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Abstract

The excessive use of cement in the construction industry has caused many undesirable consequences. Replacement of cement
with industrial by-products like fly ash (FA), ground granulated blast furnace slag (GGBFS), silica fume (SF), metakaolin,
rice husk ash, etc., as the mineral admixtures offers several advantages in this modern era of sustainability in construction
practice. This paper presents the experimental investigations for assessing the strength properties of the concrete made using
the pozzolanic waste materials, i.e. supplementary cementitious materials (SCMs) such as FA, GGBFS and SF as the cement
replacing materials. Eight trial mixes were prepared using these materials with varying amount of ordinary Portland cement.
These SCMs were kept in equal proportions in all the eight trial mixes. Moreover, superplasticizer was also used for bring-
ing improvement in the workability. The compressive strengths corresponding to the curing period of 7, 28, 40 and 90 days
along with the flexural and indirect tensile strengths corresponding to 7, 28 and 40 days curing were evaluated. The study
concludes that industrial waste materials can be used as partial replacement of cement and can render sustainable concrete
for use in the rigid pavement construction.

Keywords Concrete - Strength - Pozzolanic materials - Fly ash (FA) - Ground granulated blast furnace slag (GGBFS) -
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Abbreviations Introduction

OPC Ordinary Portland cement

SCMs Supplementary cementitious materials The concrete is the prominent construction material due to
FA Fly Ash several benefits with respect to strength, durability, adopt-
GGBFS Ground granulated blast furnace slag ability and economy. Lot of efforts was taken for improving
SF Silica fume the quality of concrete by resorting to the various ways for
wlc Water cement ratio maximizing its performance level. Nowadays, development
O-F-G-S OPC-FA-GGBFS-SF of special types of concretes has necessitated the use of min-
O-F-G OPC-FA-GGBFS eral and chemical admixtures for improving its performance.
IRC Indian Roads Congress Various by-products generated by the industries find applica-

tion in concrete in the context of economic viability, pres-
ervation of environment, improvement in the workability
of wet concrete and strength and durability of the hardened
concrete; and reduced heat of hydration. In developing coun-
try like India, more thrust is being given in the recent past
on the construction of concrete pavements as a substitute to
the flexible pavements due to the several advantages such
as strength, longer life, durability and comparatively less
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Various researchers reported on the utilization of pozzo-
lanic waste materials such as FA, GGBFS and SF. Malhotra
[1] emphasized on the utilization of FA and other SCMs
in concrete on large scale for reducing emission of carbon
dioxide. Some of the researchers [2—-8] worked on mechani-
cal and durability characteristics of concrete made using FA
along with few other such materials as partial cement replac-
ing materials. Obla and Russell [2] worked on ultra-fine fly
ash (UFFA) concrete. Alam and Akhtar [3] presented vari-
ous ways of utilization of FA in different segments of the
construction industry in the Indian context. Silva and Brito
[4] worked on the self-consolidating concrete made with
FA in conjunction with lime stone filler. Sunil et al. [5] used
FA in conjunction with mine tailings. Paliwal and Maru [6]
used FA and plastic (polythene) waste. Jena and Panda [7]
used of FA and the silpozz (agro waste) as environmental
friendly materials in construction industry. Saha and Sarker
[8] used FA and ferronickel slag as partial replacement of
cement and natural sand.

Some of the researchers [9-11] dealt with workability,
performance and durability of concrete made with GGBFS
as the cementitious material. Few of them studied effect of
plasticizers as well on the performance. Few researchers
[12, 13] studied performance of concrete made from FA and
GGBFS as the partially cement replacing materials.

Several researchers [14—21] worked on concrete contain-
ing silica fume (SF). The different aspects such as mechani-
cal properties, durability, permeability, chemical attack
resistance and creep rate also formed the basis of the study.
One of them [18] reported long-term study on high strength
SF concrete. Mane et al. [22] observed that around 20% SF
and 60% manufactured sand as the replacement for cement
and natural sand, respectively, yielded maximum tensile
strength and improved the microstructure.

