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Abstract: Waste Glass (WGs) and Coir Fiber (CF) are not widely utilized, even though their silica and cellulose content can be used to create construction materials. This study aimed to optimize mortar compressive strength using Response Surface Methodology (RSM). The Central Composite Design (CCD) was applied to determine the optimization of WGs and CF addition to the mortar compressive strength. Compressive strength and microstructure testing with Scanning Electron Microscope (SEM), Fourier-transform Infrared Spectroscopy (FT-IR), and X-Ray Diffraction (XRD) were conducted to specify the mechanical ability and bonding between the matrix, CF, and WGs. The results showed that the chemical treatment of CF produced 49.15% cellulose, with an average particle size of 1521 µm. The regression of a second-order polynomial model yielded an optimum composition consisting of 12.776% WGs and 2.344% CF with a predicted compressive strength of 19.1023 MPa. C–S–H gels were identified in the mortars due to the dissolving of SiO2 in WGs and cement. The silica from WGs increased the C–S–H phase. CF plays a role in preventing, bridging, and branching micro-cracks before reaching maximum stress. WGs aggregates and chemically treated CF are suitable to be composited in mortar to increase compressive strength.
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Nomenclature



	WGs
	Waste Glass



	CF
	Coir Fiber



	RSM
	Response Surface Methodology



	
CCD

	Central Composite Design



	SEM
	Scanning Electron Microscope



	FT-IR
	Fourier-Transform Infrared Spectroscopy



	XRD
	X-Ray Diffraction





1  Introduction

Waste management is a severe environmental issue requiring proper handling. Efforts have been made to utilize waste glass (WGs) and natural fibers as reinforcement for construction materials. Therefore, it is necessary to further study the effects of the two composites on the mortar compressive strength. Many studies have been carried out on the replacement of aggregates utilizing wastes, such as glass waste [1], tin cans [2,3], rice husk ash [4,5], copper slag [6], and more. WGs is utilized as a substitute for sand because it has a chemical composition and physical characteristics similar to sand. Utilizing 20% WGs as a sand substitute increased the compressive strength of concrete [7]. Unfortunately, most WGs are not recycled but discarded, polluting the environment and causing severe ecological problems [8,9]. Hence, the utilization of WGs in concrete preparation has attracted many researchers in protecting the environment, saving natural resources, and improving the performance of concrete construction [10–12].

Meanwhile, the use of natural fiber as reinforcement in cement-based construction materials has continued to increase in recent years to overcome the limitations of toughness and tensile strength [13]. Cracks in concrete result from low tensile strength. The ability to bridge the crack growth shows good performance of fibers [14–16]. This study used coir fiber (CF) because of its cellulose binding well with cement. CF is the strongest natural fiber, with four to six times higher strain than other fibers [17].

In developing these two materials composites (WGs and CF), it is necessary to know their optimal values so that the mortar can provide the best compressive strength. Response Surface Methodology (RSM) is a suitable tool for this purpose. It is a robust technique for systematically designing and analyzing different experiments. Models are developed to predict the outputs of the experiment, including statistical approaches to determine the relationship between independent input and dependent output variables [18]. The advantages of using RSM to design experiments include: a) fewer experiments need to be conducted, b) statistical models can be developed for desired output variables, c) relationships between factors and responses are known more quickly, and d) response optimization can be performed for desired constraints [19].

Researchers developed RSM to optimize mechanical strength with several variables [20–23]. RSM can optimize the use of Ordinary Portland Cement (OPC) and silica fume content on the compressive strength of ultra-high performance fiber-reinforced concrete [24]. This methodology is also effective in modeling and optimizing polyvinyl alcohol (PVA) fiber-reinforced nanosilica, which is self-compacting engineered cementitious composites [25]. The influence of variables is examined on elastic modulus, compressive strength, and energy absorption.

