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Abstract:



Textile reinforced mortar or concrete, a thin cementitious composite reinforced by non-corrosive polymer textile fabric, was developed and has been researched for its role on repair and strengthening of reinforced concrete (RC) structures. Due to embedment of polymeric textile fabric inside the cementitious matrix, many researchers argued the superiority of this technology than the externally bonded fiber reinforced polymer (FRP) sheet in RC in terms of prevention of debonding of FRP and durability in fire. However, due to use of cement rich matrix the existing development of textile reinforced concrete (TRC) need to be more environmental friendly by replacing cement based binder with geopolymeric binder. This paper presents a first study on the flexural behavior of alkali resistant glass fiber textile reinforced geopolymer (TRG). In this study, two types of geopolymer binder is considered. One is fly ash based heat cured geopolymer and the other is fly ash/slag blended ambient air cured geopolymer binder. Both geopolymer types are considered in the TRG and the results are benchmarked with the current cement based TRC. The effect of short polyvinyl alcohol (PVA) fiber as hybrid reinforced with alkali-resistant (AR) glass fiber textile on the flexural behavior of above TRC and TRGs is also studied. Results show deflection hardening behavior of both TRGs with higher flexural strength in heat cured TRG and higher deflection capacity at peak load in ambient air cured TRG. The increase in PVA fiber volume fraction from 1% to 1.5% did not show any improvement in flexural strength of both TRGs although TRC showed good improvement. In the case of deflection at peak load, an opposite phenomenon is observed where the deflection at peak load in both TRGs is increased due to increase in PVA fiber volume fractions.
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1. Introduction


Fibers are added to concrete to address its brittleness and low tensile and flexural strengths. Various types of fibers are used to reinforce the concrete. These are short fibers—metallic, synthetic, polymeric, and plant based—as well as in the form of mesh/fabric of above fibers. Fiber reinforced concrete or fiber reinforced cementitious composites have shown significant development path in the last few decades resulting in strain hardening behavior. High performance fiber reinforced cementitious composites exhibiting strain hardening and multiple cracking behavior with tight crack width properties is the example of this development [1,2,3,4]. These high performance composites also showed excellent durability properties [5].



Ferrocement, a thin steel wire mesh reinforced cement composites, is another development in the field of fiber reinforced cementitious composites [6,7,8]. However, to address the corrosion of steel wire mesh in ferrocement the use of non-corrosive fabric is proposed by many researchers [9]. Hence, textile reinforced concrete (TRC) is developed where 2-D continuous multifilament yarns made of non-corrosive fabric (polymeric or carbon or alkali-resistant glass fabric, etc.) is used as reinforcement in finely ground cement based matrix. Due to the alignment of continuous fibers in the fabric, textile reinforced concrete exhibits well distributed cracking behavior in flexure and tension.



Fiber reinforced polymer (FRP) is another promising composite developed and widely researched in last few decades. However, the FRP composite exhibits a few drawbacks—namely high cost, poor performance at high temperatures, inability to apply on wet surfaces, etc. [10,11,12,13,14]. In addition, retrofitting using FRP is also vulnerable due to brittle failure mode of FRP in tension compared to steel [15,16]. Premature debonding of FRP sheet/plate from concrete is the commonly observed phenomenon of FRP strengthened reinforced concrete (RC) beams/slabs. The alleviation of these drawbacks may be realized by the TRC where a similar type of polymeric fiber years as of FRP is bounded in to the cementitious matrix.



Considerable research has been devoted to various aspects of TRC from its mechanical and durability properties to the strengthening/retrofitting of concrete structures using TRC [17,18,19,20]. In the case of strengthening of RC structures using TRC significant improvement in ultimate load capacity of existing structures can be achieved, while its application is simple and can be applied in any complex shape [21,22,23]. The addition of short fibers in the matrix of TRC is also studied by several researchers and found that the hybridization of short polymeric fibers with textile have positive effects on various properties of TRC—e.g., increase in ultimate tensile strength of TRC, reducing the crack width in TRC, etc.. While, the textile reinforced TRC or hybrid short fiber–textile reinforced TRC exhibit superior tensile and flexural strengths with crack width control properties, the current TRC is not an environmentally friendly composite due to the use of cement rich binder. It is well recognized that the ordinary Portland cement (OPC) contributes significantly to the global CO2 emission. In one estimate, it is shown that in 2016 the estimated CO2 emission by OPC manufacturing was about 1.45 ± 0.20 Gt that is approximately 8% of the total anthropogenic CO2 release [24]. To improve its environmental friendliness the partial replacement of OPC using industrial byproducts—e.g., fly ash, silica fume—has been investigated by some researchers [20].



