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Abstract 

This research evaluates the physical and mechanical properties of particulate composites, produced from geopolymer 

paste with the incorporation of different organic type wastes as expanded polystyrene (EP), corkwood (CK), tire rubber 

(RB); in percentages by volume of 2, 4, and 6%. Metakaolin was used as a precursor of the geopolymer produced by 

alkali activation from NaOH and sodium silicate. The geopolymer composites were cured at room temperature. 

Properties as density, porosity, absorption, compressive strength, thermal conductivity, and acoustic behavior were 

evaluated. As complementary techniques, light and scanning electron microscopy were used. It was observed that the 

high alkalinity of the geopolymer mixture causes deterioration of the CK particles. Composites with the incorporation 

of 4% of the EP and RB particles reported compressive strength of 32 and 45 MPa at 28 days, and apparent density of 

1853 and 1922 kg/m3, respectively, which represents a reduction of 6.08% and 2.58% in comparison to the GP 

reference. The thermal conductivity for composites with 4% of EP and RB was 0.316 and 0.344 W/m.K and the sound 

absorption coefficient was evaluated at frequencies of 500 Hz, 0.70, and 0.50 respectively. The evaluated performance 

properties show the feasibility of using 4% of EP and RB for the manufacture of geopolymer composites for 

applications in thermal and sound insulating panels. 

Keywords: corkwood, expanded polystyrene, geopolymer, rubber wastes, thermoacoustic insulator. 
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Resumen 

Esta investigación evalúa las propiedades físicas, mecánicas y termoacústicas de materiales compuestos particulados 

de matriz geopolimérica con incorporación de partículas orgánicas proveniente de residuos como poliestireno 

expandido (EP), madera (CK) y residuos de llantas (RB), en porcentajes de 2, 4 y % en volumen. Metakaolin fue usado 

como precursor del geopolímero producido por activación con NaOH y silicato de sodio. Los materiales fueron 

obtenidos a temperatura ambiente. Propiedades como densidad, porosidad, absorción, resistencia a la compresión, y 

medidas de conductividad térmica y propiedades acústicas fueron evaluadas en los compuestos desarrollados. 

Complementariamente fueron realizadas observaciones en microscopio óptico y electrónico. Los resultados mostraron 

que la alta alcalinidad de la matriz geopolimérica deteriora las partículas de CK. Para los materiales compuestos con 

incorporación de EP y RB en 4%, reportaron resistencia a la compresión de 32 y 45 MPa a 28 días, y densidades de 

1853 y 1922 kg/m3 respectivamente, lo cual representa una reducción de 6,08% y 2,58% en comparación a la matriz 

de referencia. La conductividad térmica de los compuestos con 4% de EP y RB fue de 0,314 y 0,344 W/m.K, y el 

coeficiente de absorción acústica a frecuencia de 500 Hz fue de 0,7 y 0,5 respectivamente. Las propiedades de 

desempeño evaluadas mostraron la facilidad de usar 4% de EP y RB para la manufactura de materiales compuestos 

para aplicaciones como paneles de aislamiento térmico y acústico. 

Palabras clave: aislamiento termoacústico, geopolímero, madera, poliestireno expandido, residuos de caucho. 

1. Introduction 

Lightweight Portland cement concretes have been 

gaining a position in the last decade due to their 

functional advantages such as a greater capacity 

for thermal and acoustic insulation, and low 

density, notable advantages compared to 

conventional concrete (1–3) In concrete-based 

constructions, the self-weight of the structure 

represents a significant proportion of the total 

load, using concrete with a lower density would 

reduce dead loads, and allowing faster 

construction system, and low costs due to 

transport. These materials can be produced by 

incorporating lightweight aggregates or air 

bubbles into the cementitious matrix.  

Traditionally expanded clays such as perlite or 

vermiculite have been used for the production of 

lightweight concrete, however, the use of these 

involves high energy consumption, because high 

temperatures are required in their production 

process (4,5) Other alternative materials have been 

investigated to providing better living comfort, 

allow reducing the environmental impact 

generated by the use of traditional materials (6–8). 

The alternative materials including corkwood 

particles (CK), tire rubber waste (RB), and 

expanded polystyrene (EP) waste have been used 

as aggregates for concrete because they provide 

good acoustic insulation properties (6,9). Corkwood 

chipboard has a noise reduction coefficient 

(NRC) of 0.4, expanded polystyrene and recycled 

rubber chipboard a NRC of 0.5, and the 

traditionally used polyurethane of 0.68 (10). In this 

sense, (11) evaluated the effect of polystyrene 

foams on Portland cement concretes obtaining 

concretes with low density (150–170 kg/m3) and 

low thermal conductivity (0.06–0.064 W/mK).  

