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Abstract

:

The performance of reinforced concrete beams in the presence of cathode-ray tube (CRT) glass waste is examined. Four concrete mixes containing 0%, 10%, 20%, and 30% CRT glass waste as partial replacement of sand were prepared. The compressive and flexural strength as well as the modulus of elasticity of concrete were determined. Reinforced concrete beams with varying amounts of CRT glass were prepared and the three-point bending test was conducted. The load-deflection curve as well as the strain distribution along the depth of the beams were determined. Concrete containing CRT glass showed an increase in compressive strength, flexural strength, and modulus of elasticity especially at 10% replacement level. The load carrying capacity of reinforced concrete beam is higher when 10% of sand is replaced with CRT glass compared to the control beam and the beams with 20% and 30% CRT glass substitution. The failure mode of the reinforced concrete beams is flexural failure, and the failure pattern is similar for all beams. Strain distribution showed a better ductility at control beam where the deflection was higher than the other beams at the same load. Numerical analysis was conducted, and comparison was made with the experimental results. The comparison showed the accuracy of the software used, where the results of maximum load capacity and maximum deflection were very similar, and the difference did not exceed 5%. In addition, the tensile damage generated by the numerical analysis was very similar to that obtained by the experimental study.
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1. Introduction


The generation of electronic waste (e-waste) is increasing each year. It is estimated that 44.7 million tons of hazardous electronic waste was produced globally in 2016 [1]. Although the cathode-ray tube (CRT) technology is already phased out, the generation of CRT waste is still ongoing and will continue in the coming years. [2]. In fact, it is estimated that in 2020, a worrying amount of 19.5 million CRT units were scrapped in China alone [3]. CRTs have been used as a fundamental part of television and computer monitors since the 1950s [4]. However, due to the advances in this field, they have been replaced by liquid crystal displays (LCD), plasma display panels (PDP), and light emitting diodes (LED) [5]. For instance, the usage of CRT television displays in the world decreased from 83.3 million units to only 5 million units between 2002 and 2016, whereas during the same period, LCD television displays increased from 32.3 million units to 261 million units [6].



A typical CRT is made of 85% glass and consists of three parts: the front panel glass (65%), funnel glass (30%), and neck glass (5%) [7,8]. CRTs can be black and white (monochrome) or colored. Panel and funnel glass contain more than 55% SiO2 in additions to other oxides, including Al2O3, BaO, K2O, and many other minor elements [9]. Lead can be found in the funnel glass of colored CRT and in the neck glass in both colored and monochrome CRTs [10]. In fact, lead accounts for 2 kg in a typical 13 kg CRT [11]. Consequently, CRT is considered hazardous. Lead triggers major environmental concerns and health issues caused by leaching into drinking water, especially in developed countries [6], where landfilling of e-wastes is very common yet unsuitable [12]. Not only may there not be enough space for discarded CRT units, but also they have to be treated for lead before disposal [5]. Thus, several methods of managing waste cathode-ray tubes (CRT) were suggested in the last two decades, including closed loop recycling, which is limited and impractical, and open loop recycling, which is difficult but efficient and eco-friendly [13].



Out of many options for reuse, such as tiles, road fillers, and artificial marbles, CRT glass showed suitability for being utilized as a replacement for sand in cementitious materials due to its contribution in preserving natural resources and improving some properties. For example, Zhao and Poon [14] found that using CRT glass in mortar as a replacement for sand improves its consistency, where an increase of 83.3% in slump flow was observed between 0% replacement level and 75% replacement level. The authors explained this improvement by the smooth surface and impermeability of the glass, where these properties lead to a lower water demand in mortar mixes [15]. Kim et al. [16] reported comparable results for concrete specimens, as they observed that using CRT glass increased the workability of concrete at different water/binder (W/B) ratios. It was also noted that this improvement was more evident at lower W/B ratios. In general, using CRT glass in cementitious materials enhances its workability.



Using CRT glass in cementitious materials as a replacement for sand causes an increase in density. This is mainly due to the higher relative density of CRT glass (~3.0) when compared to natural sand (~2.6). This was demonstrated by Romero et al. [17], where they found that the wet density of concrete increased with the increase in CRT glass content. Ling and Poon [18] observed similar results on the hardened density of concrete. They found that the inclusion of CRT glass caused an increase in the density of concrete. They also noted that concrete containing treated CRT glass with acid had a lower density slightly than that of non-treated CRT glass due to the absence of lead. The increase in hardened density is also confirmed by Bawab et al. [19]. While lighter concrete is preferred to structural applications, a higher density can be beneficial in certain applications, such as radiation shielding [20].



