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Abstract

Several attempts upon inclusion of industrial waste materials such as �y ash, silica fume, GGBS, metakaolin and copper 
slag in concrete have already been experimented that exerted a signi�cant impact on concrete with enhanced mechanical 
and improved durability properties. There were numerous authentic researches that reported the signi�cance of steel �b-
ers in strengthening the �exural property of concrete. The paper investigates the combined e�ect of waste glass powder 
(WGP) that has been utilized as a substitution for �ne aggregate in varying percentages of 0%, 3%, 6%, 9%, 12% and 15% 
and further reinforcing it with recycled steel �bers (RSF), drawn from waste tires by volume of concrete. WGP was used as 
0%, 3%, 6%, 9%, 12%, 15% by mass replacement of �ne aggregate with four di�erent volume fractions of recycled steel 
�ber (i.e., 0, 0.5, 1 and 1.5%), respectively. All proportions of concrete mixes were investigated to study the variations in 
compressive, �exural and split tensile strength with varied replacements levels of WGP along with various fractions of 
RSF for 7 and 28 days curing. A mix of 9% WGP exhibited the maximum compressive, �exural and split tensile strength. 
It was found that mechanical properties of concrete rose up to 9% replacement level of WGP and later declined. Also it 
was con�rmed that increase in the amount of RSF further boosted the compressive and �exural behavior of concrete. 
Overall, an optimum concrete mix with 9% replacement of WGP, reinforced with 1% inclusion of RSF, reported the best 
performance compared to other mixes.

Keywords Waste glass powder (WGP) · Recycled steel �bers (RSF) · Compressive strength · Flexural strength · Split 
tensile strength

1 Introduction

Construction industry has become one of the wide areas 
of research, particularly in the �eld of concrete technol-
ogy. Nowadays, the need for basic infrastructure in the 
urban areas led to the increase in developmental activities 
throughout the globe for which there is huge demand for 
concrete, posing a major threat to the environment due 
to emission of higher levels of greenhouse gases such as 
carbon dioxide. The practice of incorporating the indus-
trial waste materials has gained tremendous attention in 

the �eld of research to develop greener and sustainable 
building materials. In India, more than 300 tons of waste 
glass is disposed daily in the form of glass bottle from 
beverage factories and in the form of glass sheet from 
ceramics industries. Disposal of huge quantity of glass as 
waste is a serious threat to the environment. To bring out 
the solution for this, since past ten years many recycling 
methods were adopted to reuse the waste glass again. 
Similarly, waste glass is considered as a key element for 
further research in the �eld of construction industry, which 
can also be incorporated in the concrete to examine the 
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changes in the mechanical properties of concrete. Owing 
to the presence of higher quantity of silica as a major com-
ponent in glass, it was proposed to replace sand with �ne 
glass powder in varied proportions to examine its e�ect on 
strength behavior of concrete in the present paper.

Waste tires also constitute major amount of solid waste 
throughout India, where it has been reported that nearly 
760 million tires are coming out as waste commonly from 
vehicle mechanic repair sheds and automobile industries 
every year. Waste tires are nowadays recycled to extract 
few raw materials that can be incorporated in concrete 
to enhance its strength properties like steel �bers, rubber 
�bers and rubber powder. Hence, waste tires were col-
lected from the nearby mechanic repair sheds and were 
processed to obtain recycled steel �bers which are used 
in the present paper.

Lot of research works was carried out previously to ana-
lyze the true behavior of glass powder and recycled steel 
fibers in concrete. Here are few reviews stated below. 
Simalti et al. [1] attempted their vast research in examining 
the strength and durability of concrete reinforced with 
recycled steel fibers (RSF) drawn from waste tires and 
manufactured steel �bers (MSF), respectively, in varying 
amounts of 0%, 0.5%, 1% and 1.5%. It was reported that 
the concrete mix reinforced with 1.5% RSF exhibited the 
best performance in all aspects compared to MSF. Isa et al. 
[2] aimed to produce a�ordable and ecofriendly ultra-high 
performance concrete (UHPC) by including recycled tire 
steel �bers (RTSF) and recycled tire steel chords (RTSC) in 
higher amounts of 2%, 3% and 4%. It was resulted that the 
higher amount of RTSF and RTSC reduced the �exural 
strength signi�cantly that clearly implies to incorporate 
lower amounts of steel �bers to enhance strength. Also, 
the investigation proved that the concrete mixes with 
RTSF contributed to produce sustainable and cheaper con-
crete. Zhong and Zhang [3] experimented to study the 
workability, strength and durability of the concrete 
strengthened by recycled tire steel �bers (RTSF) and poly-
propylene �bers (PPE). It was found that the hybrid mix of 
RTSF and PPE combinedly improved the workability by 
38.9–66%. The higher amount of RTSF in hybrid reinforce-
ment enhanced the crack resistance of concrete. Similarly, 
the results also indicated that the higher amount of PPE in 
hybrid reinforcement reduced the chlorine ingression by 
4.9–6.8%. Samindi et  al. [4] presented the extensive 
research work on the study of the variation in the mechan-
ical behavior of concrete reinforced with recycled steel 
�bers extracted from waste tires, the results of which are 
compared with the concrete mixes reinforced manufac-
tured steel �bers to assess the potential of recycled steel 
�bers over manufactured steel �bers in view of producing 
sustainable concrete. Gul and Naseer [5] proposed an 
experimental analysis on the e�ect of inclusion of recycled 

