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Abstract
In this paper, rubber waste is added to plaster-based composite to produce an alternative construction material. The main goal 
of this study is to investigate the effectiveness of using shredded rubber waste as aggregates in plaster mortar for improving 
its insulating aspect potential. This composite is obtained by mixing dune sand, plaster, rubber particles, and water. The 
rubber aggregates are incorporated in mixes as a partial replacement by volume of some parts of sand. Unit weight, capillary 
absorption of water, mechanical, and thermal-related properties are evaluated and compared according to the percentage of 
rubber in the mix. The results obtained showed that the addition of rubber will modify the properties of the mortar. Even 
though the mechanical strength is decreased with the increase of rubber content, it should be mentioned that rubber par-
ticles could significantly reduce the weight the material, decrease the rate of water absorption, and improve the insulation 
aspect of the composite. It can be noted that, below 50% of rubber, modeling by auto-coherent homogenization confirms 
the experimental results of thermal conductivity. Finally, it should be noted that recycling of rubber waste can produce an 
alternative eco-friendly material.
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Introduction

Recently, studies in construction material sectors are ori-
ented toward the production of eco-friendly materials to 
reduce the environmental impacts of classic materials and 
create a sustainable product. The use of these materials in 
construction can reduce the use of non-renewable natural 
sources, minimize pollutant emissions, and enhance energy 
recovery [1]. Moreover, lightweight materials are commonly 
used in buildings for non structural elements such as wall 
surface finishing and decorating elements, so the materials 
will be used for these purposes which do not require highly 
strengths. Therefore, other properties have priority for these 
applications such as low density, high porosity, and low ther-
mal conductivity. The main reason for the use of such mate-
rials is to improve thermal insulation efficiency and reduce 

the implementation energy [2]. Although, it is stated that 
more of 30% of total final energy use is consumed in build-
ings. Actually, in European Union the newest strategies are 
consisted to improve the thermal envelope performance in 
buildings by increasing of insulation aspect potential. This 
measure is the most effective procedure to drastically mini-
mize the energy used for heating/coaling in extreme weather 
conditions [3, 4].

Plaster-based materials are considered as porous media 
with disordered structures composed mainly of entangled 
gypsum crystal. The interaction of entanglement with inter-
crystal-line creates certain cohesion for hardened plaster [2]. 
This specific structure even offers other attractive advan-
tages, such its acoustic/thermal insulation and fire resistance 
[5]. Many additives are used by researchers to lighten the 
plaster-based composites and improve its thermal perfor-
mance, including date palm fibers [6], expended polystyrene 
[2, 7], and end-of-life tires derived waste [8]. In these inves-
tigations, authors have stated that the mechanical properties 
of the studied materials are decreased due to the incorpo-
rated elements, while the thermal-related characteristics are 
improved.

 * Abdelaziz Meddah 
 abdelaziz.meddah@univ-msila.dz

1 Civil Engineering Department, LMMS, University of M’sila, 
P.O. Box 166, 28000 Ichbilia, Msila, Algeria

2 Civil Engineering Department, SRML, University 
A. Laghouat, Laghouat, Algeria

http://orcid.org/0000-0002-6855-5331
http://crossmark.crossref.org/dialog/?doi=10.1007/s41062-020-00311-0&domain=pdf


 Innovative Infrastructure Solutions            (2020) 5:61 

1 3

   61  Page 2 of 9

Since civil engineering structures consume a huge 
volume of natural aggregates, indeed, it is very useful to 
incorporate industrial wastes, such rubber, in construction 
material industry, so this procedure can help in reducing the 
environment impacts of such type of waste and rationalizing 
the use of natural aggregates which are very rare or very 
expensive in certain regions.