Replacing sand with CRT glass waste in cement mortar was proved to have adverse effects on compressive and flexural strength by Ling and Poon [21]. However, the authors observed that mortar specimens containing CRT glass gained more strength after 28 days when compared with specimens without CRT glass, probably due to pozzolanic reaction. They also noticed that specimens with finer glass size had slightly higher strength. The negative effect of CRT glass on mortar strength was apparent in other studies by the same authors [18,22]. A very recent study by Ouldkhaoua et al. [23] reported that the compressive strength of concrete decreased with the inclusion of CRT glass.



CRT glass concrete was investigated for several other properties. Wang et al. [24] reported that the inclusion of CRT glass in concrete led to a reduction in drying shrinkage. This is attributed to the lower water absorption of CRT glass particles [16,25]. However, the presence of CRT glass in concrete reduced the resistance to the alkali-silica reaction (ASR), resulting in an increase in expansion values [26,27].



Some researchers investigated the structural performance of reinforced concrete beams containing glass waste. Hama et al. [28] studied the structural performance of reinforced concrete beams containing waste glass powder as a cement replacement up to 15%. They reported that the load capacity for beams containing 10% and 15% waste glass was higher than the reference beams. In addition, beams with 10% replacement level showed higher crack resistance than the reference beams. In another study, it was found that applying glass as fine aggregates or coarse aggregates causes a decrease in the flexural strength and ductility factor of reinforced concrete beams [29].



Using CRT glass waste in structural concrete will produce a high-grade material at an economic price and reduce the risk of lead contamination. According to the authors’ knowledge, there has been no research on the structural performance of reinforced concrete beams containing CRT glass. The aim of this paper is to assess the flexural behavior of such reinforced concrete beams. The specific objectives include testing several material properties then investigating flexural behavior including load-deflection curve, load carrying capacity, and strain distribution. The procedures in this paper almost follow similar techniques that have been proven to be practical and are widely available in the literature but on other materials, such as plastic wastes and foamed glass [30,31,32,33,34,35,36]. Moreover, the behavior of beams was modeled using ABAQUS 6.14 by SIMULIA to validate the experimental results and predict its behavior under different conditions. Future study might include the structural behavior of reinforced concrete beams and slabs including CRT glass waste under different dynamic load conditions such as blast and impact loads [37,38,39,40] to expand the knowledge on material behavior under different loading conditions.




2. Materials and Methods


2.1. Mix Design


Type I ordinary Portland cement (OPC) from Sibline Cement Factory, Sibline, was used in this study. Natural sand with a maximum size of 4.75 mm and natural gravel with a maximum size of 19 mm were used as fine and coarse aggregates, respectively. CRT glass derived from colored televisions was crushed to reach a maximum particle size of 5 mm (Figure 1). Four mixes were prepared: a control mix (CRT-0), and three mixes (CRT-10, CRT-20, CRT-30) containing 10%, 20% and 30% (by volume) waste CRT glass, respectively. The mix proportions were 1:2:4 (cement/fine aggregate/coarse aggregate). The water to cement (W/C) ratio was kept constant at 0.52. A superplasticizer (SP) based on modified polycarboxylates and having a light brownish color was also used to improve workability of mixes. Different amounts of SP were used in the mixes to maintain approximately the same slump (180 ± 20mm). Table 1shows mix proportions of concrete mixes.




2.2. Casting


After the determination of the mix constituents, each material used in the mixes was weighed. Cement and aggregates were mixed first for 3 min in a pan mixer from Matest, Italy. After that, half the amount of free water was added, and materials were mixed for another 3 min. Then, the remaining amount of water with SP was added and concrete was mixed for a further 2 min. The mixture was then poured into molds. Cubes of 100 mm in size were used to determine the density, ultrasonic pulse velocity, and compressive strength. For the determination of the modulus of elasticity, cylindrical specimens of 150 mm diameter and 300 mm length were used. Beams of dimensions 100 mm × 150 mm × 700 mm (width/height/length) were used to study the flexural performance. Concrete specimens were left in the molds for 24 h at laboratory temperature before being removed and placed in water tanks at 20 °C until testing. Figure 2 shows the concrete specimens just after casting.




