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In this study, the role of a locally available rice husk ash (RHA) in reducing early-age shrinkage of high performance concrete (HPC) after evaluating its pozzolanic reactivity was evaluated. The X-ray diffraction (XRD) and energy dispersive X-ray (EDX) analyses were performed after burning rice husk to 700 and 950°C. Presence of relatively high deposits of amorphous siliceous phases in RHA at 700°C indicated its pozzolanic potential. Subsequently, this RHA was ground to desired fineness, followed by sieving through sieve No. 200. Eventually, the fine RHA was used as a substitute of cement in different percentages (10, 15, and 20%) to evaluate its influence in mitigating autogenous shrinkage in concrete. Prismatic concrete beams (100 × 100 × 800 mm) were cast to measure autogenous shrinkage along with cylinders (150 mm dia. x 300 mm height) to test compressive strength of concrete. The results indicated a slight increase in compression strength with addition of 10% RHA, which however, reversed and slightly reduced in concretes containing 15 and 20% RHA. Unlike strength results, the trend of autogenous shrinkage was rather uniform as the rate as well as the amount of early-age autogenous shrinkage continued to decrease with increasing percentage of RHA. Moreover, despite of reduced rate during first 24 h, thereafter, the effect of 20% RHA on further reduction of autogenous shrinkage was insignificant and ended up only slightly lesser than the 15% RHA concrete at 7 days. Finally, the control cement sand mortar and mortar containing 15% RHA were cast to further validate the pozzolanic reactivity of RHA through scanning electron microscopy (SEM), EDX, and thermogravimetric analysis (TGA) tests. An observation of reduced amount of calcium hydroxide (Ca(OH)2) in RHA mortar samples indicating its excellent pozzolanic potential when used as a partial substitute of cement in HPC.
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INTRODUCTION

Since last few decades, concrete has gone through remarkable advancements in terms of achieving high strength, durability, as well as sustainability in construction (Zhang et al., 2003). This could be done by lowering water to cement (w/c) ratio and adding chemical and mineral admixtures (Aitcin, 2003). Although, lowering w/c ratio with adding chemical and mineral admixtures offered high strength, low permeable concretes, it at the same time carried major drawbacks such as self-desiccation and high early-age autogenous shrinkage (Zhengwu et al., 2005; Dejian et al., 2017). Measurement of autogenous shrinkage had been over looked in the past because of clear dominancy of drying shrinkage in conventional concrete mixtures. However, in recent years, the extensive developments of high performance concrete have paved the way to understand more about the phenomena of early-age autogenous shrinkage, especially in very low w/c ratio HPCs (Holt, 2001).

Autogenous shrinkage in high strength concretes has always remained a great concern. This is because of its susceptibility to shrinkage cracking at early ages due to its very low tensile strength as compared to shrinkage-induced stresses (Holt and Leivo, 2004). Such shrinkage-associated cracking may interconnect with the water flow paths and thus increases the permeability of concrete. This eventually open the chances of water diffusion and chemical attacks from external environment (Wang et al., 1997), which leads to steel corrosion, structural degradation, endangering of load bearing capacity, and durability of concrete facilities (Didier et al., 2015).