The development of alternative low-carbon binders is recognized to reduce the CO2 emissions. Geopolymer, a sub-class of alkali activated materials, is a promising material in this regard. By replacing the OPC based binder in the current TRC by geopolymer its environmental friendliness can be significantly improved. Without considering the CO2 emission associated with fine aggregate, textile, and fibers, the replacement of OPC binder with fly ash and/or slag and alkali activators blended geopolymer binder the net CO2 emission savings according to Turner and Collins [25] will be about 26% in the case of ambient cured fly ash/slag blended geopolymer and about 11% savings in CO2 emission in heat cured fly ash geopolymer. Therefore, by replacing the OPC binder with both heat cure and ambient temperature air cure geopolymer binders, environmentally friendly textile reinforced geopolymer (TRG) can be developed which will be a suitable alternative to the existing TRC provided the mechanical performance of former is comparable or superior to the latter. The use of geopolymer binder not only reduces CO2 emissions but also reduces the environmental impact associated with the dumping of fly ash and slag. To date, few research is reported which evaluated the behavior of textile reinforced geopolymer. Menna et al. [26] use the bi-axial carbon fabric and uniaxial steel fabric reinforced geopolymer composite for flexural strengthening of RC beams. In another study, Tamburini et al. [27] studied the use of geopolymer grout to bond basalt, glass, carbon, and steel fabric with masonry. In both studies, authors reported better bond of geopolymer composite with concrete and masonry. This paper presents the flexural behavior of alkali-resistant (AR) glass textile reinforced and hybrid polyvinyl alcohol (PVA) fiber–AR glass textile reinforced heat cured and ambient temperature air cured geopolymer composites and compared them with their counterpart cement based TRC.




2. Experimental Program, Materials, and Methods


In this study, four different combinations of AR glass textile and PVA fibers are considered in TRC and both TRGs. Details can be found in Table 1. It can be seen that in all composites types the first and second series are reinforced with 1% PVA and one layer of AR glass textile, respectively. The third series is the hybrid combination which is reinforced with both 1% PVA and one layer of AR glass textile and by comparing above three series the effect of short 1% PVA fiber on the flexural behavior of one layer AR glass textile reinforced TRC and TRGs can be found. In the fourth series, the effect of increase in PVA fiber volume fractions from 1% to 1.5% on the flexural behavior of one layer AR glass textile reinforced TRC and TRGs is evaluated. In both geopolymer composites, NaOH and Na2SiO3 at a mass ratio of 1:2.5 is used to synthetize the alumina silicate source materials fly ash and slag. In TRC and TRGs, the water/cement and alkali activator/binder ratio were kept at a constant of 0.4. The NaOH solution with a concentration of 8 Molar was considered. The fly ash used in this study was class F fly ash obtained from Gladstone power station in Queensland, Australia while the slag was ground granulated blast furnace slag. Their chemical compositions are shown in Table 2, while the properties of PVA fiber and AR glass textile are shown in Table 3 and Table 4, respectively.



Table 1. Experimental program and mix proportions.



	
Types of Composites

	
PVA Fiber (vol.%)

	
AR Glass Textile

	
Mix Ratio (by wt.%)




	
Fly Ash

	
Slag

	
OPC

	
Alkali Activators

	
Water






	
TRC

	
1.0

	
-

	
-

	
-

	
1

	
-

	
0.4




	
-

	
1 layer

	
-

	
-

	
1

	
-

	
0.4




	
1.0

	
1 layer

	
-

	
-

	
1

	
-

	
0.4




	
1.5

	
1 layer

	
-

	
-

	
1

	
-

	
0.4




	
Heat cured TRG

	
1.0

	
-

	
1

	
-

	
-

	
0.4

	
-




	
-

	
1 layer

	
1

	
-

	
-

	
0.4

	
-




	
1.0

	
1 layer

	
1

	
-

	
-

	
0.4

	
-




	
1.5

	
1 layer

	
1

	
-

	
-

	
0.4

	
-




	
Ambient cured TRG

	
1.0

	
-

	
0.9

	
0.1

	
-

	
0.4

	
-




	
-

	
1 layer

	
0.9

	
0.1

	
-

	
0.4

	
-




	
1.0

	
1 layer

	
0.9

	
0.1

	
-

	
0.4

	
-




	
1.5

	
1 layer

	
0.9

	
0.1

	
-

	
0.4

	
-









Table 2. Chemical compositions of class F fly ash and slag.


