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Abstract:



This experimental research is focused on the development of self-compacting mortar incorporating recycled glass aggregate (SCM-RGA) as partial substitution of fine aggregate (wt 0%, 10%, 20%, 30%, 40% and 50%). The fresh and hardened mechanical properties as well as durability of SCM-RGA mixes were investigated. Limestone powder (LP) was used as filler that constitutes 20% of the powder volume to reduce the amount of cement. The SCM-RGA mixtures were designed based on Japanese mix design method. The experimental test results showed that the slump flow of SCM-RGA mixes decreased and V-funnel flow time increased when the content of recycled glass aggregate (RGA) increased. The bulk density, compressive strength, flexural strength, water absorption and sorptivity of SCM-RGA mixes were decreased as RGA content increased. Moreover, the accelerated mortar bar test results showed that the expansion due to alkali–silica reaction (ASR) of SCM-RGA mixes increased as the content of RGA increased although the expansion of all mixes were within acceptable limit and potentially innocuous. In conclusion, up to 30% of RGA can be successfully integrated in SCM mixes that offers comparable strength performance, sorptivity enhancement and without long term detrimental ASR effect, and thus, contributes towards sustainable solid waste management, conservation of natural resources and environmental protection.
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1. Introduction


Sustainable waste management especially for non-degradable solid wastes such as glass is one of the major challenges that faces developing countries. Due to rapid population growth, urbanization and paramount economic growth, the rate of waste generation in aforementioned countries is increasing rapidly and consequently poses serious health and environmental problems. Fortunately, there are mitigation measures commonly employed in solid waste disposal; recycling, landfilling and incinerating. However, recycling of solid wastes for new material manufacturing in developing countries is not viable solution because it is capital intensive. Landfilling and incinerating are not eco-friendly solutions. Therefore, there is a need for reliable and cost-effective method to curb this menace. Recycling of solid wastes in concrete production is then a prevailing and feasible option towards sustainable solid waste management and infrastructure development [1].



The construction industry is growing rapidly, leading to high consumption of concrete. More than 70% of concrete volume is occupied by aggregates. In developing countries, particularly Africa, the aggregates are acquired by extensive extraction of natural rocks and rivers which adversely affects the ecology of riparian habitats, forested areas, riverbeds and land use [2]. Hence, utilization of wastes and industrial by-products as substitution of aggregates in concrete or mortar is a fascinating and viable option to secure natural resources and environmental conservation [3].



Worldwide, discarded and post-consumer waste glass are becoming a substantial burden in stockpiles and landfills [4]. According to Chandak [5] report, globally 2% of solid waste composition is waste glass in low-income and middle-income countries, and 7% in high income countries. In Nairobi city, it has been estimated that about 22,630 tons of waste glass is generated each year [6]. Even though, glass is recyclable, that can be reused for new glass production, high cost of recycling and limited number of glass industries in Africa impede the recycling of waste glass. These are also the driving forces promoting the recycling of waste glass as components in production of mortar or concrete [7].



Self-compacting mortar (SCM) is an integral part of self-compacting concrete (SCC) and is principally used in structural retrofitting, rehabilitation and repair of structures, grouting and production of light transmitting concrete. According to EFNARC [8] self-compacting concrete (SCC) is “concrete that is able to flow under its own weight and completely fill the formwork, even in the presence of dense reinforcement, without the need of any vibration, whilst maintaining homogeneity”. SCC is an emerging advanced concrete technology that offers overall technical, health and environmental advantages over conventional concrete. SCC was first developed at the University of Tokyo by Prof. Okamura in 1988 to enhance concrete durability and avoid workmanship defects during concreting operation [9]. Moreover, the first SCC mix design method was advocated by Japanese [10] and it is also known as Japanese mix design method. The mix design of SCC is highly dependent on the applied material properties, and extensive researches has been carried out in different countries considering various circumstances [11]. In Africa, particularly East Africa the practice of SCC is in infant stage at this time, and this might be due to the absence of guidelines or standards that support the design, production and application of SCC in the region. The present study aims to develop SCM mixes based on local available materials to boost and support the design and manufacturing of SCC in East Africa.



