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Abstract

:

This exertion introduces polyvinyl alcohol fiber/silica nanoparticles (poly vinyl alcohol (PVA)/SiO2 NPs) in the fly ash-based geopolymer at ambient curing temperature. The present study aims at investigating the structural properties (compressive, bond strength, fracture parameters (fracture toughness (KIc), crack mouth opening displacement (CMOD)), cyclic compression), durability (freeze-thaw), and fire resistivity of the newly developed PVA/SiO2 NPs mediated geopolymer. The outcomes suggest that geopolymers incorporated with 5% PVA fibers showed improved structural properties and durability as compared to other specimens. Investigation on the fire resistivity of the geopolymers exposed to different heating temperatures (400 °C, 600 °C, 800 °C), showed that geopolymers with PVA/SiO2 NPs significantly prevented the explosive concrete spalling. Microstructural studies confirmed that PVA fibers in the geopolymeric matrixes were well distributed and developed a fiber-bridging texture with improved performance. Addition of the nano-silica particles accelerated the heat evolution during the hydration process and the geopolymeric reaction (formation of sodium aluminosilicate N-A-S-H gel) at ambient curing environment.






Keywords:


PVA/SiO2 NPs reinforced geopolymers; fracture toughness; fire resistivity; cyclic response; structural properties












1. Introduction


Class F fly ash, an industrial byproduct of coal fired power stations containing high amounts of silicon and aluminum, has been used in different ways for the production of green cementitious composites and advanced durable geopolymer materials [1,2]. The production of the fly ash-based geopolymer requires approximately 60% less energy and has at least 80% less CO2 emissions as compared to the manufacturing of ordinary Portland cement (OPC) [3]. Geopolymers are currently being considered as alternative to OPC and have drawn substantial attention for structural applications due to their cost efficiency, chemical stability, corrosion resistance, rapid strength gain at ambient temperature, lower permeability, and superior resistance to fire and acid attacks. Other advantages include good resistance to freeze–thaw cycles as well as excellent remediation of heavy metal ions [4,5,6]. Despite being eco-friendly construction material, its large-scale structural application is limited because of quasi-brittle behavior, similar to OPC. To overcome this problem, many researchers have utilized the different types of fibers to reinforce the geopolymer composites [7,8,9,10,11,12].



Generally, the addition of different fibers to the geopolymer matrix is proposed to enhance the mechanical properties, such as compressive strength, flexural strength, and toughness. The inherent properties of the fibers, such as aspect ratio and fiber contents, significantly influence the performance of geopolymers. The presence of fibers plays a bridging action in the geopolymer matrixes and controls the crack to propagate, hence increasing its fracture toughness. Fracture toughness is a property of the material to resist cracks when subjected to external loading. Several studies have been performed to measure the fracture parameters of concrete and geopolymers [13,14,15,16]. Therefore, to avoid catastrophic failure of geopolymer structures, the fracture parameters need to be improved. Resistance to fire should be a fundamental characteristic of a geopolymer. The previous studies [17,18,19] showed that geopolymer composites had excellent fire resistance when exposed to elevated temperatures. Generally, geopolymers are considered to be resistant, both at high (above 1000 °C) and low temperatures, due to the freeze-thaw effect. The measurement of freeze-thaw resistance is very important in terms of structural durability. To obtain early greater strengths, nanoparticles, such as SiO2, are considered as one of the additive materials to cement-based composites. Due to the high reactivity of nano-SiO2, it accelerates the hydration of cement and behaves as a nucleus for cement pastes. It also acts as nano-filler to dense and improve the microstructure, resulting in reduced porosity of specimens [20]. Nanosilica was also found to be a beneficial additive in improving the microstructure and mechanical properties of the fly ash-based geopolymer, cured at ambient temperature [21,22]. The effect of nano-SiO2 on the mechanical strength of geopolymer pastes containing fly ash and ground granulated blast-furnace slag (GGBFS) were investigated at room temperature. The results showed that the microstructure and strength of geopolymers were improved with the addition of nano-SiO2 (0–3% by weight of fly ash) [23]. The researchers [5] also studied the influence of different concentrations of nano-SiO2 on the mechanical development of the fly ash-based geopolymer. They concluded that 6% nano-SiO2, with alkaline activator to fly ash ratio 0.4, gave an appreciable compressive strength under ambient curing.