rubber steel �bers (RRSF) on the compressive, split and 
flexural strength of concrete and contrasted with the 
results obtained from concrete mixes reinforced with man-
ufactured steel �bers. It was observed that inclusion of 
recycled steel �bers reduced the compressive and split 
tensile behavior of concrete by 20% and 14%, respectively, 
for 1% of RRSF by volume. Later, the strength decreased 
considerably with higher addition of RRSF. But the results 
indicated that RRSF improved the �exural behavior of con-
crete over manufactured steel �bers. Liew and Akbar [6] 
provided an exhaustive investigation report on the utiliza-
tion and signi�cance of recycled steel �bers drawn from 
waste tires as one of best ecofriendly and cheap strength-
ening element in the production of sustainable concrete. 
The experimental reports presented the detailed discus-
sion on the mechanical, durability, workability, porosity, 
bulk density, volumetric stability and toughness of recy-
cled steel �bred concrete. Belouadah et al. [7, 8] attempted 
to investigate the concrete specimens combined with 
glass and marble powder incorporated in varying propor-
tions ranging from 5 to 10%. It was reported from the 
results that addition of glass and marble powder improved 
the compressive performance of concrete with minimum 
porosity values. Belouadah et al. [7, 8] also proposed to 
develop a new and cheap building materials by incorpo-
rating glass and marble powder as a partial substitution of 
cement, and experimental investigations were carried out 
on cement mortar to study the physical and mechanical 
properties. The results obtained indicated that 10% 
replacement level of glass powder with cement exhibited 
the best performance. Rahma et al. [9] presented two sets 
of experiments up on concrete in which the �rst one is 
performed with partial substitutions of glass powder at 
the rate of 2.5% up to 15% replacement without any addi-
tion of admixture. The second one is performed with the 
substitutions of glass powder and plasticizer. The results 
obtained from second set of experiment contributed the 
best results. Morsli et al. [10] aimed to reduce greenhouse 
emissions with an approach by introducing recyclable 
industrial residues in place of cement in varied replace-
ment levels. The experimental investigations con�rmed 
the improvement in physical and mechanical properties 
of cement with the substitution of glass powder. Patel et al. 
[11] investigated on the in�uence of size of glass powder 
particles on the performance of concrete with cement 
replaced by glass powder in various replacement levels up 
to 20% of particle size 63 μ. Experiments were conducted 
to study the drying shrinkage, water absorption and 
strength of concrete, and results proved that 20% glass 
powder mix performed better than control cube. Asokan 
and Osmani [12] noticed that compressive strength 
increased drastically by 45%, for 5–15% of glass powder 
substitution with addition of 2% super plasticizer and 
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showed an increase of 11% for the same 5–15% glass pow-
der replacement without using super plasticizer. Raharjo 
et al. [13] carried out his work on self-compacted concrete 
with the introduction of �y ash, silica fume and iron slag 
waste from steel mills which is replaced with �ne aggre-
gate. Tests like slump cone, L-box and V-funnel were per-
formed to determine the �ow ability of concrete. Du and 
Tan [14] studied a unique behavior of concrete on addition 
of glass powder. He noticed that resistance for alkali silica 
reaction and water absorption has accelerated with the 
substitution of cement by 60% of glass powder. Kamali 
and Ghahramaninezhad [15] stated that alkali silica reac-
tion is decreased with the introduction of glass powder 
which is an advantage from strength point of view and 
also showed much resistance to chloride permeability. 
Islam et al. [16] showed that there is a decline in workabil-
ity as glass powder is increased in the mix. Ansari and 
sahare experimented on M25 concrete incorporating glass 
powder and he stated that compressive strength declined 
by 3.56%, compared to control cube but still can be con-
sidered as strength obtained is 25.10 N/mm2. Harbec et al. 
[17] examined that compressive strength values enhanced 
for 7 days of curing but later decreased for 28 days of cur-
ing, with the inclusion of glass powder. Narayanan and 
Shanmugasundaram [18] focused on ecofriendly project 
with the aim to make environment green. He investigated 
on the concrete mix being incorporated with geopoly-
mers, �y ash replaced with cement to investigate about 
thermal performance and dry density of concrete con-
ducted under various types of curing methods. Later, it 
was witnessed that strength properties improved under 
hot air oven curing. Ramakrishnan et al. [19] performed 
experiments on adding ground granulated blast furnace 
slag in addition to glass powder and proposed that there 
is an increase in compressive strength at 15% glass powder 
and 35% GGBS replacement in place of cement. Kumar and 
Nagar [20] came out with a new approach with the intro-
duction of waste glass and later described the importance 
of glass powder toward the enhancement of mechanical 
properties of concrete. Elaqra et al. [21] conducted com-
pressive strength test for 7, 14, 28 days curing at various 
replacements of glass powder and resulted that compres-
sive strength is higher for 20% glass powder mixed with 
cement at 28 days when compared to 10% and 15% glass 
powder replacement. Elqra and Haloub [22] conducted a 
brief and long experiment where he cured the concrete 
cubes for 90  days, which resulted in the increase in 
strength when compared to conventional concrete. Ram-
dani et al. [23] thought of including waste glass powder as 
well as rubber aggregates in their work to observe the 
changes in the properties and �gured out that at 10% sub-
stitution, compressive strength has increased. Panduran-
gan et al. [24] presented comprehensive e�orts on the 

bond strength of geopolymer concrete mixed with �y ash, 
byproduct of thermal power plants and GGBS, industrial 
byproducts by conducting pull out tests, for di�erent com-
bination of mixes. Jain et al. [25] evaluated the durability 
properties of concrete with the utilization of glass powder 
(GP) and granite powder (GrP), replacing cement and sand 
in di�erent percentages. Results indicated that a com-
bined mix of 15% GP and 30% GrP signi�cantly improved 
the durability properties of concrete. Gokulnath et al. [26] 
incorporated glass powder in self-compacting concrete 
(SCC) to resolve the problemsof strength and contamina-
tion issues. Experimental investigation was conducted on 
fresh concrete to examine workability and on hardened 
concrete to evaluate �exural and split tensile strength. 
Khan et al. [27] experimented on the impact of recycled 
glass powder on the properties of foam concrete. It was 
observed that 20% glass powder mix replaced with 
cement increased the compressive strength of concrete. 
He et al. [28] discussed the use and impact of glass powder 
as a partial substitute of cement to study the creep behav-
ior of concrete. Introduction of glass powder less than 20% 
e�ectively improved the creep and compressive strength 
of concrete at later ages. Hama et al. [29] focussed to study 
the �exural behavior of structurally reinforced concrete 
beams with the incorporation of glass powder. It is seen 
that beams modi�ed with glass powder exhibited better 
flexural performance than ordinary concrete beams. 
Rehman et al. [30] investigated the properties of self-com-
pacting concrete by substituting cement by glass powder 
and sand by granular steel slag. The increasing replace-
ment levels of granular steel slag with constant mix of 
glass powder improved the strength and modulus of elas-
ticity. Bostanci [31] presented his work on the e�cient use 
of marble dust and glass powder in place of cement and 
sand, respectively, and resulted that compressive strength 
declines by 10–19% for mixes added with recycled glass 
and marble dust, but permeability and thermal conductiv-
ity performance enhanced. Yasouj and Ghaderi [32] con-
ducted experiments to develop the optimum mix upon 
utilization of waste glass powder (WGP), basalt �ber (BF) 
and carbon nanotube (CNT) in concrete. It is observed that 
20% GP mix incorporated with 0.2% BF and 0.1% CNT 
exhibited higher mechanical properties. Wang et al. [33] 
aimed at establishing a correlation between compressive 
strength and ultra-sonic pulse velocity (UPV) of concrete 
mixed with waste LCD glass in di�erent levels. It was con-
cluded that UPV values increase and compressive strength 
decreases with the increase in glass powder content. Ali-
abdo et al. [34 proposed the e�ect of waste glass powder 
on concrete properties by replacing cement with glass 
powder up to 25% and presented that 15% glass powder 
mix enhanced compressive strength by 16% and showed 
better performance compared to ordinary concrete. In this 
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present work, a detailed study is done, exclusively by intro-
ducing WGP and RSF to come out with objectives as 
follows:

a. To study the e�ect of glass powder and recycled steel 
�bers on the workability of concrete.

