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Abstract. 
This study represents an extension work to investigate the role of ultra fine sand (UFS) in enhancing the mechanical properties of fiber reinforced cementitious compounds. The micro-structural origins were identified by scanning electron microscope (SEM). About 50% of UFS had a diameter of less than 20 μm. Ordinary Portland Cement (OPC) was partially substituted by UFS at 3, 5, 7 and 10% by weight of binder. It was found that as UFS loadings increase, the flexural, compressive, and tensile strengths increased up to about 5% UFS loading by 12.9, 15.7 and 30.1%, respectively, thereafter, a decrease in these properties was observed. This can be attributed to the pozzolanic effect besides the filling effect of UFS resulting in enhancing the interfacial bonds between the sand grains and hydration products that makes the paste more homogeneous and dense. The effect of both short natural and artificial fiber loadings on the structural performance of compounds was also studied. Loadings of 2%, by weight, of short natural date palm leaves’ midribs fibers (DP) and artificial polypropylene fibers (PP) were added to the 5% UFS blended mix. An increase in both flexural and tensile strength was achieved, while a decrease in the compressive strength was observed.
 

1. Introduction
The ultra fine sand (UFS) modifier is microscale crystalline silica which is an industrial waste available in Egypt [1]. This study represents the extension for the previous work that aimed to investigate the role of UFS in enhancing the mechanical and physical properties of cementitious pastes. Generally, the addition of very fine pozzolanic materials to cement paste leads to the formation of very fine hydration products, which in turn lead to a refinement of pores. Sand acts as filler, providing for an economical mix and controlling shrinkage. Either natural sand or processed sand may be used as filler. Gradation limits are given in ASTM C 144 [2]. Gradation can be easily and inexpensively altered by adding fine or coarse sands.
Micro- or nanopozzolanic particles are incorporated as active substitutions to Ordinary Portland Cement (OPC) due to their reactivity with lime forming cementitious compounds with improved mechanical properties [3–7]. As they dispersed in OPC, they generate a large number of nucleation sites for the precipitation of the hydration products resulting in better distribution of fine pores which produces homogeneous and dense microstructure. In addition, denser packing within the cement results from the very fine grains, which reduces the wall effect in the transition zone between the paste and aggregate. This weaker zone is strengthened due to the higher bond developed between these two phases, improving the microstructure and mechanical properties of the blended cement paste. In general, the pozzolanic effect depends not only on the pozzolanic reaction, but also on the physical or filler effect of the smaller particles in the mixture.
Building energy performance depends on the thermal characteristics and particularly on the thermal resistance of the building envelope. Cementitious materials are the most frequently used construction material in the world and even a small improvement in their thermal resistivity can lead to considerable energy savings. In actuality, thermal resistance of cementitious mortar or surface compounds decreases with decreasing cement content and thermal resistivity of aggregates [4]. The use of lightweight cementitious surface compounds with high thermal resistivity, in building envelopes, reduces energy consumption and/or enhances the indoor comfort. The incorporation of lightweight particulate insulation in cementitious material produces lightweight compounds with poor mechanical properties and toughness [8]. The basic reasons for the poor mechanical performance of these materials are the weak interfacial adhesion between the cement binder and these insulating particulates as well as the inherit voids and discontinuities in the mix. Therefore, micro- or nanopozzolanic particles were incorporated as active substitutions of OPC to compensate the mechanical strength degradation by improving toughness and mechanical properties reducing the size and amount of defects in cementitious material leading to better performance. Varieties of fibrous materials had been used for improving toughness and tensile strength performance of cementitious surface compounds and concrete [8–13]. Such materials combined good thermal resistance with enough mechanical strength and very low manufacturing costs. An effective way to improve the toughness of cementitious surface compounds is by adding a small fraction of short fibers to the mix as reinforcement. Short fibers can bridge the cracks in the matrix and provide resistance to crack propagation before being pulled out or stressed to rupture. The effect of short polypropylene fibers loading as artificial fibers source on the indirect tensile strength and fracture resistance of nanostructured perlite cementitious surface compounds had been studied [8]. An increase of 34% in the indirect tensile strength was achieved at PP fiber loading of 2%. No cracking was observed for 6 months. Also, the interfacial bond between fibers and cementitious composites and its effect on crack resistance and durability was studied. Densification within the fiber bundle and at the fiber/cement interface, caused by the precipitation and growth of cement hydration products, particularly calcium hydroxide (Ca(OH)2) crystals appears to be the main reason for the strong interfacial bonds [10]. Dense interface can reduce the curvature through which a fiber bridges a crack, inducing higher stresses and thus an increased chance of failure. In general, incorporating fibers into plain mortar caused a reduction in compressive strength, although it was lesser when steel fibers were added. However, the addition of functionalized micro- or nanosilica-source particles or a highly active pozzolan or slag can help to compensate for this loss of strength. The use of natural fibers as reinforcement to cementitious compounds and concrete was also studied as a way to recycle these natural fibers. The advantages of the natural source of fibers are renewable, nonabrasive, cheaper, abundant and show less concern with health and safety during handling and processing [11–13].
In this paper, microstructured modified fiber reinforced cement mortars are studied and proposed as an alternative for conventional materials. The structural strength behavior of the new materials will be investigated. Potentials on the application of natural and artificial fiber sources for strength improvement of fiber reinforced cementitious surface compounds will be tried.
2. Materials
OPC used in the current work was commercially available as CEM I: 42.5 N manufactured by El Suez Cement Company (El-Suez plant), with Blaine surface area 335 m2/kg, and conforming to the Egyptian Standard Specification ES 4756-1/2007 [14]. The sand used as coarse aggregate was natural siliceous sand with grain size ranging from 0.06 to 5 mm as adopted by sieve analysis. While, the UFS microscale silica modifier was used as fine aggregate, which was an industrial waste [1]. Particle-size analysis for UFS was performed using a laser beam diffraction technique (LBD). It was found by LBD analysis that about 50% of UFS had a diameter of less than 20 μm, while all the UFS had a diameter less than 100 μm. The chemical compositions of the starting materials (OPC and UFS) evaluated by X-ray fluorescence (XRF) analysis are summarized in Table 1. Date palm leaves’ midribs fibers (DP) had been used representing a natural source of fibers (as shown in Figure 1), while polypropylene fibers (PP) had been used to represent an artificial source (as shown in Figure 2). Short fibers of 20 mm length, both natural and artificial had been used to produce the fiber reinforced microsilica cement mortars.
Table 1: Chemical composition of starting materials. 
	