Incorporation of poly vinyl alcohol (PVA) fibers enhanced the compressive and splitting strength of specimens by 9.95% and 61.69%, respectively, as compared to non-fibrous specimens [24]. In our previous study [25], fly ash-based geopolymers, reinforced with poly vinyl alcohol (PVA) fibers and SiO2 nanoparticles, were developed with enhanced mechanical strength and durability. The multiple cracking behaviors appeared in the developed geopolymer binder when subjected to flexural and compressive loading and, hence, ductile failure was observed. To utilize the beneficial aspects of geopolymer material and its application in structural designing, such as seismic and fatigue, a comprehensive knowledge of its cyclic behavior is essential. For seismic design of structures, the brittle catastrophic failure due to the cyclic response (the behavior of material under cyclic loading) of materials under the cyclic compression test is very important. To develop constitutive models and study the cyclic behavior of composite materials, the response of materials at different cyclic loading schemes should be addressed. Limited literature is available for the cyclic response of cement-based materials and geopolymers [26,27,28]. The present study will explore the possible utilization of PVA/SiO2 NPs mediated geopolymers to obtain load-displacements curves under cyclic compression. Therefore, the aim of the present exertion is to develop an optimum PVA/SiO2 NPs reinforced the fly ash-based geopolymer binder to improve the properties, namely the fracture toughness, bond strength, and cyclic response of the material. In addition, fire resistance and freeze-thaw effects have been also investigated. Microstructural analyses via X-ray diffraction (XRD), Fourier transformed infra-red (FTIR) spectroscopy, and Field emission scanning electron microscopy (FESEM) equipped with energy-dispersive X-ray spectroscopy (EDS) have also been executed.




2. Materials and Methods


2.1. Materials


Class F fly ash was used to prepare the geopolymers, produced by Hangzhou Yi-solid New Material Technology Co., Ltd. The chemical composition of fly ash is shown in Table 1. Sodium hydroxide (NaOH), liquid sodium silicate (Na2SiO3), distilled water, and silica nanoparticles (30 ± 5 nm) were obtained from Macklin, China. PVA fibers available in the laboratory were used in geopolymers. The properties of PVA fibers are given in Table 2. The natural sand, with fineness modulus of value 2.52, was used to make mortar specimens.




2.2. Specimens Preparation


Based on the results of our previous study, the geopolymer composites, with mix proportions, were established [25]. An alkaline activator was prepared by mixing 10 M NaOH with liquid Na2SiO3 in a weight ratio (10 M NaOH/Na2SiO3) of 2. The fly ash to sand ratio was 1:3. Different concentrations (0%, 3%, 5%, 7%) of PVA fibers were mixed with fly ash by using a Hobart mixer for 3 min. Natural sand was then added to the fly ash-PVA fiber mixture for further 3 min. Silica nanoparticles (6% of total fly ash) were mixed to the alkaline activator through continuous mechanical stirring and kept at (30 ± 2) °C for 30 min. Then the alkali activator solution was added into the mixture for 5 min, while the mixture was running. The fly ash and alkali activator ratio was affixed at 0.75. Different trial mixes of the fly ash-based geopolymer mortar activated by the alkali activator solution exhibited that this ratio delivered near-optimum workability and strength. After casting the specimens, compaction was made on a vibrating table for 30 s. The specimens were cured at ambient temperature for 56 days. The samples were labelled as GP0, GP3, GP5, and GP7, depending upon the fiber concentrations (0%, 3%, 5%, and 7%). The sample GP0 is taken as reference.




2.3. Testing Methods


2.3.1. Fracture Test


Three-point bending tests on notched beam specimens were conducted to evaluate the crack mouth opening displacement (CMOD) and fracture toughness (KIc) of the developed PVA/SiO2 NPs reinforced fly ash-based geopolymers. Fracture toughness is the ability of a material to resist cracking when subjected to external loading. For each series, at least three pre-cast notched beams with the dimensions of 100 mm × 100 mm × 450 mm were cast and cured at room temperature. The precast notch in the specimens was formed using a greased steel plate of 3 mm thickness. The steel plate was removed from specimens after 24 h of casting. All the specimens for each series were prepared with a fixed initial notch length to beam height ratio (a0/D) of 0.4 and span to depth ratio (S/D) of 4. The test was performed under a displacement control of 0.2 mm/min using an Instron testing machine with a load capacity of 250 KN. The experiment loading pattern is shown in Figure 1. Clip extensometers, measuring a range of 4 mm, were placed at the bottom of specimens to measure the crack mouth opening displacement (CMOD). The fracture toughness KIc of each specimen is calculated by the following equations [13]:


KIC= 3PS2bw2 πa f(a/w)



(1)




with:


f(a/w)= 1.99−aw(1−aw)(2.15−3.93aw+2.7(aw)2)(1+2aw)(1−aw)3/2



(2)








2.3.2. Monotonic Compression Test


The cylindrical samples of the 100 mm × 50 mm dimension were cast in plastic molds for a compression test. The samples were vibrated during casting and removed from the molds after 24 h. Samples were then cured at ambient temperature for 56 days. Followed by the monotonic compression test, using a 250 KN Instron machine for all the samples, average values were measured. The tests were performed according to ASTM C 109 [29].