Unlike conventional concretes, the normal external curing water cannot easily diffuse in to the interior of HPCs due to their highly dense microstructure. Therefore, the conventional external curing techniques become relatively ineffective to apply in HPCs with very low w/c (Christof et al., 2012). Considering this, different techniques have been adopted in the past to mitigate autogenous shrinkage from HPCs to avoid its associated risk of early-age cracking (Philleo, 1991; Jensen and Hansen, 2001; Jensen and Lura, 2006). Numerous researchers (Bentur et al., 2001; Zhutovsky et al., 2002; Lura et al., 2004; Ghourchian et al., 2013) introduced the concept of using porous lightweight aggregates (LWA) as a medium of internal curing against shrinkage strain and found it very effective. Many others (Ye, 2003; Mechtcherine and Reinhardt, 2012) have used supper-absorbent polymers (SAP) and found it effective as well in controlling autogenous shrinkage. However, the economic factor due to the general un-availability of LWA, and the negative impacts of SAP on pore structure adversely affects other properties of HPCs (Dudziak and Mechtcherine, 2008; Möser et al., 2010). Therefore, some other studies urge using porous supper fine powders such as rice husk ash, cenospheres, boron mud, and bottom ash as they can significantly contribute in reducing autogenous shrinkage of HPCs (Tuan et al., 2010; Wyrzykowski et al., 2016; Liu et al., 2017). These powder materials were found very effective in controlling autogenous shrinkage of HPCs due to their relatively smaller particle size, high specific surface area (SSA), mesoporous structure, and strong water absorbing ability (Huang and Zhang, 2015). Among them, the RHA is currently most commonly used internal curing agent to control shrinkage in HPCs (Tuan et al., 2010; Viet-Thien-An et al., 2014; Jianhui et al., 2017). However, contrary to this, it was found that the fine RHA resulted in increased autogenous shrinkage, even higher than the control concrete (Habeeb and Fayyadh, 2009). Other than the influence of mechanical treatments, its role in controlling shrinkage and other properties of concrete also differs due to its source or country of origin. This is because the composition of RHA changes from region to region and is mainly dependent on crop variety, soil, and fertilizer chemistry and weather condition (Sensale et al., 2008; Okutani, 2009; Onojah et al., 2012). Furthermore, the burning temperature, duration of burning, and the rate of burning have significant effects on the amount of silica content in RHA (Della et al., 2002; Binod et al., 2010; Suryana et al., 2018). Therefore, there is still a need to explore more about the role of RHA in mitigating autogenous shrinkage considering its region of production, burning temperature, fineness and so on, as they directly affect composition of RHA in a significant manner.

Therefore, considering the potential technical benefits, current study was conducted on a locally produced rice husk from Khyber Pukhthunkhwa province of Pakistan to obtain the economic benefits. At first, incinerating of rice husk conducted under different controlled temperatures (700 and 950°C) in order to attain its reactive amorphous form. Subsequently, detailed XRD and EDX analyses were performed to study its amorphous siliceous phases. Eventually, the amorphous RHA was grounded to desired fineness in a ball mil and used as a substitute of cement in different percentages (10, 15, and 20%) to study its effectiveness in mitigating autogenous shrinkage. Concrete cylinders (150 × 300 mm) and rectangular beams (100 × 100 × 800 mm) were cast to measure compressive strength and linear autogenous shrinkage of concrete with and without RHA. The experimental results of compressive strength and shrinkage were compared between control concrete (100% OPC) and the concrete containing locally produced RHA. At the end, the pozzolanic potential of amorphous RHA was validated through TGA, SEM, and EDX analyses.

MATERIALS AND METHODS

Materials
 Cement

A locally available OPC complying ASTM C 150 was obtained from Cherat cement factory to use in this study. Its important physical and chemical properties are listed in Table 1.


Table 1. Physical and chemical analysis of Cherat cement.

[image: image]



Aggregates

Crushed gravel of nominal maximum size 19 mm and natural sand from river bed were obtained from a local supplier to use them as coarse and fine aggregates, respectively. Before mix design, laboratory tests were performed to determine their detailed physical and chemical properties according to ASTM standard procedures (ASTM C 127, ASTM C 128, ASTM C 136). The bulk density, specific gravity, and moisture absorption of coarse aggregate were 1,557 kg/m3, 2.66, and 1.86%, respectively. The specific gravity and moisture absorption of sand were 2.50 and 1.49%, respectively. The fineness modulus of sand used in this study was 2.38. A summary of grain size distribution of crushed gravel and sand is given in Table 2. Figure 1 illustrates the grain size distribution of both fine and coarse aggregates.


Table 2. Grain size distribution of coarse and fine aggregates (ASTM C 33).

[image: image]




[image: image]

FIGURE 1. Grain size distribution of coarse and fine aggregates.



Chemical Admixture

To achieve good consolidation, Chemrite-520 was used as a Superplasticizer (SP) to control water to binder ratio (w/b). Several laboratory trials were made to set the dosage of SP for a target slump between 50 and 75 mm. The technical data of Chemrite-520 is given in Table 3.


Table 3. Technical data of chemrite 520 BA.

