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Abstract

This paper focuses on the development of a concrete material by utilizing fly ash and blast furnace slag in conjunction
with coarse and fine aggregates with an aim to reduce pollution and eliminate the use of energy extensive binding
material likecement. Alternative binding materials have been tried with an aim to get rather an improved concrete
material. AlkaliActivated Solution(AAS) made of the hydroxide and silicate solutions of sodium was adopted as the
liquid binder whheandé&eound Grahulated BlasFFurnatel S§&GBRS) mixed in dry state were

used as th&eopolymer Solid Binde(GSB). The liquid binder was used to synthesize the solid binder by thermal
curing. The paper investigates the use, influence and relative tipganfithe liquid and solid binders in the development

of the alkaliactivated GGBFS basd&8eopolymer Concret@GPC). Varying ratios of AAS to GSB were taken to assess
their optimum content. Further, different percentages of GGBFS were used as ag@at@ment of Class F fly ash to
determine the optimum replacement of GGBFS in the GPC. In order to assess their effects on various properties test
samples of cubes, cylinders and beams were cast and testedaiB28 days. Thermal curing of GIR@salso resorted

for favorableresults. It was found that AAS to GSB ratio of 0.5 and GGBFS content of 80% yielded the maximum
strength with a littleunfavorableeffect on workability. The overall results indicated that AAS and GGBFS offer good
geopolymer conete which will find its applicability in water scarce areas

Keywords Fly Ash; GGBFS; Geopolymer Solid Binder; Alkd#ictivated Solution; Geopolymer Concrete; Workability; Mechanical
Properties

1. Introduction

The most widely used material to bind tbenstituents of conventional concrete has been Portland cement. The
gain in strength and durability properties of Portland cement concrete is also considerable. Cement production, on one
hand consumes a significant amount of energy and natural raw nsagen@l on the other hand it liberates solid
wastes and carbon dioxide (@@as which cause environmental pollution. The cement industries contribute as much
as 57% to global CQemissions [1, 2]. Massive heaps of wastes of fly ash fromlzasdd powerlpnts and slag
from primary units of iron industries have come up. Disposal of industrial wastes is a big challemgeocess of
disposal of industrial and constructional wastes might be uneconomical but increasing demand and price of raw
materials couled with uncompensable damage to the environment have increased the importance of the utilization of
these byproduct wastes [3However, with the use of modern green engineering technologies, environment friendly
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and more energgaving binding materials r ¢ possi bl e. “Class F” -prbduct with h whi
pozzolanic propeyt[4], is formed fromanthracite or bituminous coal. At an elevated temperature low calcium fly ash
reacts with alkatactivated solutiofAAS) which is a mixture oftie hydroxide and silicate of sodium solution (NaOH

& NaySi0s). The reaction product is an inorganic alumsilicate polymer known as geopolymer [5, 6]. Fly ash
(Class F) and slag act as a geopolymer solid bif@&B) whereasAAS acts as a geopolymer ligubinder in the
GGBFSalkali activated geopolymer concrete. Fly ash (Class F) contains more quantity of alumina and silica
compounds as compared to other classes of fly ashS[@} is reach in calcium oxide, silica, and alumifibe
geopolymerisation jmcess is slow at ambient temperature because of the low reactivity of the solid binder with the
liquid binder [8]. The rise in the curing temperature accelerates the reactivity of the solid binder with the liquid binder.
The solid binders when react witm aalkaliactivated solution result in sodium aluminosilicate and calcium
aluminosilicate gels, respectively at thermal curing conditions. With the higher percentage of GGBFS/slag content, the
sodium aluminosilicate gel transforms into calcium aluminod#éicgel. The matrix of the transformed product,
because of its higher density, is advantageous in improving durability and strength properties [9, 10].