2.3.3. Cyclic Compression test


For the cyclic compression test, two cases were studied: (1) Single unloading/reloading cycle and (2) three unloading/reloading cycles. The cylinder samples 100 mm × 50 mm for each series were subjected to cyclic loading to displacement levels of 0.1 mm, 0.2 mm, 0.3 mm, ……, 0.9 mm, 1 mm, 2 mm, 3 mm, 4 mm, and 5 mm. At first, the specimens were loaded at a displacement rate of 0.1 mm/min. After reaching the displacement level of 2 mm, the loading rate was increased to 1mm/min. During the first case, the sample was subjected to loading to a prescribed value of axial displacement, and then unloading was done up to a target load level by reducing the axial displacement. Reloading of the sample was performed to the next given displacement. In the second case, three unloading/reloading cycles were applied to the other cylinders of each series at each given unloading displacement level. For both cases, the target load level of 2 KN was affixed during the unloading and reloading of the sample. Two linear variable displacement transducers (LVDTs) were attached at 180° apart to measure the axial displacements. All the loading arrangements were automatically achieved by a computer program.




2.3.4. Fire Resistance


Fire resistivity of geopolymer mortars was investigated in terms of color changes, weight loss, and percentage change in compressive strength. The cylinder specimens (100 mm × 50 mm) were used after 56 days of curing at ambient temperature. Three specimens (for each series and per test temperature) were placed in an electric oven, and the temperature was increased at the rate of 2.5 °C/min up to the required temperature [30,31]. When the required temperature was achieved, the specimens were sustained at that temperature for 1 h and allowed to cool down for 24 h at ambient temperature. After heat treatment, the specimens were tested for compression. The weight of the specimens was noted before testing.




2.3.5. Freeze and Thaw Resistance


Freeze-thaw resistance of geopolymer mortars was examined in terms of color changes, weight loss, and percentage change in compressive strength. The cylinder specimens (100 mm × 50 mm) were used after 56 days of curing at ambient temperature. During the freezing and thawing test, the specimens were placed in a freezer at −25 °C for 4 h and then in water at room temperature for 4 h. The test was repeated 25 times. After completion of the desired cycles, the specimens were tested for compression. The tests were conducted by using a 250 KN Instron machine at the desired age. The specimens were weighed prior to testing.




2.3.6. Pull Out Test


The pull out test was conducted to evaluate the bond strength between matrix and steel bars of the specimens. The deformed steel bars of 10 mm diameter were embedded concentrically in cubical specimens of the size 150 mm × 150 mm × 150 mm during casting and compaction of the specimens. For each series, the specimens were tested after 56 days of curing. All pull out tests were performed by using an Instron testing machine with load capacity of 250 kN. The bond stress was calculated using the pull out failure load, according to the following equation:


τ= Fπdl



(3)




where τ = bond strength, F = failure load, d = diameter of the steel bar, and  l = bonded length of the steel bar.




2.3.7. TGA-DTA Analysis


The thermal analysis (TGA-DTA) of geopolymer composites was performed between 25 °C and 1000 °C at a heating rate of 10 °C/min in N2 atmosphere, using an SDT Q600 V8.2 Build 100 instrument.




2.3.8. Microstructural Analysis


The X-ray diffraction (XRD) study was performed on powdered samples by using an XRD X’Pert 3 Powder machine with the following measurement conditions: CuKα radiation (λ = 1.54 A°); scanning range: 5° to 80° 2θ; scanning speed: 0.5° steps/s; step size: 0.02°2θ. The peaks in spectra were detected by matching with the Joint Committee on Powder Diffraction Standards (JCPDS) files. Fourier transform infrared spectroscopy (FTIR) investigations were carried out on powdered samples on an AVATAR 370 device. Spectra were noted in the range of 4000–400 cm−1. A field emission scanning electron microscopy (FESEM) analysis on the fracture surface of all the specimens after the compressive strength test was conducted on a FESEM SU8010 device. The elemental observations were also done by the energy-dispersive X-ray spectroscopy (EDS) technique.