	Oxide composition (%)	SiO2	Al2O3	Fe2O3	CaO	MgO	Na2O	K2O	SO3
	

	OPC	21.3	2.6	2.8	65.6	1.56	0.22	0.86	3.15
	UFS	98.81	0.14	0.05	0.51	0.02	0.04	0.03	0.03
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Figure 1: Photos showing (a) date palm tree; (b) details of date palm leaves’ midribs natural fibers.





Figure 2: Photo of polypropylene artificial fibers.


3. Compound Preparation and Identification
The OPC was partially substituted by the UFS at 3, 5, 7, and 10% by weight of OPC according to the mix design as illustrated in Table 2. The dry OPC and UFS were shear mixed at a speed of 350 rpm for 2 min to insure good homogeneity using high power ball miller type PM100 as shown in Figure 3. The blended compounds were prepared by slow mixing for 3 min using the standard water of consistency as shown in Figure 4. The compounds were molded in stainless steel molds with dimension of 40 × 40 × 160 mm for compression and flexural strengths tests as three samples for each mix. Another set of stainless steel circular molds with diameter of 50 mm and thickness of 100 mm were used for indirect tensile strength tests. The samples were kept in molds for 24 h, and then unmolded and allowed to cure in water for 7 days. An optimum percentage of 2% short fibers addition as recommended by Aglan et al. [8] was used to get the fiber reinforced cementitious surface compounds after obtaining the optimum percentage of UFS that used as cement replacement. In order to get the short fibers, both the natural DP and artificial PP were cut to lengths up to 20 mm. The dry OPC and UFS were shear mixed in the same manner with the short fibers with the ratios that illustrated in Table 2. The blended compounds were mixed using the standard water of consistency. The samples were kept in molds for 24 h and then unmolded and allowed to cure in 100% relative humidity conditions for 7 days. The specimens were dried at a temperature of 105°C for 24 h in an oven before testing. The mechanical strengths were obtained by performing mechanical tests on dried specimens as per ASTM C109/C109M-11 [15] and ASTM C348-08 [16]. INSPECT-S scanning electron microscope (SEM) was used to examine the microstructure of the different mixes.
Table 2: Dry mix composition of blended compounds (wt%).
	