b. To examine the variations in the compressive, �exural 
and split tensile strength upon utilization of glass pow-
der and recycled steel �bers in concrete.

2  Experimental investigation 
and methodology

2.1  Cement

Cement is a good binding material which constitutes the 
major component in the manufacturing of concrete. One 
of the fundamental properties of cement is because of its 
adhesive and cohesive nature; it binds all the other raw 

materials to form a good bond. Ordinary Portland cement 
of grade 53 is used whose physical and chemical proper-
ties are listed in Tables 1 and 2.

2.2  Fine aggregate

As per Indian Standard IS:383 classi�cation, �ne aggregate 
is categorized into four zones. Sieve analysis report shown 
in Table 3 con�rms that sand utilized belongs to Zone-II 
whose gradation curve and physical properties are shown 
in Fig. 1 and Table 4, respectively.

2.3  Coarse aggregate

Coarse aggregates which retain on 4.75-mm IS sieve are 
another important raw material which helps in increasing 
the volume and hardness of concrete. As per IS: 383, the 
coarse aggregate used is are single-sized crush angular 
coarse aggregates of nominal size 20 mm con�rmed from 
the sieve analysis report shown in Table 5. The gradation 
curve and its physical properties are presented in Fig. 2 
and Table 6.

2.4  Water

Ordinary tap water is not preferred generally for mixing 
as it contains various acids, alkalis, organic impurities due 
to hardness of water which degrades the quality of con-
crete. Generally, it is better to use potable water. It acts as 
a lubricant which later responsible for chemical reaction 
between cements and water. Normal tap water is used in 
the present work (Table 7).

2.5  Recycled steel fibers

Recycled steel �bers of aspect ratio 50 with 30 mm length 
and 0.5 mm diameter were extracted from waste tires and 
utilized as a reinforcing element in concrete mix. Waste 

Table 1  Physical properties of 53 grade OP cement

Compressive strength in N/mm2 53

Fineness in  m2/kg 225

Initial setting time (minimum) 33 min

Final setting time (maximum) 600 min

Soundness (expansion) in mm 10

Autoclave test for MgO percent (maximum) 0.8

Table 2  Chemical properties of 53 OP grade cement

Loss on ignition (%) 4

Insoluble residue (%) maximum 2

Magnesia MgO (%) maximum 6

SO3 (%) maximum 2.5

Lime saturation factor 0.8–1.25

Table 3  Sieve analysis for �ne 
aggregate

Sieve size (mm) Weight (g) retained on each sieve % Weight 
retained

Cumulative % 
weight retained

% Finer

I II III Avg

10 0 0 5 1.67 0.17 0.17 99.8

4.75 11 13 16 13.33 1.33 1.50 98.5

2.36 37 29 21 29.00 2.90 4.40 95.6

1.18 315 323 331 323.00 32.30 36.70 63.3

0.6 211 187 222 206.67 20.67 57.37 42.6

0.3 271 289 265 275.00 27.50 84.87 15.1

0.15 111 104 111 108.67 10.87 95.73 4.3

0.075 19 24 16 19.67 1.97 97.70 2.3

Pan 25 29 14 22.67 2.27 100.00 0.0
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rubber tires and extracted steel �bers from tires are shown 
in Figs. 3 and 4, respectively.

2.6  Admixture

A chemical Superplasticizer “Conplast SP 430” is used 
for the preparation of concrete specimens. It is made 
of sulfonated naphthalene polymer, speci�ed as per IS: 
9103-979.

2.7  Waste glass powder

Glass is a substance which basically consists of silica and 
hence can be replaced with �ne aggregate. Glass is manu-
factured by subjecting few raw materials such as quartz, 
feldspar, china clay dolomite and calcium carbonate to 

high temperature. After melting, the molten mixture is 
allowed to cool where it solidi�es to form a crystalline 
transparent substance called glass. Glass is having a wide 
range of applications in our daily lives as sheet glass, glass 
bottles, glassware, etc. Glass bottles from junkshops are 
used in this study. Bottles chosen should be clean and 
must be of same property and are �rst manually crushed 
and then later carried to crushing mill where glass pieces 
were further crushed to form a uniform �ne powder. The 
crushed powder is then processed to have a uniform size 
of less than 2.0 mm but greater than 0.075 mm in accord-
ance to ASTM standards through sieving as shown in 
Figs. 5 and 6 clearly.

2.8  Sieve analysis and gradation curve for waste 
glass powder

As the waste glass powder is replaced with �ne aggregate, 
powdered waste glass powder obtained after grinding is 
passed through the same sieve sizes as considered for 
�ne aggregate and the gradation curve is shown in Fig. 7, 
drawn as per the sieve analysis report presented in Table 8.

Fig. 1  Gradation curve for �ne 
aggregate
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Table 4  Physical properties of 
Zone-II �ne aggregate Fineness modulus 2.84

Uniformity coe�cient 3.41

Speci�c gravity 2.67

Bulking 33.3%

Water absorption 0.86%

Table 5  Sieve analysis for 
coarse aggregate

Sieve size (mm) Weight (g) retained on each sieve % Weight 
retained

Cumulative % 
weight retained

% Finer

I II III Avg

20 0 0 0 0.0 0.0 0 100

16 53 47 45 48.3 4.8 4.8 95.2

12.5 535 453 491 493.0 49.3 54.1 45.9

10 321 410 397 376.0 37.6 91.7 8.3

4.75 84 81 58 74.3 7.4 99.1 0.9

Pan 5 11 9 8.3 0.8 100.0 0
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2.9  Mix design of M30 grade concrete

• Type of cement: OPC 53 grade
• Maximum size of coarse aggregate: 20 mm
• Exposure condition: moderate
• Coarse aggregate shape: crushed angular shape
• Fine aggregate: Zone-II
• Design mix target slump: 75 mm
• Speci�c gravity of cement: 3.15
• Water absorption of C.A: 0.86%
• Water absorption of F.A: 1.25%

2.9.1  Mean target strength of concrete

fm = fck + 1.65S = 30 + 1.65

× 5 (S = 5 as per IS 456 ∶ 2000) = 38 N/mm2

where fm is the target mean strength, fck is the character-
istic compressive strength of cube and S is the standard 
deviation.