[image: image]



Rice Husk Ash (RHA)

Rice husk used in this study was obtained from Malakand division, Khyber Pakhtunkhwa, Pakistan. Figure 2a shows the rice husk in its raw form as obtained. The raw sample of rice husk was incinerated under different controlled temperatures as the amount and the phase of silica (amorphous or crystalline) in RHA greatly dependent on the range and duration of incineration. To achieve silica in amorphous form, the rice husk was burnt under two different temperatures of 700 and 950°C in a rotary kiln (Amin et al., 2019). For both temperatures, burning duration was kept same to 3 h. Figure 2b shows the color of RHA after burning at high temperatures (700 and 950°C).
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FIGURE 2. (a) Rice husk in raw form, (b) RHA after burning at high temperatures of 700 and 950°C.



Following burning, characterization of RHA using EDX, and XRD analyses was performed to study the effects of heating temperatures on its chemical composition as well as nature whether amorphous or crystalline.

Energy–Dispersive X-Ray Analysis (EDX)

The elemental composition of RHA incinerated at different temperatures of 700 and 950°C was computed by subjecting RHA sample to EDX in centralized resource laboratory (CRL), Peshawar, Pakistan. The specification of EDX are Model JSM-5910, Make INCA200/Oxford instrument, UK, Range Boron to Uranium.

The chemical composition of RHA samples in terms of percent oxide were calculated from the atomic weight yielded by the EDX. The values of chemical composition for both RHA samples treated at 700 and 950°C are given in Table 4. It indicated that both RHA samples predominantly composed of silica regardless of their incinerated temperatures. RHA sample burnt at relatively high temperature, such as 950°C possess slightly high amount of silica as compared to RHA burnt at 700°C. According to ASTM C 618, a material containing sum of alumina, silica, and iron more than or equal to 70% can be treated as a potential pozzolanic material. The sum of SiO2, Al2O3, and Fe2O3 values given in Table 4 was calculated as 89.61 and 90.44% for RHA burnt at 700 and 950°C, respectively. This, according to ASTM criteria, demonstrated RHA as potential pozzolanic material.


Table 4. Chemical composition of rice husk ash used in this study with respect to burning temperature.
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X-Ray Diffraction Analysis (XRD)

Burning rice husk at high temperature may leads to transformation of amorphous form of silica to crystalline form. Formation of cristobalite and tridymite were reported in literature specifically when the rice husk being burnt at temperatures 700°C or above (Khalaf et al., 1984; Agrawal, 1989; Waheed et al., 2018). Therefore, in order to identify the different phases formed, XRD analyses were conducted on RHA samples treated at both 700 and 950° C temperatures. For this, X-Ray diffractometer [Model- JDX-3532, Make - Jeol Japan, X-Ray CuKa (I = 1.5418 Å), 2-theta range from 0 to 80°] was used and the XRD pattern of RHA samples according to their burning temperatures is shown in Figure 3.
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FIGURE 3. XRD pattern of RHA treated at temperature (A) 700°C, (B) 950°C.



The XRD pattern of RHA burned at 700°C (Figure 3A) showed a single diffuse wide band centered at 2-theeta value of 21.6°C, which indicates the presence of amorphous form of silica. The presence of high amount of amorphous silica will be responsible for pozzolanic reactivity of RHA in mortar and concrete matrix. However, the XRD pattern of RHA incinerated at 950°C showed several clearly visible strong peaks of cristobalite at 21.93, 27.63, 28.16, 38.35, and 47.13° (Figure 3B). Along with strong cristobalite peaks, comparatively weak peaks of tridymite were also noticed at 24.85 and 34.73°. This is because of the crystallization of SiO2 to tridymite-O (Metha and Pitt, 1976; Bie et al., 2015). The presence of strong cristobalite peaks accompanied by weak tridymite revealed the transformation of amorphous silica to crystalline form when burned at high temperature of 950°C.

Particle Size Analysis of Cement and RHA

As mentioned earlier in section X-ray Diffraction Analysis (XRD), the focus of this research was to first achieve the amorphous form of silica in RHA, which was successfully done by burning rice husk at 700°C. Eventually, the RHA obtained from treatment at 700°C was placed in a ball mill to grind it for 2 h followed by sieving through sieve # 200 (75-microns). Figure 4 shows the experimental set up of ball mill and sieve shaker used for grinding and sieving, respectively. After obtaining the desired chemical composition and amorphous nature of RHA, achieving its greater SSA and finer particle size distributions was inevitable for using it as a partial substitute of cement.
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FIGURE 4. (A) Ball mill used in grinding of RHA, and (B) Sieve shaker used to obtain the RHA finer that 75-micron for using in this study.