Corkwood has been used in the manufacture of 

expanded agglomerated composites, which have 

been molded at a temperature between 250-300 

°C with pressure, allowing the obtaining of panels 

and plates with the potential to be used in rail 

transport (12). Tire rubber waste is a material that, 

due to its low compressibility and large volume, 

presents problems to be deposited, these materials 

have traditionally been used in the manufacture of 

asphalt mixtures and Portland cement mixtures 
(13). Followed, (14) evaluated the properties of 

lightweight Portland cement mortars using EP 

particles (0.8% and 1.6%) used as a coating on 

walls and ceilings; although they observed 

reductions in compressive strength, the values 

were in the range specified for covering mortars 

(5 and 13 MPa), and additionally, the thermal 

conductivity decreased by 47% compared to a 

commercial mixture. 
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In Colombia, during the years 2013 - 2017, 

around 6.500.000 tons of tire wastes were 

collected from 177 collection sites located in 

different cities (15). In the case of EP, in the United 

States, it is reported that the recycling capacity is 

around 28%, while in Colombia the recycling of 

EP is minimal, it does not go beyond initiatives 

and research from different universities (16), 

although the government has legislated through 

the (17), to reduce the production and consumption 

of single-use plastic to the minimum possible in 

the national territory.  

On the other hand, due to the increase in the 

popularity of the use of ecological construction 

materials, with a lower carbon footprint and, if 

possible, have a low cost, in the construction 

industry, alternative materials to traditional 

Portland cement have emerged, among these are 

alkaline activation materials and so-called 

geopolymers. This is produced from a process of 

polymerization of raw materials with a high 

content of SiO2 and Al2O3 in presence of alkaline 

solutions, where most of the aluminosilicates used 

are minerals and different industrial waste (18–20).  

Geopolymers are considered as materials that can 

replace Portland cement in some applications and 

their advantages include obtaining at low 

temperatures, acceptable compressive strength at 

short curing ages, good chemical and high 

temperatures resistances, as well as potential 

reduction of CO2 emissions (7,19,21–26). However, 

there are few studies on the use of geopolymer 

paste that may have potential applications as 

construction materials with thermal and acoustic 

insulation capacity.  

In this regard, the following have been studied: (i) 

the use of foaming agents such as H2O2 and 

aluminum powder to generate air bubbles within 

the metakaolin-based geopolymer paste, reaching 

compressive strengths of between 0.6 -14.5 MPa 

and density between 600-1000 kg/m3 (27,28) Silica 

fume for the generation of foams and their 

performance at high temperatures has also been 

investigated (26). Aluminum powder was studied 

in obtaining foamed materials with pore volume 

between 30-70% obtaining thermal conductivities 

between 0.15-0.4 W/mK (29). In foamed 

geopolymers based on alkaline activation of fly 

ash, compressive strengths of up to 6.76 MPa 

have been reported and it has been found that 

when the foams are exposed to high temperature 

they can form crystalline phases such as anorthite 

and mullite (30). The use of lightweight particles 

such as expanded vermiculite in geopolymer 

paste has made it possible to obtain composite 

materials with density in the range of 700 - 900 

Kg/m3, with average strength of 2 MPa and 

thermal conductivity of 0.2 W/mK (31).  

Wood particles have been used for the production 

of geopolymer composites based on fly 

ash/metakaolin (32), which have reported density 

between 700-350 Kg/m3 and porosity between 

10-28% in samples cured at room temperature 

when the wood content varies between 10 – 60 

wt%; for these composites, the compressive 

strength reached ~2 MPa with 60wt% of wood 

particles in geopolymers cured at room 

temperature and ~ 6 MPa in geopolymers cured at 

80 ° C for 24 hours. The pinewood has also been 

investigated, finding that depending on the 

composition, the thermal conductivity of 0.088 

W/mK is reached in materials with compressive 

strength of 2.84 MPa and flexural strength of 1.5 

MPa (33). The workability in geopolymer 

composites with wood particles is reduced due to 

the greater demand for activators such as NaOH 

and sodium silicate (32).  