The workability of fresh SCC basically depends on the fundamental engineering properties of fresh SCM [12]. In fact, the design of SCC is trial and error that requires plenty of time and effort. However, design of SCM requires relatively less time and cost, and helps to achieve a target SCC easily. It is then prominent to study and proportion SCM to minimize SCC phase trials [13]. Generally, SCC or SCM requires higher cement content than conventional concrete to achieve self-consolidation. Mineral admixtures such as limestone powder (LP) are introduced as fillers to reduce the amount of cement and heat of hydration, enhance flowability and durability, and retard time of setting. In addition, superplasticiser (SP) is used to lower yield stress and increase segregation resistance of SCM or SCC [14,15].



Several previous studies [16,17,18,19], revealed that incorporating recycled glass as fine aggregate in concrete decreased slump flow due to the harsh texture and geometry of glass. On the contrary, other authors [20,21,22], reported that concrete with recycled glass tends to have increased workability and this attribute was explained as the contribution of the smooth surface of glass grains, while others [23,24] deduced that the slump flow remained comparable in both concrete with and without glass aggregate.



Extensive experimental research conducted on concrete containing recycled glass aggregate (RGA) has consistently reported that its compressive and flexural strength are lower compared to concrete containing natural aggregate [16,18,19,20,23,24,25]. The findings from [17,19,24,25], showed that the bulk density of hardened concrete slightly decreased as the RGA amount increased. Some authors [20,26,27], deduced a remarkable reduction in sorptivity and water absorption as the content of RGA increased, and concluded that incorporating waste glass enhances durability of concrete.



The potential effects of utilizing glass aggregates in concrete reported by previous research [4,28,29,30], were an alkali–silica reaction (ASR) between the amorphous silicate glass grains and alkali of cement in the presence of water that might results in volumetric expansion and spalling. However, experimental evidence proved that the potential problem of ASR decreased with reduced glass aggregate particle size. Du and Tan [31], revealed that glass aggregate less than 2.36 mm would effectively mitigated ASR expansion and assured pozzolanic activity.



This research aims at exploring the possibility and viability of using recycled glass aggregate as fine aggregate in self-compacting mortar/concrete for application in the construction industry of Africa particularly East Africa.




2. Experimental Program


2.1. Materials


All materials used to prepare SCM mixtures were locally available. An ordinary Portland cement Type I (CEM I 42.5N) conforming to the requirements of EN 197-1 [32] was used as a binding agent. The mineral admixture used as filler was limestone powder (LP) with CaCO3 content of 85.5% by mass. The fineness of the limestone powder passing 185 μm, 75 μm and 45 μm was 100%, 90.85% and 75.77% respectively. Figure 1 shows gradation of limestone powder. Fine aggregate (FA) used was natural river sand that passes through #8 sieve (2.36 mm). Particle size distribution of the fine aggregate was conforming to the requirements of ASTM C33 [33]. Soda-lime silicate glass were collected from local landfills, then cleaned and crushed manually to produce graded finely crushed recycled glass aggregate (RGA) that met the requirements of ASTM C33 [33]. The unit weight, specific gravity and fineness modulus of the RGA was 1545 kg/m3, 2.32 and 2.70 respectively. Sieve analysis test results of FA and RGA are also given in Figure 2. The chemical composition of cement, LP, RGA and FA analyzed using X-ray diffraction (XRD) are detailed in Table 1. Sika ViscoCrete 3088, polycarboxylate based high range water reducer (superplasticiser) was used as chemical admixture to improve workability and rheology of SCM mixtures. The properties of the superplasticiser are presented in Table 2. The physical properties of cement, LP, RGA and FA are reported in Table 3.


Figure 1. Particle size distribution of limestone powder (LP).
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Figure 2. Particle size distribution of fine aggregate and RGA.
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Table 1. Chemical composition of cement, limestone powder (LP), recycled glass aggregate (RGA) and fine aggregate.







