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Abstract

:

In this study, the use of expanded polystyrene and expanded perlite as lightweight aggregates for the preparation of lightweight geopolymers is tested. The geopolymers’ performance was evaluated through physical, mechanical and thermal testing. Polypropylene fibers were used as reinforcement agents, while the long-term durability was assessed though repeated wet–dry and freeze–thaw cycles and sorptivity tests. The results showed that the introduction of lightweight aggregates in the geopolymer mixes decreased the compressive and flexural strength of the specimens by 77% and 35%, respectively. However, the density and thermal conductivity were substantially improved because of the addition of low-density aggregates. The fiber reinforcement of lightweight samples led to a drastic increase in flexural strength by 65%, leaving unaffected the compressive strength and density of the specimens. The freeze–thaw and sorptivity tests were also improved after the introduction of both aggregates and fibers. Lightweight geopolymer composites exhibiting density in the range of 1.0–1.6 g/cm3, compressive strength of 10–33 MPa, flexural strength of 1.8–6.3 MPa, thermal conductivity of 0.29–0.42 W/mK, and sorptivity of 0.031–0.056 mm/min0.5 were prepared.
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1. Introduction


Lightweight building materials, offering superior thermal and acoustic performance, have seen a substantial increase in demand in recent years. Indeed, these materials efficiently minimize construction dead load, construction time, and labor expenses involved in handling or transportation and are responsible for significant energy savings within buildings [1,2,3,4].



Today, several cement-based, lightweight products including load-bearing (bricks, cladding panels, slabs, reinforced concrete beams, etc.) or non-loading-bearing elements (building partitions, road foundations, energy absorption systems, etc.) have found widespread use in many construction applications [5]. In most cases, the main constituent of such products is ordinary Portland cement (OPC), a well-established material in the building sector whose production is rising by 9% annually around the globe [6,7]. However, its production accounts for large amounts of carbon dioxide (CO2) emissions corresponding to an average of 6% of global emissions. At the same time, non-renewable natural resources are consumed during the calcination process, such as limestone and clay [6,8]. Therefore, the unsustainable nature of OPC combined with the ever-increasing demand makes the research and development of alternative building materials more crucial than ever.



A subgroup of alkali-activated materials, named geopolymers [9,10,11,12], is a promising cement replacement in view of sustainable building materials’ production, cutting down on natural resources and energy use [13,14], as well as valorizing several waste streams [15,16,17]. The synthesis of these materials is based on the alkali activation of a solid aluminosilicate precursor, often an industrial waste or by-product (fly ash, slag, CDWs, etc.), at mild curing conditions. The products have exceptional properties such as excellent early-age performance, high mechanical properties, good long-term service, and durability performance [18,19,20].



A field of geopolymers’ applications is related with the development of lightweight components [5,21,22]. The development of lightweight geopolymers follows that of the OPC counterparts, including two basic methods: (a) foaming [23,24] and (b) porous material filling [25,26]. Among them, the second offers simplicity since it involves the mixing of hollow or porous particles (expanded perlite [27], expanded polystyrene [28], expanded clay [29], expanded glass granules [26], exfoliated vermiculite [30], pumice [27], etc.) into the geopolymer slurry to create lightweight geopolymer materials. The nature of such particles can reduce the density of the final products, limit the heat and sound transmission, and adjust the amount of water that will be adsorbed by the material [5]. Additionally, many hollow or porous particles may be produced on an industrial scale or developed from waste materials, making them readily available and reasonably priced.



Expanded polystyrene (EPS) is a thermoplastic that is incredibly light, durable, and inexpensive, exhibiting low thermal conductivity. The main applications of EPS involve lightweight packaging and a variety of thermal insulation products [31]. However, after the end of its life cycle, EPS can cause serious environmental issues since it is often either landfilled or burned [32]. Several recycling techniques have been proposed [33], although they sometimes include the use of dangerous solvents [34]. A reliable method to recycle EPS in the building sector is by incorporating EPS particles in lightweight building materials [35,36]. Another material that is widely used in building material production is expanded perlite (ExP). ExP originates from natural volcanic rocks and obtains a porous structure after the appropriate processing. It is commonly used as a filler or cement replacement and as an insulator in cases of acoustic, thermal, and fire applications [37,38,39].