Rubber waste material is pollutant, not biodegradable, 
and may create an enabling environment for breeding rats, 
vermin, and mosquitoes [9, 10]. Rubber-derived wastes can 
be used in various civil engineering applications due to their 
advantages. It exhibits high resilience and ductility as well 
as a very good impermeability. Rubber waste could be used 
in concrete/mortar composites as aggregates [11, 12] and 
reinforcements for geotechnical purposes [13]. Baluanini 
et al. [14] have stated that rubber material may be used in 
civil engineering for filling, draining, and insulating. Addi-
tionally, the incorporation of rubber waste in construction 
materials helps to consume huge quantities of such type of 
industrial waste and creates an eco-friendly material.

In this investigation, dune sand, rubber waste, and plaster 
as binder are mixed to obtain a new composite. The main 
goal of this work consists of improving the insulation aspect 
of a plaster mortar to use it as construction material in the 
south of Algeria which is characterized by high tempera-
tures, especially in summer. The novelty of this approach lies 
in recycling rubber waste and valorizing local dune sands 
that are available in huge quantities in this region. Environ-
mentally, the study aims to create a new alternative applica-
tion for the management of rubber waste.

Materials

The used plaster is from OASIS_PLATREDE_GHARDIA 
Factory, Algeria. Its chemical composition is presented 
in Table 1 and Fig. 1. This plaster is composed mainly of 
96% of calcium sulfate dihydrate  (CaSO4,  2H2O) and clas-
sified into Class I in accordance with the recommendation 
of CNERIB [15]. Otherwise, this plaster is considered as 
coarse plaster according to NFB 12-301, because the per-
centage of plaster retained by the sieve of 0.8 mm (6.9%) 
is comprised between 5 and 20%. Dune sand of 0.63 mm 
maximum diameter and 2596 kg/m3 of specific density 
are used for all mixes. The physical properties of sand are 
summarized in Table 2 and show that it is very clean sand. 
Its grain size distribution is shown in Fig. 2. Shredded 
rubber aggregates of 1114 kg/m3 of density, provided by 

SAEL factory (SOCIETÉ ALGÉRIENNE DES ELASTO-
MÈRES), are used in this study. The general aspect of the 
used rubber is shown in Fig. 3, while its granulometric 

Table 1  Chemical composition 
of plaster

Element SiO2 AlO3 Fe2O3 Cao MgO SO2 Na2O KO Cl LOI

% 0.7 0.1 0.08 36.15 0.53 52.95 0.09 0.03 0.002 5.59

CaSO4, 1/2H2O

CaSO4, 1/2H2O

CaSO4, 1/2H2O
CaSO4, 1/2H2O

CaSO4, 1/2H2O

CaSO4, 1/2H2O

Fig. 1  X-ray diffractogram of plaster

Table 2  Physical properties of materials used

Properties Sand Plaster Rubber

Apparent density (kg/m3) 1428 ± 14 823 ± 4 1114 ± 14
Specific density(kg/m3) 2596 ± 26 2521 ± 5 491 ± 26
Compactly (%) 55 ± 0.1 32 ± 0.5 44.19 ± 0.1
Porosity (%) 45 ± 0.5 68 ± 0.5 55.8 ± 0.01
Sand equivalent (%) 86 ± 0.5 – –
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Fig. 2  Particle-size distribution curve of rubber and sand
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curve distribution is shown in Fig. 2. Air lime is used in 
this study as a setting retarder for the plaster, because it is 
susceptible to decrease its solubility and increase its time 
of use. It should be noted that the mechanical of plaster-
based properties will not be affected by adding the lime as 
reported in many studies [2, 6].    

Procedure

To assess the effect of rubber addition on the performance 
of plaster mortar, six mixes are prepared with different rub-
ber contents: 0, 10, 20, 30, 40, and 50%. The formulation of 
plaster mortar is carried out according to Algerian guide-
line recommended by CNERIB (National Centre of Studies 
and Researchers in Building) [15]. Water-to-plaster ratio 
(W/P) is fixed at 0.6. According to the recommendation of 
CNERIB [15], the use of a plaster/sand (P/S) ratio more than 
0.5 can negatively affect the mechanical properties of the 
final product. Hence, P/S is taken equal to 0.5. The rubber 
aggregates are incorporated in the plaster matrix by partial 
substitution of dune sand with percentages varying from 
10 to 50%. A control sample is elaborated for comparison 
purposes.