	
Chemical Composition (%)

	
Cement

	
LP

	
RGA

	
Fine Aggregate






	
CaO

	
63.37

	
47.86

	
10.67

	
4.17




	
SiO2

	
20.61

	
12.20

	
81.98

	
79.96




	
Al2O3

	
5.05

	
0.60

	
0.86

	
8.65




	
Fe2O3

	
3.24

	
0.30

	
0.23

	
1.53




	
MgO

	
0.81

	
0.90

	
5.63

	
0.00




	
SO3

	
2.75

	
0.00

	
0.19

	
1.27




	
K2O

	
0.52

	
—

	
0.23

	
2.82




	
Na2O

	
0.15

	
—

	
—

	
—




	
P2O5

	
—

	
0.15

	
0.12

	
0.79




	
C3A

	
7.91

	
—

	
—

	
—




	
Insoluble residue (I.R.)

	
1.00

	
0.20

	
—

	
—




	
Loss on ignition (LOI)

	
2.90

	
37.65

	
—

	
—










Table 2. Properties of the superplasticiser (Sika ViscoCrete 3088).







	
Description

	
Property






	
Appearance/color

	
Yellowish liquid




	
Density (kg/L)

	
1.06 (at +20 °C)




	
pH value

	
5.5 ± 0.5




	
Chemical base

	
Aqueous solution of modified polycarboxylate




	
Dosage

	
0.2–2% by weight of cement










Table 3. Physical properties of cement, LP, RGA and fine aggregate.







	
Properties

	
Cement

	
LP

	
RGA

	
Fine Aggregate






	
Specific gravity

	
3.15

	
2.80

	
2.32

	
2.37




	
Bulk density (kg/m3)

	
1433

	
1365

	
1545

	
1610




	
Fineness modulus

	
—

	
—

	
2.70

	
2.35




	
Specific surface (cm2/g)

	
3197

	
1029

	
—

	
—




	
Soundness (mm)

	
0.30

	
—

	
—

	
—




	
Normal consistency (%)

	
25.65

	
—

	
—

	
—




	
Setting time (min)

	
Initial

	
160

	
—

	
—

	
—




	
Final

	
252

	
—

	
—

	
—




	
Compressive strength (N/mm2)

	
At 2 days

	
19.30

	
—

	
—

	
—




	
At 28 days

	
48.94

	
—

	
—

	
—











2.2. Mixture Proportioning


The SCM mixtures were designed based on Okamura’s method [10]. A total of 6 SCM mixtures were proportioned and their details are as presented in Table 4. In all SCM mixtures, sand to mortar volume ratio (S/M) was kept 0.5 and limestone powder was used as filler that constitutes 20% of the powder volume. Fine aggregates were replaced with RGA by weight at varying percentage of 0%, 10%, 20%, 30%, 40% and 50%. Water to powder ratio and superplasticiser (SP) dosage were varying until a desired mixture that fulfills the requirements of SCM was obtained.



Table 4. Self-compacting mortar incorporating recycled glass aggregate (SCM-RGA) mix proportioning.







	
Mix Designation

	
W/P

	
W/C

	
Cement (kg/m3)

	
Limestone Powder (kg/m3)

	
Water (kg/m3)

	
Fine Aggregate (kg/m3)

	
RGA (kg/m3)

	
SP (kg/m3)






	
RGA0%

	
0.33

	
0.40

	
623.76

	
138.61

	
252.48

	
1185.00

	
—

	
5.95




	
RGA10%

	
0.33

	
0.40

	
623.76

	
138.61

	
252.48

	
1066.50

	
118.50

	
6.02




	
RGA20%

	
0.33

	
0.40

	
623.76

	
138.61

	
252.48

	
948.00

	
237.00

	
6.02




	
RGA30%

	
0.33

	
0.40

	
623.76

	
138.61

	
252.48

	
829.50

	
355.50

	
6.10




	
RGA40%

	
0.33

	
0.40

	
623.76

	
138.61

	
252.48

	
711.00

	
474.00

	
6.18




	
RGA50%

	
0.33

	
0.40

	
623.76

	
138.61

	
252.48

	
592.50

	
592.50

	
6.25











2.3. Test Program


The test program of SCM consisted of two phases. The first phase dealt with assessment of the rheological properties (deformability and viscosity) of fresh SCM mixtures. The second phase focused on investigation of the bulk density, compressive and flexural strength, water absorption, sorptivity and expansion due to alkali–silica-reaction (ASR) of hardened SCMs.