3. Results and Discussion


3.1. Compressive Strength


The compressive strength of all the geopolymer specimens was determined using a monotonic compression test, and their graphs were plotted in Figure 2A. The highest strength was observed for GP5 and GP7 specimens. The compressive strength of GP3, GP5, and GP7 specimens was 21.13%, 27.19%, and 31.79%, respectively, higher than that of the reference (GP0) specimen. The possible reason for the increase in the compressive strengths could be the synergistic effect of nanosilica particles and PVA fibers in the matrixes. Soluble silicate plays an important role in the geopolymerization process. It gives the aqueous phase of the geopolymeric system with the soluble-silicate species which is crucial for the formation of oligomer and polycondensation. Due to the incorporation of nanosilica, the extensive aluminosilicates dissolution rate increases with the increased Si and Al species in the aqueous phase of geopolymers, gradually altering the chemical system from a monosilicate chain to a species with greater rings and more complex network, resulting in 3-dimensional polymeric structures and an increased compressive strength of the resulting geopolymeric materials [32]. Nanosilica could also refine the pores, making the geopolymeric network dense and compact, with consequent improvement in strength. Moreover, the specimens with PVA fibers may have controlled the propagation of cracks because of the bridging effect. In addition, due to their texture and surface reaction with geopolymer products and an alkali activator solution, heat was produced, which increased the internal curing temperature. The rise in temperature accelerated the geopolymerization process, which in turns strengthened the geopolymeric gel enhanced the mechanical strength [25,33]. It was observed that an increase of fibers improved the compressive strength of specimens. Previous studies also reported the similar findings [34,35]. Xu et al. [36] found that, as the content of PVA fibers increased, the compressive and flexural strengths were also increased. They concluded that the compressive strength of the specimen, with larger amounts of PVA fibers (2% vol.), was 72.7% higher than that of the control sample (without fiber) after 28 days of curing. It was noticed that the PVA fibers reinforced geopolymer specimens showed ductile failure after a maximum load by retaining their original shapes. Similar trends were also observed in previous work [25].




3.2. Fracture Toughness


The fracture toughness values (KIc) for all the notch beam specimens are presented in Figure 2B. It can be clearly seen that the addition of PVA fibers increased the fracture toughness value of all the tested specimens. Among all the geopolymer specimens, the GP7 and GP0 showed the highest and lowest values of fracture toughness, respectively. A 7% addition of PVA fibers into a geopolymer specimen increased the fracture toughness strength by 78.29% and 54.88%, with respect to 3% and 5% PVA fiber induced geopolymers. Although 7% incorporation of PVA fibers showed higher fracture toughness, it was difficult to disperse the fibers homogenously into the matrix, and agglomeration of fibers was observed (see Section 3.8). The fracture toughness strength of the GP3, GP5, and GP7 specimens was enhanced by 35.42%, 54.68%, and 139.58%, respectively, in relation to the GP0 specimen, which corresponds to their higher compressive strength values, as shown in Figure 2A.



The PVA fibers (8 mm in length) were used in this study. Due to high mechanical strength and enough length, the fibers improved the fracture toughness by bridging numerous micro cracks together. Therefore, the fracture of bridging fibers in the micro cracks was restrained with delayed formation of main cracks. The higher strength is mainly due to the reason that the PVA fibers restrained the crack propagation because of the fiber bridging mechanism. The fiber bridging mechanism in the micro and main cracks efficiently retained the integrity and forms of composites, showing ductile fracture behavior [37]. It was observed that the GP0 specimen exhibited a catastrophic failure, while GP5 specimen showed a ductile failure (Figure 3). This elucidates that cracking occurs at greater values of critical stress in the GP3, GP5, and GP7 specimens than that of the GP0 specimen. The results are in accordance with those published by Behzad et al. [10] for fiber reinforced geopolymers. In the present work, the fracture toughness values were in the range of 0.2 to 0.46 MPa m1/2. Latella et al. [13] also measured the fracture toughness values of geopolymers using different precursors in the range of 0.25–0.65 MPa m1/2. The higher fracture toughness of the GP3, GP5, and GP7 specimens indicates that crack failure planes are more tortuous, thus consumed more energy, as compared to the GP0 specimen, which is confirmed by visual inspection of rupture surfaces of the geopolymer specimens.



The fracture toughness value increases with the increase of compressive strength of the geopolymers (Figure 2C). The cracking takes place at critical stress. The higher fracture toughness value reveals that the crack happens at higher critical stress. Therefore, the resistance to crack propagation is higher in PVA fibers reinforced geopolymers. The fracture toughness of composite material is generally affected by the microstructure of the matrix and the size of aggregates. Additionally, in fly ash-based geopolymers the major reaction product formed is an alkaline aluminosilicate gel with a low-ordered crystalline structure. Therefore, the microstructure of the geopolymer matrixes seems to be the most important reason for the different matrix fracture toughness of the specimens, with or without PVA fiber, as the other factors were kept constant. Crack mouth opening displacement (CMOD) was also measured with the help of the clip gauge attached at the bottom of the beam. The maximum load attained by the geopolymer specimens depends upon the fiber concentration. It is clear that load and corresponding CMOD, enhanced with increasing PVA fiber contents in the matrix due to an upsurge in the tensile strain capacity of the matrix, hence resulted in an improved load bearing capacity of the specimen (Figure 4). The maximum loads 677.34 N, 839.53 N, 904.24 N, and 2064.60 N, and their corresponding CMOD values 0.0015 mm, 0.00166 mm, 0.0036 mm, and 0.0092 mm were found for GP0, GP3, GP5, and GP7 geopolymer specimens, respectively. Therefore, from Figure 2B and Figure 4 it can be concluded that fiber addition had a positive effect on the fracture toughness and hence improved the performance of geopolymer specimens, regarding crack propagation resistance.