Althogh RSM is successfully used for the modeling and optimization of concrete. Not many studies have examined the optimal use of WGs and CF in cement-based composites. Therefore, this study aimed to determine the percentage utilization of WGs and CF in mortar compressive strength optimization. The urgency of establishing the relationship between influencing factors and influenced parameters as output and input variables are significant. Before RSM was conducted, CF was chemically treated to obtain cellulose. The percentage of WGs used was 5% to 15%, and the CF was 1% to 3%. In this study, experiments were implemented using Central Composite Design (CCD) because it has a good correlation between experimental and predicted values of responses. The microstructural properties of CF and WGs and CF-based mortar were determined using Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), and Fourier Transform Infrared (FT-IR).

2  Materials and Methods

2.1 Materials

The chemicals used to obtain cellulose from CF were sodium hydroxide (NaOH, 97%, Merck) and hydrogen peroxide (H2O2, 50%, Merck). Natural fine aggregates from local suppliers were used to produce mortar. OPC Type I, locally produced, was used in this study. The WGs aggregates were obtained from a grinding machine with a final particle size grading below 600 µm. Fig. 1 shows SEM micrographs of the WGs. The chemical composition of OPC, sand, and WGs was analyzed by X-ray fluorescence (XRF) testing, and the results are shown in Table 1. The physical properties of sand and WGs are displayed in Table 2.
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Figure 1: SEM micrographs of WGs

[image: images]

[image: images]

2.2 Extraction of Coir Fiber (CF)

The extraction of CF is shown in Fig. 2. First, CF was cleaned and cut to a size of 5 mm. Then, alkalization treatment was carried out by preparing CF, which refluxed with 1 M NaOH at 90°C for one hour. Furthermore, bleaching treatments were carried out using 1M NaOH and 1M H2O2 solutions at 50°C for 1.5 h in a ratio of 1:20 (g/mL). The fibers were washed with distillate water and dried to reach a constant weight. The chemical composition of coconut fiber (coir) before and after chemical treatment was determined using Chesson data [26]. The product yield from cellulose is calculated by dividing the mass of the cellulose product obtained by the mass of the initial sample [27].
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Figure 2: Schematic illustration of the CF extraction process

2.3 Samples Preparation and Characterization

2.3.1 Sample Preparation and Testing

In studying the effect of CF and WGs contents on the compressive strength of mortar, thirteen mortars were prepared according to the experiment design. The mix ratio of OPC and sand for mortar production was 1:2, and the volume of OPC in each sample was replaced by 0% to 3% CF. WGs is a partial substitute for sand with 0% to 15%. The water-to-binder ratio used was 0.4. Specimens were produced by placing all ingredients in a Hobart mixer and stirring for approximately 15 min. The mixture was then poured into a 50 mm × 50 mm × 50 mm cube mold. After 24 h, the specimens were removed from the mold and labeled according to their respective codes. The compressive strength test was conducted according to ASTM C-109 [28], using an ADR-Auto V2.0 BS EN 3000/250 kN machine with an incremental load of 3–5 kg/sec. Tests were conducted when the specimens were 28 days old.

2.3.2 Microstructure Characterization

The microstructures and surface morphologies were examined by SEM, EVOMA 15, ZEISS, from Germany. The specimens were imaged with an accelerating voltage of 5 kV at a working distance of 8 mm. ImageJ software was used to determine the CF length after bleaching treatment. In addition, FT-IR spectra were measured using IRPrestige-21, Shimadzu, Kyoto, Japan. The spectra were obtained using 25 scans at a resolution of 4 cm−1 for each sample, with scanning ranges ranging from 4000 to 400 cm−1, and analyzed with Spectrum software. XRD spectra were measured using Shimadzu XRD-7000, Japan. The XRD scans were performed at 10 to 50° 2theta with a scan speed of 0.5 s/step.