Lately, several research studies are reported concerning the utilization of EPS [4,28,40,41,42,43,44,45,46,47,48,49] and ExP [27,50,51,52] in the geopolymer technology as lightweight aggregates. In these studies, emphasis has been placed on understanding the correlation between the composition, structure, and properties of the produced materials. Specifically, the effect of the aggregate’s introduction on the physical properties, mechanical strength, and thermal characteristics of the produced geopolymers has been widely studied [27,28,40,43,51]. Moreover, the interfacial transition zone between matrix and aggregate, a key factor for the microstructure of these composite materials, has also been investigated [4,41,42,47,48]. However, a crucial aspect of the service life of such building materials is their long-term behavior under various conditions and environments that has been scantly reported [49].



In this study, EPS and ExP are utilized as lightweight aggregates in the preparation of geopolymer composites. The performance of the lightweight aggregates is investigated by measuring physical, mechanical, and thermal properties. Then, the geopolymers are reinforced with short plastic fibers to improve their flexural strength and the behavior after the first crack is examined. The microstructure of the lightweight geopolymer composites is investigated through an electronic microscope to explore the bonding between the matrix and aggregates/fibers. Finally, the durability performance of the composites is evaluated by means of wet–dry and freeze–thaw cycles and sorptivity tests.




2. Materials and Methods


Fly ash (FA) from the power station of Megalopolis in Greece (Type F, according to ASTM C618) was used as raw material and it was pulverized to obtain the typical fineness of the ones used in the industrial formulation of cementitious materials (d50 = 20 μm). Its particle size distribution (Laser Particle Analyser MALVERN Mastersizer 2000) is shown in Figure 1, while the chemical composition, determined by XRF (PaNalytical Epsilon 1), and the mineralogical composition, determined by XRD (Bruker D8 ADVANCE/Difrrac.Eva v3.1 software), are presented in Table 1 and Figure 2, respectively. Figure 1 and Table 1 also show the particle size distribution and chemical composition of the ExP used as one of the lightweight aggregates in this study.



The geopolymer synthesis involved the preparation of the activation solution and the mixing with the raw materials and aggregates/additives. Specifically, NaOH (>99%, CAS: 1310-73-2) anhydrous pellets were dissolved in distilled water. Then, soluble Si in the form of alkali silicates (Na2SiO3 with SiO2 = 27.56–28.39% wt. and Na2O = 8.53–8.79% wt., Multiplass SA, Athens, Greece) was added and the solution was stirred for 1 h and left for 24 h to naturally cool down before use. Afterward, FA, activation solution, and aggregates/additives were mechanically mixed (standard mortar mixer: Controls 65-L0005) to form a homogenous slurry, which was casted, mildly vibrated, left at room temperature for 2 h, and cured at 70 °C for 48 h.



ExP (developed by NTUA [53]) and EPS (purchased by Fragoulakis supply company, Greece) were added in the geopolymer slurries as lightweight aggregates and their incorporation degree was set in the range of 3.0–15.0 and 0.5–3.0% wt., based on FA content, respectively. It must be noted that the range of incorporation was determined through preliminary testing. Crucial properties of ExP and EPS are presented in Figure 1, Table 1 and Table 2. Polypropylene fibers (SikaFiber® P/P, 12 mm) were also used as a reinforcement in the geopolymer composites. The polypropylene (PP) fibers were introduced into the geopolymer mixes on a range of 0.25–1.0% v/v according to previous literature [54,55]. ExP or EPS were dry mixed with FA prior the addition of the activation solution, while PP fibers were added after the preparation of the geopolymer slurries.