Prismatic specimens of 40 × 40 × 160  mm3 are used for 
mechanical characterization, according to EN 13279-2 
standards [16]. The absorption rate is determined on cores 
(ϕ = 100 mm) as per ASTM C1585 [17]. The molds are filled 
on three layers without vibration. All test specimens are 
cured at a temperature of 20 ± 1 °C and a relative humidity 
of 45 ± 1% for 28 days. For all tests, the arithmetic mean of 
three values is taken. To obtain a homogenous distribution 
of rubber into the mix, reduce the variability of samples, 
and surpass the problem segregation of lightweight aggre-
gates, the different ingredients are mixed according to the 
method adopted by Laoubi et al. [2]. The procedure is started 
by mixing plaster, rubber, and sand at dry state for 30 s. 
Besides, water is added, and then, the ingredients are mixed 
at high speed for 30 s.

The thermal properties are measured using the TPS 
technique (transient plane source). The used test consists 
in placing, in sandwich, a TPS—probe between two parts 
of samples and connects it to an electrical circuit, as shown 
in Fig. 4. The variation of the resistance ΔU between the 
bounds of a Wheatstone bridge provides an access to the 
potential difference ΔE(t) across the TPS element. Conse-
quently, a relationship between ΔE(t) and the temperature 
variation in the TPS component can be established. Since 
the latter is a function of both thermal diffusivity and con-
ductivity, a suitable mathematical processing allows access 
also to the heat capacity.

Results and discussion

Structural aspect

Figure 5 shows how the ground rubber is distributed in the 
matrix obtaining, thus, in most of the cases; the material 
appears compact and relatively homogeneous. The rubber 
grains seem to be well distributed in the material which 
reduces the risk of segregation inside the material.

Fig. 3  Aspect of rubber used

Fig. 4  Measurement of the 
thermal properties
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Physical properties

The variation of density according to the percentage of rub-
ber is shown in Fig. 6. It can be noted that the density of mix 
decreases when the rubber content is increased due the low 
unit weight of rubber in comparison with the sand substi-
tuted. The density is decreased by 9% when rubber is added 
at rate of 40%. For mix contained 50% of rubber replace-
ment, it is observed that the density drastically decreased 
(about of 21% in comparison with control mix). Thus, it 
can be explained by air entrapped with rubber; it is observed 
during experiments that rubber highly reduces the malleabil-
ity for this rate of replacement which renders the consolida-
tion of mix more difficult and, consequently, amplifies the 
volume of voids. Plus, the irregularity decrease observed in 
density, with the increase of rubber content, is may be due 
the relatively heterogeneity of rubber waste.

The variation of rate of absorption of water by capillary is 
evaluated and compared according to the rubber content in 
the mix and the results obtained are shown in Fig. 7. It can 
be noted that the partial replacement of sand by rubber con-
siderably decreases the rate of absorption; in fact, the lower 
absorption ratio of rubber material, in comparison with 
sand, is responsible for this reduction. Therefore, Benaz-
zouk et al. [18] have reported that rubber particles create 
closed porosity zones, in which water cannot be penetrated. 
Other researchers [10, 19] have indicated that rubber reduces 
the effective area traversed by water, which decreases the 
absorption rate of rubberized composites. Conversely, some 
researchers [20–23] have indicated the opposite, rubber 
aggregates which increase the rate of absorption. They jus-
tified this increase by the irregular shape of rubber and the 
supplementary porosity induced by entrapped air. This vari-
ability of results reported in literature in term of absorption 
for rubberized cement-based materials may be explained by 

Fig. 5  Visualization of the 
distribution of rubber grains in 
the plaster matrix
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the high diversity of rubber aggregates used, the specificity 
of material, and the test used for quantify this property.