Some of the researchers [23-25] observed improvement
in the quality of the concrete comprising FA in conjunction
with silica fume as cement replacing materials. Laldji and
Tagnit-Hamou [26] reported the properties of ternary and
quaternary concrete with alternative cementitious materi-
als with glass frit. Ali et al. [27] found increase in strength
and aggregate-cement bond; improvement in pore structure
and significantly better effect on transport characteristics of
binary and ternary mixes of concrete using FA and SF. Ibra-
him et al. [28] reviewed the effect of pozzolanic materials on
properties of the concrete. Gesoglu et al. [29] studied prop-
erties of the self-compacting concrete. They used FA, blast
furnace slag and SF in binary, ternary and quaternary mixes.
Patel and Sheth [30] studied properties of high performance
concrete made using cement, FA, micro-silica and ultra-fine
slag. Ganjigatti et al. [31] pointed out higher compressive
strength, enhanced setting time and low heat of hydration
in the concrete using pozzolanas such as SF, GGBFS and
FA along with metakaolin as cement replacing materials.
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Rashad [32] reported potential of SF and slag as the cement
replacing materials in HVFA concrete subjected to raised
temperatures. Kim et al. [33] studied mechanical properties
binary, ternary and quaternary blended concrete with respect
to energy efficiency and using FA, blast furnace slag and SF.
Praveen Kumar and Prasad [34] worked on concrete with
FA, SF and lime sludge as a partial replacement of cement.

Based on aforementioned literature review, this investiga-
tion aims at studying strength properties of concrete made
using fly ash (FA), ground granulated blast furnace slag
(GGBFY) and silica fume (SF). These materials were used
as partially cement replacing materials. The suitability of
such concrete is discussed for its potential use as the pave-
ment quality concrete.

Experimental programme
Materials

The materials used in the study include: ordinary Portland
cement (OPC-53 Grade) conforming to IS: 12269 [35], river
sand (FA) and crushed angular graded coarse aggregates
(Metal I and IT), SCMs such as FA, GGBEFS and silica fume
SF; and the chemical admixture (super plasticizer). The
potable water was added for obtaining concrete mix. The
properties of different constituents of concrete following
various laboratory investigations are presented in Table 1.
The Class-F FA (Pozzocrete 60) conforming to IS:
3812 [36] (Source: Nasik Thermal Power Station, India)
was used in the study (Fig.1a). The GGBFS (Durocem BS
6699) conforming to IS: 12089 [37] was procured from

Table 1 Properties of used cement and aggregates

Properties Values
Cement (OPC-53 Grade)

Fineness 305 (Mini-
mum 225
cm?/gm)

Consistency 28%

Specific gravity 3

Initial setting time 130 Min

Final setting time 221 Min

Compressive strength (MPa) for 3, 7 and 28 day’s 29, 36 and 54

curing
FA (Tapi River, Gujarat, India)
Specific gravity of fine aggregates 2.72
Water absorption 0.9
CA (Local Quarry, Turbhe, New Mumbai, India)

Specific gravity (10 mm and 20 mm size) 2.7 and 2.82

Water absorption 0.48

Crushing value 22%
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(a) Fly ash (b) GGBFS (¢) Silica fume

Fig. 1 SCMs used in the study

Table 2 l_)ropertie?s of Physical properties FA GGBFS SF Chemical composition (%) FA GGBFS SF

pozzolanic materials used
Loss on ignition (%) 1.3 071 2.6 Si0, + Al,03 + Fe, 04 93.54 535 92.78
Specific gravity 2.13 2.56 2.2 Silicon dioxide (SiO,) 60.5 36.53 92.1
Water requirement (%) 85 - - Alumina (Al,0O5) 27.5 16.32 0.6
Moisture content (%) 0.4 - - Iron oxide (Fe,05) 532  0.65 0.08
Blaine’s fineness (mzlkg) 345 - 22,000 Calcium oxide (CaO) 1.55 35.66 0.3
Autoclave expansion (%) 0.06 — - Magnesium oxide (MgO) 0.49 1093 0.3
Lime reactivity (MPa) - - 8.5 Sulphur trioxide (SO3) 0.22  0.16 0.06
- - - - Alkalies (Na,0+K,0) 1.81% 0.55% 0.6
- - - - Chlorides 0.38% 0.001% 0.001

Mix preparation

Table 3 Technical data for chemical admixture used

Base Sulphonated melamine formaldehyde resin

Dosage 0.5-2% (by weight of cement) as per the
requirement of the workability

Type Type F conforming to IS: 9103 [39]

Colour Clear to little hazy

Between 15-20%
>8
12 months in closed container

Water reduction
pH
Stability

Heidelberg Cement India Limited, Pen (India) (Fig. 1b).
Silica fume (SF) conforming to IS: 15388 [38] was pro-
cured from Oriental Trexim Pvt. Ltd. from Bhiwandi
(Maharashtra, India). For the present study, densified SF
of Grade 90 D was used (Fig. 1c).

The properties of the supplementary cementitious mate-
rials (SCMs) provided by the suppliers are presented in
Table 2.