From previous work [56], it was concluded that the optimum synthesis conditions of the FA matrix were the ones with Si/Al 1 = 3.14, Na/Al 2 = 1.25, s/l 3 =3.2 (1 Si/Al is the silicon to aluminum molar ratio and associates the total silicon quantity with aluminum content of the fly ash; 2 Na/Al is the alkali-to-aluminum-molar ratio and associates the sodium quantity in the activation solution with the aluminum content of the fly ash precursor; 3 s/l is the solids to liquids mass ratio; “S” refers to the sum of fly ash, NaOH (from NaOH reagent and waterglass) and SiO2 (from waterglass) masses while “l” refers to the water added), T = 70 °C, and t = 48 h. This synthesis had density of 1.7 g/cm3, 7 days’ flexural (FS), and compressive (UCS) strength of 3.4 MPa and 53.7 MPa, respectively. By the incorporation of EPS, ExP, and/or PP fibers, adjustments in the water content (solids/liquids) were applied to achieve workable slurries. Figure 3 presents the synthesis procedure of the lightweight geopolymer composites, while Table 3 shows the prepared samples along with their coding.



The lightweight geopolymers were characterized based on the density (according to mass to dimensions equation) and the mechanical and thermal properties. In particular, UCS and FS strength measurements were performed to prismatic specimens (4 × 4 × 16 cm) according to EN 196-1 after 7 days of aging. The modulus of elasticity was also measured following ASTM C 469. For these measurements, cylindrical specimens (20 × 10 cm) were prepared and tested after 7 days of aging. For the measurements, strain gauges supplied by KYOWA CO., LTD were applied to the specimens. The post-cracking behavior of the fiber-reinforced products was assessed by loading 28-day prismatic (4 × 4 × 16 cm) specimens. Load and deflection values were exported by the application of a servo-controlled hydraulic machine and a linear variable-displacement transducer (length = 10.000 ± 0.001 mm) at a loading rate of 20 μm/s. The flexural toughness, first crack, and residual strengths were calculated according to ASTM C 1018. The thermal conductivity was measured by means of the heat flow meter method, on a NETZSCH HFM 446 Lambda Heat Flow Meter, based on EN12667 and ASTM C518. The mean temperature and temperature difference between the plates were both set at 10 °C.



The durability performance was assessed based on three tests: (i) sorptivity tests (determination of absorption rate by capillary suction during initial contact in water—ASTM C1585), (ii) wet–dry cycles (repeated wetting and drying of hardened specimens, record of material losses, water content changes, volume changes—ASTM D 559M, tested after 28 days of aging), and (iii) freeze–thaw cycles (repeated rapid freezing and thawing in water, record of specimens’ changes—ASTM C 666, tested after 28 days of aging). In each test, three specimens per synthesis were tested to check repeatability.



The microstructure of the lightweight geopolymer composites was investigated through scanning electron microscopy (SEM) on a JEOL JSM-5600 microscope. Fragments of composite samples were coated with gold prior the conduction of the measurements. The aggregates distribution inside the geopolymer matrix was also examined by stereomicroscopy using a Zeiss Stemi 2000C stereo-microscope equipped with an Axio Cam ErcS5 digital camera.




3. Results and Discussion


3.1. Lightweight Geopolymers


The introduction of EPS beads has a great effect on the density reduction in the produced geopolymeric composites but at the same time negatively affects their mechanical behavior (Figure 4). Indicatively, specimens containing 3% wt. EPS led to a reduction in density by 40% with proportional reduction in FS (37%) and higher reduction in UCS (77%) after 7 days of curing. This fact is attributed to the high dilution of the binding matrix by the presence of EPS beads causing a severe decrease in the mechanical strength. Similar behavior is also observed by other authors [4,43].



Contrary to the EPS effect, the introduction of ExP particles inside the geopolymer matrix did not yield the same positive effect on the density of the final products (Figure 4). Even after the introduction of 15% wt. ExP into the geopolymer mixes the density was reduced by only 27% (at 7 days). Similar results are reported by Top et al. [27]. This phenomenon is attributed to the higher particle size of EPS beads, as well as the fragility of ExP particles. Concerning fragility, the larger ExP particles are destroyed during the mechanical mixing of the geopolymer slurries resulting in lower volume fractions inside the matrix in relation to the EPS beads.



The aforementioned observations are confirmed by stereoscopic analysis of the samples. Figure 5 presents images showing the distribution of EPS and ExP particles inside the geopolymer matrix of samples containing 3% wt. EPS and 15% wt. ExP. The ExP led to worse distribution and therefore to higher density values in relation to EPS.