2.9.2  Determination of W/C ratio

• As per IS 456:2000, since moderate exposure
• Maximum W/C ratio = 0.5
• Adopt W/C ratio as per experience = 0.5–0.05 = 0.45

Fig. 2  Gradation curve for 
coarse aggregate
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Table 6  Physical properties of coarse aggregates

Fineness modulus 7.56

Speci�c gravity 2.74

Aggregate crushing value 26%

Water absorption 1.25%

Table 7  Chemical and physical composition of waste glass powder

Composition Value (%) Composition Value

SiO2 65 Speci�c gravity 2.7

Al2O3 3 Density 2555 kg/m3

CaO 18.5 Speci�c surface area 3230  m2/kg

Na2O 13

K2O 1.5

Fig. 3  Waste rubber tires
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2.9.3  Calculation of water content (W.C)

Maximum W.C to be adopted for 20 mm coarse aggregate 
as per IS 10260:2009 is 186 L.

Our target of slump is 75 mm. As per IS 10262, it is 
required to add 3% more water content for every 25 mm 
slump. The minimum water content, i.e., 186 L, obtained 
here is sufficient to attain 50 mm slump. Therefore, to 
attain 75 mm target slump, we need to add 3% more water 
content.

• Estimated W.C for 75  mm slump = 186 + (3% of 
186) = 191.58litres

• As admixture is used, W.C is decreased by 15%
• A c t u a l  W. C  r e q u i r e d  =  1 9 1 . 5 8 – ( 1 5 %  o f 

191.58) = 162.84litres

2.10  Cement content

• W/C ratio = 0.45
• W.C used = 162.84litres

• Cement content = 162.84/0.45 = 361.86 kg/m3

2.11  Calculation of volume of coarse and fine 
aggregate

• Volume of coarse aggregate of size 20 mm and sand of 
Zone-II to be adopted, for W/C ratio 0.5 = 0.64

• As the W/C ratio is reduced by 0.05, volume of coarse 
aggregate is increased at a rate 0.01 for every 0.05 
decrease in water content

• C o r r e c t e d  v o l u m e  o f  c o a r s e  a g g r e -
gate = 0.64 + 0.01 = 0.65

• As per IS 10262:2009, volume of coarse aggregate is 
decreased by 10% because of angular shape. Therefore, 
volume of coarse aggregate = 0.65−(0.1 × 0.65) = 0.585

• Fine aggregate volume = 1–0.585 = 0.415

2.11.1  Design mix calculation for  1m3concrete

a. Vol. of cement 

Fig. 4  Extracted steel �bers

Fig. 5  Various forms of glass powder

Fig. 6  Fine recycled glass powder

=
mass of cement

specific gravity of cement×1000
=

361.86

3.15×1000
= 0.114m3
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b. Vol. of water = mass of water

specific gravity of water×1000
=

162.84

1×1000
= 0.162m

3

c. Vol. of admixture (taking 2% by mass of cementitious 
material with speci�c gravity 1.12)

d. Vol. of entrapped air = 2% for 20 mm coarse aggre-

gate = 0.02  m3

e. Vol. of all aggregate (coarse + �ne) = 1-(0.114 + 0.162 + 
0.006 + 0.02) = 0.698  m3

f. Mass of coarse aggregate = vol. of all aggregate × vol. 
of coarse aggregate × speci�c gravity × 1000

g. Mass of �ne aggregate = vol. of all aggregate × vol. of 
sand × speci�c gravity × 1000

2.11.2  Mix proportion of M30 Grade concrete per  m3 

volume

Quantity of cement used = 361.86 kg

=
mass of admixture

specific gravity of admixture × 1000
=

7.22

1.2 × 1000
= 0.006m3

= 0.698 × 0.585 × 2.74 × 1000 = 1118.82 kg

= 0.698 × 0.415 × 2.67 × 1000 = 773.41 kg

Quantity of �ne aggregate = 773.41 kg
Quantity of coarse aggregate = 1118.82 kg

2.12  Casting of specimens

In the present thesis, numerous specimens were 
casted to analyze the test results such that 2 cubes 
(150 × 150 × 150 mm) for compressive strength, 2 beams 
(100 × 100 × 500 mm) for �exural strength and 2 cylinders 
(300 mm diameter and 600 mm height) for split tensile 
strength for every proportion of glass powder replace-
ment with and without addition of steel �bers as men-
tioned brie�y in Table 9.

2.12.1  Number of specimens casted

Number of cubes = 96, Number of beams = 96, Number of 
cylinders = 96, Total number of specimens = 288.

2.13  Testing procedure

2.13.1  Testing of fresh concrete

Workability is one such property which enables the 
concrete the ease in mixing, placing and compacting. 

Fig. 7  Gradation curve for 
waste glass powder 100.0 99.5 97.4
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Table 8  Sieve analysis for 
waste glass powder

Sieve size (mm) Weight (g) retained on each sieve % Weight 
retained

Cumulative % 
weight retained

% Finer

I II III Avg

10 0 0 0 0.00 0.00 0.0 100.0

4.75 6 5 5 5.33 0.53 0.5 99.5

2.36 21 18 23 20.67 2.07 2.6 97.4

1.18 298 296 306 300.00 30.00 32.6 67.4

0.6 226 229 216 223.67 22.37 55.0 45.0

0.3 281 293 286 286.67 28.67 83.6 16.4

0.15 111 104 111 108.67 10.87 94.5 5.5

0.075 43 36 48 42.33 4.23 98.7 1.3

Pan 13 11 12 12.00 1.20 100.0 0.0
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Generally, workability is determined when the concrete 
is under fresh state and several tests are performed to 
determine the workability. Here, slump test is performed 
in accordance with TS 2871 standard to assess workabil-
ity. Every concrete mix, with and without replacement 
percentage of glass powder and steel �bers, was tested 
for workability by slump test, for which slump value was 
around 75–85 mm. However, it is examined that addi-
tion of glass powder with the partial substitution of �ne 
aggregates resulted to an increase in workability which is 
an additive factor for having good concrete mix which is 
presented in Table 10.