Geopolymer composite materials with pumice 

stone particles and 2.5wt% aluminum powder 

have reached density of 0.9 g/cm3 and 

compressive strength of 1.6 MPa at 28 days, after 

thermal curing at 40°C (34).  EP particles have also 

been used to produce lightweight geopolymers, 
(35)  found that geopolymers based on fly ash with 

3wt% EP had low thermal conductivity (0.16 
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W/mK) and density of 0.5 g/cm3 with 11 MPa 

compressive strength. (8) produced geopolymer 

from the activation of metakaolin with marble 

dust as a source of CaO using solutions of sodium 

silicate + NaOH and 72.5wt% EP waste particles; 

the authors report a thermal conductivity of 0.121 

W/mK, density between 500-550 kg/m3, 

compressive strength between 1.8-2.5 MPa and 

flexural strength between 0.20-0.35 MPa. (7) 

successfully prepared lightweight geopolymer 

panels from the alkaline activation of metakaolin 

with sodium silicates + NaOH, incorporating 

H2O2 and EP particles. When the mass ratio of 

metakaolin/EP particles was 1:1, they obtained 

compressive strength of up to 3.0 MPa and 

thermal conductivity ~ 0.035 W/mK with 100 

kg/m3 density. (36) studied the use of EP particles 

in the manufacture of lightweight concrete based 

on the fly ash alkali activation, suggesting the use 

of the materials in insulation applications.  

This research evaluates the use of expanded 

polystyrene (EP), tire rubber (RB), and corkwood 

(CK) particles wastes in the design of 

geopolymer-based composites using metakaolin 

as the aluminosilicate precursor, with the 

objective of manufacture a material with thermo-

acoustic properties. The effect of the 

incorporation of different particles in 

compressive strength, density, absorption, 

porosity, thermal conductivity, acoustic 

insulation, and microstructure of the composite 

material was evaluated. 

2. Methodology 

2.1 Raw materials 

The aluminosilicate source for geopolymer paste 

is a commercial metakaolin (MkF). The chemical 

composition of MkF is shown in Table 1, and it 

was determined by X-ray fluorescence (XRF) 

using an AXIOS mAX spectrometer 

(PANalytical, USA), with 4.0 KW maximum 

power. The SiO2/Al2O3 molar ratio for MkF was 

2.20. The MkF was mineralogically characterized 

by XRD using an X’Pert MRD PANalytical 

diffractometer with CuKα radiation generated at 

20 mA and 40 kV. The specimens were scanned 

between 10° and 60° 2θ, with a step size of 0.02° 

at a speed of 4.0 s per step. The results for XRD 

are shown in Figure 1.  

A slight baseline uplift between 20°-30° 2ɵ 

indicates the content of material an amorphous 

state, although, it was identified high content 

crystal phases as quartz (SiO2, Inorganic Crystal 

Structure Database 079634) and residual kaolinite 

(Ref. code 001-0527). The quartz content is a 

common impurity for Colombian kaolin and does 

not is removed during thermal treatment of these 
(37,38) probably due a short residence time of the 

kaolin in the kiln (39). The particle size distribution 

was determined using a laser particle size 

analyzer (Mastersizer 2000, Malvern, UK). The 

particle average size was 17.2 µm. The MkF 

density is 2550 kg/m3 and was calculated 

according to the pycnometer method (ASTM 

C329).  

EP, RB and CK particles were selected to produce 

geopolymer-based composite. The EP, RB, and 

CK particles had a density of 27.5, 950, and 650 

kg/m3 respectively, and were determined by 

Archimedes Method. The particle average size for 

EP and RB was 2.35 mm. The corkwood was 

mechanically conditioned by mixer for 5 minutes 

until achieve 2.3 mm particle average size. The 

alkali activator used to produce de geopolymer 

was a mix of sodium silicate (32.24wt% SiO2, 

11.18wt% Na2O y 55.85wt% H2O) and industrial 

sodium hydroxide (NaOH). The solution modulus 

was 2.97. 

2.2 Design and preparation of geopolymer  

The parameters to produce geopolymer paste 

were obtained by modifying variables from 

previous studies published by (40) and (41,42). Two 

dosages were evaluated, which are shown in 

Table 2. 
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Table 1. Chemical composition for MkF. 

 Compound (wt%) 

 SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 TiO2 L.O.I* 

MkF 52.67 40.63 1.35 0.53 0.31 0.07 0.56 0.05 1.08 2.61 

*L.O.I: loss on ignition. Source: own elaboration 

 
Figure 1. X-Ray diffraction patter of the MkF. Source: own elaboratorion 

The liquid/solid ratio was 0.4. The mixing 

procedure to obtain the geopolymer reference is 

as follows: i) dissolution of the NaOH particles in 

water by stirring for 10 minutes to guarantee their 

complete dissolution, ii) mix with the sodium 

silicate and rest the solution for 30 minutes; iii) 

mixing the activating solution with MkF for 7 

minutes in a Hobart mixer. 