From the aforementioned results, EPS particles showed that they are the most effective agents for reducing the density of the geopolymer, keeping at the same time sufficient mechanical strengths. Apart from that, the utilization of EPS waste enhances the sustainability of the produced composites. In the case of ExP, an optimization of the mixing process must be developed to avoid the destruction of the ExP particles.



Nevertheless, this study can be used as the basis for the development of lightweight building materials that can serve in structural or nonstructural applications by controlling the EPS addition [57]:




	
Products for structural applications (UCS > 17 MPa, d > 1.35 g/cm3) when the EPS addition is lower than 2% wt.



	
Products for nonstructural applications (UCS < 17 MPa, d < 1.35 g/cm3) when the EPS addition is higher than 2% wt.









3.2. Matrix Fiber Reinforcement


The sample prepared by 3% wt. EPS was selected for fiber reinforcement experiments since it exhibits the lowest density combined with affordable mechanical strength (UCS of 12.4 MPa, FS of 2.2 MPa). The effect of PP fiber incorporation on the UCS and FS (at 7 days) of the lightweight geopolymer composites containing 3% wt. EPS is presented in Figure 6. There is a substantial boost on the FS of the specimens with the gradual incorporation of PP fibers in the geopolymer matrix. Indeed, the introduction of 1.0% v/v fibers achieves almost three times higher FS values in comparison with the unreinforced sample. However, mixes containing PP fibers higher than 0.5% v/v led to reduced workability, making the casting and compaction of the geopolymer slurries difficult without significant improvement of the FS (~9.5%). The UCS and density of the composites remained almost unaffected for the whole fiber incorporation range.



The analysis of the results showed that the lightweight geopolymer composite containing 3.0% wt. EPS and 0.5% v/v PP fibers holds the best combination of properties with a density of 1.0 g/cm3, and a UCS and FS of 12.7 MPa and 5.7 MPa, respectively. Figure 7 shows a fiber-reinforced specimen when subjected to flexural strength testing.



To assess the post-cracking behavior of the selected reinforced matrix (3.0% w/w EPS and 0.5% v/v PP), measurements according to ASTM C 1018 were performed. Indeed, a research study on flexural behavior of FA-based geopolymer composites is underway. Figure 8 presents the load–deflection curves of the reference (GEO_REF) and reinforced (GEO_3EPS_0.5PP) samples. The incorporation of the PP fibers inside the geopolymer matrix greatly improved the behavior of the material after the first crack. In particular, the incorporation of 0.5% v/v PP fibers transformed the deflection-softening behavior of the reference geopolymer to deflection-hardening behavior. This is clearly visible by the enhancement of the area under the nonlinear portion of the load deflection curves in the case of the reinforced product. Therefore, the reinforced composite’s curve clearly indicates the transition from brittle to ductile behavior when PP fibers are added [58,59].



The post-cracking behavior of the reinforced product has also been quantified according to ASTM C 1018 (Table 4). Table 4 includes the average response quantities for flexural behavior of the examined samples. The ductile behavior of the reinforced geopolymer composite is confirmed by the values of the toughness indices; I10 > 10 and I20 > 20 [60]. Furthermore, the toughness of the reinforced geopolymer is notably increased after the first crack.



Table 4 also presents the elastic modulus values of the reference geopolymer and the reinforced composite. The incorporation of EPS and PP fibers in the geopolymer matrix had as an effect the reduction in the elasticity modulus. Both EPS (≈0.5 GPa) and PP fibers (≈4.0 GPa) possess low modulus values and the dilution of the geopolymeric matrix with such materials leads to products with improved ductile behavior.




3.3. Microstructure Analysis


Figure 9 presents SEM micrographs of the matrix containing 3% wt. EPS and 0.5% v/v PP, showing the good dispersion of fibers in the geopolymer matrix. In particular, the PP fibers seem to surround the EPS beads, enhancing the strength of the matrix (Figure 9a) [61]. The EPS beads exhibit a good cohesion with the matrix. Furthermore, the incorporation of PP fibers leads to a moderate degree of bonding with the geopolymer matrix, as shown by Figure 9b. This fact is confirmed by the weak interfacial transition zone and the almost smooth surface of the PP fibers, showing that little quantity of the geopolymer matrix covers the PP fibers surface. The moderate bonding degree of PP fibers has also been referenced by other authors [58,62].




