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Nomenclature 

Latin symbols Acronyms 

D Diameter (mm) B Bentonite 

m Mass (kg) C20/25 Class of concrete strength 

R Mechanical resistance (MPa) E-PCM Ecological-phase change material 

t  Time (mn) E-PCM-B Ecological-phase change material-Bentonite 

V Volume (L or m3) E-PCM-S Ecological-phase change material-Sepiolite 

H Latent heat (kJ/kg) E-PCM-SG Ecological-phase change material-Silica gel 

T Temperature (°C) FTIR Fourier transform infra-red 

Greek symbols LC-HEP Lightweight concrete with high energetic performances 

 Impregnation rate (%vol) Mp Melting point 

σ True class (MPa) PCM Phase change material 

ρ Density (kg/m3) S Sepiolite 

Index SG Silica gel 

28 after 28 days VF Vegetable fat 

t Total 

1. Introduction

In the context of energy savings, particularly in the buildings sector, a great amount of work has been 

devoted in recent years to the study of their envelopes. The main goal is, to summarize, to ensure thermal 

comfort at lower costs. Thermal inertia, thermal conductivity and effusivity [1-3], and mechanical 

properties, such as the compressive or flexural strength [4], of these walls are the most targeted aspects. 

The incorporation of phase change materials (PCMs) into these envelopes is a technique that allows to 

substantially increase their thermal inertia. The most commonly used PCMs in the building are paraffins 

[1, 5-6], fatty acids [7] and sometimes bioPCMs such as vegetable fats [8]. The incorporation ways vary 

between direct immersion or in the form of plates [9], micro-encapsulation [10-13] or macro-encapsulation 

by means of an intermediate matrix [4, 7, 14].  

The advantage of this technique is to reduce the weight and thickness of concrete envelopes, without 

reducing their thermal inertia. The remaining question is that of the mechanical properties. It is necessary 

to determine the PCM addition limit which maintains a minimum resistance. 

In 2004, Zhang et al. [14] produced thermal energy storage concrete by adding a composite PCM called 

TESA butyl stearate confined in expanded shale or expanded clay. Cabesa et al. [12] studied in 2007, via 

test cells, the thermal aspects of an innovative concrete integrating a paraffinic PCM (Micronal of BASF). 

In 2015, Memon et al. [4] developed light-weight concrete with high thermal energy storage capacity by 

mixing paraffin-impregnated expanded clay macro-capsules into concrete. Even if they show that in their 

case, the compressive strength is greater than 15 MPa, they underline the importance of checking this aspect 

because the mechanical performances fall systematically with the addition of PCM. Our study traces the 

procedure that we followed to produce lightweigth and durable concrete with high energetic performance 

(LC-HEP). To add them to ordinary concrete, we chose a low costs PCM (copra oil) and several mineral 

matrixes: silica gel (SG), sepiolite (S) and bentonite (B). 
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2. Experimental

2.1. Materials 

Aggregates used have a diameter in the range 0-16mm. The cement is a Portland limestone cement NA442 

CEM II / B-L 42.5 N certified, compliant with the Algerian (NA442 - 2013) and European (EN 197-1) 

standards, with a true class σ ≥ 42.5 MPa. The mineral matrixes are silica gel (SG), sepiolite (S) and 

bentonite (B). PCM is copra oil, named VF23-26 (Mp = 23-26 °C, H ≈ 85 kJ/kg). Before the impregnation 

operations, some precautions are observed: 

• Water washing of aggregates and mineral matrixes;

• Drying at 105 ° C for 24 hours;

• Matrix protection against humidity absorption;

• Physical filtering of PCM in liquid form and storage.

2.2. Elaboration 

2.2.1.  Impregnations 

Thanks to two specific setups (Figures 1.a, 2-3), the matrixes 

(SG, S and B) are abundantly impregnated with PCM (VF 23-

26) and then drained and spread on an absorbent paper (Figure

1.c) for 24h. They are placed in an oven at 50°C to remove

unabsorbed PCM (Figure 1.d). The average absorption rates for

each type of matrix are determined with a precision scale

("OHAUS", Pioneer TM model PA64, uncertainty: 10-4 g). The

PCMs are kept in the liquid state via thermostatic baths

(certified ISO-9001, "LABTECH", model LCB-11D). Fine

mesh aluminum filters serve as a container for the samples

(Figure 1.b).

Two types of impregnations are tested on samples of 10g for

each matrix with heterogeneous shapes and dimensions, the

first under atmospheric pressure and the second under vacuum. 

The impregnation rate at atmospheric pressure is measured after 

10, 20, 30, 60, 120 and 240 mn and for temperatures of the PCM of 40 then 60 and finally 80°C (setups in 

figures 2 and 3). 