3.3. Cyclic Response


The main purpose of this part of the research was to find out the response of material to various cyclic loading schemes. According to the author’s knowledge, the cyclic response of this material was not thoroughly investigated and there is a need to calculate the unloading and reloading response of the material. Figure 5A,B show the results obtained from the single and three unloading/reloading cycles, respectively. It can be seen that the geopolymer specimens reinforced with PVA fibers under three unloading/reloading cyclic compressions exhibited analogous unloading and reloading responses with little differences. However, when the specimens were subjected to a single unloading/reloading cyclic compression, the unloading and reloading response difference was slightly more obvious [28]. The specimen GP0 (with no fiber) gained the lower peak load values and lost its integrity after reaching the displacement level of 2 mm in both the cases, as compared to the other specimens reinforced with PVA fibers. The specimen GP5 considerably showed a better response under both cyclic loading schemes, as compared to all the other specimens. The specimen GP5 attained peak loads of 21.32 KN and 27.80 KN for single and triple cyclic loading, respectively, showing an increase of 51.85% and 78.1%, respectively, in comparison with the GP0 specimen. It was also noticed that when specimens reached an onset of displacement level, the parabolic unloading occurred. The parabolic portion showed the permanent deformation that happened during the softening of the material in compression. When the parabolic unloading reached a desired target load, the reloading of the specimen took place, which was also parabolic until reached a displacement level where unloading was started. After passing the peak load, the specimen persistently bore the strength reduction along the hysteretic curve. The failure observed in the PVA fibers induced geopolymers after reaching the peak load was a gradual process; at every step of the failure, the axial load was declined. The failure modes of GP5 and GP0 specimens are shown in Figure 6. It can be seen that the GP0 specimen was crushed into pieces, while the GP5 specimen bore debonding of fibers and spalling/cracking of concrete surfaces.




3.4. Fire Resistance


Resistance of geopolymers to fire has become one of the crucial research areas in the current development. The inherent thermal resistance of some geopolymers makes them useful in a range of high temperature applications. Geopolymers, with PVA fibers, showed enhanced resistance to spalling at an elevated temperature, due to greater mechanical strength. It was observed that strength decreased in all the geopolymer specimens at different temperatures, and the maximum strength degradation was found in the GP0 specimen (Figure 7A). It was further noticed that resistance to an elevated temperature of geopolymer specimens increased with the increase of fiber ratio. Fiber ratio noticeably affected the resistance to high temperature. The increase in resistance of geopolymer concrete to an elevated temperature, with increasing fiber ratio, has also been reported previously [35]. The GP3, GP5, and GP7 specimens experienced a loss of compressive strength by 62.8%, 60.3%, and 58.6%, respectively, when exposed to 600 °C. When the temperature was further increased to 800 C, it was observed that the loss in strength of the GP3, GP5, and GP7 specimens was about 64%, whereas in the GP0 specimen it was 95.2%. The better fire resistance of GP3, GP5, and GP7 specimens at 400 °C and 600 °C might be due to the melting of PVA fibers, which formed the channels for steam to escape. Sahmaran et al. [38] also found that PVA fibers avert explosive spalling of specimens due to the provision of extra paths for vaporized moisture to escape, without generating high internal pressure in the material. The compressive strength of all the geopolymer specimens, except GP0, was found to be the same under exposure to fire at 800 °C. This could be due to the vanishing of PVA fiber properties at that temperature. Similar findings were observed for PVA fiber reinforced geopolymers [35]. Elevated temperature increased the porosity by producing voids, which reduced the contact area between particles, with consequent degradation of specimens [39,40]. The reduction in compressive strength of the GP5 specimen was 29.7% lower than that of GP0, at 400 °C. Additionally, the reduction in the compressive strength of the GP5 specimen at 600 °C and 800 °C was 22.3% and 32.2%, respectively; lower in relation to the GP0 specimen. Pore size and pore distribution could be responsible for the retention of strength in the fly ash-based geopolymers. The geopolymer specimens which showed the best strength in the 400 °C and 600 °C temperature range, corresponding to the swelling of a silica-rich phase present as pockets within the gel structure. Specimens in which this phase was not present displayed low strength. Additionally, geopolymer composites may comprise quartz, mullite, iron oxide, and the alkali activated gel, hence, this complex microstructure offers the ability for the material to withstand extreme environmental conditions, such as high temperatures.