3.4. Thermal Performance


The thermal performance of the produced geopolymers was determined by thermal conductivity measurements, presented in Table 5.



The incorporation of lightweight aggregates leads to the reduction in the samples’ density, which is also reflected in their thermal conductivity values. A comparison between the different lightweight aggregates showed that the EPS was more effective in reducing the density and therefore the thermal conductivity of the produced geopolymers. The product containing 3% wt. EPS exhibit a thermal conductivity of 0.32 W/mK. Furthermore, the reinforcement of the geopolymers with PP fibers resulted in a slightly lower value of thermal conductivity (0.29 W/mK). The overall reduction in the thermal conductivity value by the incorporation of both EPS beads and PP fibers exceeds 45%.




3.5. Durability Performance


3.5.1. Sorptivity Tests


In Figure 10, the water absorption plots of the reference sample (GEO_REF) and the reinforced composite (GEO_3EPS_0.5PP) are presented. Both samples exhibit a similar water absorption rate through capillary suction. The GEO_3EPS_0.5PP sample initially absorbs a higher amount of water. However, after 40 min of testing, a reversal of this phenomenon was observed and the water absorption rate of the GEO_REF sample became higher. It is worth mentioning that the geopolymer paste has the ability to absorb water like OPC cement paste, while EPS and PP fibers behave as water barriers. However, the pronounced capillary pores of the geopolymer composite leads to an initial higher absorption rate in relation to the reference one. Then, the insulating nature of both EPS and PP fibers takes place, lowering the final water absorption of composite. Therefore, the EPS and PP fibers occupy a high fraction of the specimens’ volume (~80%), resulting in a slight reduction in the water absorption values. Figure 11 presents the specimens submitted to sorptivity tests.



To export the sorptivity values of the samples, diagrams of the water absorption per unit area (i) vs. square root of time (t0.5) were plotted. The slope of the curves indicates the sorptivity value. Indicative sorptivity curves are shown in Figure 12 for the GEO_REF and GEO_3EPS_0.5PP samples.



In Table 6, the sorptivity values of both specimens are listed, as they resulted from linear regression. In addition, the same table presents R2 factors that reveal the goodness of the data fitting. The fitting of the sorptivity values is near excellent for all the tested specimens. The sorptivity of the reference geopolymer was calculated at 0.0555 mm/min0.5, while that of the reinforced counterpart was found to be lower (0.0314 mm/min0.5). These are satisfactory values since they lie within the acceptable range set for the sorptivity of cementitious materials [63].




3.5.2. Wet–Dry and Freeze–Thaw Performance


The performance of the GEO_REF and GEO_3EPS_0.5PP samples after 50 cycles of wetting/drying and freezing/thawing is shown in Figure 13. No significant weight loss (<1%) and corrosion of the specimens were recorded during the wetting/drying of both reference and reinforced geopolymers. In particular, the specimens’ appearances were examined through visual inspection and no surface deterioration or peeling effect was observed.



Concerning the freeze–thaw performance, a considerable reduction in the reference specimens’ mass was recorded (~7%) that was also supported by the visual inspection (Figure 14). Indeed, the reference specimens displayed extended corrosion with collapsed corners. However, with the reinforcement of the specimens with PP fibers, as well as the introduction of EPS beads that act as lightweight aggregates, the matrix reversed the performance of FA geopolymers through accelerating freeze–thaw testing. In particular, that the reinforced sample exhibits significant mass stability (<1.2%) after 50 cycles was also validated by the visual inspection.






4. Conclusions


The conclusions of these study can be drawn as follows:




	
EPS and ExP can efficiently be introduced to a geopolymer matrix and reduce the total weight of the geopolymer products. Among the two lightweight aggregates, EPS achieves a better combination of physical, mechanical, and thermal properties, mainly because of its stability and better distribution inside the geopolymer matrix. The incorporation of 3% wt. EPS led to the enhancement of the thermal performance of the samples (40% reduction in thermal conductivity) but at the same time deteriorated their mechanical performance (77 and 37% reduction in UCS and FS, respectively).