High-range water-reducing admixture (superplasticizer)
Supercon -100 (Type —F) was also used in the present
study. The technical data for Supercon -100 are given in
Table 3.

The experimental programme entailed different combi-
nations of ordinary Portland cement (OPC) and mineral
admixtures such as FA, GGBFS and SF. The parameters
such as water cement (w/c) ratio, percentage of cement,
FA, GGBFS, SF, fine and coarse aggregates; and super-
plasticizer were varied. Following literature review, the
percentage variation in cement and replacing materials
was decided. In all, eight trial mixes were prepared, and
further, for each mix, the cubes, beams and cylinders (12
Nos., 3 Nos. and 3 Nos.) were cast. The particulars of the
proportion of ingredients of different trials are indicated
in Table 4.

The particulars of the mix preparation have already
been discussed by the authors [13] The samples (cubes,
beams and cylinders) were air-dried for a period of 24 h
at 30 °C and 55% relative humidity; and then, they were
weighed to find out their weights prior curing. Thereafter,
they were immersed in water at 29 °C. Four curing periods
(7, 28, 40 and 90 days) were considered for cubes while
three (7, 28 and 40 days) for beams and cylinders. The
samples were tested for various strengths [40, 41].
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Table 4 Contents of trial mixes considered in the present study and reported in literature

Trial Present study Chore and Joshi [13]
wlc ratio Cement (%) FA (%) GGBES (%) SF (%) Admix (%) wlc ratio Cement (%) FA (%) GGBES (%)

T-1 0.47 55 15 15 15 0.3 0.47 55 22.5 22.5
T-2 0.45 60 13.34 13.34 13.34 0.4 0.45 60 20 20
T-3 0.43 65 11.67 11.67 11.67 0.5 0.43 65 17.5 17.5
T-4 0.41 70 10 10 10 0.6 0.41 70 15 15
T-5 0.39 75 8.34 8.34 8.34 0.7 0.39 75 12.5 12.5
T-6 0.37 80 6.67 6.67 6.67 0.8 0.37 80 10 10
T-7 0.35 85 5 5 5 0.9 0.35 85 7.5 7.5
T-8 0.33 90 3.34 3.34 3.34 1.0 0.33 90 5 5

60 m Present Study(O-F-G-S) ~ ® Chore and Joshi (O-F-G) [13] ® Present Study(O-F-G-S) @ Chore and Joshi (O-F-G) [13]
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Fig.2 Compressive strength (7 days curing)

Results

The influence of cement replacing materials such as FA,
GGBFS and silica fume used in various proportions for
different trials for different water—cement ratio is exam-
ined on mechanical properties of concrete through differ-
ent tests on hardened concrete. The results obtained in
this investigations are compared with the one reported by
authors [13] in which only FA and GGBFS were used, and
further, the cement contents and the water—cement ratio
were kept same as that in the present investigation.

Compressive strength

The compressive strengths observed with respect to dif-
ferent curing periods for various trials in this investigation
are indicated in Figs. 2, 3, 4 and 5. Further, the strengths
reported for the corresponding curing period in the pub-
lished work [13] are also indicated in Figs. 2, 3, 4 and 5
for the purpose of comparison.

It is observed that with the increase in cement contents
and decrease in water—cement (w/c) ratio, the compressive
strength increases in all the mixes with respect to 7 days
curing. For 28 days curing, it is seen that the strength
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Fig.5 Compressive strength (90 days curing)
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increases up to trial mix 5, reduces for next mix and then,
again increases for next last two trial mixes. For next two
higher curing periods (40 days and 90 days), the strength
is seen increasing up to trial mix 6, reduce for next trial
and again increase for last trial. Though, for three higher
curing periods, the trend of decrease in strength in case of
one of last few mixes and again increase in the strength is
seen, difference in variation is not that significant.

The increase in cement contents and curing period ren-
ders more alkali (a by-product of hydration of cement)
available for pozzolanic reaction. This increases the com-
pressive strength of the concrete. Moreover, the rate of
strength gain is seen to be more for higher curing periods.
With decrease in the percentage of cement replacing mate-
rials and increase in percentage of cement in the mixes,
the strength is found to be on more for most of the trial
mixes barring last two trials. The strength slightly is found
to be on relatively lower side in case of trial mixes 5 and 6
in respect of some of the higher curing periods, but again
found to increase for the last trial mix. This can be because
of the effect of water cement ratio as well.