After sieving, the particle size analysis of RHA sample passing through sieve # 200 was carried out. For this, a laser particle size analyzer MicroBrook 2000LD was used. A comparison of particle size distribution between Cherat cement and RHA is shown in Figure 5. The particle size curve of RHA depicting presence of high percentage of all particle sizes as compared to cement, except smaller size particles below 2-micron where it slightly reduced than cement. In addition to the particle size comparison, the specific surface area (SSA) of both binder materials (cement and RHA) was also calculated using same MicroBrook 2000LD laser particle size analyzer. As expected looking at particle size curves, ii turned out 0.268 m2/g for RHA as slightly greater than that of cement (0.259 m2/g). For sake of quick comparison between cement and RHA, the values of their d10, d50, and d90 sizes are presented in Table 5.
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FIGURE 5. Comparative particle size distribution curves of cement and RHA (passing 75-micron sieve).




Table 5. Comparison of d10, d50, and d90 values of Cement and RHA.
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Mix Proportions and Test Methods
 Mix Proportions

Concrete mix proportion used in this study was designed following the ACI mix design method ACI 211.1. The target slump and average 28 days compressive strength of control concrete were set as 50 to 75 mm and 43 MPa, respectively. After several laboratory trials, mix proportions for this study were finalized as listed in Table 6. The w/b ratio as shown in Table 6 was kept same for all mixes and the amount of water added during mixing (188 kg/m3) was used for only hydration reaction and concrete workability. The aggregates (fine and coarse) were added in saturated surface dry state in the mixing to achieve same effective w/b ratio of 0.33 for all mixes.


Table 6. Mix proportion of control concrete and concretes containing different percentages of RHA.
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In trial mixes, the workability of concrete mixes containing RHA drastically reduced due to the high SSA of RHA (Ganesan et al., 2008). Moreover, the water demand increased further with increasing percentage of RHA, which eventually compensated by adding SP. Accordingly, the different dozes of SP were set for each mix proportion (Table 6) to maintain a desired target slump between 50 and 75 mm.

To investigate the effectiveness of RHA in reducing autogenous shrinkage, the mass of cement in the control mix (C-Mix) was substituted with RHA by 10, 15, and 20%. The mixes with RHA were identified as R-10, R-15, and R-20 for concrete containing 10, 15, and 20% RHA, respectively.

Specimen Preparation and Test Methods

Immediately after mixing, three identical concrete cylinders (150 mm dia × 300 mm height) were cast for each mix (Table 6) in accordance with ASTM C 39 to measure the compressive strength of concrete. After casting, specimens were covered from top to prevent moisture loss and demolded after 24 h followed by moist curing. The test was performed by using a universal testing machine shown in Figure 6. For each mix proportion, average value of three identical specimens was calculated.
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FIGURE 6. Test setup used to measure the compressive strength of concrete cylinders.



In parallel to compressive tests, the linear autogenous shrinkage of concrete mixes was measured by using Mitutoyo IDC-112 digital indicators (Salman et al., 2014). Figure 7 shows the schematic and the experimental set up used to measure the linear autogenous shrinkage.
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FIGURE 7. (a) Schematic to measure autogenous shrinkage in concrete, (b) Experimental set up to measure linear autogenous shrinkage in concrete with and without RHA.



For each mix proportion, three identical prismatic concrete beams of size 100 × 100 × 800 mm were cast to calculate their average value. Immediately after casting, the specimens were covered from top by steel plate screwed into side plates of mold (Figure 7). This was done to prevent any moisture transport between environment and surfaces of specimen to ensure measurement of pure autogenous shrinkage. By doing this, occurrence of early-age plastic and drying shrinkages were completely prevented. The first reading of shrinkage was taken upon reaching of final setting time, about 6 h after casting. After this, the readings of autogenous shrinkage were taken every 6 h until the age of 7 days. The measurement was terminated at age of 7 days as no significant changes in reading of autogenous shrinkage was observed afterwards. Finally, the average shrinkage results of concrete containing different percentages of RHA (10, 15, and 20%) were compared with those of control concrete without RHA.