	Compounds
	SiO2
	Al2O3
	Fe2O3
	CaO
	Na2O
	K2O
	MgO
	P2O5
	SO3
	TiO2
	MnO
	LOI





	Fly ash
	51.11
	25.56
	12.48
	4.3
	0.77
	0.7
	1.45
	0.885
	0.24
	1.32
	0.15
	0.57



	Slag
	32.50
	13.56
	0.85
	41.2
	0.27
	0.35
	5.10
	0.03
	3.2
	0.49
	0.25
	1.11








Table 3. Properties of PVA fiber.


	Types of Fiber
	Length (mm)
	Diameter (mm)
	Modulus of Elasticity (MPa)
	Fiber Strength (MPa)
	Density (gm/cm3)
	Elongation (%)





	PVA
	8
	0.04
	40,000
	1600
	1.3
	6








Table 4. Properties of AR glass textile (provided by manufacturer).






	Product Data:
	



	Form:
	Glass fiber grid with alkali resistant SBR coating



	Fiber type:
	E-glass fiber



	Fiber construction:
	Fiber orientation 0/90° (bi-directional)



	Technical data:
	



	Fiber density:
	2.6 g/m2



	Finishing:
	Soft SBR Coating



	Stitch spacing:
	16.2 × 14.2 mm (center to center distance)



	Mechanical properties
	



	Tensile strength:
	2600 MPa (measured on roving)



	Tensile e-modulus:
	>80,000 MPa









For each series, three 50 mm cube specimens for compression and three plate specimens of 15 × 40 × 400 mm in dimension for three-point bending were cast. The flexural specimens were simply supported on roller supports on both sides with a clear center-to-center supports spacing of 300 mm. All specimens were tested using a universal testing machine under displacement control with a loading rate of 0.5 mm/min. The mixing was carried out in a Hobart mixer. First, the source materials (fly ash and fly ash/slag) and alkali activators in the case of geopolymers composite and OPC and water in the case of cement composite are mixed for approximately 3 min and then the PVA fibers are slowly added to the wet mix and continued mixing until the fibers are well dispersed in the mix. The AR glass textile was cut into the flexural mold with inside dimension of 40 mm wide and 400 mm long. Approximately half of the depth of the flexural molds were filled with the above short fiber reinforced geopolymer and cement composite and vibrated for 30 s to remove the entrapped air. Then one layer of AR glass textile, shown in Figure 1, is laid over the geopolymer or cement composite followed by filling the rest of the flexural molds. The molds are again vibrated to eliminate the excessive air for another 30 s. The heat cured geopolymer composite molds were placed in oven for curing at 60 °C for 24 h immediately after casting. The ambient cured geopolymer composites and cement composite molds were covered with plastic sheet after casting and left in open air in the lab for 24 h. They were then demolded and the cement composites were water cured for 28 days and the ambient cured geopolymer specimens were cured in open air for 28 days. The heat cured geopolymer composites were also left in open air until testing.


Figure 1. Alkali resistant glass fiber textile.
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3. Results and Discussion


3.1. Compressive Strengths


The effect of 1% and 1.5% volume fractions of PVA fiber on the compressive strength of cement and geopolymer composites is shown in Figure 2. It can be seen that the addition of PVA fibers and their increasing volume fractions adversely affected the compressive strength of both geopolymer and composites. Similar results can also be seen in the case of OPC composites. This can be attributed to the possible formation of entrapped pores due to presence of PVA fibers in the geopolymer and cement composites. Similar reduction in compressive strength of polypropylene (PP) fibers reinforced geopolymer composite is also reported by Zhang et al. [28]. It is also observed that unlike the control geopolymer and cement pastes, the PVA fiber reinforced geopolymer and cement composites did not exhibit such catastrophic failure in compression due to bridging of cracks by the PVA fibers as shown in Figure 3. It is also interesting to see that the heat cured geopolymer, regardless of PVA fiber contents, exhibited about 24–25% and about 14–36% higher compressive strength than the cement ambient air cured geopolymer, respectively. The higher compressive strength of heat cured fly ash geopolymer can be attributed to the formation of more geopolymer gels due to heat curing at 60 °C for 24 h. The higher compressive strength of heat cured geopolymer (HGP) composite than the ambient cured geopolymer (AGP) composite is due to heat curing, which accelerated the activation of fly ash with alkali activators in HGP, compared to slow activation of fly ash/slag blend in the presence of alkali activator at ambient temperature. The lower compressive strength of OPC composite compared to that of HGP is also reported by others [29,30].