2.4. Mixing Procedure


The constituent materials were weighed properly, based on the mix design. The powder, fine aggregate or/and recycled glass were first placed in a mortar mixer, and mixed thoroughly in dry state. After mixing for 1 min, 80% of the required water added to the mixer and continue mixing for 1 min more under normal speed of the mixer. Then the required superplasticiser and 20% of remaining water were introduced and the mixing continued further for 5 min. For dispersibility between superplasticiser and the matrix, the mix was kept resting for 2 min. Finally, the mixture mixed for 1 min before being discharged. The mixing procedure followed in this experimental program is shown in Figure 3.


Figure 3. Mixing procedure.
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2.5. Test Methods


2.5.1. Tests on Fresh SCM-RGA Mixtures


The rheological properties of fresh SCM mixtures were assessed by conducting mini slump flow and V-funnel flow time tests. All SCM mixtures were designed to satisfy the flow properties requirement set by EFNARC (European Federation of National Associations Representing for Concrete) [8].



Slump Flow Test


The deformability of SCM mixtures were evaluated by slump flow test using mini slump cone. The slump flow test was performed according to EFNARC [8] and the spread diameter (dm) of all the mixtures kept within the range of 250 ± 10 mm. The flow of the mixtures was also visually observed for bleeding, segregation and inconsistency. The deformability of SCM mixtures was expressed in terms of relative flow area (Гm) using:


[image: ]



(1)




where do is the diameter of the base of truncated mini slump cone (do = 100 mm), and dm is the mean value of the two perpendicular measured spread diameters of d1 and d2, dm = (d1 + d2)/2.




V-funnel Flow Time Test


The viscosity and passing ability of SCM mixtures were examined by conducting V-funnel flow time test according to the procedures outlined in EFNARC [8]. This test is feasible and simple method to select suitable water to powder ratio of the mixtures and the permissible value of the flow time (t) is 9 ± 2 s [8]. The passing ability of SCM mixtures can be expressed in terms of relative flow velocity (Rm):
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(2)









2.5.2. Tests on Hardened SCM-RGA


Compressive and Flexural Strength


The flexural and compressive strength of hardened SCMs were determined at 3, 7, 14 and 28 days according to ASTM C348 [34] and ASTM C349 [35]. After a desired SCM mixture was obtained, it was poured into 40 × 40 × 160 mm3 prism moulds without applying any compaction. Then 24 h after casting, the specimens were demoulded and cured in water at a temperature of 20 ± 1 °C until the age of testing.




Water Absorption by Immersion


Water absorption by immersion was determined according to ASTM C642 [36] in three 40 × 40 × 160 mm3 SCM specimens of each mixtures after 28 days of curing. The specimens were dried in an oven for 24 h with the temperature kept at 105 ± 5 °C. The mass of oven-dried specimens was recorded after cooling to room temperature. Then the specimens were immersed in water at temperature of 21 °C for about 72 h until a constant saturated surface-dried mass was achieved. The ratio of the amount of water absorbed by the oven-dried specimen to the mass of oven-dried specimen was considered as the rate of water absorption.




Sorptivity (Capillary Water Absorption)


Sorptivity coefficient of specimens was obtained by capillary water absorption test carried out according to ASTM C1585 [37]. For each SCM mixtures three 50 × 50 × 50 mm3 moulds were prepared and the test was carried out after 28 days of curing. The specimens were dried in an oven at 110 ± 5 °C temperature for 24 h. Then after the specimens cooled to room temperature, the four lateral faces of the specimens were sealed properly using box sealing tape to hinder entrance of moisture while the opposite faces left open. The initial weight of the specimens was recorded after sealing and submerged in water about 5 ± 1 mm above the bottom face. The weight gain due to sorption was determined by weighting the submerged specimen at a definite interval of time 5, 10, 30 min, 1, 2, 3, 4 and 5 h. Sorptivity coefficient can be defined by the following relationship:
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(3)




where k is sorptivity coefficient (mm/h1/2), ΔW is the amount of adsorbed water (g), A is the wetted area (mm2), ρw is the density of water (10−3 g/mm3), and t is the time (h) at which the submerged weight was determined. The value of k was obtained from the slope of the linear relationship between cumulative water absorption (ΔW/A) in (g/mm2) and time [image: ] in (h1/2) by using regression analysis in MS excel.