The liquid/solid ratio used for manufacturing 

composite materials was adjusted to 0.49 to 

achieve adequate workability of the mixtures with 

particle incorporation. For manufacturing of 

composite materials, the EP, RB, and CW 

particles were incorporated in percentages of 2, 4, 

and 6% by volume, and mixing was continued for 

2 more minutes. Subsequently, the materials were 

poured into 2" x 2" x 2" molds and wrapped with 

a plastic polyethylene film to avoid rapid 

evaporation of the water. Finally, they were 

placed in a chamber at room temperature of 25 °C 

± 2 °C and relative humidity of 90% until the test 

age. In order to improve the adherence of the 

geopolymer with the EP particles, a surface 

treatment with ethyl-vinyl acetate (EVA) was 

carried out. This treatment consisted of 

immersing the EP particles in a 3:1 mixture of 

water and EVA for a time of 5 minutes until they 

were completely impregnated and then mixing 

with geopolymer paste. 
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Table 2. Mixing ratios 

Sample 
SiO2/Al2O3 

molar ratio 

Na2O/SiO2 molar 

ratio 

GP2.5 2.5 0.25 

GP2.8 2.8 0.28 

Source: own elaboration 

2.3. Characterization of paste and geopolymer 

composite 

The following techniques were used: 

- The geopolymer pastes were characterized as 

KBr pellets by Fourier transform infrared 

(FTIR) spectroscopy on a PerkinElmer 

Spectrum IR 100 spectrometer was used in 

transmittance mode. The spectra were 

collected at a room temperature of 25°C, over 

a wavenumber range of 4000–450 cm−1. 

 

- Scanning Microscopy Electronic (SEM) was 

used to evaluate the microstructure of the 

geopolymer paste. This test was performed 

with a JEOL, JSM-6490LV instrument using 

high vacuum (3x10-6 Torr); the samples were 

metalized with gold in a Denton Vacuum Desk 

IV tank. 

 

- The physical characteristics as apparent 

density, water absorption, and volume of 

permeable pores of geopolymer composites 

were determined according to the methods 

established in the ASTM C642-13 standard. 

 

- The compressive strength was evaluated at 

ages of 7, 28, and 90 days using an INSTRON 

3369 Universal test machine with a capacity of 

50 kN at a deformation rate of 1 mm/min. In 

each case, three specimens were tested. Cubic 

samples of 20 mm on the side for the 

geopolymer paste and 2” geopolymer 

composites were tested according to the 

ASTM C109/C109M-10.  

 

- The thermal conductivity was obtained by 

using a thermal constants Analyzer TP 500 S 

Hot Disk with a heating power of 956.69 mW 

for 40 s, using cubic samples of 20 mm on the 

side. A C5465 sensor was used. 

The acoustic insulation capacity of geopolymer 

composite was determined with a Sperscientific 

850014 sound meter and a frequency emitting 

source, the frequency range was varied between 

100 and 1000 Hz. The experimental setup is 

shown in Figure 2. An acoustic chamber was 

manufactured by joining five plates (30 mm 

thick). The dimensions of the side plates were 320 

x 80 mm, and the front and back plates were 80 x 

80 mm. The plates were manufactured in each 

case using the materials to be evaluated (paste and 

geopolymer composite selected). The test 

consisted of measuring maximum and minimum 

points for each frequency evaluated during a time 

of 5 minutes. Two conditions were evaluated: 

normal noise conditions outside of the boxes, and 

inside them to evaluate the amount of sound 

transmitted through the developed material. 

3. Results 

3.1 Initial stage: selection of geopolymer paste 

The compressive strength of geopolymer pastes is 

shown in Figure 3. At different curing ages 

evaluated, the GP2.8 geopolymer shows a higher 

strength in comparison to the GP2.5 geopolymer. 

From day 1 until day 90, the increase in 

compression strength was 68.24% and 56.83% for 

GP2.5 and GP2.8 respectively, with strength at 28 

days of 8.55 MPa (GP2.5) and 25.96 MPa 

(GP2.8).  

It is expected since a higher Na2O/SiO2 ratio 

generates a greater dissolution of metakaolin and 

because it contains a greater amount of active 

silica (higher SiO2/Al2O3 ratio for GP2.8). A 

greater poly-condensation and increased reaction 

products are produced, specifically, hydrated 

aluminosilicate gel (N-A-S-H) (40,43). This effect 

can be corroborated with FTIR spectra (Figure 4), 

the shift of principal band (~1003 cm-1 to GP2.5) 

to smaller  wavelength  (999 cm-1 to GP2.8)   are  
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Figure 2. Experimental setup used for measurement of acoustic properties. Source: own elaboration 

 
Figure 3. Compressive strength for geopolymer pastes GP2.5 and GP2.8. Source: own elaboration 

 

attributed to the development of higher quantities 

of amorphous structures where silicate species are 

partially substituted by aluminate species (41, 43). 