For mix with higher w/c ratio of 0.47 and lower cement
contents, the increase in strength is observed in the range
of 71.8-127.5% for 28, 40 and 90 day’s curing periods,
respectively, with respect to that observed for 7 day’s cur-
ing. The corresponding increase is observed to be in the
range of 4.2-17.4% for the last trial with lower w/c ratio
and higher cement contents. The increase in the strength
corresponding to 28 day’s curing with respect to 7 days
curing is seen to be 4.2-71.9%; for 40 days curing period
in the range of 9.2-85.3%; and that for 90 days curing,
17.4-127.5%.

Further, the results of compressive strength obtained
are compared with those reported in the literature [13]. It
is seen that the trend of increase in strength with curing
period is similar in both the studies barring few exceptions
in the trend reported in published literature. All the same,
the trend remains same. Further, the strength observed in the
present study for different trial mixes is more as compared to
that observed in [13] for corresponding trial mixes. This can
be because of the presence of the silica fume in the mixes
considered in the present investigation. The addition of SF
imparts chemical reaction with calcium hydroxide (CH) and
produces additional calcium silicate hydrates (CSH). This
results in the increased compressive strength as seen in the
present investigation and the chemical resistance. Further,
SF is 100 to 150 times smaller than cement particle. The SF
can fill the voids created by free water in the matrix. This
function is referred to as the particle packing, and it, further,
refines the microstructure of the concrete and develops much
denser pore structure.

The compressive strength of the design mix [42—44] cor-
responding to 0.37 w/c ratio with respect to 7 and 28 day’s

Table 5 Compressive strength (MPa) of design and controlled trial

Design mix [44] Controlled mix

Present study (O—F—  Chore and Joshi
G-S) (O-F-G) [13]
7 days 28 days 7 days 28 days 7 days 28 days
36 54 43.26 54.15 40.59 54.81
Percentage 20.16 0.27 12.75 1.5

increase

® Present Study(O-F-G-S)  m Chore and Joshi (O-F-G) [13]

—_

Flexural Strength (MPa)
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Fig. 6 Flexural strength (7 days curing)

curing is indicated in Table 5. The strengths of the controlled
mix with w/c ratio of 0.37 are also indicated in Table 5.

The compressive strength of controlled mix for 7 days
curing is found to be 20.16% more than that of the design
mix. But it is, further, seen that the increase is reduced for
28 days’ curing period. The strength of controlled mix is
observed just 0.27% more than the design mix for 28 days
curing. When increase in the strength of the controlled and
that of design mix observed in the published literature [13]
is compared, strength of the former mix is observed 12.75
and 1.5% more.

Along similar lines, the modulus of elasticity with respect
to the actual compressive strength observed in all trial mixes
and that of strength of the design mix are determined as per
the guideline given in IS: 456 [45]. The modulus is found
to be 34.90 x 10° MPa in case of former whereas in case of
latter, 36.74 X 10’ MPa.

Flexural strength

The flexural strength observed for different trial mixes in the
present investigation that considers the combination of O-F-
G-S corresponding to three different curing periods with
respect to modulus of rupture are shown in Figs. 6, 7 and 8.
Similarly, the flexural strengths observed in the published
work [13] are also indicated in Figs. 6, 7 and 8 for the pur-
pose of comparison.

When the effect of increase in cement contents for with
respect to 7 days curing on the flexural strength is studied,
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® Present Study(O-F-G-S) = Chore and Joshi (O-F-G) [13]
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Fig.7 Flexural strength (28 days curing)
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Fig.8 Flexural strength (40 days curing)

it is seen that the flexural strength decreases for trial mix 2
and increases thereafter. For 28 days curing, it is found to
increase gradually up to trial mix 2 and thereafter, reduce for
trial mix 3; again increase for trial mix 4 followed by further
decrease for trial mix 5. However, thereafter the strength is
found to increase for all next trials. For 40 days curing, it
reduces for trial mix 2, again increases for next two trials,
i.e. trial mixes 3 and 4 followed by further reduction in mix
5. Thereafter, the strength increases for all next trials, i.e.
mixes 6, 7 and 8.

The effect of curing indicates increase in the flexural
strength in respect of all the mixes. The gain in strength is
found to be 24% for trial mix 1 and in the range of 50-54%
for trial mixes 2 and 4 for 28 days curing. In case of all
other mixes, increase is found to be in the range of 30-40%.
Further, when the rate of strength gain is considered for cur-
ing period of 40 days, a significant gain is seen in case of
trial mixes 1, 3 and 6. For all other trial mixes, the gain
is comparatively less. The increase in flexural strength for
28 days curing period with respect to 7 days is seen to be
24.1-53.54% and that for 40 days curing, in the range of
34.6-68%, irrespective of all the trial mixes.