Expansion due to Alkali–Silica-Reaction (ASR)


The alkali–silica reactivity and expansion development of SCM-RGA mixes were evaluated by using accelerated mortar bar method based on ASTM C1260 [38]. For each mixture three 25 × 25 × 285 mm3 specimen were prepared in accordance to ASTM C490 [39]. After 24 ± 2 h, the specimens were demoulded and placed in a metal container with tap water in an oven maintained at a temperature of 80 ± 2 °C for about 24 h. Initial length of the specimens was recorded after curing in water and then transferred to a container with 1 N NaOH solution at 80 ± 2 °C. The change in length of the mortar bars were subsequently measured after 3, 7, 10 and 14 days of curing in 1N NaOH solution.







3. Results and Discussion


3.1. Fresh Properties of SCM-RGA Mixes


Test results of the fresh properties (slump flow and V-funnel flow time) of SCM mixtures incorporating RGA are presented in Table 5.



Table 5. Fresh properties of SCM-RGA mixes.







	
Fresh Properties

	
Mix Designation

	
EFNARC [8]

Criteria




	
RGA0%

	
RGA10%

	
RGA20%

	
RGA30%

	
RGA40%

	
RGA50%






	
Slump flow (mm)

	
250

	
255

	
249

	
242

	
248

	
252

	
250 ± 10




	
V-funnel flow time (s)

	
8.7

	
8.9

	
9.3

	
10.3

	
10.6

	
10.9

	
9 ± 2










3.1.1. Slump Flow


The SCM mixtures were designed to deform 250 ± 10 mm conforming to EFNARC [8] criteria, which was achieved by adjusting the dosage of superplasticiser (SP). The relative slump flow of SCM-RGA mixes is given in Figure 4, and as it can be seen, the values of relative slump of all mixes are in the reference range. The experimental test results showed that as the content of RGA increased, the slump flow slightly decreased. This finding is consistent with the research outcomes, Limbachiya [18] reported reduction in slump flow as washed glass sand (WGS) percentage exceeded 30%. A research conducted by Ismail and AL-Hashmi [17] reported similar results that as the content of recycled glass increased, slump flow decreased. Similar observations were also reported by Afshinnia and Rangaraju [16]. The grain shape (sharp and angular edge) and higher aspect ratio of RGA attributed to the slight reduction of flowability of SCM mixtures [19]. Consequently, Figure 5 clearly indicates that to maintain the slump flow of mixtures containing glass aggregate within the range of 250 ± 10 mm, superplasticiser dosage was increased as the content of RGA increased (R2 = 0.96). The use of superplasticiser (SP) ensures deflocculating and reduces water demand of SCM mixtures and intensify intermolecular interaction of particles [40]. The dosage of superplasticiser for each mixture was determined based on the slump flow test to obtain desired flowability that met self-compactability requirements [41]. The dosage of superplasticiser of all mixes was between 0.78% and 0.82% by weight of powder.


Figure 4. Relative slump flow of SCM-RGA mixes.
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Figure 5. Relationship between RGA content and superplasticiser dosage of SCM-RGA mixes.
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3.1.2. V-funnel Flow Time


Figure 6 presents the relative flow velocity of all mixes prepared in this study. The flow time of all SCM mixtures was in ranges of 8.7–10.9 s. Incorporation of RGA slightly slows down the flow time of SCM mixtures due to the geometrical shape of glass particles that hinders the movement of the paste matrix. It was observed that the flow time of SCM mixtures was affected by water to powder ratio [11,42]. To reduce the amount of cement, limestone powder was introduced in all mixtures as filler that constitutes 20% of powder volume. Limestone powder increases packing density of particles, lowers void ratio and improves durability [43]. Furthermore, it lowers setting time and improves fluidity [44]. In this experimental study, the first charge of water to powder volume ratio (VW/VP) was considered the same value of βp (retained water ratio) based on recommendation of the Japanese mix design method. The value of retained water ratio (βp = 1.14) was obtained from the paste flow test given in Figure 7. However, after several trial mixes the suitable water to powder volume ratio (VW/VP) was fixed at 1.02 (equivalent to water to powder weight ratio, W/P = 0.33) for all mixtures. The flow time of the reference mixture and SCM containing 50% of waste glass content was 8.7 and 10.9 s respectively. As illustrated in Figure 8, it was observed that utilization of recycled glass aggregates increased the flow time of fresh SCM-RGA mixtures. This was attributed to higher internal friction and high surface tension of glass particles [45]. Keeping water to cement ratio constant, as the content of glass aggregates increased excess water in the mixes increased due to the fact that water absorption of glass is lower than that of fine aggregate and this phenomenon could result in bleeding and segregation of the matrix [3]. In this study, it was visually observed during execution of slump flow test that the slump flow spread of all mixes was very consistent and stable (see Figure 9).