	
The aggregate incorporation rate controls the final product’s properties and subsequently its applications in the building sector. Indeed, EPS content lower than 2% wt. gives lightweight building materials for structural applications (USC > 17 MPa, d > 1.35 g/cm3), while EPS content higher than 2% wt. gives lightweight building materials for nonstructural applications (USC < 17 MPa, d < 1.35 g/cm3).



	
The moderate flexural behavior of the EPS-based composites is substantially improved by the addition of 0.5% v/v PP fibers (61%). The incorporation of EPS and fibers transformed the post-cracking behavior from fragile to ductile, considerably increasing the materials’ toughness.



	
A comparison between the reference and reinforced composite samples showed that the incorporation of both lightweight aggregates and plastic fibers led to a beneficiary effect on the long-term performance. The capillary water absorption was reduced while the behavior after repeated freezing and thawing was greatly improved.
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Figure 1. Particle size distributions of FA (a) and ExP (b). 
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Figure 2. Mineralogical composition of FA. 
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Figure 3. Synthesis procedure followed in this study. 
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Figure 4. Mechanical properties and density of geopolymers containing EPS (a) and ExP (b) particles. 
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Figure 5. Stereoscopic images for geopolymer samples containing: (a) containing 3% wt. EPS and (b) 15% wt. ExP. 
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Figure 6. UCS and FS of geopolymers reinforced with PP fibers. 
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Figure 7. Fiber-reinforced specimen under flexural strength testing. 
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Figure 8. Load-deflection curves for the reference and the reinforced products. 
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Figure 9. SEM images of fiber-reinforced matrix (3% wt. EPS and 0.5% wt. PP fibers) received at low (a) and high (b) magnification. 
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Figure 10. Water absorption (%) vs. time (min) for the reference and reinforced samples. 
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Figure 11. Photo of the tested specimens. 
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Figure 12. Association between water absorption per unit area and square root of time. 
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Figure 13. Mass of the examined specimens exposed to wet–dry and freeze–thaw cycles. 
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Figure 14. Reference (left) and reinforced (right) specimen after the end of freeze–thaw cycles. 
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Table 1. Chemical composition of FA and ExP (% wt.).






Table 1. Chemical composition of FA and ExP (% wt.).





	Composition
	FA
	ExP





	SiO2
	44.15
	72.51



	Al2O3
	16.99
	13.73



	Fe2O3
	9.39
	1.28



	CaO
	15.15
	1.39



	MgO
	2.89
	0.37



	K2O
	2.00
	3.67



	Na2O
	0.57
	3.98



	SO3
	4.60
	-



	TiO2
	0.75
	0.15



	P2O5
	0.25
	-



	LOI *
	2.76
	2.92







* Loss on ignition.
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Table 2. Properties of EPS and ExP.






Table 2. Properties of EPS and ExP.





	
Aggregate

	
Density (g/cm3)

	
Water Absorption (%)

	
UCS

(MPa)

	
λ

(W/mK)

	
Particles with




	
d < 2 mm (%)

	
d > 2 mm (%)






	
EPS

	
0.038

	
1.0

	
0.46

	
0.035

	
2.3

	
97.7




	
ExP

	
0.090

	
4.5

	
0.30

	
0.039

	
85.1

	
14.9
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Table 3. Geopolymeric samples prepared in this study.
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	Samples
	FA

(% wt.)
	Waterglass

(% wt.)
	NaOH

(% wt.)
	H2O

(% wt.)
	EPS *

(% wt.)
	ExP *

(% wt.)
	PP Fibers

(% v/v)