RESULTS AND DISCUSSIONS

Compressive Strength of Concrete With and Without RHA

Influence of locally produced RHA on strength HPC was critically analyzed in this study. The target 28 days strength of continuously moist cured cylinders of C-Mix was measured as 43 MPa. According to the current results, the compressive strength after different percentage substitutions of cement with RHA (R-10, R-15, R-20) remained almost same to that of control concrete. Figure 8A shows the histogram of compressive strength for all mixes for their three identical specimens, and Figure 8B shows the comparison of their average 28 days compressive strengths with error bars as a standard deviation of three identical specimens. Only a slight increase in average strength than the control concrete was noticed in concrete having 10% RHA (44.2 MPa), which is in good agreement with previous studies on cement, mortar, and concrete (James and Rao, 1986; Malhotra and Mehta, 1996; Zhang and Malhotra, 1996; Zhang et al., 1996; Rodriguez de Sensale, 2006; Giaccio et al., 2007; Sensale et al., 2008; Ramasamy, 2011). However, contrary to 10% RHA concrete, a small reduction in strength was observed in concretes with 15 and 20% RHA (42.8 and 41.8 MPa, respectively). This trend of decrease in strength with increasing percentage of RHA also reported by Ramasamy (2011), except that he found greater strength reduction as compared to trends of current study. According to Ramasamy (2011), compressive strength decreased with increasing percentage of RHA more than 10%, and it reduced further with addition of SP in the concrete. This is because the amount of saturated water absorption increased in the concrete containing RHA up to 10%, which eventually diminished with addition of SP.
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FIGURE 8. (A) Histogram of compressive strength for all mixes, and (B) Comparison of their average 28 days compressive strengths with error bars.



Unlike past studies, the current results demonstrated clearly the benefits of using even higher percentages of locally produced RHA (up to 20%) in concrete without compromising the compressive strength of concrete. The slight increase (R-10) or close compressive strength of RHA concretes (R-15 and R-20) to control concrete can be attributed to simultaneous micro-filler effects and better pozzolanic reactivity of local RHA. Researchers in the past have systematically investigated the role of RHA in uniform distribution of hydration products in available space, thus, resulting in denser matrix and better mechanical strength (Zhang and Malhotra, 1996; Rama Rao and Seshagiri Rao, 2003).

Influence of RHA on Autogenous Shrinkage

Figure 9 shows the comparison of early-age autogenous shrinkage of concrete containing different percentages of RHA with that of control concrete. As shown in Figure 9, the different concrete mixes used in this study are identified as C-Mix, R-10, R-15, and R-20 for control concrete without RHA, concrete containing 10% RHA, concrete containing 15% RHA, and concrete containing 20% RHA, respectively. In general, the variation of hydration temperature in thin sized samples remains very small and uniform among different samples (Amin et al., 2010; Viet-Thien-An et al., 2014). Therefore, the effect of thermal dilation on values of autogenous shrinkage was ignored.
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FIGURE 9. Comparison of autogenous shrinkage of concretes containing RHA with control concrete.



As expected, a significant amount of autogenous shrinkage was generated in C-Mix due to low w/c ratio, which however, decreased significantly with increasing amount of cement substitution with RHA. It can be seen that the maximum autogenous shrinkage occurred in C-Mix was 410 μm at age of 7 days and reduced to 306, 156, and 150 μm in R-10, R-15, and R-20, respectively. For each mix, the scatter of shrinkage data of three identical specimens was described by highlighting the area of variability from the mean curves. Figure 9 shows that the rate of development of autogenous shrinkage dropped remarkably right from the beginning in concrete containing RHA. Moreover, the rate of drop of autogenous shrinkage increased with increasing percentage of RHA. It was particularly noticeable in concrete containing 15 to 20% RHA. The current results of decreased autogenous shrinkage in concrete containing RHA are consistent with the finding of previous studies (Nguyen, 2011) and, therefore, suggesting reliable use of RHA in mitigating autogenous shrinkage of high strength concrete. A slight expansion in R-20 during first 12 h measured from zero time is due to the prolonged induction period caused by the strong retarding effect of relatively high dosage of SP (Ramasamy, 2011). Moreover, it is obvious that the reduced amount of cement in R-20 mix lead to lesser cement hydration and, thus, low shrinkage at early ages.