Figure 6. Relative flow velocity of SCM-RGA mixes.
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Figure 7. Paste design (Determination of retained water ratio, βp).
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Figure 8. Relationship between RGA content and flow time of SCM-RGA mixes.
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Figure 9. Typical slump flow of SCM-RGA0% and SCM-RGA50%; (a) SCM-RGA0%; (b) SCM-RGA50%.
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3.2. Hardened Properties of SCM-RGA


The physical, strength and durability properties of SCM-RGA mixes are presented in Table 6 and Table 7.



Table 6. Compressive and flexural strength of SCM-RGA mixes.







	
Mix Designation

	
Compressive Strength

(MPa)

	
Flexural Strength

(MPa)




	
3 Days

	
7 Days

	
14 Days

	
28 Days

	
3 Days

	
7 Days

	
14 Days

	
28 Days






	
RGA0%

	
47.59

	
52.70

	
53.21

	
57.05

	
7.85

	
8.91

	
9.38

	
10.22




	
RGA10%

	
46.98

	
51.61

	
52.70

	
56.04

	
7.97

	
8.70

	
9.23

	
10.08




	
RGA20%

	
45.54

	
51.01

	
52.21

	
55.62

	
7.89

	
8.67

	
9.14

	
9.96




	
RGA30%

	
44.65

	
47.92

	
49.92

	
53.30

	
7.66

	
8.55

	
9.06

	
9.61




	
RGA40%

	
42.43

	
45.42

	
47.61

	
50.85

	
7.45

	
8.39

	
8.98

	
9.26




	
RGA50%

	
39.24

	
41.79

	
43.13

	
48.33

	
7.13

	
7.91

	
8.73

	
9.02










Table 7. Bulk density, water absorption and sorptivity of SCM-RGA mixes.







	
Mix Designation

	
Bulk Density (kg/m3)

	
Water Absorption (%)

	
Sorptivity (mm/h1/2)






	
RGA0%

	
2385.25

	
7.11

	
2.83




	
RGA10%

	
2382.43

	
7.07

	
2.02




	
RGA20%

	
2379.68

	
6.88

	
1.79




	
RGA30%

	
2372.11

	
6.61

	
1.55




	
RGA40%

	
2359.31

	
6.52

	
1.40




	
RGA50%

	
2347.25

	
6.29

	
1.35










3.2.1. Bulk Density


The hardened bulk density of all SCM-RGA specimens prepared in this study measured at 28 days are tabulated and graphically presented in Figure 10. Specimens containing RGA exhibits relatively lower hardened density when compared to specimens with natural fine aggregate. This reduction in density could be due to the fact that particle density of RGA used in this research were 1.3% lower than that of natural fine aggregate [17,19,24,25,46]. The density for all specimens were in the range of 2347 kg/m3 to 2386 kg/m3. Moreover, the hardened specimens incorporating 50% RGA showed 1.6% reduction of bulk density relative to that of the reference specimens.