2.13.2  Testing of hardened concrete

Every concrete mix after hardening was tested for com-
pressive, �exural and split tensile strength in accordance 
with TS3114 ISO 4012 standard for 7 d and 28 d curing, and 
the obtained results were discussed and analyzed.

Alkali silicate reaction is one of the adverse reactions 
which degrade the strength of concrete. It is the reaction 

that occurs between the alkali solution of cement paste 
and silica present in aggregates, which leads to the forma-
tion of silica gel that expands and results in the formation 
of cracks. As glass is a rich source of silicon dioxide, it may 
have the potential to aggravate the alkali silica reaction. 
However, it has been seen from the previous studies about 
the impact of glass powder on alkali silica reaction that 
crushed glass used as a partial substitution of cement or 

Table 9  Concrete mixes

where C for cubes, B for beams, A for cylinders

Cube Beam Cylinder Sand (%) Glass 
powder 
(%)

Steel �ber (%) Cube Beam Cylinder Sand (%) Glass 
powder 
(%)

Steel �ber (%)

C1,1 B1,1 A1,1 100 0 0 C13,1 B13,1 A13,1 100 0 1

C1,2 B1,2 A1,2 100 0 0 C13,2 B13,2 A13,2 100 0 1

C2,1 B2,1 A2,1 97 3 0 C14,1 B14,1 A14,1 97 3 1

C2,2 B2,2 A2,2 97 3 0 C14,2 B14,2 A14,2 97 3 1

C3,1 B3,1 A3,1 94 6 0 C15,1 B15,1 A15,1 94 6 1

C3,2 B3,2 A3,2 94 6 0 C15,2 B15,2 A15,2 94 6 1

C4,1 B4,1 A4,1 91 9 0 C16,1 B16,1 A16,1 91 9 1

C4,2 B4,2 A4,2 91 9 0 C16,2 B16,2 A16,2 91 9 1

C5,1 B5,1 A5,1 88 12 0 C17,1 B17,1 A17,1 88 12 1

C5,2 B5,2 A5,2 88 12 0 C17,2 B17,2 A17,2 88 12 1

C6,1 B6,1 A6,1 85 15 0 C18,1 B18,1 A18,1 85 15 1

C6,2 B6,2 A6,2 85 15 0 C18,2 B18,2 A18,2 85 15 1

C7,1 B7,1 A7,1 100 0 0.5 C19,1 B19,1 A19,1 100 0 1.5

C7,2 B7,2 A7,2 100 0 0.5 C19,2 B19,2 A19,2 100 0 1.5

C8,1 B8,1 A8,1 97 3 0.5 C20,1 B20,1 A20,1 97 3 1.5

C8,2 B8,2 A8,2 97 3 0.5 C20,2 B20,2 A20,2 97 3 1.5

C9,1 B9,1 A9,1 94 6 0.5 C21,1 B21,1 A21,1 94 6 1.5

C9,2 B9,2 A9,2 94 6 0.5 C21,2 B21,2 A21,2 94 6 1.5

C10,1 B10,1 A10,1 91 9 0.5 C22,1 B22,1 A22,1 91 9 1.5

C10,2 B10,2 A10,2 91 9 0.5 C22,2 B22,2 A22,2 91 9 1.5

C11,1 B11,1 A11,1 88 12 0.5 C23,1 B23,1 A23,1 88 12 1.5

C11,2 B11,2 A11,2 88 12 0.5 C23,2 B23,2 A23,2 88 12 1.5

C12,1 B12,1 A12,1 85 15 0.5 C24,1 B24,1 A24,1 85 15 1.5

C12,2 B12,2 A12,2 85 15 0.5 C24,2 B24,2 A24,2 85 15 1.5

Table 10  Slump values for various replacements of glass powder

S. no Glass powder (%) replacement Slump 
value 
(mm)

1 0 74

2 3 77

3 6 78

4 9 81

5 12 82

6 15 85
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sand enhanced the alkali silica expansion, but instead, 
�nely ground glass powder helps in preventing the alkali 
silica reaction expansion. Here, the addition of glass pow-
der of size ranging between 0.075 and 2 mm, substituted 
by �ne aggregate does not cause any signi�cant changes 
in Alkali silica reaction.

3  Results and discussions

3.1  Compressive strength results

Cubes prepared by the combinations of waste glass pow-
der and recycled steel �bers in the mix are experimented 
to obtain the compressive strength results for 7 and 
28 days curing.

3.1.1  For 7-day curing period

The following tables shows the compressive strength 
results of all concrete mixes composed of di�erent per-
centages of waste glass powder (WGP) and recycled steel 
�bers (RSF) after 7 days curing (Table 11).

3.1.2  For 28-day curing period

The following tables shows the compressive strength 
results of all concrete mixes composed of di�erent per-
centages of waste glass powder (WGP) and recycled steel 
�bers (RSF) after 28 days curing.

3.1.3  Graphs depicting for 7 days curing

The following graphs show the compressive strength 
results of all concrete mixes composed of di�erent per-
centages of waste glass powder (WGP) and recycled steel 
�bers (RSF) after 7 days curing (Table 12).

3.2  Discussions

Initially compressive strength tests were performed for 
every concrete mix with varying replacement levels of 
waste glass powder 0%, 3%, 6%, 9%, 12% and 15%, rein-
forced with 0%, 0.5%, 1%, 1.5% addition of recycled steel 
�bers, and the tests results were compared and analyzed 
with control specimen after 7-day curing period. Figure 8 
shows that compressive strength signi�cantly improved 
with the utilization of WGP especially at 9% replacement 
of WGP for all percentage inclusion of RSF. The maximum 
compressive strength of 25.45 N/mm2 is seen for 9% mix of 
WGP with 1% inclusion of RSF that showed a rise of 13.24% 
over control specimen. The least compressive strength 
of 22.575 N/mm2 is obtained for 15% replacement level 
of WGP with 1.5% inclusion of RSF that showed a slight 
increment of 0.44% over control specimen as shown in the 
above graph which clearly indicates that the inclusion of 
RSF higher than 1% and utilization of waste glass powder 
higher than 9% substitution and reduces the compressive 
strength of compressive strength.