2.3. Reinforced Concrete Beams Details


One reinforced concrete beam was cast for each mix. The steel reinforcement consists of two 6 mm bars at the bottom, two 6 mm bars at the top, and 6 mm stirrups distanced at 50 mm. The location of supports and point load are shown in Figure 3a, while Figure 3b shows the cross section and the reinforcement of the beam. Two pairs of steel discs (DEMEC points) were located in the tensile zone and two pairs in the compression zone, as shown in Figure 3c. The main function of the DEMEC points is to serve as stations to measure the strain using the mechanical strain gauge.




2.4. Experimental Testing


The hardened density, ultrasonic pulse velocity (UPV), compressive strength, splitting tensile strength, and static modulus of elasticity of concrete were determined according to BS EN 12350-6 [41], BS EN 12504-4 [42], BS EN 12390-3 [43], BS EN 12390-6 [44] and BS EN 12390-13 [45], respectively, at 28 days. The reported value of each of these properties is the average of 3 specimens.



After 28 days of curing, a three-point test was used to determine the flexural behavior of reinforced concrete beams. The beams were subjected to an increasing load of 4 kN increments. At each load, the machine was stopped to measure the central deflection and strain at the four different locations. The mechanical strain gauge used for measuring strain at each load increment is shown in Figure 4. The load at first crack was recorded and the loading continued until failure.




2.5. Numerical Modeling


The experimental work was simulated numerically using the advanced finite element software ABAQUS 6.14 by SIMULIA. Volumetric elements were used to model the concrete beam while linear elements were used to model steel rebars. As for supporting and loading systems, they were modeled as rigid elements, since they have a null deformation. All model details are shown in Figure 5.



The concrete material was defined using the built-in concrete damage plasticity (CDP) model, which accounts for the nonlinear behavior of concrete [46]. The compressive strength, tensile strength, density, concrete damage, and modulus of elasticity were determined experimentally and then implemented in the CDP model. Other default parameters such as Poisson’s ratio, dilation angle, eccentricity, biaxial to uniaxial ratio, stress invariant ratio, and viscosity parameter are shown in Table 2. As for steel rebar material, the elastic-perfectly plastic behavior was considered in material definition, knowing that the yield strength of steel rebars was 420 MPa.



Several mesh sizes were tried until reaching the best size in terms of both result accuracy and computation time. The final mesh size agreed on for use by the authors was 100 mm for both concrete body and steel rebars. Steel rebars were assumed to be embedded inside the concrete body with full bond condition. As for supports, it was found that a friction coefficient between steel and concrete of 0.7 was sufficient for this study case. The loading plate shown in Figure 6 was considered as a rigid body to avoid any detorsions inside it while applying the load gradually on the beam.





3. Results and Discussion


3.1. Concrete Properties


Table 3 shows the concrete properties for mixes containing 0%, 10%, 20% and 30% CRT glass at 28 days. There is a slight increase in the hardened density of concrete with the increase in CRT glass content due to the higher density of CRT glass compared to that of sand. The UPV of concrete also showed a slight increase due to the presence of CRT glass. All UPV values are above 4500 m/s, indicating an excellent quality concrete [47]. All concretes with CRT glass show an increase in compressive strength compared with the control, particularly at 10% replacement, where an increase of over 20% was observed. Similarly, the tensile strength at 10% CRT replacement level was the highest (3.263 MPa). This is also true for the modulus of elasticity, where an increase of about 12% was noticed at 10% CRT substitution level. It can be noticed that there is a high correlation coefficient of R2 = 0.9601 between the modulus of elasticity and the compressive strength [19]. In addition, higher modulus of elasticity indicates lower deformability at the same load.



In conclusion, there is an improvement in the mechanical properties of concrete when CRT glass is used as a partial replacement (up to 30%) of sand, especially at the 10% replacement level. These results are in agreement with results elsewhere [48].




3.2. Load Deflection


Figure 6 shows the load–deflection curve for the reinforced concrete beams containing 0%, 10%, 20%, 30% CRT glass at 28 days of curing. For all beams, the curve was linear until the first crack. After cracking, the curve continued to be linear but with lower slope until the yield of the reinforcing steel, where CRT glass may have affected the maximum deflection for each beam due to the stiffening effect. The beam is considered failed when there is a noticeable drop in the load after the ultimate load. The maximum displacement of all beams range between 14 and 16 mm. This value is at its minimum at 0% CRT replacement (control) where the central deflection of the beam reached only 14 mm. It can be inferred that CRT glass contributed to the slight increase in the maximum displacement of the reinforced concrete beams.