The loss in weight of the specimens during exposure to fire is shown in Figure 7B. The most pronounced weight loss (8.52%) was determined in the GP0 specimen at 800 °C. The GP3, GP5, and GP7 specimens lost their weight by 8.1%, 7.21%, and 7%, respectively, at 800 °C. The higher weight loss in the GP0 specimen is mainly due to the higher rate of evaporation of trapped moisture in the matrix, as compared to the other specimens with PVA fibers. In this research, the weight loss was measured in the range of about 5–9% for all the specimens at desired temperatures. In another work, the weight loss was recorded in the range of 5–12%, when the temperature was raised to 1000 °C for geopolymer specimens [17]. In fact, up to 400 °C, the loss in weight happened due to physisorbed water loss and deterioration of the side chain of the PVA polymer. The temperature above 400 °C caused the loss of chemically bonded water, and the deterioration of the main chain of PVA polymer occurred, which is the reason for greater weight losses in geopolymer specimens [41,42]. It was noted that the color of geopolymer specimens changed from light to dark gray when heated up to 600 °C and then turned reddish after exposure to 800 °C (Figure 8A). There were no visible defects on the surfaces of the GP3, GP5, and GP7 specimens heated up to 800 °C. The GP0 specimen experienced macro or surface cracks at 800 °C. The change in color at elevated temperature is mainly due to the gradual dehydration of geopolymer specimens and oxidation of iron present in the fly ash [17,43]. The failure pattern of the geopolymer specimens under exposure to 800 °C at ultimate compression load is shown in Figure 8B. It can be seen that the magnitude of damage in the GP5 specimen was less than the GP0 specimen. The results are in good agreement with the compressive strength values.




3.5. Freeze-Thaw Effect


A freeze-thaw test was conducted to evaluate the durability of the geopolymer specimens. The compressive strength of all the geopolymer specimens decreased after the freeze-thaw test (Figure 9A). The residual compressive strength of the GP0 specimen was found to be the lowest, as compared with the other specimens after 25 freeze-thaw cycles. It was observed that increasing fiber contents in the geopolymer matrix increased the freeze-thaw resistance. The strength values of GP3, GP5, and GP7 geopolymer specimens dropped to about 8%, 4.18%, and 5.1%, respectively, after the same number of freeze-thaw cycles. The GP5 specimen exhibited better freeze-thaw resistance among other specimens, due to randomly distributed fibers which prevented the mortar layer from splitting away. A previous study [44] revealed that the durability of composite material was enhanced by increasing the fiber volume fraction up to 0.08%. However, it was noticed that the fiber volume fraction above 0.08% decreased the freeze-thaw resistance.



The results of the present study also showed that increasing the PVA fibers up to 5% increased the freeze-thaw resistance. When further increased, the PVA fibers resulted in a reduction of freeze-thaw resistance. This could be due to an increased number of fibers in the unit volume of the matrix, which resulted in less space between fibers and, hence, an overlapping of fiber interface areas occurred. As a result, weak interface areas were increased, which in turn had a bad impact on the freeze–thaw durability [44]. The graphs of weight loss of geopolymer specimens are presented in Figure 9B. The GP0 specimen depicted the most pronounced (10.5%) weight loss, as compared with the others. The weight loss in the GP3, GP5, and GP7 specimens was 8.3%, 5.1%, and 6.3%, respectively, for the same cycles. The weight losses were measured in the range of about 5–11% for all the specimens at the desired number of freeze-thaw cycles. PVA fibers were found to considerably increase the resistance of specimens to surface deterioration. It can be seen from Figure 10 that the physical appearance of the specimens showed no signs of damage, although the compressive strength values were decreased [45]. It was also observed that some white crystals appeared on the surface of the GP0 specimen due to an efflorescence effect, which could be attributed to high alkali concentration and weak Na+ bonding in the structure of the GP0 specimen [46]. Further, the loss of alkalis into water had a negative influence on the strength development of the GP0 specimen.




3.6. Thermal Analysis


The thermal analysis (TGA-DTA) of synthesized geopolymer specimens, with or without PVA fiber, is given in Figure 11. It can be seen that both specimens showed analogous characteristics up to 1000 °C. A substantial decrease in mass is observed from ambient temperature to 400 °C in both specimens. In the DTA curves, endothermic peaks at 57.53 °C, 178.15 °C, 59.6 °C, and 178.46 °C were found for the GP0 and GP5 specimens, respectively. This indicated the elimination of free and interstitial water molecules from both geopolymer specimens and a break up of the side chain of the PVA polymer, particularly in GP5. Between 400 °C and 600 °C, an extra weight loss was observed, which is attributed to the release of water by polymerization of Si–OH and Al–OH groups and a decomposition of the main chain of the PVA polymer [47]. When the temperature was further increased from 600 °C to 1000 °C, the specimens GP5 and GP0 exhibited a loss in weight by 1.287% and 1.299%, respectively, which corresponds to the disintegration of carbonate species in geopolymers and the burning of leftovers of coal in fly ash (Table 1) [48]. The highest weight loss was found at 1000 °C for GP0, as compared with GP5, which illustrated that 5% fiber-reinforced geopolymers possessed more thermal stability than the reference sample.