Table 11  Compressive strength results for various replacements of WGP with 0%, 0.5%, 1%, 1.5% additions of RSF

Sl.no % WGP % RSF 0 % Increase over 
control speci-
men

% RSF 0.5 % Increase over 
control speci-
menS-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2) S-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2)

1 0 21.36 23.59 22.475 0.00 22.85 24.21 23.53 4.69

2 3 21.96 23.97 22.965 2.18 21.94 23.56 22.75 1.22

3 6 22.97 23.41 23.19 3.18 22.82 24.63 23.725 5.56

4 9 22.69 24.89 23.79 5.85 24.87 25.11 24.99 11.19

5 12 23.36 23.53 22.945 2.09 22.54 24.71 23.625 5.12

6 15 21.89 23.69 22.79 1.40 23.43 24.11 23.77 5.76

Sl.no % WGP % RSF 1 % Increase over 
control speci-
men

% RSF 1.5 % Increase over 
control speci-
menS-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2) S-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2)

1 0 23.41 24.22 23.815 5.96 21.75 23.56 22.655 0.80

2 3 22.99 24.93 23.96 6.61 21.86 23.41 22.745 1.20

3 6 23.18 25.26 24.22 7.76 22.31 25.12 23.715 5.52

4 9 24.51 26.39 25.45 13.24 23.41 26.34 24.875 10.68

5 12 23.31 25.32 24.315 8.19 22.12 24.13 23.125 2.89

6 15 23.89 23.93 23.91 6.38 22.96 22.19 22.575 0.44
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3.2.1  Graphs depicting for 28 days curing

The following graphs show the compressive strength 
results of all concrete mixes composed of di�erent per-
centages of waste glass powder (WGP) and recycled steel 
�bers (RSF) after 28 days curing.

3.3  Discussions

Compressive strength tests were carried out for every sub-
stitutions of waste glass powder and recycled steel �b-
ers, and its results were analyzed and compared with that 
of control specimen for 28-day curing period presented 

clearly in Fig. 9. It is seen that maximum value of strength 
is obtained at 9% mix of WGP in all cases of inclusion of 
RSF after 28 days of curing period. The highest value of 
39.39 N/mm2 is observed for 9% substitution of WGP with 
1% inclusion of RSF showing an increment of 11.79% over 
control specimen, and the strength seems to be decreas-
ing with further replacement of WGP for 28 days curing. 
The lowest value of compressive strength i.e.35.25 N/mm2 
is produced by a mix with 15% replacement of WGP with 
1.5% addition of RSF which is slightly higher than control 
specimen by 0.04% as shown in the above graph. There-
fore, there is a decline in compressive strength with the 

Table 12  Compressive strength results for various replacements of WGP with 0%, 0.5%, 1%, 1.5% additions of RSF

Sl.no % WGP % RSF 0 % Increase over 
control speci-
men

% RSF 0.5 % Increase over 
control speci-
menS-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2) S-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2)

1 0 34.26 36.21 35.235 0.00 35.62 37.12 36.37 3.22

2 3 34.99 35.68 35.355 0.34 36.89 35.98 36.435 3.41

3 6 35.68 36.12 35.9 1.89 35.46 37.42 36.44 3.42

4 9 35.29 37.39 36.34 3.14 36.59 38.72 37.655 6.87

5 12 35.52 35.19 35.355 0.34 36.46 36.58 36.52 3.65

6 15 34.67 35.28 34.97 − 0.75 35.91 36.96 36.435 3.41

Sl.no % WGP % RSF 1 % Increase over 
control speci-
men

% RSF 1.5 % Increase over 
control speci-
menS-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2) S-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2)

1 0 36.29 37.38 36.835 4.54 34.43 36.67 35.55 0.89

2 3 35.49 37.62 36.555 3.75 34.89 36.35 35.62 1.09

3 6 37.17 37.83 37.5 6.43 35.78 36.67 36.225 2.81

4 9 39.46 39.32 39.39 11.79 37.43 37.79 37.61 6.74

5 12 37.31 37.42 37.365 6.05 35.23 35.31 35.27 0.10

6 15 36.82 37.26 37.04 5.12 35.14 35.36 35.25 0.04
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incorporation of WGP higher than 9% and reinforcement 
of RSF higher than 1% after 28 days curing.

3.4  Flexural strength results

Beams modi�ed by the incorporation of waste glass pow-
der and recycled steel �bers in the mix are experimented 
to obtain the �exural strength results for 7 and 28 days 
curing.

3.4.1  For 7-day curing period

The following tables show the �exural strength results of 
all concrete mixes composed of di�erent percentages of 
waste glass powder (WGP) and recycled steel �bers (RSF) 
after 7 days curing (Table 13).

3.4.2  For 28-day curing period

The following tables show the �exural strength results of 
all concrete mixes composed of di�erent percentages of 
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Fig. 9  Cumulative graph showing compressive strength for di�erent %ages of WGP with di�erent %age of RSF for 28 days curing

Table 13  Flexural strength of beams for various replacements of WGP with 0%, 0.5%, 1%, 1.5% addition of RSF

Sl.no % WGP % RSF 0 % Increase over 
control speci-
men

% RSF 0.5 % Increase over 
control speci-
menS-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2) S-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2)

1 0 2.36 3.98 3.17 0.00 3.29 3.82 3.555 12.15

2 3 2.98 3.38 3.18 0.32 3.36 3.28 3.32 4.73

3 6 2.76 3.67 3.215 1.42 3.46 3.89 3.675 15.93

4 9 3.38 3.38 3.38 6.62 3.86 3.99 3.925 23.82

5 12 2.99 3.46 3.225 1.74 3.76 3.98 3.87 22.08

6 15 2.89 3.46 3.175 0.16 3.75 3.72 3.735 17.82

Sl.no % WGP % RSF 1 % Increase over 
control speci-
men

% RSF 1.5 % Increase over 
control speci-
menS-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2) S-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2)

1 0 3.89 3.56 3.725 17.51 3.38 3.43 3.405 7.41

2 3 3.89 3.67 3.78 19.24 3.34 3.69 3.515 10.88

3 6 3.59 3.86 3.725 17.51 3.51 3.66 3.585 13.09

4 9 4.21 4.25 4.23 33.44 3.53 3.88 3.705 16.88

5 12 4.19 4.08 4.135 30.44 3.54 3.26 3.4 7.26

6 15 3.91 3.89 3.9 23.03 3.42 3.18 3.3 4.10
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waste glass powder (WGP) and recycled steel �bers (RSF) 
after 28 days curing (Table 14).