Mechanical properties

Compressive and flexural strengths obtained on rubberized 
plaster mortar are shown in Figs. 8 and 9, respectively. It 
can be noted that the compressive and flexural strengths are 
negatively affected by the incorporation of rubber which 
indicates that rubber decreases the kinetics of strength 
development. The results are in agreement with all the 
investigations reported in the literature [9, 24–26]. Indeed, 
the losses of strengths in the cases of cement/plaster-based 
materials caused by the use of rubber are commonly jus-
tified by the lower stiffness of rubber material compared 
to that of sand [27], the reduction in the amount of solid 
load-carrying material [28], the concentration of stresses 
at the boundaries of rubber aggregates [28], and the low 
adhesion between rubber particles and the cement paste [29, 
30]. In fact, with increased loading, the failure mechanism 
starts by disintegrating of rubber from the matrix due to the 
relatively poor interfacial adhesion. Moreover, it should be 
noted that for rubberized specimens, the failure mode of 

the specimens under compressive/flexural loading did not 
exhibit the typical brittle failure as in the case of mineral 
aggregates. Therefore, with the presence of rubber, the fail-
ure seems to be more gradual and compressible (Fig. 10), 
which s indicates the high energy absorption capacity of 
rubberized composites [8, 31].

Thermal properties

To quantify the effect of rubber on the potential of heat 
transfer, the thermal conductivity coefficient is evaluated 
for each rubber contents. It should be noted that a regu-
lar decrease of thermal conductivity is observed with the 
rubber content increase in the composite. As indicated in 
Fig. 11, the thermal conductivity decreased from 0.615 
to 0.296 W m−1 k−1 when rubber replacement is changed 
from 0 to 50%, which represented a loss of 52% (in com-
parison with control mix). The decrease of thermal con-
ductivity of rubberized plaster concrete may be justified 
by the fact that rubber possessed lower thermal conduc-
tivity than dune sand. In this sense, several researchers 
have used this argument to explain the decrease of thermal 
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conductivity of rubberized plaster/concrete based materi-
als. Furthermore, other researchers have also attributed 
this behavior to the air entrapped by rubber aggregates, 
which creates closed porosity zones and, consequently, 
increases the insulation aspect of the material. The 
obtained values are consistent with those of the literature. 
In the same vein, Rivero et al. [31] and Herrero et al. [8] 
have stated the same observation in the case of the addi-
tion of rubber obtained from pipe and end-of-life tires to 
the gypsum composite.

The relationship between the thermal conductivity of 
the composite and its density is plotted in Fig. 12. It is 
observed that the thermal conductivity of the compos-
ite decreases with the decrease of its density. Thus, this 
finding confirms the argument mentioned above which 
indicates that the lightening of the composite with rubber 
helps to improve the thermal insulation aspect. Plus, these 
obtained results are in agreement with several works of 
literature in which several additives are mixed with plaster/
concrete composites [2, 7].

Figure 13 shows the evolution of specific heat accord-
ing to the percentage of rubber in the mix. When rubber 
content increased, there is a regular increase in the specific 
heat. The obtained results are in agreement with that stated 
in the literature. Therefore, it is usually reported that when 
adding lightweight additives such as vegetal/synthetic fib-
ers and/or wastes to plaster composites, the specific heat 
is increased [1, 32].

The relationship between the thermal diffusivity and 
rubber content is also shown in Fig. 13. As for the thermal 
conductivity, the incorporation of rubber in the plaster 
mortar decreases its thermal diffusivity. For mix contained 
about of 50% of rubber, the thermal diffusivity decreases 
by 88.6% (in comparison with the control mix). The same 
argument used to justify the decrease of thermal conduc-
tivity is still valid for thermal diffusivity. These obtained 

results are in good agreement with those of the literature 
[8, 31].