	Mixes	OPC 	UFS 	Sand 	Water 	DP	PP 
	

	S0	100	0	275	48.5	—	—
	S1	97	3	275	48.5	—	—
	S2	95	5	275	48.5	—	—
	S3	93	7	275	48.5	—	—
	S4	90	10	275	48.5	—	—
	S5	95	5	275	48.5	2	—
	S6	95	5	275	48.5	—	2
	






Figure 3: Ball miller type PM100.





Figure 4: Preparing of blended compounds.


4. Mechanical Strength Measurements
Mechanical strength tests were performed on a materials testing system, MTS-810 machine as shown in Figure 5. The crosshead speed was 2.54 mm/min. Three samples per mix were tested and the average values are reported. The specimen geometry is shown in Figure 6. The compressive and flexural strength tests were performed according to ASTM C109/C109M and ASTM C 348 using prism specimens with dimensions of 40 × 40 × 160 mm while indirect tensile tests were performed using cylindrical samples having 50 mm diameter and 100 mm thickness.



Figure 5: Materials testing system, MTS-810 machine.





Figure 6: Specimens geometry.


5. Results and Discussion
5.1. Microstructural Analysis
SEM analysis was performed on the typical mixes 0%, 5%, and 10% UFS/cement compounds. The SEM micrographs are shown in Figure 7. The fracture surface of the 0% UFS/cement compound is shown in Figure 7(a) and it consists of a combination of smooth and rough areas typical of fracture features of cementitious material. Also, there were some voids, pores and gaps between the cement paste and aggregate which weaken the bond and then reduce the mechanical tensile strength. Figure 7(b) shows quite denser microstructure with lesser voids and more compact than the control mix. This indicates that the addition of the 5% UFS to the cement compound has considerably modified the interfacial transition zone in the mix and increased the bond between the cement paste and aggregate due to the filling effect and the pozzolanic effect of UFS which improves the microstructure and enhances the mechanical strength. Also, the dispersion of the UFS in the matrix has also improved the hydration process by providing numerous hydration sites for the chemical reaction that makes the paste more homogeneous and dense. As shown in Figure 7(c), with a loading of 10% UFS, a texture had poor hydration products with excess pores and water pockets created and an increase in the number and the size of voids is observed. Evidently, the increase of UFS replacement increases the mixed water which leads to the formation of more porosity and a reduction in strength after reaching the optimum conditions.



(a)



(b)



(c)
Figure 7: Fracture surface morphology of the 7-day-age (a) 0%; (b) 5%; (c) 10% UFS/cement compound specimens.




These micrographs can give visual evidence of the microstructural features responsible for the enhancement of the mechanical properties of the UFS modified cement mortar. About 5% ultra fine particulates as optimum replacement provides the most efficient hydration conditions, then an improvement in the measured strength of the cement compound had been induced.
Also, the SEM micrographs of the surface topography of both artificial PD and natural PP fibers are shown in Figure 8. As clear from SEM photos, the surface of PP fiber is very soft and smooth; however, the surface of PD fiber is very rough with large wrinkles. This gives the natural fiber a great advantage when used as reinforcement through cement matrix where the wrinkles increase the bond between fiber and matrix than the PP fiber as shown in Figure 9. Increases of toughness over UFS/cement fiber reinforced compounds were commonly observed. Fiber bridging caused crack arrests resulting in a low stress intensity factor at the crack tip. A relatively fiber sliding of the PP fibers compared to PD fibers had weakened the interfacial bonding of the compound as observed in Figure 10, which slightly lowering the toughening mechanism of the PP fiber reinforced UFS cementitious surface compounds. Fiber pullout at the interface has a significant influence on total energy absorption during crack propagation. Thus, the fiber-matrix bond strongly affects the ability of fibers to stabilize crack propagation in the matrix.