Figure 7 shows the load at first crack and the ultimate load for reinforced concrete beams containing 0%, 10%, 20% and 30% CRT glass. It can be noticed that the beam containing 10% replacement level of CRT glass had the highest load at first crack (32 kN) and the highest ultimate load (45.6 kN). On the other hand, the control beam (CRT-0) had the lowest load at first crack (16 kN) and ultimate load (40.2 kN). Although differences are slight, this trend is similar to that of compressive strength, splitting tensile strength, and modulus of elasticity (Table 2). This is in agreement with results obtained elsewhere [31,33].




3.3. Yield Displacement


Figure 8 shows the displacement at yield point for the reinforced concrete beams containing 0%, 10%, 20% and 30% CRT glass. It can be noticed that the maximum displacement is for the control mix (CRT-0), where it reached 5.2 mm. The displacement is lower when CRT glass is present, where it reaches only 3.8 mm at 10% replacement level, indicating more brittleness. The CRT-20 and CRT-30 had a displacement of 4.4 and 4.8 mm, respectively.




3.4. Crack Appearance and Strain Distribution


Figure 9a–d plot the strain distribution at different locations (25, 50, 100, and 125 mm from the bottom) for all beams at 8, 16, 24, and 32 kN, respectively. The strain at each DEMEC point was measured using mechanical strain gauge. Generally, and as can be expected, the top part of the beam undergoes compression while the bottom part is under tension. It can be inferred from the figures that the CRT-10 beam showed the least deformation at all locations compared with the other beams and at all loads (8, 16, 24, 32 kN), while CRT-0 (control) beam had the largest deformations at these loads. This can be attributed to the modulus of elasticity found earlier, where a higher modulus of elasticity indicates less deformability at the same load.



The failure mode and crack propagation of the beams is shown in Figure 10a–d for beams with 0%, 10%, 20%, and 30% CRT glass. As expected, cracks developed in the tensile zone and propagated vertically upwards, mainly in the middle part of the beam. This occurred in all beams, regardless of the CRT glass content. Crack propagation was relatively slow until the yield of the reinforcing steel. After that, the cracks widened and flexural failure took place. All beams showed similar behavior in terms of crack propagation and failure pattern. All beams failed in flexure regardless of the CRT content. However, at 20% and 30% replacement levels, multiple crack propagation was observed. This may be due to the stiffening effect and the changes in the bond between concrete and steel reinforcement after the increase in CRT content.




3.5. Numerical Analysis


Table 4 summarizes the maximum load and maximum deflection for reinforced concrete beams containing 0%, 10%, 20%, and 30% CRT glass. It is obvious that the numerical maximum load capacities were close to the experimental results. The error percentages ranged between 0.7% and 5.5%. Similarly, the maximum deflection results generated by the software were remarkably close to the maximum deflection results obtained experimentally. The error percentages ranged between 0% and 2%.



The load-deflection curves for all beams obtained from the experimental results and those generated by the software are shown in Figure 11a–d. It can be noticed that the curves produced by numerical analysis display a behavior equivalent to that of the curves found experimentally. This is an indication of the validity of the numerical model for further analysis.



Figure 12a–d show the tensile damage in reinforced concrete beams containing 0%, 10%, 20%, and 30% CRT glass from the numerical analysis compared to the beams obtained by experimental work. It can be noticed that the beams in both cases experienced flexural failure from the crack patterns. However, there are slight variations in the crack patterns. These differences could be generally attributed to the uncertainties in the conditions of the experimental testing, whereas the numerical modeling assumes perfect symmetry in both supporting and loading conditions.





4. Conclusions


In this study, four concrete mixes including 0%, 10%, 20% and 30% CRT glass waste as partial substitution of sand were prepared. Several tests investigating concrete properties and structural performance of reinforced concrete beams were conducted. Several conclusions can be inferred based on the current investigation.



As for the mechanical properties of the concrete mixes, using 10% CRT as a partial substitution of fine aggregate leads to a higher compressive strength, splitting tensile strength, and modulus of elasticity compared with the control. At 10% replacement level, the compressive strength of concrete increased by about 21% when compared with the control mix.



Concerning the flexural performance of the beams, the maximum load carrying capacity of reinforced concrete beam occurs at the 10% replacement level of CRT glass, which is around a 13% increase. In addition, the presence of CRT glass in reinforced concrete beams leads to a higher ductility, especially at 10% replacement level where the ductility index was about twice that of the control beam. The control beam had the largest deformations along the depth compared with beams containing varying amounts of CRT glass.