	GEO_REF
	56.1
	37.5
	5.2
	1.2
	-
	-
	-



	GEO_0.5EPS
	56.1
	37.5
	5.2
	1.2
	0.5
	-
	-



	GEO_1.0EPS
	56.1
	37.5
	5.2
	1.2
	1.0
	-
	-



	GEO_1.5EPS
	56.1
	37.5
	5.2
	1.2
	1.5
	-
	-



	GEO_2.0EPS
	56.1
	37.5
	5.2
	1.2
	2.0
	-
	-



	GEO_2.5EPS
	56.1
	37.5
	5.2
	1.2
	2.5
	-
	-



	GEO_3.0EPS
	56.1
	37.5
	5.2
	1.2
	3.0
	-
	-



	GEO_3.0ExP
	56.1
	37.5
	5.2
	1.2
	-
	3.0
	-



	GEO_6.0ExP
	56.1
	37.5
	5.2
	1.2
	-
	6.0
	-



	GEO_9.0ExP
	56.1
	37.5
	5.2
	1.2
	-
	9.0
	-



	GEO_12.0ExP
	56.1
	37.5
	5.2
	1.2
	-
	12.0
	-



	GEO_15.0ExP
	56.1
	37.5
	5.2
	1.2
	-
	15.0
	-



	GEO_3.0EPS_0.25PP
	56.1
	37.5
	5.2
	1.2
	3.0
	-
	0.25



	GEO_3.0EPS_0.50PP
	56.1
	37.5
	5.2
	1.2
	3.0
	-
	0.50



	GEO_3.0EPS_0.75PP
	56.1
	37.5
	5.2
	1.2
	3.0
	-
	0.75



	GEO_3.0EPS_1.00PP
	56.1
	37.5
	5.2
	1.2
	3.0
	-
	1.00







* Fly ash based.













[image: Table] 





Table 4. Average response quantities for flexural behavior.
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	Quantities
	
	Unit
	GEO_REF
	GEO_3EPS_0.5PP





	First crack
	Load
	N
	0.808
	0.684



	
	deflection
	mm
	0.027
	0.028



	
	Toughness
	Nm
	0.020
	0.020



	d5
	Load
	N
	-
	0.960



	
	deflection
	Mm
	-
	0.085



	
	Toughness
	Nm
	-
	0.080



	
	I5
	
	-
	4.8



	
	R5,10
	
	-
	115.8



	d10
	Load
	N
	-
	1.091



	
	deflection
	mm
	-
	0.156



	
	Toughness
	Nm
	-
	0.170



	
	I10
	
	-
	10.6



	
	R10,20
	
	-
	129.3



	d20
	Load
	N
	-
	1.160



	
	deflection
	mm
	-
	0.297



	
	Toughness
	Nm
	-
	0.34



	
	I20
	
	-
	23.5



	Ultimate crack
	Load
	N
	-
	1.197



	
	deflection
	mm
	-
	325.3



	
	Toughness
	Nm
	-
	0.390



	Elastic modulus
	
	GPa
	8.0
	1.0
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Table 5. Thermal conductivity values of selected geopolymer samples.






Table 5. Thermal conductivity values of selected geopolymer samples.





	
Sample

	
Density

	
Measured Temperatures

	
Thermal Conductivity




	
Mean

	
Delta




	
g/cm3

	
°C

	
K

	
W/(m∙K)






	
GEO_REF

	
1.72

	
9.0

	
5.1

	
0.538




	
GEO_1.5EPS

	
1.28

	
8.9

	
5.6

	
0.418




	
GEO_3EPS

	
1.03

	
9.5

	
6.8

	
0.321




	
GEO_6ExP

	
1.51

	
9.9

	
6.3

	
0.481




	
GEO_15ExP

	
1.20

	
9.7

	
6.4

	
0.441




	
GEO_3EPS_0.5PP

	
0.98

	
10.2

	
7.9

	
0.291
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Table 6. Sorptivity and R2 values of tested geopolymers.
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Samples

	
Sorptivity

(mm/min0.5)

	
R2 (%)

	
Average S

(mm/min0.5)






	
GEO_REF

	
0.0586

	
99.8

	
0.0555




	
0.0551

	
99.3




	
0.0527

	
98.9




	
GEO_3EPS_0.5PP

	
0.0311

	
99.6

	
0.0314




	
0.0319

	
99.0




	
0.0312

	
98.0
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