Figure 2. Compressive strength of cement, heat cured and ambient cured geopolymer matrix and those containing 1% and 1.5% polyvinyl alcohol (PVA) fibers.



[image: Fibers 06 00002 g002]





Figure 3. Flexural stress vs. mid-span deflection behavior of textile reinforced concrete (TRC). (A) Composite containing one layer of AR-glass textile, (B) composite containing 1% PVA fibre, (C) composite containing 1% PVA fibre and one layer of alkali-resistant (AR)-glass textile and (D) composite containing 1.5% PVA fibre and one layer of AR-glass textile.
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3.2. Flexural Behavior of TRG and TRC Composites


Flexural stress and mid-span deflection behavior of TRC and TRGs are shown in Figure 3, Figure 4 and Figure 5. It can be seen in Figure 3a that the one AR glass textile reinforced TRC exhibited linear increase in flexural stress until first crack followed by sudden drop in flexural stress. This can be interpreted to be purely contributed by the cement matrix of the TRC and, due to its brittle nature, it cracked and its flexural strength dropped suddenly. Similar behavior is also observed in the case of TRG in Figure 4a. However, the first crack strength of heat cured TRG is much higher than that of TRC, which can be attributed to the higher compressive strength of heat cured geopolymer than the OPC. Due to unavoidable circumstances, the flexural strength of ambient air cured TRG could not be tested, however, similar behavior is also expected. It can be seen that, soon after the sudden drop in load, the flexural strength increases with increase in deflection and can be attributed to the glass textile. However, instead of forming multiple cracks in the composites the first crack continued to widen with increase in deflection followed by rupturing of yarns of the glass textile. This behavior is believed to be due to use of one layer of textile which makes insufficient distribution of yarns of textile across the thickness of the composites and with several layers of textile this brittle behavior can be changed to ductile or pseudo-ductile with higher flexural strength. The main objective of this study was to evaluate how the addition of short polymeric fibers effect this behavior. In Figure 3c, Figure 4c and Figure 5c the effect of addition of 1% PVA fiber on the flexural strength mid deflection behavior of TRC and TRGs can be seen. It can be seen that with just addition of 1% PVA fiber deflection hardening type behavior of TRC can be achieved with average flexural strength of about 15 MPa and deflection at average peak load of about 27 mm. A similar deflection hardening behavior is also observed in the heat cured and ambient air cured TRGs. However, the flexural strength of heat cured TRG is slightly lower than TRC but the flexural strength of ambient air cured TRG is much lower than its heat cured counterpart and the TRC. The deflection capacity of TRC at peak load is also higher than that of both TRGs and among TRGs the ambient air cured TRG exhibited much higher deflection capacity at peak load compared with its heat cured counterpart. The effect of increase in PVA fiber volume fraction from 1% to 1.5% on the flexural strength mid-span deflection behavior of TRC and TRGs can be seen in Figure 3d, Figure 4d and Figure 5d. It can be seen that the flexural strength of TRC is increased by about 21% due to increase in PVA fiber content. However, the deflection at peak load is not increased, but rather a significant reduction from about 27 mm to 15 mm is observed. This could be due to poor dispersion of increased amount of PVA fibers which might have formed fiber clamping, as a result inadequate number of fibers dispersed across the cross-section of the specimen which prevented the transfer of applied load to form other cracks in the specimen and eventually crack localization happened in that particular weak section. Another factor could be the higher bond strength of PVA fiber with cement matrix. It has been observed in microstructure study that more cement matrix adheres with PVA fiber than the geopolymer [28]. Therefore, higher frictional and chemical bond of PVA fiber cement matrix than with geopolymer is expected which might have caused higher number of rupturing of PVA fiber in TRC than in TRGs. In the case of TRGs, a different observation can be seen with no significant increase in flexural strength due to increase in PVA fiber content but significant increase in deflection at peak loads of about 39% and 14% in heat and ambient air cured geopolymer composites, respectively. By comparing the deflection hardening pattern between 1% and 1.5% PVA fiber reinforced TRGs, a clear stable deflection hardening trend with increase in flexural strength with increase in mid-span deflection can be seen in TRGs containing 1.5% PVA fiber. This phenomenon clearly indicates that the rupturing of PVA fibers in both geopolymers is much lower than in cement composite. This argument can be supported by the previously observed microstructure of PVA-geopolymer matrix reported in [31]. In the case of this type of fiber—e.g., polyethylene—Nematollahi [32] also reported lower frictional bond of polyethylene fiber in geopolymer than in cement matrix. Nevertheless, it is clearly seen in this study that with the addition of 1–1.5% PVA fiber the effect of improving deflection hardening behavior of only textile reinforced geopolymer composites is quite comparable to its TRC counterpart, while the former composites are more environmentally friendly than the latter.