The reduction of autogenous shrinkage at early ages is attributed to the fact that the RHA absorb water due to its mesoporous cellular structure and high fineness, and eventually act as an internal curing agent in matrix. The absorption of water by RHA in aqueous phase decreased free water initially in the matrix and, thereafter, releases continuously to the system for hydration and thus control the internal relative humidity. It was confirmed in the past studies that the rate of decrease of internal relative humidity in RHA matrices was lowest as compared to control and other matrices without RHA (Sensale et al., 2008; Viet-Thien-An et al., 2014).

The normalized results of autogenous shrinkage at the age of 7 days in R-10, R-15, and R-20 concrete mixes as a percentage of C-Mix are shown in Figure 10. The standard deviation (SD) of shrinkage at 7 days for three identical specimens was also shown in Figure 10 through error bars. From Figure 10, it can be clearly seen that the concrete mixes containing RHA as 10, 15, and 20% produced only 74.6, 38.0, and 36.9% of autogenous shrinkage to that of C-Mix. Although, decrease of autogenous shrinkage increase with increasing amount of RHA up to 20%. However, decrease of autogenous shrinkage with increasing percentage of RHA was not systematically linear. For instance, autogenous shrinkage reduced significantly with increasing RHA from 10 to 15%, while, it only slightly reduced when increased RHA from 15 to 20%. Based on the above as well as the results of preceding section, it may be safe to conclude that the RHA in concrete up to 20% produced best results in terms of both strength development and mitigation of autogenous shrinkage.


[image: image]

FIGURE 10. Normalized autogenous shrinkage in RHA concretes R-10, R-15, and R-20 as a percentage of C-Mix.



Thermogravimetric Analysis of Mortars With and Without RHA

Following the initial testing results such as slump, compression strength, and autogenous shrinkage, additional control cement sand mortar and mortar incorporated 15% RHA were prepared to perform thermal as well as microstructural analysis. This was required to ensure the pozzolanicity of current RHA used in this study. Table 7 shows the details of mix proportion of cement sand mortars used in this study.


Table 7. Mix proportion of cement sand mortars.
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As listed in Table 7, samples of cement sand mortar containing 15% RHA were prepared to perform thermogravimetric analysis and compare its results with control mortar. For TGA, mortar containing only 15% RHA were cast. This is because replacement of cement with 10% RHA has not reduced shrinkage significantly as compared to 15% RHA and also the compressive strength of concrete slightly reduced with increasing percentage of RHA from 15 to 20% (see section Compressive Strength of Concrete With and Without RHA) without further reduction of shrinkage. After casting, the top surface of mortar molds were sealed with waterproof polyethylene sheet to prevent potential drying. Subsequently, the mortar molds were stored at a safe place in laboratory under controlled environmental conditions of temperature and humidity. All the mortar molds were demolded at age of 24 h and immersed in water for curing until the age of testing (Figure 11).


[image: image]

FIGURE 11. Moist curing of mortar samples for TGA under controlled laboratory conditions.



At age of 91 days, the samples were removed from water and wiped off to perform the TGA. The samples were heated at a rate of 10°C/min starting from 40°C and reaching to 600°C. Figure 12 shows the comparison of TGA results of 15% RHA mortar with those of control mortar.


[image: image]

FIGURE 12. Comparison of thermogravimetric analysis between control mortar and mortar containing 15% RHA.



Two distinct phases were recognized from this comparison; (i) initial weight loss attributed to dehydration of adsorbed water, capillary pore water, and interlayer water during initial 150°C, and (ii) weight loss due to decomposition of calcium hydroxide at heating temperature between 300 and 500°C. From Figure 12, it was evident that more weight loss occurred in RHA mortar than control mortar during first phase (40–150°C). This could be due to low moisture holding ability of RHA linked to its mesoporous structure. However, less weight loss observed in RHA mortar during second phase (300–600°C) indicating presence of low calcium hydroxide in RHA mortar as compared to control mortar. This less weight loss in RHA mortar, which is almost 54% less than control mortar, occurred due to the consumption of calcium hydroxide by pozzolanic reaction of RHA.