2.4 Experimental Design and Statistical Analysis

CF and WGs-based mortar optimization was designed using CCD-based RSM. The independent variables were WGs concentration (X1) and CF concentration (X2). Based on Design Expert software using the CCD method, the experimental design was produced with 13 experimental runs, with a center point of five runs. Table 3 shows coded-level factors and variables.
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Quadratic models were used to estimate the response surfaces for the compressive strength of mortar, calculated according to the 2nd-degree polynomial Eq. (1) [29].


y= β0 + ΣβiXi + ΣβiiXi2 + ΣβijXiXj   
(1)

where y is the predicted response, 0 is a constant, i represents the coefficient variable for linear terms, ii denotes the coefficient variable for quadratic terms, ij represents the coefficient variable for interactive terms, and Xi and Xj are the independent variables of WGs and CF concentration, respectively. The variation of each factor is classified into three categories: linear, quadratic, and interactive. Table 4 shows the configuration of the RSM for the design of CF and WGs-based mortar.
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3  Results

3.1 Characterization of Fibers

3.1.1 Chemical Composition

Table 5 shows the treatments given to the fibers produced different chemical compositions. It resulted in the contents of cellulose from 23.45% to 49.15%; hemicellulose from 18.84% to 32.56%; lignin from 10.33% to 10.37%, and the ash range from 9.03% to 15.41%.
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Table 5 shows that the cellulose content of CF after chemical treatment increased by 2.1 times from the raw material. It shows that the bleached treatment removed hemicellulose and lignin, increasing cellulose content. It helps bond the fibers when composite with the cement-based matrix [13]. The cellulose yield from coconut fiber using 1M NaOH and 1M H2O2 solutions at 50°C is 21.43%. The results indicated the possibility of efficiently recovering cellulose. This also showed that hemicellulose and lignin had been hydrolyzed.

3.1.2 SEM Micrographs

Chemical treatment has changed CF morphology. Fig. 3 shows the SEM micrographs of CF under various treatments.
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Figure 3: SEM images of CF under various treatments: (a) Raw material, (b) Alkalization, (c) Bleaching

The color changes in CF in Fig. 3 are caused by H2O2 successfully removing non-cellulose materials and other impurities such as lignin, hemicellulose, pectin, and others [30,31]. The final white product was a clear indication of 49.15% cellulose. The alkalization process has modified the fiber surface, as shown by the peeling off of the outer fibers. The CF already looked slightly cleaner in the bleaching process, but impurities remained visible.

3.1.3 Particle Size

The longest CF is in the range of 500–3000 µm. The average fiber length is about 1521 µm. This fiber length is commonly used in natural fiber-based composite materials. In this study, CF has a specific gravity of 1.44 g.cm−3. Table 6 shows some fiber types and lengths used in the cementitious matrix.
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3.2 Structural Characterization of WGs and CF Based Mortar

3.2.1 SEM Micrographs

Fig. 4 shows SEM micrographs of the WGs and CF-based matrix. No special features, such as micro-cracks, and micro-voids, were observed on the surface of the samples. The images show more fiber pullout, disentanglements, and larger voids. The fiber pullout is caused by debonding during testing [36]. The void formation of the fiber was pulled out entirely during testing, indicating that the fiber was insufficient to resist crack growth. The resulting voids can act as nucleation sites for crack growth.
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Figure 4: SEM micrographs of WGs and CF-based matrix

3.2.2 FT-IR Analysis

Fig. 5 shows the functional group analysis of the WGs and CF-based mortars. Observations were made at the wavelength numbers of 700–1200 cm−1, as these wavelengths are associated with Si–O. The peak at 500–1100 cm−1 also indicates the Si–O bond [37–39]. This is attributed to the form in which silica is present in specimens. This study’s Si–O peak was due to hydrated cement. The Si–O asymmetric stretching vibration occurred at the 800–100 cm−1 peak, indicating the silicate units (SiO4) [40]. This bond was formed during the dissolution of SiO2 contributed by the raw material (cement and WGs) [41,42]. Other peaks investigated were at 800 and 1400 cm−1. In this phase, there was a higher increase in sulfate due to the ettringite formation through gypsum reaction with tricalcium aluminates in cement [37]. The increase was observed in samples with WGs addition above 10%. Meanwhile, the role of CF was not clearly confirmed in this FTIR analysis.
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Figure 5: FTIR spectra for WGs and CF-based mortars, (a) WGs 5% + CF 3%, (b) WGs 10% + CF 2%, (c) WGs 15% + CF 1%