Figure 4. Flexural stress vs. mid-span deflection behavior of heat cured textile reinforced geopolymer (TRG). (A) Composite containing one layer of AR-glass textile, (B) composite containing 1% PVA fibre, (C) composite containing 1% PVA fibre and one layer of AR-glass textile and (D) composite containing 1.5% PVA fibre and one layer of AR-glass textile.
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Figure 5. Flexural stress vs. mid-span deflection behavior of ambient air cured textile reinforced geopolymer (TRG). (A) Composite containing one layer of AR-glass textile could not be test as the specimens were damaged, (B) composite containing 1% PVA fibre, (C) composite containing 1% PVA fibre and one layer of AR-glass textile and (D) composite containing 1.5% PVA fibre and one layer of AR-glass textile.
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3.3. Energy Absorption Capacity


Energy absorption of fiber reinforced cementitious composites is the unique feature during deflection hardening stage as composites exhibit increasing flexural strength with continuing deformation. Extended deflection hardening with high deflection capacity and high flexural load ensure higher energy absorption. The energy absorption of fiber reinforced cementitious composites is not only important under static loads but also under dynamic loadings. Energy absorption capacities of TRC and TRGs containing PVA fibers are the area under the respective load–deflection curves up to peak load of each composite and are shown in Figure 6. It can be seen that by adding 1% PVA fiber, the energy absorption capacities of TRC and both TRGs are significantly improved with further improvement due to increase in PVA fiber from 1% to 1.5%, except in the case of TRC where energy absorption is decreased at 1.5% PVA due to significant reduction in deflection at peak load despite improvement in flexural strength (see Figure 7).


Figure 6. Energy absorption of heat cured TRG, ambient air cured TRG and TRC up to peak load under three-point flexure.
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Figure 7. Summary of flexural strength and deflection at peak loads of heat cured TRG, ambient air cured TRG and TRC.
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4. Conclusions


This paper presents the flexural behavior of AR glass fiber textile reinforced geopolymer composites made using two types of geopolymer, fly ash based heat cured geopolymer, and fly ash/slag blended ambient air cured geopolymer. Comparison is also made with their counterpart cement based TRC. The effect of short PVA fibers and their increasing volume fractions on the above is also evaluated. Based on limited experimental results, the following conclusions are summarized:

	
Flexural stress and deflection behavior of heat cured AR glass TRG is very similar to its cement based TRC counterpart, with flexural strength of former is higher than the latter.



	
The addition of PVA fiber in TRGs yielded the deflection hardening behavior. The flexural strength of heat cured hybrid PVA fiber–AR glass fiber TRG is higher than its ambient cured counterpart TRG. However, in the case of deflection at peak load, the opposite phenomenon is observed.



	
The increase in PVA fibers from 1% to 1.5% is not affected the flexural strength of both TRGs, however, the deflection at peak load is increased in both TRGs.



	
The addition of PVA fiber significantly improved the energy absorption capacity during deflection, hardening up to peak load in both TRGs and TRC. However, in TRC, the energy absorption capacity is significantly decreased due to the increase in PVA fiber from 1% to 1.5%, which is not observed in both TRGs.
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