Morphological Investigation of Mortars With and Without RHA Using SEM

The SEM was used to illustrate the pozzolanic reaction of RHA. Similar to TGA, samples of cement sand mortar with and without RHA were prepared for this investigation. Figure 13 shows the SEM images of control as well as RHA mortar. Comparison of images (Figures 13a,b) showed higher quantity of hexagonal calcium hydroxide crystals in control mortar than RHA mortar. This clearly indicated consumption of calcium hydroxide due to pozzolanic reaction of RHA.
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FIGURE 13. Comparison of SEM between (a) Control mortar, and (b) Mortar containing RHA.



Moreover, the chemical composition of hydration product in control and RHA mortars was further investigated by EDX. Specimens continuously moist cured for 91 days were used for both control and RHA mortars. Three different spots were located in microstructure of each mortar specimen to quantify Ca/Si ratio of C-S-H (Figure 14).
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FIGURE 14. Ca/Si ratio at 91 days in (a) Control mortar, and (b) Mortar containing RHA.



The EDX results of both control and RHA mortar specimens were also presented in Figure 15. It is evident from EDX spectrum that RHA imparts more siliceous compound to mix after the pozzolanic reaction. It was also observed that Ca/Si ratio in RHA mortar is much lower than that of control mortar. This indicated consumption of calcium hydroxide in RHA mortar due to its pozzolanic reaction and that the C-S-H gel formed with lower Ca/Si ratio than the control mortar specimen did.


[image: image]

FIGURE 15. Comparison of EDX spectrum between (a) Control mortar, and (b) Mortar containing RHA.



CONCLUSIONS

This study investigated the pozzolanic potential of locally produced RHA and its potential use in mitigating autogenous shrinkage of HPC. At first, amorphous form of RHA was achieved by burning it to 700°C, followed by grinding to achieve the desired fineness. Subsequently, the mixture proportions for control and HPC containing RHA (10, 15, and 20% substitution of cement) were designed for a target slump between 50 and 75 mm, and compressive strength as 43 MPa. Eventually, the pozzolanic potential and the influence of RHA in mitigating early-age autogenous shrinkage was assessed. Based on the results, the following are the main conclusions drawn from this study:

- The pattern of XRD results revealed that the burning of rice husk at controlled temperature up to 700°C was very effective, as it has yielded silica in amorphous form. Contrary to this, burning rice husk at high temperatures, such as 950°C, transformed the amorphous silica in to crystalline phase, as noticed from the high intensity peaks of cristobalite and tridymite in XRD pattern.

- The HPC containing different percentages of RHA possess comparable 28 days compressive strength to that of control concrete. However, the workability of concrete reduced with increasing percentage of RHA due to its high SSA. Therefore, increased dosages of SP were added in HPC with increasing percentage of RHA to achieve desired workability such that it is comparable to control concrete.

- Results demonstrated strong influence of locally produced RHA in mitigating early-age shrinkage. Results indicated a continuous decrease of autogenous shrinkage with increasing amount of RHA up to 20%. However, decrease of autogenous shrinkage with increasing percentage of RHA was not systematically linear. For instance, autogenous shrinkage reduced significantly with increasing RHA from 10 to 15%, while, it only slightly reduced when increased RHA from 15 to 20%.

- According to SEM and TGA results, the Ca(OH)2 content decreased in mortar containing RHA. This is an indication of excellent pozzolanic potential of RHA when used in concrete as a partial substitute of cement. Furthermore, it also supported by the EDX results, according to which, the addition of RHA imparts relatively higher amount of siliceous compounds to RHA mortar as compared to control mortar after pozzolanic reaction.

- After achieving a comparable compressive strength to that of control concrete and strong influence on mitigating highly problematic early-age autogenous shrinkage, locally produced RHA can be recommended as an advantaged material in terms of its technical as well as economic benefit.

Since many researchers in the past highlighted about the effect of local climatic and soil condition on chemical composition of RHA. Therefore, authors feel that there is still a need to extend this research on RHA produced in different parts of the country, where there is a variation in the climatic and soil conditions. Moreover, the current research also needs to be extended to evaluate the role of particle size of RHA in reducing autogenous shrinkage. Ultra-fine RHA can be more effective in mitigating autogenous shrinkage in ultra-high strength or high performance concretes, where there is a possibility of more autogenous shrinkage due the high amounts of cement used in producing these special types of concrete.
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