In Figure 4 is shown the FTIR results for alkali-

activated pastes GP2.5 and GP2.8 at different 

curing days (1, 7, and 28 days) in comparison with 

MkF raw material. For MkF there is an absence 

of hydroxyl stretching bands, meanwhile, in 

alkaline activated samples (GP2.5 and GP2.8) it 

is possible to find a wide band located between 

3445 - 3465 cm-1 which is attributed to the 

stretching vibration of the H-OH groups (44), while 

the band located at ~1660 cm-1 is associated to the 

stretching vibration of the H-OH groups 

associated to the reaction products as N-A-S-H, 

the weak H2O molecules that are trapped in the 

cavities of the structure (45). For MkF the band at 

814 cm−1 can be assigned to AlIV–O and the band 

at 1089 cm−1  is Si-O stretching band (38). 

To GP2.5 and GP2.8, the presence of a wide 

absorption band, between 1003 and 999 cm-1 is 

associated with the asymmetric stretching 

vibrations of the Si-O-Si and Si-O-Al bonds of the 

TO4 tetrahedral (T=Si or Al), (46,47). At the age of 

1 and 7 days, this band is centered at wavelengths 

of 1003 cm-1. At 28 days, in the case of GP2.8 
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geopolymer paste this band shifts to lower 

wavelengths (999 cm-1), which may be associated 

with a higher dissolution of MkF and the 

occurrence of more polycondensation reactions to 

give rise to an aluminosilicate structure where 

silicate species are partially replaced by aluminate 

species (42,43,48). This confirms the better 

compressive strength results shown in the GP2.8 

paste compared to GP2.5 (Figure 3). 

 

Figure 4. FTIR for (a) Geopolymer pastes (b) MkF raw material. Source: own elaboration

The small peak centered at 728 cm-1 indicates 

bending vibration of Si-O-Al bonds, this band is 

characteristic of geopolymer materials and is 

generated after the reaction between silicon 

aluminates and the highly alkaline solution (45). (49) 

affirm that the formation of this band is associated 

with the formation of a highly cross-linked 

geopolymer gel. The bands centered at ~1434 cm-

1 represent the -CO-type bonds corresponding to 

the vibrations of CO3
-2 compounds, in particular 

to the formation of alkaline carbonates, Na2CO3 
(50,51)

 generated by the reaction of the Na+ rich pore 

solution with the CO2 in the atmosphere (42,44,52). 

The bending vibration signals of the Si-O-Si link 

are at 471 cm-1, and the signals detected at 

wavenumbers between 538-543 cm-1 are 

associated with the symmetrical deformation of 

the Si-O-Al links (45,53). 

The GP2.8 paste was chosen according to these 

initial results in the choice of the geopolymer 

paste, for the manufacture of the particulate 

geopolymer composites with the incorporation of 

EP, RB, and CK, which for purposes of 

comparison with the composite materials, will be 

identified from now on as GP. 

3.2 Geopolymer composites 

3.2.1. Physical properties: Density, porosity, 

and absorption. 

Figure 5a shows the results of density and water 

absorption for the different materials developed. 

The apparent density of the reference GP was 

1973 kg/m3, and the dry density was 1530 kg/m3. 

The incorporation of EP, RB, and CK particles, in 

general, decreases the density in tecomposite 

materials by the proportion of particles added to 
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the mixture, which is following what is expressed 

by other authors (54). Comparing the EP, RB, CK-

based composites, the lowest density is obtained 

with the incorporation of EP particles whose 

nominal density (27.5 kg/m3) is the lowest of the 

three particles used. In the case of E-based 

composites, the density of the materials decreases 

significantly as the percentage of EP increases, up 

to 7.7% for EP6. Although the study of (7), 

introduced greater amounts of EP achieving that 

the composite had tendency to float in the water, 

the trend observed in this study is maintained.  

By using the RB particles, the density of the 

composites was decreased between 2.28 - 3.09%. 

In the case of composite materials with CK 

particles, the reduction in density was less than 

2%. 

The water absorption for the RB4, RB6, EP4, and 

EP6 composites decreased compared to the GP 

paste by 14.43%, 17.25%, 45.07%, and 55.28% 

respectively. The high-water absorption in the GP 

paste is associated with a paste with a high content 

of micro-cracks, micro-porosities, and unreacted 

MkF amounts (SEM results). The use of CW 

particles produced the most permeable composite 

materials, while the most significant decrease in 

the absorption was obtained with the EP particles 

due to its hydrophobic character; these can be 

considered as a closed-cell foam constituted 

essentially with 98% of air (55); these results 

coincide with the reported by (7). (35) reports in 

mortars manufactured with EP a water absorption 

of up to 11.8%; and in the present investigation, 

the composite materials EP2 and EP6 reported 

water absorption values of 10.42% and 6.87%, 

respectively. These values are comparable to the 

absorption reported for Portland cement-based 

mortars, whose value fluctuates between 6 and 

13%, depending on the material compressive 

strength (13). 