3.4.3  Graphs depicting for 7 days curing

The following graphs shows the �exural strength results of 
all concrete mixes composed of di�erent percentages of 
waste glass powder (WGP) and recycled steel �bers (RSF) 
after 7 days curing (Table 15).

3.5  Discussions

Second set of experiments were conducted to examine 
the �exural strength characteristics for every concrete 
mix modi�ed with various replacements of waste glass 
powder with di�erent percentages of recycled steel �b-
ers after 7-day curing period, and the results are clearly 
presented in Fig. 10. It is clear from the above graph that 
there has been an improvement in the �exural strength 

Table 14  Flexural strength of beams for various replacements of WGP with 0%, 0.5%, 1% and 1.5% addition of RSF

Sl.no % WGP % RSF 0 % Increase over 
control speci-
men

% RSF 0.5 % Increase over 
control speci-
menS-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2) S-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2)

1 0 4.26 4.57 4.415 0.00 3.99 4.93 4.46 1.02

2 3 4.43 4.59 4.51 2.15 4.56 4.57 4.565 3.4

3 6 4.72 4.62 4.67 5.78 4.69 4.91 4.80 8.72

4 9 4.89 4.72 4.805 8.83 4.97 5.06 5.015 13.59

5 12 4.76 4.38 4.57 3.51 4.89 4.62 4.755 7.70

6 15 4.56 4.29 4.425 0.23 4.79 4.51 4.65 5.32

Sl.no % WGP % RSF 1 % Increase over 
control speci-
men

% RSF 1.5 % Increase over 
control speci-
menS-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2) S-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2)

1 0 4.97 4.76 4.865 10.19 4.66 4.86 4.76 7.81

2 3 4.78 4.98 4.88 10.53 4.59 4.78 4.685 6.12

3 6 4.93 5.02 4.975 12.68 5.29 4.32 4.805 8.83

4 9 4.99 5.81 5.4 22.31 4.82 5.29 5.055 14.50

5 12 4.81 5.21 5.01 13.48 4.56 4.84 4.86 10.08

6 15 5.21 4.68 4.945 12.00 4.68 4.78 4.73 7.13

Table 15  Split tensile strength of cylinders f or various replacements of WGP with 0%, 0.5%, 1% and 1.5% addition of RSF

Sl.no % WGP % RSF 0 % Increase over 
control speci-
men

% RSF 0.5 % Increase over 
control speci-
menS-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2) S-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2)

1 0 1.98 2.55 2.265 0.00 2.34 2.79 2.565 13.25

2 3 1.99 2.67 2.33 2.87 2.49 2.68 2.585 14.13

3 6 2.21 2.84 2.525 11.48 2.61 2.61 2.61 15.23

4 9 2.37 2.96 2.665 17.66 2.87 3.02 2.945 30.02

5 12 2.46 2.68 2.57 13.47 2.67 2.88 2.775 22.52

6 15 2.37 2.49 2.43 7.28 2.53 2.97 2.75 21.41

Sl.no % WGP % RSF 1 % Increase over 
control speci-
men

% RSF 1.5 % Increase over 
control speci-
menS-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2) S-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2)

1 0 2.76 2.98 2.87 26.71 2.18 2.51 2.345 3.53

2 3 2.79 2.98 2.885 27.37 2.31 2.64 2.475 9.27

3 6 2.81 2.98 2.895 27.81 2.44 2.58 2.51 10.82

4 9 3.12 3.56 3.34 47.46 2.51 3.03 2.77 22.30

5 12 2.79 3.26 3.025 33.55 2.44 2.68 2.56 13.02

6 15 2.88 2.98 2.93 29.36 2.34 2.58 2.46 8.61
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results with the introduction of steel �bers, especially for 
1% addition of RSF. The peak value of 4.23 N/mm2 �exural 
strength is reported by concrete mix composed of 9% sub-
stitution of WGP and 1% inclusion of RSF which showed 
an increase of 33.44% over ordinary concrete. The lowest 
value of 3.175 N/mm2 is seen for 15% substitution of WGP 
mix with 0% addition of RSF which is little greater than the 
strength of ordinary concrete by 0.16%. Hence, it is clearly 
evident that �exural performance of concrete improved 
considerably with the higher percentage of inclusions of 
RSF by volume, but the �exural strength showed a decre-
ment with higher replacements levels of WGP above 9%.

3.5.1  Graphs depicting for 28 days curing

The following graphs show the �exural strength results of 
all concrete mixes composed of di�erent percentages of 
waste glass powder (WGP) and recycled steel �bers (RSF) 
after 28 days curing (Table 16).

3.6  Discussions

Flexural strength tests were performed for every mix 
proportion modi�ed with waste glass powder and recy-
cled steel �bers after 28-day curing period, and its results 
were studied and analyzed as portrayed in Fig. 11. It is 
very much evident from the graph that t maximum value 
of strength is obtained at 9% mix of WGP in all cases of 
inclusion of RSF for 28 days of curing period. The highest 
value of 5.4 N/mm2 is exhibited by a concrete mix com-
bined with 9% replacement of WGP with 1% inclusion of 
RSF showing an increment of 22.31% over control speci-
men, and the value seems to be decreasing with further 
replacement of WGP for 28 days curing. A concrete mix 

composed of 15% substitution of WGP and 0% addition 
of RSF showed the minimum value of 4.425 N/mm2 with a 
little increment over control specimen by 0.23%. Therefore, 
the above results report that the �exural performance of 
concrete increases with the increase in the addition of RSF 
by volume of concrete but decreases with further addition 
of WGP above 9% after 28 days curing.

3.7  Split tensile strength results

Cylinders casted with the compositions of waste glass 
powder and recycled steel �bers in the mix are tested to 
obtain the split tensile strength results for 7 and 28 days 
curing.

3.7.1  For 7-day curing period

The following tables show the split tensile strength results 
of all concrete mixes composed of di�erent percentages of 
waste glass powder (WGP) and recycled steel �bers (RSF) 
after 7 days curing.

3.7.2  For 28-day curing period

The following tables show the split tensile strength results 
of all concrete mixes composed of di�erent percentages of 
waste glass powder (WGP) and recycled steel �bers (RSF) 
after 28 days curing.

3.7.3  Graphs depicting for 7 days curing

The following graphs show the split tensile strength results 
of all concrete mixes composed of di�erent percentages of 
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waste glass powder (WGP) and recycled steel �bers (RSF) 
after 7 days curing.