3.2.3 X-Ray Diffraction

Fig. 6 shows the XRD patterns of the WGs and CF based mortars. Calcium Silicates Hydrates (C–S–H) is the major hydration product of Portland Cement. C–S–H peaks at 30° to 45° were selected for analysis. C–S–H peaks were seen at 10% to 15% WGs addition and 1% and 2% CF addition. The C–S–H peak was less visible at 5% WGs addition and 3% CF. It indicates that the addition of WGs above 10% and CF below 2% contributed to the enhancement of the C–S–H gel.
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Figure 6: X-ray diffraction pattern of WGs and CF-based mortar, (a) WGs 5% + CF 3%, (b) WGs 10% + CF 2%, (c) WGs 15% + CF 1%

The prominent crystal peak was identified as quartz (SiO2) with high intensity at 2θ = 26.68°. This peak appeared due to the contribution of SiO2 derived from cement and WGs. The crystalline silica increased with the increasing percentage of WGs. The C–S–H amount increased from 10% to 15% of the cement replacement. It was due to the pozzolanic activity of WGs, which utilized the available C–H in the mortar and produced a C–S–H gel. The increase in compressive strength of the mortar confirmed it. Meanwhile, adding 5% WGs did not increase the amount of C–S–H due to insufficient WGs to react with C–H, decreasing the compressive strength. It was confirmed in the statistical model optimization. Adding WGs by 12.776% and CF by 2.344% provided the best compressive strength optimization. Other patterns were not clearly detected in XRD. The number of quartz appearing was more due to the bonding between cement and WGs. From the XRD test, it can be concluded that raw materials affected the formation of C–S–H gel.

3.3 Statistical Model of WGs and CF on the Compressive Strength of Mortar

3.3.1 Statistical Model

Table 7 shows the compressive strength test results with the variation of WGs and CF concentrations. Five repetitions were carried out at 10% WGs and 2% CF concentrations. Using a mathematical model, the results were then analyzed for compressive strength and model validation.
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The statistical summary model suggested by the Design Expert software and the statistical data for model selection is shown in Tables 8 and 9. The model selection is based on the resulting R2.
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Table 8 indicates that the recommended model is the Quadratic Model, showing an R2 close to 1 (R2 = 0.9851) with Adj-R2 = 0.9745 and predicted-R2 = 0.9143. This model is a good fit because the R2 is close to 1. Hence, the correlation is accurate, with the actual and the prediction values being almost similar. In contrast, the other models have larger deviations.

Table 9 shows that the difference between Adjusted R² and Predicted R² is less than 0.2. The Adeq. Precision measures the accuracy ratio of the prediction results to noise, with the desired ratio being greater than 4. The ratio obtained in this study of 25.8918 indicates an adequate signal. This model can predict the compressive strength of WGs and CF-based mortar. The actual mathematical model obtained for predicting compressive strength values is as follows:


Y=10.575+1.374 X1+3.958 X2+0.203 X1X2−0.049 X12−0.751 X22
(2)

where Y is compressive strength (MPa), X1 is WGs concentration (%), dan X2 is CF concentration (%). The mathematical model above explains the effect of each variable, WGs and CF, either linearly or quadratic, and the interaction of the two variables.

The normal distribution of the residuals plot was assessed with the help of a graphical method referred to as the normal probability plot, as shown in Fig. 7.
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Figure 7: The normal plot of residual values for response surface of compressive strength

Fig. 8 shows that the data points are close to a straight line, and the plot of data points also shows the same trend of almost forming a 45-degree straight line, so the predicted values followed the actual values. The compressive strength test results are plotted in 3D, as shown in Figs. 8a and 8b. The graphs indicate that the percentage WGs and CF addition increased the compressive strength, but the decrease also occurred due to the composites effect.
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Figure 8: The effect of WGs and CF concentration on compressive strength, (a) Contour diagram view, (b) 3D view of response surface

A numerical ramp was performed to assess the optimum compressive strength of WGs and CF-based mortar, as shown in Fig. 9. It reveals that WGs and CF influenced the increase of compressive strength.
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Figure 9: Optimization results of WGs and CF-based mortars according to numerical ramp graphs