(a)



(b)
Figure 8: Surface roughness of (a) natural PD and (b) artificial PP fibers.







Figure 9: Fracture surface morphology of the 7-day-age 5% UFS/cement with 2% natural PD reinforced compound specimen.







Figure 10: Fracture surface morphology of the 7-day-age 5% UFS/cement with 2% artificial PP reinforced compound specimen.


5.2. Mechanical Strength
The flexural, compressive, and tensile strength of modified cementitious surface compounds as a function of UFS loading is shown in Figures 11, 12, and 13. It is evident that the flexural, compressive, and tensile strength of the control cement paste increases with UFS loading and a maximum value was reached at about 5%. This represents an increase of nearly about 12.9, 15.7, and 30.1%, respectively. The reasons for early strength increase of modified cement paste up to 5% cement replacement of UFS may be due to its high silica content, ultra fineness, and specific surface area. The increase of compressive strength may be due to pozzolanic reaction of UFS with free lime, producing more calcium silicate hydrate CSH, which deposits in the pore system making the paste more homogeneous and denser than the control paste. There is also a physical filling effect of the UFS particles acting as bridges across pores resulting in enhancing the interfacial bonds between the sand grains and hydration products that allow the modified cement paste more homogeneous and denser packing improving the microstructure as shown in SEM images. Thereafter, as the UFS loading increases and reaches about 10% a noticeable decrease in the strength occurred. Increasing the UFS loading above the optimum value can physically affect the pore system of the modified cement paste leading to less dense packing and increasing the wall effect in the transition zone and this can create weak bonds between the phases of the hydration products. Thus, a formation of an undesired pore network can occur. This may be due to the agglomeration of UFS particles around cement grains which lead to retard cement hydration. Also, it may be due to the defects generated through dispersion of UFS particles that cause weak zones. Again, excessive porosity will lead to a reduction in the flexural, compressive, and tensile strength of the cement paste. The variation of indirect tensile strength of the modified cement pastes with UFS loadings is shown in Figure 13. A similar trend as those for flexure and compressive strength was noticed. The increasing of tensile strength up to about 5% cement replacement by USF was about 30.1% and it is very significant; it can be concluded that it is the optimum UFS percentage loading for modification of the cement compound. The increase of tensile strength may be due to its effect in acting as filler in the interstitial spaces inside the skeleton and enhancing the interaction interfacial bonding between the coarse aggregate grains and hydration products. Further increase of UFS loading produces weak cross-links between hydration products which degrades the tensile strength.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
				
			
			
				
					
				
			
			
				
					
				
			
			
				
					
				
			
			
				
					
				
			
			
				
					
				
			
			
				
					
					
				
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	

Figure 11: Variation of flexure strength of 7-day-age UFS/cement compound with UFS loading.




	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	


	
		
			
				
					
					
					
				
			
			
				
					
					
					
				
			
			
				
					
					
					
				
			
			
				
					
					
					
				
			
			
				
					
					
					
				
			
			
				
					
					
					
				
			
			
				
					
					
					
				
			
			
				
					
					
					
				
			
			
				
					
				
			
			
				
					
				
			
			
				
					
				
			
			
				
					
				
			
			
				
					
				
			
			
				
					
					
				
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	

Figure 12: Variation of compression strength of 7-day-age UFS/cement compound with UFS loading.




	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	


	
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
				
			
			
				
					
				
			
			
				
					
				
			
			
				
					
				
			
			
				
					
				
			
			
				
					
					
				
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	

Figure 13: Variation of indirect tensile strength of 7-day aged UFS/cement compound with UFS loading.