3.8  Discussions

Split tensile strength results of cylinders were examined for 
all mix proportions combined with various substitutions 
of waste glass powder and various percentage inclusion 
of recycled steel �bers, and the tests were correlated and 
studied with the results obtained for ordinary concrete for 
7-day curing period as shown in Fig. 12. Addition of WGP 
and RSF has impacted a signi�cant rise in the split tensile 

strength till 9% replacement of WGP and 1% RSF, and the 
results started to decline with further addition of WGP. The 
highest split tensile strength of 3.34 N/mm2 is exerted by 
a concrete mix composed of 9% substitution of WGP with 
1% inclusion of RSF with an increment of 47.46% over ordi-
nary concrete. The least value of 2.43 N/mm2 is attained 
by a concrete mix with 15% substitution of WGP and 0% 
inclusion of RSF which is slightly greater than control con-
crete by 7.28%. Henceforth, concrete mixes showed higher 
split tensile performance with increased amounts of RSF 
by volume but declined for further replacement levels of 
WGP above 9%.

Table 16  Split tensile strength of cylinders for various replacements of WGP with 0%, 0.5%, 1% and 1.5% addition of RSF

Sl.no % WGP % RSF 0 % Increase over 
control speci-
men

% RSF 0.5 % Increase over 
control speci-
menS-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2) S-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2)

1 0 3.09 3.38 3.235 0.00 3.39 3.84 3.615 11.75

2 3 2.98 3.64 3.31 2.32 3.47 3.59 3.53 9.12

3 6 3.17 3.49 3.33 2.94 3.46 3.89 3.675 13.60

4 9 3.39 3.57 3.48 7.57 3.75 3.98 3.865 19.47

5 12 3.29 3.43 3.36 3.86 3.88 3.68 3.78 16.85

6 15 3.46 3.28 3.37 4.17 3.79 3.59 3.69 14.06

Sl.no % WGP % RSF 1 % Increase over 
control speci-
men

% RSF 1.5 % Increase over 
control speci-
menS-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2) S-1 (N/mm2) S-2 (N/mm2) Mean (N/mm2)

1 0 3.79 3.92 3.855 19.17 3.33 3.51 3.42 5.72

2 3 3.66 4.12 3.89 20.25 3.39 3.53 3.46 6.96

3 6 3.81 4.23 4.02 24.27 3.09 4.08 3.585 10.82

4 9 4.29 4.68 4.485 38.64 3.69 4.06 3.875 19.78

5 12 4.59 3.71 4.15 28.28 3.52 3.76 3.64 12.52

6 15 3.92 3.81 3.865 19.47 3.41 3.65 3.53 9.12
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Fig. 11  Cumulative graph showing �exural strength for di�erent %ages of WGP with di�erent %age of RSF for 28 days curing
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3.8.1  Graphs depicting for 28 days curing

The following graphs show the split tensile strength results 
of all concrete mixes composed of di�erent percentages of 
waste glass powder (WGP) and recycled steel �bers (RSF) 
after 28 days curing.

3.9  Discussions

Split tensile strength tests were conducted for mix propor-
tion of concrete, and its results were executed and investi-
gated as shown in Fig. 13 after a curing period of 28 days. 
It is seen that maximum value of strength is obtained at 

9% mix of WGP in all cases of addition of RSF for 28 days of 
curing period. A concrete mix combined with 9% substitu-
tion of WGP and 1% inclusion of RSF exhibited the maxi-
mum strength of 4.485 N/mm2 indicating an increment 
of 38.64% over control specimen and strength decreased 
with further replacements of WGP, i.e., 12% and 15%. The 
lowest value of split tensile strength, i.e., 3.37 N/mm2, is 
given a concrete mix combined with 15% WGP and 0% 
inclusion of RSF that reported a little increment of 4.17% 
over control specimen. The above results indicate that the 
split tensile strength improved signi�cantly with higher 
reinforcements of RSF till 1.5% by volume, but it declines 
with further substitutions of WGP above 9% after 28 days.
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4  Conclusions

The following are the conclusions extracted from the 
results and discussions obtained from the experiments.

a. The utilization of waste glass powder and recycled 
steel fibers in concrete mixes has resulted in the 
increased compressive, flexural and split tensile 
strength for both 7 days and 28 days curing.

b. Compressive strength showed a gradual increment 
till 9% replacement of waste glass powder and later 
decreased with further replacement of 12% and 15% 
which indicates that 9% mix of waste glass powder 
exhibited the best overall compressive performance.

c. All concrete mixes with 9% replacement level of waste 
glass powder reinforced with four di�erent fractions of 
recycled steel �bers produced maximum compressive 
strength results but among all a mix of 9% WGP with 
1% inclusion of RSF exerted a maximum compressive 
strength with an increment of 11.79% over control 
specimen for 28-day curing period.

d. Utilization of waste glass powder above 9% substitu-
tion and RSF above 1% by volume is not recommend-
able to achieve maximum compressive strength.

e. Flexural and split tensile strength of all concrete mixes 
improved signi�cantly with the addition of higher frac-
tions of recycled steel �bers, i.e., 0.5%, 1% and 1.5%, 
but 1% inclusion of recycled steel fibers exhibited 
higher performance in terms of �exural, split tensile 
as well as compressive strength also.

f. All concrete mixes with 0% inclusion of recycled 
steel �bers exhibited the least �exural strength that 
increased gradually with further inclusion of higher 
fractions of steel �bers, and a concrete mix with 1% 
inclusion of RSF and 9% WGP showed the best overall 
performance in terms of �exural strength with a rise 
in strength by 22.31% over control specimen after 
28 days of curing period.

g. Utilization of waste glass powder above 9% substitu-
tion is not preferable to obtain higher �exural strength, 
but the higher amount of RSF by volume contributes 
in attaining higher �exural strength.

h. All concrete mixes with 0% inclusion of recycled steel 
�bers exhibited the least split tensile that increased 
gradually with further inclusion of higher fractions 
of steel �bers, and a concrete mix with 1% inclusion 
of RSF and 9% WGP reported the highest split tensile 
strength with an increment of 38.64% over control 
specimen after 28 days of curing period.

i. Incorporation of waste glass powder above 9% 
replacement level is not commendable to obtain 
higher split tensile strength, but the higher amount 

of RSF up to 1.5% by volume is highly recommendable 
to achieve higher split tensile strength.
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