Comparing the results of open porosity (Figure 

5b) for geopolymer composites with the GP paste, 

it was found that the lesser affectation is for 

samples with the incorporation of CW particles, 

decreases of up to 7.18% for W4 was found. This 

behavior is attributed to the highly porous and 

connected cellular structure of CK, with high 

contents of lignin (22%) and suberin (40%), and 

at the same time to the highly hygroscopic 

character. (55) found that cork particles retain large 

amounts of water, which increases the weight of 

the particles by 400%, being released after 1 h. 

Therefore, in the case of the geopolymer 

composites in this study, it is believed that the CK 

particles absorbed part of the alkaline solution and 

this generated the subsequent deterioration of the 

particles. It is clarified that no treatment was made 

to the cork particles before their incorporation for 

the manufacture of geopolymer composites. On 

the contrary, in the composite materials with EP, 

a reduction in porosity between 29.54 and 55.25% 

compared to the GP paste is observed, and in the 

RB-based composites, porosity decreased 

between 14.52 and 16.9%. The porosity results 

obtained in this study are lower than the values 

reported for OPC cement mortars added with RB 
(13). 

3.2.2. Mechanical properties for geopolymer 

composites 

The compressive strength results of geopolymer 

composites, prepared with different content of 

RB, EP, and CK particles, are shown in Figure 6. 

In general, it was found that the incorporation of 

particles decreases the compressive strength of 

geopolymer compared to the unreinforced GP 

paste. 

Thus, for the RB2, RB4, and RB6 composites the 

losses in compressive strength at the age of 28 

days were 17.22, 13.70, and 20.19% respectively. 

Similar results have been reported by (56) when 

using Portland cement paste. It should be noted, 

that the adhesion of RB rubber particles to the 

geopolymer paste is poor, which caused them to 

detach easily during the compression test, as can 

be seen in Figure 7a; similar results were found 

by (57) and (58) using Portland cement binders. 
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Figure 5. Physical properties for geopolymer composites compared with GP paste. (a) Density vs water absorption 

and (b) Open porosity for geopolymer composites. Source: own elaboration 

For composite materials with EP and CK 

particles, in general, as the particle content 

increases, the strength decreases, and this effect 

becomes more significant with advancing curing 

age. At 7 days, the compressive strength for CK2, 

CK4, and CK6 were 45, 42, 40 MPa respectively, 

however, at 28 days was a drastic strength drop of 

up to 72.5% (CK6). For CK composites, this 

behavior can be attributed to the low rigidity, low 

strength, and large compressive deformations of 

the CK particles, factors that directly affect the 

mechanical performance of the composite 

material (59). Additionally, the deterioration of the 

strength of cork-based composites could be by 

alkaline attacks on the particles (Figure 7b), 

specifically on the lignin component which is 

characterized by presenting a low resistance to 

strong alkalis, such as NaOH (55).  

For EP-based composites, this can be attributed to 

factor as the low strength and high 

compressibility of EP particles, the poor transition 

zone between the EP particle and the GP paste 

(Figure 7c), and the formation of microcracks in 

this area as evidenced by the SEM results. This 

behavior has been previously identified by Sayadi 

(60) and Duan (7). Nevertheless, the mechanical 

performance achieved in this research in EP-

based composites is higher than those reported by 

other authors as (7) who replacing 25wt% GP by 

EP particles and report 4 MPa; and (61) who 

achieved 3 MPa to ultra-low density geopolymer 

composites with 25wt%-vitrified microspheres. 

In addition, the smooth surface of the EP particles 

and the poor interfacial bonding (as shown in 

Figure 7c), its non-absorbent hydrophobic 

characteristic (although EVA was used to 

improve the adherence of the particles to the 

geopolymer paste), result in a failure mode that 

occurs in the transition zone for lower stress 

values than those reported for the geopolymer 

paste, generating detachment of the EP particles; 

similar results have been found by Tamut when 

using EP in Portland concrete (62). At 28 days, the 

behavior is more drastic, due to the poor bonding 

and higher autogenous shrinkage that occurs in 

the hardened geopolymer paste. (35) found that 

increases of the EP particles up to 3 wt% 

decreases the geopolymer density by 40% and the 

strength reaches 10 MPa with densities close to 

500 kg/m3. In this research, for the percentages of.
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Figure 6. Compressive strength for geopolymer composites at 7 and 28 curing days. Source: own elaboration  

 

Figure 7. Optical microscopy images in stereoscope for geopolymer composites at 28 curing days: (a) RB2, (b) CK4 