Figure 10. Bulk density of hardened SCM-RGA mixes.
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3.2.2. Compressive Strength


Experimental test results that show the development of compressive strength of SCM mixes at 3, 7, 14 and 28 days are presented in Figure 11. It is evident from the experimental results that incorporation of RGA as replacement of fine aggregate in SCM remarkably decreased compressive strength relative to control mix regardless of the percentage of replacement and age. This reduction could be attributed to lower toughness strength against fracture, smooth grain surface and weak interfacial adhesion between the cement paste matrix and glass particle [19,22,24,47]. This finding is in concurrence with those of previous studies [16,18,20,23,25]. It was also observed that up to 30% of RGA content, compressive strength was not significantly affected. At 28 days, the reduction in compressive strength in comparison to control mix was 1.78%, 2.52% and 6.57% for 10%, 20% and 30% replacement of RGA respectively. Similar results were also reported by Sharifi et al. [21] and Tan and Du [19]. On the other hand, reduction in compressive strength was apparent with further increase in RGA content especially beyond 30% replacement. The maximum reduction of compressive strength was 15.29% noted for 50% RGA content. The relationship between RGA content and the 28 days compressive strength given in Figure 12 showed a strong correlation (R2 = 0.99). An average of six prism specimens represented in the data points was fitted with second order polynomial trend line regression function curve.


Figure 11. Compressive strength development of SCM-RGA mixes.
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Figure 12. Relationship between RGA content and corresponding 28 days compressive strength.
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3.2.3. Flexural Strength


Figure 13 presents the evolution of flexural strength at 3, 7, 14 and 28 days and experimental results show a trend that resembles the compressive strength results. However, the influence of RGA was not as pronounced on flexural strength as seen for compressive strength. According to experimental results, 28 days flexural strength tends to decrease by 1.38%, 2.52%, 5.97%, 9.40% and 11.70% for RGA content of 10%, 20%, 30%, 40% and 50% respectively. The results obtained in this research are consistent with other authors [19,23,25,47] who reported that the flexural strength of mixes containing RGA decreased with respect to increases in replacement level. The average of three measurements plotted in Figure 14 indicates a correlation between RGA replacement level and 28 days of flexural strength with high reliability (R2 ≈ 0.99). Moreover, as shown graphically in Figure 15, the relationship between the 28 days compressive and flexural strength for SCM mixes incorporating RGA showed strong correlation in a power regression function (R2 = 0.99). It is evident that as compressive strength of SCM-RGA mixes increased, flexural strength also increased. Limbachiya [18], reported a similar trend with a correlation factor of (R2 = 0.92) for washed glass sand mixes.


Figure 13. Flexural strength development of SCM-RGA mixes.
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Figure 14. Relationship between RGA content and corresponding 28 days flexural strength.
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Figure 15. Relationship between 28 days compressive and flexural strength of SCM-RGA mixes.
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3.2.4. Water Absorption


The water absorption by immersion test results of all SCM-RGA mixes are given graphically in Figure 16. It is found that inclusion of RGA slightly decreased water absorption. This reduction was due to the fact that glass does not absorb water. This result is in line with other authors [26,48,49]. The maximum water absorption obtained after 72 ± 2 h immersion was 7.11% for the control mix and the lowest was 6.29%, belonging to a mix with 50% RGA content. It is generally believed that good quality concrete has water absorption of less than 10% [50]. All the SCM mixes produced in this research met the requirements and can be regard as a good quality concrete.


Figure 16. Water absorption of SCM-RGA mixes.
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3.2.5. Sorptivity


When the surface of hardened concrete is submerged in water or exposed to moisture, the concrete pores absorb water by action of capillary suction and the rate at which water is absorbed is called sorptivity. Durability, deterioration under wet-dry cycle and service life time of concrete can be related with its rate of sorptivity. The results of capillary water absorption at 28 days of curing are presented graphically in Figure 17. The results showed that sorptivity values significantly decreased as the content of RGA increased due lower moisture intake nature of glass particles compared to natural fine aggregates. Similar findings were reported by some other authors [20,22,26,27]. The sorptivity value of the reference and 50% RGA specimens was 2.83 mm/h1/2 and 1.35 mm/h1/2 respectively. The sorptivity value of a mix containing 50% RGA decreased by 52.3%. Figure 18 shows cumulative water absorbed per unit area (g/mm2) versus square root of time (h1/2). The sorptivity value for each mix was determined from the gradient of linear trend line graph given in Figure 18 by using regression analysis. Furthermore, there exist a relationship between sorptivity coefficient and both 28 days of compressive and flexural strength plotted in Figure 19 and has shown good correlation. The experimental result clearly reveals for mixes containing RGA both strength and sorptivity values decreased as the content of RGA increased. This could be explained as the strength of SCM specimens decreased due to weak interfacial adhesion between glass particle and paste matrix, whereas sorptivity decreased due to impermeable nature of glass. Finally, according to Menéndez et al. [51], a concrete with less than 3 mm/h1/2 of sorptivity value is regarded as durable concrete. The specified sorptivity value ensures the minimum concrete cover of 15 mm for reinforcement steel bars in reinforced concrete to prevent corrosion. The value of sorptivity that is 3 mm/h1/2, defined as water could penetrate to a depth of 15 mm in 24 h rain that guarantee minimum concrete cover. On the ground of this suggestion, the SCM-RGA mixes prepared in this research could be considered as durable since they exhibited sorptivity coefficient of lower than 3 mm/h1/2.