3.7. Pull out Test


The effect of the different amounts of PVA fibers on the bonding behavior of the deformed steel bar and the geopolymer matrixes is shown in Figure 12A. It can be seen that the peak pull out load of the deformed steel bar is increased with the increasing amount of PVA fibers An increase in displacement, at peak pull out load, was also noted with increasing concentrations of PVA fibers. After the first peak, more peaks were noticed in the post-peak region for the PVA fiber-reinforced specimens. This was because of the enhanced frictional bond of the deformed steel bar with the geopolymer matrix, which is attributed to the decrease in pores [49]. The improvement in the bond between the geopolymeric matrix and the steel deformed bars was due to the refining of the microstructure into a homogeneous, dense, and compacted microstructure by the synergic effect of the PVA fibers and nanosilica. Nanosilica increased the amount of reactive silica in the geopolymeric system, resulting the formation of silicon-rich gel, which has compacted and improved mechanical properties. The alteration of large pores in geopolymeric structures, comprising the nanosilica and PVA fibers, was also observed, and it could be the reason behind the enhanced bond strength between the deformed steel bar and the matrix in the specimens [25]. The bond stress-slip curves of all the geopolymer pull out specimens are presented in Figure 12B. The bond strength increased by 6.55%, 13.78%, and 80.35% in the GP3, GP5, and GP7 specimens, respectively, with respect to the GP0 specimen. It has been reported that the increase in bond strength is not because of good chemical adhesion but is due to superior tensile strength of the specimens [50]. In another study [25], it was observed that geopolymer mortar specimens, with an addition of PVA fibers, depicted an increase in their tensile strength. Therefore, it can be concluded that the greater bond strength of the geopolymer specimens is due to their higher tensile strength. All the specimens were failed when the induced forces between the surrounding material and the steel deformed bar exceeded the maximum tensile strength of the geopolymer composite. It was observed that specimens with a higher amount of PVA fibers took more time before the splitting of the composite than the specimens with a lower amount of PVA fibers. During the test, GP0 experienced a larger crack than that of the GP5 specimen, as shown in Figure 13.




3.8. Microstructural Studies


A FESEM study was employed to examine the morphology of geopolymer specimens, with or without PVA fibers. Figure 14 presents the FESEM images of all the geopolymer specimens. In the GP0 specimen there were no fibers and a larger amount of unreacted silica particles in the matrix, which in turn reduced the strength of this geopolymer.



In addition, the cracks were formed in GP0, which resulted in a defected and porous matrix [51]. On the other hand, in PVA fibers reinforced geopolymer specimens, fibers were arranged in different manners, producing the fiber-matrix bond interaction, which is the key to increase the strength in those specimens. Inadequacy and agglomeration of fibers were noticed in GP3 and GP7, respectively, whereas, in GP5, the matrix was compacted, mainly due to the regular textures and uniform distribution of the PVA fibers and surrounding composites. FESEM images of geopolymer specimens with PVA fibers (GP5) and without PVA fibers (GP0) after exposure to heat at different temperatures are depicted in Figure 15.



At elevated temperature, the transformation of GP0 occurred, which made it more porous and, finally, the specimen attained cracks at 800 °C. At 400 °C, the PVA fibers melted and lost their integrity in the matrix for the GP5 specimen. The morphology of the matrix at 600 °C and 800 °C showed intact fly ash particles and significant configuration of hydration products. Furthermore, at 800 °C, the PVA fibers completely vanished, hence the degradation of strength occurred (Figure 7A).



The elemental analysis by EDS of all the geopolymer specimens are given in Figure 16. In the geopolymeric reaction products, oxygen was the main element, along with silicon and aluminum. An EDS by mapping technique also revealed that the different colors were associated with the distribution of different elements present in the geopolymeric products. The presence of Na, Si, and Al in the EDS map confirmed the formation of N-A-S-H gel. The N-A-S-H gel acted as a binding agent in the matrix [52]. The higher concentration of each color represented the higher concentration of each element in the map. It was observed that the Si/Al ratios for the geopolymeric products were in the range of 3.43 and 5.2. Among all the geopolymer reaction products, the GP5 specimen showed the smaller value of Si/Al ratio, which confirmed the higher strength value of this geopolymer [53]. An FTIR study of GP5 and GP0 geopolymer specimens is shown in Figure 17A. The band around 460 cm−1 is due to Si-O-Si vibrations. The band between 770 cm−1 and 820 cm−1 is associated with Al-O vibrations [54].



The bands at 1650 cm−1 and 3410 cm−1 are for OH stretching, presenting the chemically bound water. The band at about 1050 cm−1 is related to the asymmetric stretching vibration of Si-O-T bonds (T=Al, Si). It is noteworthy that bands at 1374 cm−1, 1712 cm−1, and 2915 cm−1 were only recognized in the GP5 specimen for CH2 wagging, stretching C=O, and symmetric stretching CH2, respectively, which confirmed the existence of PVA fibers in the matrix [25,55].



