presented kigure 9 and Table 7, it can be seen that the load-bearing
capacity of the slabs decreases with the increadeeiPCM rate.

By analysing the force—deflection curves in detaitan be deduced that

- The elastic phase | (phase IRigure 9) is characterised by a degradation in the mechanic
performance (force at first crack and bending rtg)dof the PCM-TRC slabs with the
increase in the PCM rate, in accordance wiéction 3-1-1 In fact, the mechanical
performance of the slabs in phase | is mainly ddpehon the mechanical performance of the
PCM-mortar matrices, which is degraded by the exirgg amount of PCM.

- In the textile contribution phase Il (phase lIFigure 9, which begins at the occurrence of
the first crack and ends at failure), the loadas$mitted progressively from the matrix to the
textile reinforcement at the occurrence of eacklcréi can be observed that the 0, 5, and 10
wt% PCM-TRC slabs exhibit almost identical deflens at failure whereas the 15wt%
PCM-TRC slab exhibits a greater deflection. This is explaingdtibe particular mode of
failure of the latter. In fact, the mode of ruptwethe 15wt% PCM-TRC slab is due to
inferior matrix-to-textile bond conditions that unckd textile slippage from the matrix leading
to larger deflections and a deeper compression Zbigeire 10). Conversely, the failure
modes of the 0, 5, and 10wt% PCM-TRC slabs occartdwa sudden compression crushing
of the matrix Figure 10).



Figure 10 Failure modes of PCM-TRC slabs in bending testoastant temperature

3-1-2-2-2 Local behaviour (LVDT sensors and crsgécing)

The graph of the (force vs longitudinal axial styaand (Tensile stress in the in-tension part
of the section of the slabs vs longitudinal stram)he mid-span area is illustratedkigure

11 (obtained by the LVDT sensor placed in the certaale of the in-tension facBection 2-
2-2-2-2.

—Reference TRC slab (3 samples)
_~—5wt% PCM-TRC slab (3 samples)

/ —10wt% PCM-TRC slab (3 samples
/ /—1bwt% PCM-TRC slab (3 samples

Applied force (N)

Y

Longitudinal strain  (mm/mm)

(@)




(b)
Figure 11 (a) Force vs longitudinal strain at mid-span (b) Tensitess in the in-tension part
of the section at mid-span

The curves are divided into two phases:
Phase Iwith high rigidity corresponding to the evolutiohthe strain of the uncracked matrix

Phase Il is characterised by a significantly lower rigidigorresponding to the strain
evolution of the in-tension face during the phade noatrix multicracking and the
matrix/textile load transfer at the occurrence aétecrack. For the 15 wt% PCM, a higher
strain at failure was observed, which can be ewrplhiby inferior matrix-to-textile bond
conditions that induced textile slippage from thatmx (Figure 10). The LVDT sensors
positioned in the in-tension face of the 15 wt% RAMRC slab measured the slip
displacement of the interlaminar layer upon theuo@nce of textile slippage, which explains
the higher strain at failure for the 15 wt% PCM-TRI&b in comparison with those of the 0O,
5, and 10 wt.% PCM-TRC slabs.

The textile slippage failure mode of the 15wt% PAMRE slab observed at the structural
element scale is also consistent with the textifgpage rupture observed at the composite
material scale in the tensile tests conducted byatithors [24, 32] on PCM-TRC composite
samples at a PCM rate of 15wt%.

Figure 12 presents the textile exploitation ratio (textilerkratio) defined by the ratie——
- /012340

(566 represents the slop of the tensile stress vansimathe phase Il of figure 11-b5; g4
represents the textile modulus taking into consitien the textile volume ratio)



Figure 12 Evolution of the textile exploitation ratio withCiM rate

The textile exploitation ratio (textile work ratidgcreases with the PCM raiféis indicates a
degradation in the intensity of the ‘matrix/textilateraction with the increase in the PCM
content (degradation of the textile effectiveness).

It can also be seen froffiable 7 and Figure 13that the average spacing between two
consecutive cracks increases with the increasén@énPtICM rate. In other words, the total
number of cracks decreases with the PCM contettieiiPCM—TRC slabs.

The average spacing between two consecutive craaksectly related to the intensity of the
matrix/textile interaction (more precisely, the mdtextile contact surface area) as the
appearance of a crack is synonymous to a matrikéestress transfer in the zone of crack
apparition. Consequently, the matrix/textile strieaasfer behavior increase with the increase
in the number of cracks.

According to the crack spacing resulf@able 7 and Figure 13) augmenting the PCM rate
has a negative effect on the matrix/textile lo@ahs$fer behavior. This confirms the analysis of
the slope of the tensile stress—longitudinal st@irves in phase lin Figure 11-b. More
clarifications on the effect of PCM on matrix/téetstress transfer behavior are provided in
Section 3-2



Figure 13 Average crack spacing in the in-tension face fOMPTRC slabs

3-1-2-3 Mechanical tests at variable temperatucecamstant PCM rate

Bending tests were conducted on 10wt% PCM-TRC dtabserved at temperatures of 20
and 40°C, respectively.

The 10wt% PCM-TRC slab was selected for this testibse it presents an optimum balance
between its mechanical properties and thermal peence.

The results of the three-point bending tests imseof (force vs deflection at mid-span and
force vs axial deformation in the in-tension fatehe& mid-span area) on 10wt% PCM-TRC
slabs maintained at 20°C and heated to 40°C aiietddpnFigures 14-a and 14-b.


















