When the flexural strength obtained in this study is com-
pared with the one published in the literature [13], it is
observed that values of the strength obtained in this study

@ Springer
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Fig.9 Indirect tensile strength (7 days curing)

B Present Study(O-F-G-S) @ Chore and Joshi (O-F-G) [13]

[\S] o & w [=}

Tensile Strength (MPa)

T-1 T-2 T-3 T-4 T-5 T-6 T-7 T-8

Fig. 10 Indirect tensile strength (28 days curing)

is on lower side with respect to 7 days curing. However,
flexural strength in all the trials considered in the present
investigation corresponding to 28 days curing period are
more when compared with that reported in the literature
[13]. Similar is the analogy seen in case of the strengths
corresponding to 40 days curing barring one exception, i.e.
in respect of trial mix 5 where the strength in the present
investigation is less. All the same, the variation is marginal.
As regards the trend of variation of the flexural strength with
curing period in the present study, it is found to increase
for all the trials as against that seen in the published litera-
ture [13]. The finding from the similar work [13] remarked
that strength would reduce for 28 days curing and thereafter
increase in most of the trials barring two exceptions. For
mix 2, it was found to increase with curing and for mix 4,
decrease.

Indirect tensile strength

The indirect tensile strength observed for various mixes and
corresponding to different curing periods considered in this
study is shown in Figs. 9, 10 and 11. Similarly, the indirect
tensile strength observed in the published literature [13] in
the context of corresponding trial mixes is also indicated in
Figs. 9, 10 and 11.
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Fig.11 Indirect tensile strength (40 days curing)

When the effect of cement contents is studied on the indi-
rect tensile strength, the same is seen to increase with cement
contents and decrease in water contents for 7 days curing with
respect to all the mixes. Similar trend is observed for next
higher curing periods of 28 and 40 days. It is, further, seen that
strength increases with curing period. This holds good for all
the mixes considered in this study.

The increase in indirect tensile strength for 28 days cur-
ing period with respect to 7 days curing is observed to be
12.5-50.3% and for 40 days curing period, 27-120%, irre-
spective of all the trial mixes.

The effect of curing indicates that the indirect tensile
strength increases for all trial mixes. Gain in strength is found
to be 50% for trial mix 1 and in the range of 12.5-21.3% for
all other trial mixes, i.e. mix 2-8. Further, significant gain in
strength is seen in case of trial mix 1 for higher curing period
of 40 days with percentage increase of 120%. For next three
trials, i.e. trial mixes 2, 3 and 4, the increase is observed to be
in the range of 43.7-61%. For all other trial mixes, the gain in
tensile strength is seen to be 27-37%.

When the values of the indirect tensile strength obtained
in this study are compared with that published in literature
[13] carried out only two SCMs (FA and GGBFYS), it can be
seen that strength obtained in this study are on lower side
with respect to 7 and 28 days curing for first two trial mixes.
However, the strength, in the present investigation, is found
to be on higher side corresponding to these curing periods
as compared to that reported in literature [13]. Further, when
the strength in both the studies is compared in the context of
higher curing period of 40 days, it is found to be on higher
side in the present study.

Discussion on suitability as the rigid
pavement material

The suitability of the concrete considered in this investi-
gation is examined in Indian context and pursuant to the
guidelines specified in different specifications brought out by

Indian Roads Congress (IRC). IRC: 58 [43] specifies mini-
mum grade of the concrete as M-40 for pavement quality
concrete (PQC) in the construction of rigid pavement with
compressive strength corresponding to 28 days curing as
40 MPa and states that flexural strength corresponding to
28 days curing should be 4.5 MPa. The trial mixes 3-8 are
found to satisfy the requirement of the compressive strength
to render the suitability of the mix to be used in PQC and
all the trial mixes satisfy the requirement of the flexural
strength for use in PQC. However, trial mix 3 gives the most
optimized combination of the supplementary cementitious
materials with 28 days’ compressive strength as 51.4 MPa,
higher than 40 MPa and flexural strength of 6.8 MPa, i.e.
considerably greater than 4.5 MPa.