• Modeling of thermal conductivity by auto-coherent 
homogenization

The auto-coherent homogenization modeling consists of 
estimating the thermal conductivity coefficient for a com-
posite material. The principle of this method is based on the 
transition from thermal conductivity and volume concentra-
tion of each component to the biggest scale, in which an 
equivalent thermal conductivity of composite is expressed. 
The implementation of auto-coherent homogenization 
requires two conditions, the separation of scale and the exist-
ence of a generic pattern. Furthermore, for this method, it is 
assumed that the energy is conserved between the heteroge-
neous medium and the composite will be homogenized if it 
is submitted to the same boundary conditions [1, 33]. In this 
context, the generic motif is composed of three components 
as mentioned in Fig. 14. In fact, the first constituent (air) 
is modeled by a sphere of radius R1, thermal conductivity 
λ1, and density ρ1. The second constituent is represented 
by a spherical cell of rubber with the characteristic (R2, λ2, 
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and ρ2). Air and rubber are enveloped by a third sphere (R3, 
λ3, and ρ3) which represents the solid matrix (plaster and 
sand). This approach requires the knowledge of volume frac-
tions and thermal conductivities of both rubber particles and 
matrix. The volume fractions are directly calculated from 
the mass of each component [33]. The equivalent thermal 
conductivity (λeq) for the composite is then calculated by 
this expression (Eq. 1):

where ρm and λm represent, respectively, the density and 
the thermal conductivity of matrix, ρr and λr density and 
thermal conductivity of the rubber, λa thermal conductivity 
of the ambient air at (20 °C), mr and mm masses of rub-
ber and matrix in formulation, respectively, and θ and δ 
were defined to make it possible to characterize the volume 
concentrations.

The results obtained by auto-coherent modeling, for the 
composites studied, are given and compared with the experi-
mental results, as shown in Fig. 15. It clearly can be seen 
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that the theoretical values are very close to experimental 
data with relative change less than 1%, for mixes contain-
ing less than 20% of rubber. For the mixes containing 30 
and 40%, the relative change between the theoretical and 
experimental measurements is less than 7%, while for the 
mix prepared with 50% of rubber, it is observed that relative 
change is more than 40%. The variability and dispersion of 
results between the experimentation and modeling for mixes 
containing relatively high volume of rubber can be justified 
by the density of rubber aggregates itself. It is assumed that 
it is homogeneous material, but, in reality, it is not the case, 
since, in practice, rubber waste is constituted from differ-
ent sources. Moreover, it should important to mention that 
during experiments, it is that the malleability of composite 
at fresh state was highly affected for the mix contained 50% 
of rubber which created more voids in the composite and, 
consequently, increased the porosity.

Conclusion

This study was undertaken to characterize the mechanical 
and thermal properties of a new plaster mortar composite. 
Rubber was added to plaster mortar with different concentra-
tions. Based on the experimental results, these conclusions 
can be drawn:

• The unit weight of the composite is decreased with the 
increase of rubber content in the mix. Therefore, rub-
berized plaster mortar can be considered as lightweight 
material according to ACI 213R-87.

• The incorporation of rubber reduces the rate of capillary 
absorption of the composite due to the non absorbent 
aspect of rubber material. Thus, it can help to improve 
its durability.

• The compressive and flexural strengths of the compos-
ite are decreased with the increase of rubber content. 
Despite this reduction in term of strength, it can be noted 
that is always possible to use this material in buildings 
for non structural elements which do not require high 
strength.

• The addition of rubber-to-sand plaster composites 
improved its thermal insulating potential which is advan-
tageous for both prevent heat transfer and saving energy 
in buildings. It has been proved that both thermal con-
ductivity and diffusivity are decreased, while the heat 
flow increased as the rubber content is increased in the 
composite.

• Modeling by auto-coherent homogenization seems to 
be very effective to estimate the thermal conductivity of 
plaster rubber-based mortar, provided that the proportion 
of rubber does not reach 50%.
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In addition to that, according to Algerian specifications 
standard (DTR C3.2), this composite can be used to produce 
precast plaster panels and wall surface finishing. Finally, to 
make these results applicable, it is recommended to produce 
experimental precast panels with rubberized plaster sand 
composites.
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