Fig. 10 shows that the optimum compressive strength of 19.1023 MPa was obtained by adding 12.776% WGs and 2.344% CF concentrations. The effect of WGs and CF on compressive strength can be seen in the perturbation curve plot shown in Fig. 7. The steep gradient was given by the factors, A (WGs) and B (CF), indicating the sensitivity of these two factors. The gradient of factor A (WGs) shows an increase, in contrast to factor B (CF). This graph indicates that adding WGs increased the compressive strength at a certain point, and if composited with CF, the optimum value will occur at a certain point. The optimum compressive strength value of mortar will occur at low CF concentration.
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Figure 10: Perturbation curve for compressive strength of WGs and CF-based mortar

The statistical model showed that the optimum compressive strength was for the addition of 12.776% WGs and 2.344% CF. The addition of excess WGs and CF will reduce the compressive strength. Raw characteristics influence the increase and decrease in the compressive strength of mortar. Fiber with characteristics, cellulose content of 49.15% (see Table 5), and length of 1521 µm (see Table 6) contributes to the increase in compressive strength. The decrease in compressive strength is due to the presence of 18.84% hemicellulose, adversely affecting the bonding matrix with fibers. This was also confirmed in the SEM image (see Fig. 3), where the fiber has undergone surface modification through a chemical treatment to easily make the fiber bond with the matrix.

Adding CF increases the compressive strength of the mortar, resulting the mortar resisting crack propagation. However, adding a percentage above it causes the fibers to agglomerate and decreases compressive strength. The addition of WGs in the matrix is needed as its silica content makes the matrix denser, but adding a higher percentage of WGs disrupts the hydration process of the cement and reduces the compressive strength. The combination of WGs and CF of 12.776% and 2.344% is essential as a mortar constituent since the silica content can play a role in the hydration process, and CF can act as reinforcement in mortar.

3.3.2 Model Validation Using ANOVA

Based on the CCD, the ANOVA (analysis of variance) calculation shows the linear and quadratic individual effects of WGs and CF and the interactions between those variables. Table 10 shows the ANOVA results for the effect of WGs (%) and CF (%) on the compressive strength of mortar.
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The validation results show that the model for the compressive strength response of mortar is appropriate and applicable. The F and p-values confirmed the significance of the model. The lack of fit test was not significant (p = 0.1023), meaning the model is appropriate and can be used. The statistical analysis reveals an interaction between WGs and CF on compressive strength. WGs seems to work better in the composite than CF. Not all OH– bonds in CF can bind due to agglomeration, so CF is less reacted in the matrix.

4  Conclusion

This study used WGs as a partial replacement for sand and CF as an additional reinforcing agent in mortar mix. To obtain the optimal mix proportions of the constituent materials and build a mathematical model, RSM has been used to predict the mortar compressive strength. The proposed mathematical model was found significant using the p-value approach and could predict the compressive strength of mortar. The interaction of WGs dan CF with the compressive strength has been efficiently observed with the 3D surface diagrams. Similarly, the ranges of WGs and CF can be efficiently predicted from the intervals of compressive strength. The RSM-ANOVA model of compressive strength has been developed and statistically validated. Therefore, RSM can be used to predict the compressive strength of mortar mixes using WGs and CF. The RSM optimization technique can reduce design time and improve product quality based on WGs and CF.

WGs and CF-based mortar microstructure show that silica from WGs enhanced the C–S–H phase, and CF worked as bridging in resisting crack growth. The combination of WGs and CF is important as mortar constituents because it contains the required amount of silica in the hydration of cement and as reinforcement in mortar. Based on this study, compositing WGs and CF in mortar can be beneficial to develop construction materials and saving the environment through effective non-biodegradable waste management.
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Table 3: Coded levels of variable CF and WGs

Variables Range and level
—1 0 1
WGs 5 10 15

CF 1 2 3
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Table 8: Summary statistical model for compressive strength

Source Sequential p-value Lack of Fit p-value R-Square Adjusted R? Predicted R?