For vacuum impregnation, samples with diameters between 0.1 and 6 mm are placed in an Erlenmeyer 

flask, and the VF23-26 at 60°C is poured over a period of 30, 60 or 90 mn using a graduated burette 

equipped with a control valve. A hot plate with stirrer maintains the temperature at the desired level 

throughout the impregnation period. The flask is connected to a -0.8 MPa vacuum pump, which corresponds 

to 80% vacuum. The mineral supports are pre-vacuumed during 30, 60 and 90 mn before the impregnation 

and the vacuum is maintained during the operation.  

The percentage  (wt %) of PCM retained by the matrixes is :  (WE-PCM – Wmatrix)  100 / Wmatrix 

   Figure 2. Impregnation under vacuum setup    Figure 3. Impregnation at atmospheric pressure setup

Figure 1. a : Impregnations apparatus. b : Aluminum 

filters. c : Drying of impregnated samples. d : Drying of 

the impregnated samples in a stove. 
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2.2.2. Scenarios of addition and mechanical tests 

2.2.2.1. Elaboration of the ordinary concretes 

Table 1.  Mass and volume composition of ordinary concretes used

The practical and simplified method 

of "Dreux-Gorisse" is used to 

establish the composition formula of 

concrete. (Table 1). 

2.2.2.2. Standards and criteria of resistance 

For cubic samples and for a cement dosage of 400 kg/m3, the maximum characteristic resistance in 

compression at 28 days is capped at 25 MPa according to the French standard DTU 21 -NF P18-201, and 

from 20 to 25 MPa according to the DTR BE 2.1 standard in Algeria. For prefabricated reinforced concrete 

or prestressed concrete products, the European standard NF EN 13369, § 4.2.2.1 stipulates that the 

minimum class of concrete strength must be equal to C20/25 in the case of prefabricated reinforced concrete 

products. Indeed, the French center of studies and research of the concrete industry (CERIB) recommends 

a mechanical strength of 25 MPa for non-prestressed reinforced concrete walls. 

For our work, taking into account Algerian, European and French standards, and technical documents, and 

considering the non-structural field of application of concrete as well as the nature and dimensions of our 

samples, we opted for the formulation of a class C20/25 concrete. Concretely, it means that in the case of 

the use of rectangular samples, the compressive strength R28 must be equal to 25 MPa. 

In our case, there is an added PCM which reduces the mechanical resistance. The identification of a 

minimum threshold of resistance is so necessary. According to the D.T.R.B.C. 2-41 (BCA 93), which states 

that the minimum characteristic resistance of reinforced concrete R28 should be 15 MPa, and with respect 

with the physical-mechanical characteristics of the masonry components contained in Annex II of D.T.R. 

C 2.45, the minimum acceptable compressive strength we are targeting will be 15 MPa. 

2.2.2.3. Additions and mechanical tests 

Additions of E-PCM are made in two ways: by substituting a 

volume of concrete or one of the constituent elements of the 

concrete (sand or gravel). The E-PCMs, obtained by soaking 

the three matrixes (SG, S and B) in the PCM for 30 min at 60°C, 

are added to the concrete in dosages of 15%vol, 20%vol, 25%vol, 

30%vol and 50%vol of the total sample volume (Figure 4.a, b, c). 

Before starting the blending, steel moulds are prepared and 

greased, and the aggregates washed and drayed at 105°C for 24 

hours. The mixing is done by hand. Once filled, the moulds 

are passed to the vibration table for 20 seconds.  

To determine the average value of resistance, three 

standardized tests were done on three samples of LC-HEP 

containing the same quantity of E-PCM. The concrete samples 

are poured into squared section moulds, a 10 cm cube for 

compression and a 7 x 7 x 28 cm3 prism for flexion (Figure 4-d, 

e), and held for 24h at T = 20 ± 5 °C before being demolded at 

28 days. They are stored in a water tank at T = 20 ± 2 °C and 

then dried at room temperature for 24 hours before the crushing 

test. The test samples are then loaded to failure with two 

electromechanical machines for compression and flexural 

testing (Autotest of International ELE and Elib-200W of 

IBERTEST, shown in Figure 5). The resistance measurements 

being carried out according to standard NF EN 12390-3.  

Sand 
Gravel 

3/8 

Gravel 

8/16 
Water Cement 

V (L/ m3 of concrete) 233.55 85.68 371.75 200 129.03 

m (kg/m3 of concrete) 623 228 991 200 400 

Figure 5. Machines used for mechanical tests:  

a: compression and b: bending 

Figure 4. LC-HEP with addition of a: sepiolite (S),  

b: silica gel (GS) and c: bentonite (B). Samples for:          

d: compression and e: flexion mechanical tests.   

a 

b 
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2.2.2.4. Chemical stability analysis by FTIR 

We performed infrared spectroscopy analysis using the Perkin Elmer model L1600107 to reveal potential 

specific interactions in our PCMs composite samples. 