(c) EP2. Source: own elaboration 

EP studied, the compressive strength is between 

22-30 MPa after 28 days of curing. (14) used EP 

particles in 0.8% and 1.6%, reports compressive 

strengths between 5 and 13 MPa suggesting the 

use of these materials as coating mortars. The 

SEM images of the geopolymer paste (GP) and 

composite materials with 2% RB and EP particles 

at 28 days are shown in Figure 8.  In the GP paste 

(Figure 8a) the presence of unreacted MK 

particles embedded in the geopolymer gel (N-A-

S-H) can be seen, as well as a porous surface and 

presence of microcracks which correlates with the 

highest water absorption previously reported; this 

microstructure is typical of metakaolin-based 

geopolymers (7). To 2%EP-based composites 

(Figure 8b) and 2% RB (Figure 8c), it was 

possible to measure the interface zone between 

the paste and the reinforcement. In the compound 

with EP, the interface is 47.11 µm wide and 

several microcracks are evidently growing from 

the EP-geopolymer interface, which is an 

indication of the low compatibility  between  the 
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Figure 8. SEM images at 28 curing days for geopolymer (a) GP paste, (b) EP2 composite (c) RB2 composite. 

Source: own elaboration 

EP particles and the geopolymer paste and 

explains the decay of the compressive strength for 

these composites after 28 days of curing. In RB-

based composites, the interface is 1.31 µm wide, 

and it was also observed that the RB particles are 

not spherical, they have a fiber shape and as 

reported by (63) the morphological characteristics 

influence the mechanical results. In RB2 

composite (Figure 8c), no microcracks are 

observed, which would explain the best results 

obtained in the compressive strength test. 

3.2.3. Thermo-acoustic properties 

From the previous results, the composite 

materials RB4 and EP4 were selected to evaluate 

the thermal conductivity and the acoustic 

insulation capacity and to compare these with 

those obtained in the GP paste. 

Thermal conductivity 

Figure 9 compares the thermal conductivity and 

pore volume of the GP paste and the EP4 and RB4 

composites. A lower porosity and thermal 

conductivity can be seen in the composite 

materials. The thermal conductivity of the GP 

paste (0.48 W/mK) was reduced by 34% when EP 

was incorporated, which is attributed to the low 

density of the EP particles (27.5 kg/m3) as they 

are essentially constituted of polymer chains with 

98% of encapsulated air. (14), in OPC mortars 

lightened with EP (0.8 and 1.6%) reports a 

decrease of up to 47% in thermal conductivity, 

obtaining values between 0.42 and 0.33 W/mK.  

 
Figure 9. Thermal conductivity vs pore volumen for 

GP paste, EP4 and RB4 composites. Source: own 

elaboration  

These results are similar to those reported for 

geopolymer composites in this study. However, 

other authors such as Brás (55), for OPC mortars 

added with EP particles report thermal 

conductivities between 1.2 - 1.4 W/mK for 

materials with densities between 1850-1950 

kg/m3, contrasting with what is reported by (64), 

who with the incorporation of 3 wt% EP managed 

to produce geopolymer concrete with 

conductivities of 0.16 W/mK, density of 1100 

kg/m3 and 11 MPa of compressive strength. For 

RB4 composite, thermal conductivity decreased 

by 28% with respect to GP paste conductivity; 
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similar results, 0.33 and 0.38 W/mK were found 

in OPC composites by Cintra (4) when 

incorporating 10 and 33% in weight of RB 

respectively.   

Acoustic Behavior 

Fibrous materials, cellular materials, organic 

materials, and natural materials such as pumice 

and some woods are known to possess acoustic 

insulation properties (65). High porosity and low 

density are characteristics considered necessary to 

obtain good acoustic absorption behavior and to 

reduce the transmission time at medium and high 

frequencies or to increase the acoustic insulation 

of walls in buildings (66). In general, a good sound 

absorption material has sound absorption 

coefficients close to 1 over a wide range of 

frequencies (13,65). 

Figure 10 shows the results of the sound energy 

transmission and the sound absorption coefficient 

for the EP4 and RB4 composites and the GP paste 

in the frequency range of 100 - 1000 Hz. The 

measurement of the sound transmission is based 

on the ratio between the sound wave transmitted 

on the rear surface and an incident sound wave on 

the front surface of acoustically absorbent and 

porous material. As the sound wave travels, the 

differences in the cross-section of the material 

dampen the sound wave and therefore reduces the 

intensity of the transmitted sound. The loss of 

sound transmission also represents the 

characteristic damping properties of the material, 

a high value results in more sound that can be 

attenuated (67). The geopolymer composites 

developed here have a loss in sound energy 

transmission ~51% for frequencies of 100 Hz 

when compared to the GP paste, which can be 

categorized as acoustic isolators. 