Further, IRC: 44 [44] specifies minimum grade of the
concrete for use in the rigid pavement catering to the low
traffic volume as M-30 corresponding to 28 days’ compres-
sive strength of 30 MPa. The corresponding flexural strength
should be 3.8 MPa. Trial mixes 1 and 2 are found to give
the compressive strength with respect to 28 days curing in
the range of 37.9-39.5 MPa and therefore can be considered
as the suitable mixes for low volume road on the basis of
the compressive strength. The flexural strength of the cor-
responding mixes is observed 6.9 MPa and 7.6 MPa, i.e.
significantly higher than the required value of the flexural
strength of 3.8 MPa. However, trial mix 1 gives the most
viable option for the use in construction of rigid pavement
with respect to low volume rural roads.

The minimum grade of concrete suggested for the pur-
pose of white topping is M-50 [44]. The trial mixes 4 to 8
comply with the requirement of the concrete for white top-
ping. However, the mix 4 yields the most optimized combi-
nation for the use in white topping.

Conclusions

The experimental study reported in this paper was aimed
at assessing the suitability of the industrial waste compris-
ing SCMs such as FA, GGBFS and SF as cement replacing
materials in concrete as the alternative construction material,
especially, in the context of their use in the construction of
the rigid pavements. Based on the findings from this study,
following are the broad conclusions.

e The compressive, flexural and splitting tensile strengths
are increased with cement contents and curing period.

e The percentage increase in compressive strength with
respect to 7 days’ curing for 28, 40 and 90 days curing is
found in the range of 4.2-71.9, 9.2-85.3 and 17.4-127.5,
respectively.

e An increase in the flexural strength with respect to
7 days’ curing for 28 and 90 days curing is found in the
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range of 24.1-53.54% and 34.6-68%, respectively. Along
similar lines, an increase in the indirect tensile strength
for the aforementioned curing period is found in the
range of 12.5-50.3% and 27-120%, respectively.

e The mixes containing SCMs such as FA, GGBFS and
SF in different proportions comply with the requirement
of the concrete to be used in the construction of rigid
pavement for high and low traffic volume roads; and also
for the white topping on the basis of various criteria of
compressive strength and flexural strength.

e Combined use of 45% of SCMs considered in the present
investigation (in equal proportions) as partial replace-
ment of cement yields optimum mix for pavement quality
concrete (PQC) for low volume road.

e The combined use of 35% of such materials as a partial
substitute to cement gives the optimized mix for applica-
tion in PQC for high traffic volume roads. Along similar
lines, the mix containing 30% of SCMs as a substitute to
the cement renders the suitable mix for the application
in white topping.

Thus, it can be concluded that the industrial wastes
such as fly ash, ground granulated blast furnace slag and
silica fume containing pozzolanic properties can be advan-
tageously utilized in the pavement construction as a sus-
tainable material and will address to the problem of waste
disposal to the considerable extent and reduce the environ-
mental concern as well.

Authors contributions HSC designed and co-ordinated this research
and drafted the manuscript. MPJ carried out the experimental work
and data analysis. The manuscript is a part of the work pursued by
MPJ for her PG Dissertation submitted to the University of Mumbai
through Datta Meghe College of Engineering, Airoli, New Mumbai
(India) under the supervision of HSC when he was associated with
Datta Meghe College of Engineering. The authors read and approved
the final manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no competing
interests.

References

1. Malhotra VM (1999) Making concrete ‘Greener’ with fly ash.
Concrete Int 21(5):61-66

2. Obla KH, Russell LH (2003) Properties of concrete containing
ultra-fine fly ash. ACI Mat J 100(5):426—433

3. AlamJ, Akhtar MN (2011) Fly ash utilization in different sectors
in Indian scenario. Int ] Emerg Trend Eng Develop 1(1):1-14

4. Silva P, Brito J (2013) Electrical resistivity and capillarity of Self
compacting concrete with incorporation of fly ash and lime stone
filler. Adv Concrete Const 1(1):65-84. https://doi.org/10.12989/
acc.2013.1.1.065

@ Springer

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Sunil BM, Manjunatha LS, Ravi L, Yargal SC (2015) Potential
use of mine tailings and fly ash in concrete. Adv Concrete Cons
3(1):55-69. https://doi.org/10.12989/acc.2015.3.1.055
Paliwal G, Maru S (2017) Effect of fly ash and plastic waste
on mechanical and durability properties of concrete. Adv.
In Concrete Const 5(6):575-586. https://doi.org/10.12989/
acc.2017.5.6.575

Jena T, Panda KC (2018) Mechanical and durability properties
of marine concrete using fly ash and silpozz. Adv Concrete
Const 6(1):47-68. https://doi.org/10.12989/acc.2018.6.1.047
Saha AK, Sarker PK (2019) Durability characteristics of con-
crete using ferronickel slag fine aggregate and fly ash. Mag
Concrete Res 70(17):865-874. https://doi.org/10.1680/jmacr
.17.00537