3. Results and discussion

3.1. Impregnations 

Figure 6. Impregnation rate under normal conditions, as a function of time and temperature 

On these histograms (figure 6), we can deduce the following results: 

- At 40°C, the maximum impregnation rate is reached after 120 min for silica gel and bentonite with

77.40 wt% and 20.20 wt% respectively, and after 240 min for sepiolite with 35.90 wt%.

- At 60°C, it is 60 min for silica gel at 89.60 wt%, 20 min for sepiolite at 48.20 wt% and 120 min for

bentonite at 20.30 wt%.

- At 80°C, the maximum impregnation rate for silica gel and sepiolite is reached after 240 min at 83.50

wt% and 45 wt% respectively, and 60 min for bentonite at 22.20 wt%.

- The highest impregnation rates are recorded at 60°C with silica gel and sepiolite (89.60 wt% and 48.20

wt%) and at 80°C with bentonite (22.20 wt%).

- The low impregnation rates at 40°C and 80°C are due to the still viscous and not sufficiently liquid form

of coconut oil at 40°C; conversely, the oil is too fluid at 80°C which facilitates its release after loading

into the dies.

We redid these measurements using the vacuum technique and reducing the grain size. The results show 

that the differences with the previous case come mainly from the reduction of the grain size. In powder 

form (0>D≥0.1), the impregnation rates reach, at 60°C, 126.8 wt% for silica gel and 57 wt% for sepiolite. 

Figure 10 shows that impregnation rates decrease as grain diameters increase. The vacuum created at the 

time of the matrix-PCM mixture has a slight influence on the loading rate in the matrixes; it is not necessary 

before adding MCP.  

Figure 7. Vacuum impregnation rate, as a function of time and grain diameter 
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3.1.1. Scenarios of addition and mechanical tests 

 Table 2. Rate of addition of PCMs (v) and mechanical resistances of the LC-HEP 

Sample 
Compression 

(MPa) 

Flexion 

(MPa) 

 PCM  

(v) 

(A) 

Substitution 

of gravel 

SG20-A 6.61 2.01 11.57 

SG30-A 5.13 1.83 17.28 

S20-A 8.51 2.28 10.42 

S30-A 7.76 2.13 15.57 

(B) 

Substitution 

of sand 

SG15-B 9.79 2.26 8.71 

SG25-B 6.07 1.57 14.42 

S15-B 16.77 2.57 7.71 

S25-B 10.52 1.94 12.85 

(C) 

Simple 

addition 

SG20-C 6.73 1.34 11.57 

SG30-C 1.72 0.84 17.28 

B20-C 5.95 1.43 3.85 

B30-C 4.22 1.07 5.71 

S20-C 12.31 2.13 10.42 

S30-C 7.80 2.20 15.57 

Figure 9. Rate fo addition of PCMs (Vt) and mechanical resistances of the LC-HEP 

In the case of replacing the sand with the E-PCM, the more appropriate technique because of the particle 

size similarity (shape and size) between the grains of silica gel (SG), sepiolite (S), bentonite (B) and those 

of the sand, the incorporation rates are naturally limited to 25%vol. 

Table 2 and Figure 9 show pure PCM integration rates in composite concrete. They finally show that the 

only mixture that meets the mechanical strength criterion is the 15%vol E-PCM-S. It is a concrete in which 

sand was replaced by the same volume of sepiolite in a proportion of 15%vol of the total volume, the 

sepiolite being impregnated to 3.07% (relative to the total mass of the sample). 

3.2. Chemical stability analysis 

The figures 6-8 represent the infrared absorption spectra of PCM (GV 23-26), pure matrices: silica gel 

(SG), bentonite (B) and sepiolite (S), as well as the resulting E-PCMs: E -PCM-SG, E-PCM-B and E-PCM-

S. 

The spectra of our different E-PCMs show no new peak, which allows to conclude the absence of 

chemical interaction; thus the mixtures are purely physical. 

Figure 8. Addition of : a : E-PCM-SG,  b : E-PCM-S 

and c : E-PCM-B, mixing and filling the molds 

Figure 10. FT-IR spectrum of E-PCM-SG Figure 11. FT-IR spectrum of E-PCM-B Figure 12. FT-IR spectrum of E-PCM-S 
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4. Conclusions

Our experimental work allowed defining the impregnation technique, the temperature, the periods and the 

ideal diameters for an optimal impregnation in PCM of the matrices. The most suitable and effective 

technique is direct impregnation under normal conditions and at a temperature of 60°C for coconut oil. Use 

of special set-up for vacuum impregnation is not justified. The size of the grains has a considerable 

influence on the loading rate of the matrixes: the finer the grains, the greater the impregnation rate. Silica 

gel has the highest loading rate of PCM, then sepiolite and finally bentonite, with an inconclusive 

impregnation rate. The FT-IR analysis of the composites has shown that they are all chemically stable. 

Mechanical tests have shown that the matrixes with the best absorption potential have the lowest 

mechanical resistance. The only mixture that meets the mechanical strength criterion is 15%vol E-PCM-S.  
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