The numerical analysis conducted by ABAQUS accurately predicted the load capacity and maximum deflections of the beams with minimal errors ranging between 0% and 5.5%. ABAQUS produced load–deflection curves showing a behavior remarkably similar to the curves obtained by experimental work. In addition, the numerical analysis predicted a tensile damage comparable to the damage found in the experimental program.
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Figure 1. (a) CRT glass before crushing and (b) after crushing. 
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Figure 2. Concrete in molds. 
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Figure 3. Details of the reinforced concrete beams: (a) longitudinal section (in mm); (b) cross-section; (c) DEMEC point locations. 
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Figure 4. Mechanical strain gauge. 
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Figure 5. Numerical model details: (a) Concrete beam details, (b) Steel reinforcement details. 
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Figure 6. Load versus central deflection for beams with different CRT replacement levels. 






Figure 6. Load versus central deflection for beams with different CRT replacement levels.



[image: Buildings 11 00067 g006]







[image: Buildings 11 00067 g007 550] 





Figure 7. Load at first crack and ultimate load for all beams. 
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Figure 8. Yield displacement for all beams. 
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Figure 9. Strain distribution for all beams at (a) 8 kN (b) 16 kN (c) 24 kN and (d) 32 kN. 
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Figure 10. Failure mode and crack propagation for beam (a) CRT-0, (b) CRT-10, (c) CRT-20, and (d) CRT-30. 
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Figure 11. Comparison of load–deflection curves between experimental and numerical for beam (a) CRT-0, (b) CRT-10, (c) CRT-20, and (d) CRT-30. 
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Figure 12. Comparison of tensile damage of reinforced concrete beams obtained by experimental and numerical methods for (a) CRT-0, (b) CRT-10, (c) CRT-20, (d) CRT-30. 
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Table 1. Details of concrete mixes.
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Mix Code

	
Quantities (Kg/m3)




	
OPC

	
Sand

	
CRT 1

	
Gravel

	
Water

	
SP

	
W/C






	
CRT-0

	
334

	
668

	
0

	
1336

	
173.68

	
5.34

	
0.52




	
CRT-10

	
334

	
601

	
74.5

	
1336

	
173.68

	
4.34

	
0.52




	
CRT-20

	
334

	
534

	
150

	
1336

	
173.68

	
3.34

	
0.52




	
CRT-30

	
334

	
468

	
224

	
1336

	
173.68

	
2.34

	
0.52








1 Cathode-ray tube glass waste.
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Table 2. Default parameters for numerical modeling.
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	Parameter
	Symbol
	Value





	Poisson’s ratio
	υ
	0.2



	Dilation angle (°)
	ψ
	36



	Eccentricity
	ɛ
	0.1



	Bi-axial to Uni-axial strength ratio
	fb0/ft0
	1.16



	Second stress invariant ratio
	K
	0.67



	Viscosity parameter
	μ
	0
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Table 3. Mechanical properties of concrete mixes at 28 days of curing.
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	Mix
	Density

(Kg/m3)
	UPV

(m/s) and

(% Error)
	Compressive Strength

(MPa) and

(% Error)
	Tensile Strength

(MPa)
	Modulus of Elasticity

(MPa)





	CRT-0
	2465
	4732 (±1.3%)
	31.4 (±10%)
	2.957
	30,688



	CRT-10
	2470
	4854 (±3.4%)
	37.9 (±0.9%)
	3.263
	34,331



	CRT-20
	2484
	4831 (±3.4%)
	34.2 (±5.0%)
	2.964
	32,618



	CRT-30
	2534
	4751 (±0.2%)
	32.8 (±4.0%)
	2.926
	31,444
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Table 4. Comparison between experimental and numerical results.
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Beam

	
Maximum Load (kN)

	
Maximum Deflection (mm)




	

	
Experimental

	
Numerical

	
Error

	
Experimental

	
Numerical

	
Error






	
CRT-0

	
40.2

	
42.4

	
5.5%

	
14.2

	
14.2

	
0%




	
CRT-10

	
45.6

	
46.2

	
1.3%

	
14.3

	
14.0

	
2.1%




	
CRT-20

	
42

	
42.3

	
0.7%

	
16.1

	
15.8

	
1.9%




	
CRT-30

	
41

	
42.3

	
3.2%

	
15

	
14.7

	
2%
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