Osborne GJ (1999) Durability of Portland blast furnace slag
cement concrete. Cem Concr Compos 21(1):11-21

. Babu G, Kumar R (2000) Efficiency of GGBS in concrete. Cem

Concrete Res 30(7):1031-1136

Tamilarasan VS, Perumal P (2005) Workability studies on con-
crete with GGBFS as a replacement material for cement with
without superplasticizers. Int J Adv Res Eng Tech 3(2):11-21
Garner LJ, Susan A (2015) Characterization of magnesium potas-
sium phosphates cements blended with fly ash and ground granu-
lated blast furnace slag. Cem Concrete Res 74:78-87

Chore HS, Joshi MP (2015) Strength evaluation of concrete with
fly ash and GGBFS as cement replacing materials. Adv Conc
Const 3(3):223-236. https://doi.org/10.12989/acc.2015.3.3.223
Wild Sabir BB, Khatib JM (1995) Factors influencing strength
development of concrete containing silica fume. Cem Con-
crete Res 25(7):1567-1580. https://doi.org/10.1016/0008-
8846(95)00150-B

Bhanja S, Sengupta B (2003) Optimum silica fume content
and its mode of action on concrete. Int Concrete Res Inf Portal
100(5):407-412

Nicknam A, Rasa E, Ketabchi (2004) Optimum content of silica
fume in cement paste portion of concrete. American Concrete
Institute (ACI) Student Conference, San-Francisco, USA
Panjehpour M, Ali A, Demirboga R (2011) A Review for charac-
terization of silica fume and its effects on concrete properties. Int
J Sustain Const Eng Tech 2(2):1-7

Saje D, Saje F (2011) Compressive strength of concrete containing
Silica fume. J Mech Behav Mater 19(6):355-364

Marikunte SS, Nacer S (2012) Interaction of silica fume and water
content on strength and permeability of concrete. In: Transporta-
tion Research Board (TRB) annual meeting

Ajileye (2012) Investigation on micro-silica (Silica Fume) as par-
tial cement replacement in concrete. Glob J Res Eng Civil Struct
Eng 12(1):Version 1.0

Ramkumar VR, Murali G, Partheeban A (2012) Utilization of
silica fume to enhance tensile strength of concrete. Int J Emerg
Trends Civil Eng Dev 4(2):607-609

Mane KM, Kulkarni DK, Prakash KB (2019) Properties and
microstructure of concrete using pozzolanic materials and manu-
factured sand as partial replacement of fine aggregate. SN Appl
Sci 1:1025. https://doi.org/10.1007/s42452-019-1059-2
Ozyildirim C, Halstead WJ (1994) Improved concrete qual-
ity with combination of fly ash and silica fume. ACI Mater J
91(6):587-594

Lam L, Wong YL, Poon CS (1998) Effects of fly ash and silica
fume on compressive and fracture behavior of concrete. Cem
Concrete Res 28(2):271-283. https://doi.org/10.1016/S0008
-8846(97)00269-X

Nochaiya T, Chaipanich A (2010) Utilization of fly ash with silica
fume and properties of Portland cement-fly ash-silica fume con-
crete. Int J Enhanced Res Sci Tech Eng 89(3):768-774. https://
doi.org/10.1016/j.fuel.2009.10.003


https://doi.org/10.12989/acc.2013.1.1.065
https://doi.org/10.12989/acc.2013.1.1.065
https://doi.org/10.12989/acc.2015.3.1.055
https://doi.org/10.12989/acc.2017.5.6.575
https://doi.org/10.12989/acc.2017.5.6.575
https://doi.org/10.12989/acc.2018.6.1.047
https://doi.org/10.1680/jmacr.17.00537
https://doi.org/10.1680/jmacr.17.00537
https://doi.org/10.12989/acc.2015.3.3.223
https://doi.org/10.1016/0008-8846(95)00150-B
https://doi.org/10.1016/0008-8846(95)00150-B
https://doi.org/10.1007/s42452-019-1059-2
https://doi.org/10.1016/S0008-8846(97)00269-X
https://doi.org/10.1016/S0008-8846(97)00269-X
https://doi.org/10.1016/j.fuel.2009.10.003
https://doi.org/10.1016/j.fuel.2009.10.003

Innovative Infrastructure Solutions (2020) 5:78

Page90of9 78

26.

217.

28.

29.

30.

31.

32.

33.

34.