Figure 17. Sorptivity coefficient of SCM-RGA mixes.
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Figure 18. Evolution of capillary surface water absorption of SCM-RGA mixes.
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Figure 19. Relationship between the sorptivity value, and the 28 days compressive and flexural strength.
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3.2.6. Expansion due to Alkali–Silica Reaction (ASR)


The mechanism of ASR is the chemical process between siliceous aggregate and hydroxyl ion in hardened concrete that leads to evolution of viscous alkali–silicate gel [52]. The formation of alkali–silicate gel increases the volume of concrete i.e., exerts expansion pressure inside and causes potential cracks and disruption [4,28,31]. The accelerated mortar bar test results showed the expansion of specimens due to ASR measured at 3, 7, 10 and 14 days and are graphically given in Figure 20 and Figure 21. It was clearly noted that as the content of RGA increased, ASR expansion also increased. This result is in concurrence with other studies [18,24,48,53,54]. Although the ASR expansion in mortar bars incorporating RGA increased substantially with age, expansion of all specimens at 14 days were below 0.1%, which could be considered as innocuous according to ASTM C1260 [38]. Based on visual observations, specimens containing 40% and 50% RGA showed slight mapping micro-cracks on the surface after 14 days of curing in 1N NaOH solution, while all other specimens were sound.


Figure 20. Alkali–silica reaction (ASR) expansion of SCM-RGA mixes.
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Figure 21. ASR expansion as a function of RGA content.
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4. Conclusions


Based on the outcomes of this experimental research, the following conclusions can be drawn:

	
The slump flow of SCM-RGA mixes decreased and V-funnel flow time increased as the content of glass aggregate increased. At a given water to powder ratio, superplasticiser dosage should be increased as the content of glass aggregate increased to ensure and maintain slump flow and flow time within the acceptable range.



	
The density, compressive strength and flexural strength of SCM-RGA mixes decreased with an increase in glass aggregate content. However, up to 30% RGA replacement ratio, the compressive and flexural strength showed 6.57% and 5.97% of reduction compared to reference SCM respectively.



	
SCM mixes containing glass aggregate exhibited lower water absorption and sorptivity value when compared to the control SCM. Sorptivity and water absorption decreased when the glass aggregate content increased. At 50% RGA replacement ratio, sorptivity of SCM-RGA is 52.3% lower than the reference SCM. This clearly indicates that concrete containing glass aggregates is more durable than conventional concrete.



	
A strong correlation was observed between the compressive and flexural strength of SCM-RGA mixes, that is as compressive strength increased, flexural strength also increased in a power function trend line.



	
For SCM containing RGA, good correlation between sorptivity and strength (compressive and flexural values) was observed. The strength of SCM-RGA decreased due to week interfacial bondage between the binding paste matrix and glass aggregate, and the sorptivity also significantly decreased due to relatively lower water permeability nature of glass.



	
It was observed that as the content of glass aggregate increased, ASR expansion also increased. Nevertheless, all mixes prepared in this study were potentially innocuous in regard to ASR expansion.



	
The experimental evidences showed that glass aggregate can be successfully incorporated in SCM as replacement of fine aggregate without a remarkable effect on workability and strength properties especially up to 30% of glass aggregate content. Thus, contributes towards sustainable solid waste management, saving landfills, conservation of natural resources and environmental protection. The SCM-RGA mixes developed in this study are apt for SCC making, grouting, rehabilitation of structures and production of light transmitting concrete.
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