Linear 0.1216 0.0002 0.3439  0.2127 0.1562
2F1 0.1339 0.0002 0.4959  0.3278 0.165
Quadratic <0.0001 0.1023 0.9851  0.9745 0.9143 Suggested
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Table 4: RSM design of CF and WGs-based mortar

Run Variable codes Extraction variables
X1 X2 WGs (%) CF (%)

1 1 1 15 3

2 | 1 5 3

3 0 0 10 2

4 0 1.41 10 3.41421

5 0 0 10 2

6 -1 | 5 1

7 1 | 15 1

8 0 0 10 2

9 0 —1.414 10 0.585786

10 —1.414 0 2.92893 2

11 1.414 0 17.0711 2

12 0 0 10 2

13 0 0 10 2
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Table 9: Statistical data of quadratic model selection

Source Value
Std. Dev. 0.2396
Mean 18.98
C.V. % 1.26

R? 0.9851
Adjusted R? 0.9745
Predicted R 0.9143
Adeq. Precision 25.8918
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Table 7: Compressive strength of WGs and CF-based mortar according to the CCD design plan

Run Variable codes Extracted variables Compressive strength
X, X, WGs (%) CF (%) response (MPa)
1 1 1 15 3 16.21
2 —1 1 5 3 16.11
3 0 0 10 2 18.41
4 0 1.41 10 3.41421 15.21
5 0 0 10 2 18.12
6 —1 —1 5 1 16.41
7 1 —1 15 1 20.52
8 0 0 10 2 17.86
9 0 —1.414 10 0.585786 18.17
10 —1.414 0 2.92893 2 16.72
11 1.414 0 17.0711 2 19.51
12 0 0 10 2 17.59
13 0 0 10 2 18.32
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Table 1: Chemical composition of OPC, sand, and WGs

Chemical composition OPC (%) Sand (%) WGs (%)

S10, 21.74 63.16 59.5
Al,Os 3.2 15.72 3.94
Fe, 03 3.6 3.13 6.98
Ti0, — 0.66 0.08
CaO 65.5 1.77 7.09
MgO 1.34 0.25 0.31
K,O 0.37 1.64 0.49
MnO 1.34 — —

SO; 2.8 — —

Na,O 0.37 — 9.86
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Table 6: Type, percentage, and length of fibers used in the cementitious matrix

Types of fiber Percentage of fiber Length of fiber (um) Cementitious  Reference
usage (%) matrix
Coir fiber 0,1,2,and 3 1521 Mortar This
study

Date palm 0,2,3 15000—-60000 Concrete [32]

Date palm 50 63 to 5000, and the estimated Lime [33]

main size 1s 2000

Sugarcane 1 and 2 10000 Cement [34]
bagasse

Hemp 0.75, 1.5 and 3 40000—45000 Concrete [35]
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Table 2: Physical properties of aggregates

Aggregates types  Size SSD particle Specific gravity ~ Water
(Lm) density (kg/m’) absorption (%)
Sand 60 to 1180 2520 2.55 0.70

WGs 60 to 200 2401 242 0.34
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Table 10: ANOVA data of WGs and CF effects on compressive strength of mortar

Source Sum of squares df Mean square F-value p-value Characteristics
Model 26.58 5 5.32 92.62 <0.0001 Significant
A-WGs 0.1295 1 0.1295 2.26 0.1767

B-coir fiber 9.15 1 9.15 159.40 <0,0001

AB 4.10 1 4.10 71.46 <0.0001

A2 10.75 1 10.75 187.29 <0.0001

B 3.92 1 3.92 68.28 <0.0001

Residual 0.4017 7 0.0574

Lack of fit 0.3036 3 0.1012 4.13 0.1023 Not significant
Pure error 0.0981 4 0.0245

Cor total 26.98 12
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Table 5: The chemical composition of CF with a different type of chemical treatment

Treatment Cellulose (%) Hemicellulose (%) Lignin (%) Ash (%)
Raw 23.45 32.56 20.37 15.41
Alkali treated 39.56 20.43 19.34 10.65

Bleached 49.15 18.84 10.33 9.03
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