Laldji S, Tagnit-Hamou A (2006) Properties of ternary and quater-
nary concrete incorporating new alternative cementitious material.
ACI Mater J 103(2):83-89

Ali Sadrmomtazi BT, Reza KK (2019) Effect of fly ash and silica
fume on transition zone, pore structure and permeability of con-
crete. Mag Concrete Res 70(10):519-532. https://doi.org/10.1680/
jmacr.16.00537

Ibrahim A, Al- Jumaily S, Naji N, Kareem Q (2015) An overview
on the influence of Pozzolanic materials on properties of concrete.
Int J Enhanced Res Sci Tech Eng 4(3):81-92

Gesoglu M, Guneyisi E, Ozbay E (2009) Properties of self-com-
pacting concrete made with binary, ternary and quaternary cemen-
titious blends of fly ash, blast furnace slag and silica fume. Const
Bldg Mat 23(5):1847-1854. https://doi.org/10.1016/j.conbuildma
t.2008.09.015

Patel J, Sheth AJ (2014) High performance concrete using quater-
nary blend. Int J Innov Res Adv Eng 1(5):133-137

Ganjigatti M, Kashinath BR, Prakash KB (2015) Effect of replace-
ment of cement by different pozzolanic materials on heat of
hydration and setting time of concrete. Int J Environ Agric Res
1(4):24-29

Rashad AM (2015) Potential use of silica fume coupled with slag
in HVFA concrete exposed to elevated temperature. ASCE J Mat
Civil Eng 27(11):04015019. https://doi.org/10.1061/(ASCE)
MT.1943-5533.0001274

Kim J-E, park W-S, Young-I1 J, Kim S-W, Kim S-W, Nam Y-H,
Kim D-G, Rokugo K (2016) Mechanical properties of energy effi-
cient concretes made with binary, ternary and quaternary cementi-
tious blends of fly ash, blast furnace slag and silica fume. Int J
Concrete Struct Mater 10:97-108

Praveen Kumar VV, Prasad RD (2019) Study on strength and
durability characteristics of lime sludge based blended cement

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

concrete. J Bldg Pathol Rehabilit. https://doi.org/10.1007/s4102
4-018-0041-5

IS: 12269 (1987) Specification for 53 grade ordinary Portland
cement (with Amendment No.3). Bureau of Indian Standards
(BIS), New Delhi (India) (Reaffirmed 2013)

IS: 3812 (1981) Specifications for pulverized fuel ash. Bureau of
Indian Standards (BIS), New Delhi (India) (Reaffirmed 2013)
IS: 12089 (1987) Specification for granulated slag for manufacture
of Portland slag cement. Bureau of Indian Standards (BIS), New
Delhi (India)

IS 15388 (2003): Specifications for silica fume. Bureau of Indian
Standards, New Delhi (Reaffirmed 2017).

1S: 9013 (1999) Specification for admixture for concrete. Bureau
of Indian Standards (BIS), New Delhi (India)

IS: 516 (1959) Methods of tests for strength of concrete. Bureau
of Indian Standards (BIS), New Delhi (India) (Reaffirmed 2004)
IS: 5816 (1999) Splitting tensile strength of concrete- Method of
test. Bureau of Indian Standards (BIS), New Delhi (India) (Reaf-
firmed 2004)

IS 10262 (1982) Recommended guidelines for concrete mix
design. Bureau of Indian Standards (BIS), New Delhi (India)
(Reaffirmed in 1999)

IRC: 58 (2015) Guidelines for the design of plain jointed rigid
pavements for highways (Fourth revision). Indian Roads Con-
gress, New Delhi

IRC: 44 (2008) Guidelines for cement concrete mix design for
pavements (Second revision). Indian Roads Congress, New Delhi
IS: 456 (2000) Plain and reinforced concrete code of practice
(Fourth revision). Bureau of Indian Standards (BIS), New Delhi

@ Springer


https://doi.org/10.1680/jmacr.16.00537
https://doi.org/10.1680/jmacr.16.00537
https://doi.org/10.1016/j.conbuildmat.2008.09.015
https://doi.org/10.1016/j.conbuildmat.2008.09.015
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001274
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001274
https://doi.org/10.1007/s41024-018-0041-5
https://doi.org/10.1007/s41024-018-0041-5

	Strength characterization of concrete using industrial waste as cement replacing materials for rigid pavement
	Abstract
	Introduction
	Experimental programme
	Materials
	Mix preparation

	Results
	Compressive strength
	Flexural strength
	Indirect tensile strength

	Discussion on suitability as the rigid pavement material
	Conclusions
	References