The human ear picks up sound intensity levels 

between 0 dB (threshold) and 120-130 dB. This is 

true for the mid-frequency range (1000-2000 Hz). 

For lower or higher frequencies, the dynamics are 

reduced. However, all sounds above 90 dB 

damage the inner ear and can even cause 

irreversible damage above 120 dB (68). In the case 

of the GP geopolymer paste, the energy 

transmitted for frequencies between 100-100 Hz 

is between 25-35 dB, this material presents a 

higher sound transmission in comparison to the 

composite materials evaluated because its 

microstructure is much more compact and being 

the denser material, it favors the transmission of 

waves within it.  

However, it should be noted that the acoustic 

properties depend on the frequency at which they 

are measured (66). The EP4 and RB4 composites 

could be classified as acoustic insulation 

materials, since according to (10) within this 

classification are those materials that present an 

acoustic energy transmission lower than 30 - 40 

dB, and as it can be seen in Figure 10a, for the 

EP4 and RB4 composites the transmitted energy 

is lower than 20 dB for frequencies between 100-

1000 Hz.  

In this sense, (13) manufactured OPC mortars 

incorporating RB rubber particles and reported 

that for frequencies of 400-2500 Hz the sound 

absorption coefficients are between 0.1-0.2 when 

incorporating 10.15 and 20% RB; the test was 

conducted using the impedance tube method. One 

factor that affects acoustic performance is particle 

size, in this respect (69) report for RB that the larger 

the particle size the higher the sound absorption 

coefficient, so for particles of sizes between 1 - 3 

mm (as used in this study) the absorption 

coefficients obtained are in the range of 0.8-0.15 

when replacing, in OPC concrete plates, sand by 

percentages of 7.5% and 15% of RB. 

In general, for the whole measured frequency 

range, more transmission energy is obtained for 

the GP paste (Figure 10a), and therefore the sound 

absorption coefficients are higher in geopolymer 

composites with particles (Figure 10b). This is 

because, to develop a material that absorbs sound, 
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Figure 10. Acoustic properties for GP, RB4 and EP4 at frequency de 100 – 1000 Hz (a) Energy transmission and (b) 

Sound absorption coefficient. Source: own elaboration 

it is necessary to create obstacles within the 

structure where the sound energy can be 

dissipated. In this study, the obstacles are the RB 

and EP particles, which as previously determined 

incorporate large amounts of air within the 

structure allowing the dissipation of sound waves 
(70). For the EP4 composites evaluated in 30mm 

thick plates, the maximum sound absorption 

coefficient reached was 0.707 at a frequency of 

500 Hz (141% higher than the GP paste), while 

for the RB4 compound the maximum absorption 

coefficient was 0.60 at a frequency of 700 Hz 

(114% higher than the GP paste). It should be 

noted that some commercial products 

manufactured with a thickness of 25.4 mm report 

sound absorption coefficients of 0.77 to 500 Hz 
(71).  

For the same frequency (500 Hz), materials such 

as rubber waste agglomerate and cork 

agglomerate present a sound absorption 

coefficient of 0.8 and 0.42; respectively. 

Likewise, in standard OPC concretes, absorption 

coefficients lower than 0.1 have been reported in 

the low-frequency range (125-2000 Hz) (72); for 

which it is evidenced that the geopolymer 

composites developed here present adequate 

properties to be considered as acoustic isolators. 

EP particles also have an absorption coefficient 

close to 0.42 (10) and in this study values of 0.57 

were obtained for the composites with RB4 and 

0.70 for EP4 at the same frequency. The acoustic 

absorption coefficient for composites with the use 

of EP, in this research the improvement for a 

frequency of 500 Hz was 141% in the EP4 

composite. 

4. Conclusions 

Geopolymer composites developed have an 

environmental impact considered low, thanks to 

the incorporation of particles from tire waste. 

Additionally, the composites with the 

incorporation of 4% of EP and RB particles 

present a compressive strength of 32 and 45 MPa.  

The composite materials reached an apparent 
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density of 1922 and 1853 kg/m3 achieving a 

reduction of 2.58% and 6.08% for RB4 and EP4 

respectively compared to GP paste.  

It was found that the inclusion of EP and RB 

particles decreases the water absorption in the 

developed materials, because the particles are 

hydrophobic and replace the volume previously 

occupied by a highly permeable GP paste.  

The EP4 and RB4 composites have a low thermal 

conductivity (0.316 and 0.344 W/mK), which 

could give them the opportunity in the 

manufacture of panels in the construction 

industry, also is highlights the low sound 

absorption coefficients achieved for frequencies 

of 500 Hz of 0.70 and 0.50 for EP4 and RB4 

respectively. 

The high alkalinity of the GP paste caused a 

deterioration of the CK particles, and these 

composites were discharged. 
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