After obtaining the optimum percentage of UFS that used as cement replacement which was 5%, an optimum percentage of 2% short fibers addition as per Aglan et al. [8] was used to prepare and evaluate the fiber reinforced cementitious surface compounds.
The variation of flexural, compressive, and tensile strength of 7-day-age, 5% USF/cement cement pastes modified with both short natural PD and artificial PP fibers is shown in Figures 14–16. Loadings of 2%, by weight, of short date palm leaves’ midribs fibers (DP) as natural source and polypropylene fibers (PP) as artificial source were added to the 5% UFS blended mix which is the optimum UFS replacement percentage. Fiber reinforced generally causes toughness increases over UFS/cement fiber reinforced compounds as commonly observed. It can be noticed that the flexural and tensile strength of the 5% UFS/cement paste specimens reinforced with 2% fibers generally increases compared with control specimen as shown in Figure 14 and Figure 16, respectively. This represents that an increase of nearly about 2.6 and 0.7% in the flexural strength and of about 9.6 and 7% in the indirect tensile strength was achieved at 2% DP fibers and PP fibers, respectively. This may due to fiber bridging cause crack arrests allowing low stress intensity factor especially at the crack tip resulting in toughness increasing. The surface of PD fiber is very rough with large wrinkles which increase the bond between fiber and surroundings as explanation for the relatively higher values of the flexural and tensile strength of the PD fiber reinforced UFS cementitious surface compounds. Since, the surface of PP fiber is very soft and smooth allowing relatively fiber pullout at the interface, it weakened the interfacial bonding of the PP-fiber reinforced UFS-cementitious surface compounds.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		


	
		
	


	
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
				
			
			
				
					
					
					
					
					
					
					
				
			
			
				
					
					
					
					
				
			
			
				
					
					
					
					
				
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	

Figure 14: Effect of different-types reinforced fiber loading on flexure strength of 7-day-age 5% UFS/cement compound specimen.




	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		


	
		
	


	
		
			
				
					
					
					
				
			
			
				
					
					
					
				
			
			
				
					
					
					
				
			
			
				
					
					
					
				
			
			
				
					
					
					
				
			
			
				
					
					
					
				
			
			
				
					
					
					
				
			
			
				
					
					
					
				
			
		
	
	
		
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	

Figure 15: Effect of different types of reinforced fiber loading on compressive strength of 7-day-age 5% UFS/cement compound specimen.




	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		


	
		
	


	
		
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
					
				
			
			
				
					
					
				
			
		
	
	
		
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	

Figure 16: Effect of different types of reinforced fiber loading on indirect tensile strength of 7-day-age 5% UFS/cement compound specimen.


As an opposed trend, a decrease of about 11.2 and 14.2% in the compressive strength was achieved at 2% DP fibers and PP fibers, respectively, as shown in Figure 15. This may be due to the fibers’ dispersing process that physically affects the pores system distribution leads to excess holes and pores forming an undesired pore network, thereby leading to less dense packing that causes the compressive strength to decrease.
6. Conclusions
The main conclusions that were drawn from the current study can be summarized as follows.(i)The replacement of cement by the microsilica source UFS can be considered as helpful tool in enhancing the flexure, compression, and tensile strength of cement compounds with an optimum replacement of about 5% has been reached.(ii)The UFS physically reacts and appreciably enhances the interfacial bond provides a uniform, denser, and more homogeneous paste.(iii)Using of 2% natural DP or artificial PP fibers enhances both the flexural and the indirect tensile strength, while in the opposite direction a decrease in the compressive strength was achieved.(iv)An increase of the tensile strength of the modified cement paste with about 5% UFS loading was reached at about 30.1%. Also, an additional increase with about 9.6 and 7% was achieved of the modified cement paste with about 5% UFS loading at 2% DP fibers and PP fibers, respectively.(v)Modified cement pastes with microsilica and reinforcement by natural or artificial fibers were excellent and their application as building envelope skin is recommended.
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