XRD spectra of different geopolymer specimens cured at 56 days are presented in Figure 17B. In the spectra, different phases were highlighted and marked, clearly indicating the difference between PVA fibers embedded geopolymer specimens with the geopolymers without fibers. It can be seen that the peak, at 2θ = 19.6°, evidently represented the crystalline PVA in the GP5 matrix, while it was absent in the GP0 matrix [56]. Different peaks found at 2θ = 20.86°, 26.5°, 42.5°, 50.2°, 59.9°, and 67.8° showed the presence of quartz. More peaks of quartz and less peaks of C3S were identified, which was probably due to the presence of fly ash in the crystallization form of quartz [51]. Additionally, Na(AlSi3O8) and Na2Si2O8 phases were identified in all the geopolymer specimens.





4. Conclusions


The geopolymer mortar specimens with different amounts of PVA fibers in the presence of nanosilica particles at ambient temperature were developed. The main conclusions are as follows:

	
The fracture toughness KIc and CMOD values increased with the increasing amount of PVA fibers. The higher toughness value of 0.46 MPa m1/2 was observed for the GP7 specimen. The higher strength is due to the bridging effect of fibers with the matrix.



	
The compressive strength increased considerably in all the geopolymer mortar specimens with the addition of PVA fibers.



	
The cyclic uniaxial compression response of the GP5 specimen showed better results for both single unloading/reloading and three unloading/reloading cycles. The 78.1% increase in peak load was noticed in relation to the GP0 specimen for the three unloading/reloading cycles scheme.



	
The compressive strength degradation was observed in the geopolymer specimens when subjected to extreme temperatures. The greater the temperature, the greater the reduction in strength. Although at 800 °C, strength reduction in geopolymer specimens GP3, GP5, and GP7 was almost the same, but much lower than in GP0. For the freeze-thaw effect at a lower temperature (−25 °C) the GP5 and GP7 specimens dropped strength by 4.18% and 5.1%, respectively.



	
Bond strength increased with the increase of PVA fiber contents. Higher values of bond strength, i.e., 1.92 MPa and 3.03 MPa, were noted in the GP5 and GP7 specimens, respectively.



	
Microstructural analysis showed that the PVA fibers and nanosilica synergistically improved the dense and compact matrix structure.
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Figure 1. Experimental loading pattern. 






Figure 1. Experimental loading pattern.
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Figure 2. Different geopolymer specimens in terms: (A) Compressive strength; (B) fracture toughness; (C) variation of fracture toughness with compressive strength. 
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Figure 3. Fracture behavior: (A) Catastrophic (GP0 specimen); (B) Ductile (GP5 specimen). 
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Figure 4. Load-crack mouth opening displacement (CMOD) graphs of geopolymer specimens. 
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Figure 5. Uniaxial cyclic compression: (A) Single unloading/reloading cycle (B) three unloading/reloading cycles. 
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Figure 6. Failure modes of GP0 and GP5 specimens. 
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Figure 7. Exposure of geopolymer specimens at different temperatures: (A) % change in compressive strength; (B) % weight loss. 
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Figure 8. (A) Color changes at different temperatures in all the geopolymer specimens: GP0 to GP7 specimens (left to right, respectively); (B) fracture pattern. 
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Figure 9. Freeze thaw resistance in terms of (A) % change in compressive strength; (B) % weight loss. 
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Figure 10. Physical appearance of all the geopolymer specimens. 
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Figure 11. Thermal analysis (TGA-DTA): (a) Without PVA fiber; (b) with PVA fiber. 
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Figure 12. Bond interaction between the matrix and the deformed steel bar explains (A) the pullout load—displacement curves; (B) the stress-slip curves. 
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Figure 13. Crack pattern: (A) GP0 specimen (B) GP5 specimen. 
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Figure 14. Field emission scanning electron microscopy (FESEM) images of different geopolymers at ambient temperature. 
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Figure 15. FESEM images of geopolymers at different temperatures: (A) Without PVA fibers (left); (B) with PVA fibers (right). 
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Figure 16. Energy-dispersive X-ray spectroscopy (EDS) analysis results. 
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Figure 17. Microstructural study: (A) FTIR spectra; (B) XRD. 
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Table 1. Chemical composition of fly ash.






Table 1. Chemical composition of fly ash.





	Chemical
	Component (wt.%)





	Al2O3
	26.56



	SiO2
	59.23



	CaO
	03.40



	Fe2O3
	05.65



	K2O
	00.65



	MgO
	01.40



	Na2O
	00.72



	TiO2
	01.30



	SO3
	00.34



	Loss on ignition
	00.46
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Table 2. Properties of poly vinyl alcohol (PVA) fiber.






Table 2. Properties of poly vinyl alcohol (PVA) fiber.





	Parameter
	Value





	Length (mm)
	8



	Diameter (µm)
	39



	Young’s modulus (GPa)
	41



	Elongation (%)
	6



	Density (g/cm3)
	1.3



	Strength (MPa)
	1600











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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