In the coming years, Class F fly ash might be used as a solid binder in geopolymer to gain higiséreagtly
and better acid and temperature resistancel]], Most of the parameters such as the concentration of sodium
hydroxide solution, the ratio of silicate to hydroxide of sodium solution, the ratio of AAS to GSB, the quantity of fly
ash and the curg technique affect the strength properties of the geopolymer concrete. The concentration of sodium
hydroxide increases the strength of the geopolymer concrete. Many researcherslfg]thé& obtained the optimum
ratio of the silicate to hydroxide of dimm between 1.5 to 2.5 keeping a higher molarity of sodium hydroxide (10 to
16 M) to obtain higher compressive strength. Fly ash based geopolymer concrete gains strength very slowly at an
ambient temperature. However, a reasonable gain in strength hadooee by resorting to oven curing in the
temperature range of 4YC [17]. Vijai et al. (2010) andNoushini et al. (2020[L8, 19] have found that fly ash based
geopolymer concrete gained maximum strength when cured in the rangg®f®®or 24 hrs. Additives like GGBS
and slag have also been used to improve the mechanical and durability properties of geopolymer concrete [1, 7, 8, 10,
20]. It has also been reported that with the use of 75% fly ash, 25% slag and 14 M concentration of NaOH in
preparatio of geopolymer concrete yielded a compressive strength value of 35 MPa even at 28 days of ambient curing
[7]. The compressive strength of geopolymer concrete increased with the increase of slag content and concentration of
NaOH solution [10, 20]Bellum (2019) found that geopolymer concrete containing 30% fly ash and 70% GGBS
yielded compressive strength of 34.1%Mat a ratio of AAS to GSB of 0.35 and’€Gven curing for 24Hr followed
by 28 days of ambient curin@1]. Ma et al. (2019)reported a maxinm compressive strength with 30% slag in
geopolymer concrete. However, it also reported that the concentration of NaOH made little difference on 28 days
compressive streng{@2].

It is seen that most of the researchers emphasize broadly that the gewpodyrorete mixed with fly ash and
alkali-activated solution (AAS) can yield the maximum compressive strength at a concentration of NaOH between
15.5-16 M and at a ratio of silicate to hydroxidé sodium solution between 155. Very few investigationkave
reported about the mechanical properties of geopolymer concrete (GPC) containing fly ash and ground granulated
blast furnace slag (GGBFS) and about the ratio of AAS to GSB.

Therefore, this research work strives to develop a concrete material congidgedsh and blast furnace slag
together with coarse and fine aggregates with an aim to reduce the environmental pollution by utilizing fly ash and
blast furnace slag and also to eliminate the use of energy extensive binding material like cemeativAltgnding
materials containing the hydroxide and silicate of sodium (known as the liquid binder AAS) have been tried with an
aim to get an improved concrete material. Apart from ¢
furnace shg (GGBFS) mixed in dry state have alsen used as the solid bind€his research paper focuses on the
determination of the optimum quantity of GGBFS relative to fly ash to get the maximum strength and workability.
Experimental, investigations to detérmma the effect of the ratio of AAS to GSB on the compressive strength of-alkali
activated GPC have been conducted. Thermal curing’@tf60 24hours was also adopted totevafor its favourable
effect. Further, the mechanical properties of GPC contaimaripus percentages of GGBFS as a partial replacement
of fly ash, in order to achieve improvement in properties, have been investigated by conducting various experiments
like compressive strength, flexural strength, modulus of rigidity and split tensiteg#t tests.

2. Experimental Investigation
2.1 Materials

The geopolymerist i on reaction between the solid binder (“Cla
forms thegeopolymer binding material which is the courpart of aluminosilicate in Portland cement. Tables 1 and 2
presentphysical properties and compositions@éss F fly asrand GGBFS. The main componsiof liquid binder
aresodium hydroxide and sodiumisite solutions. Fine and graded coarse aggrefmtesein geopolymer concrete
were obtained from the local source. The physical properties and grading curve of coarse and fine aggregéites (FA)
Zone lll as per IS: 383 [23re specified in Table 3 arfkgure 1, respectively.
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Table 1. Physical properties of “Class
Sr. No. Physical Properties “Class F” GGBFS
1 Color Light brown Off white
2 Residue retained on 45 um, (%) 1.2 2.3
3 Specific surface area (Blaine), {ig) 392 378
4 Specific gravity 2.23 2.81
5 Moisture content, (%) 0.09 0.11
6 Autoclave expansion, (%) 0.04 0.38
Table 2. Chemical composition by mass %
Sr. No. Chemical compounds “Class F” f1y GGBFS (%)
1 Sio, 60.4 31.6
2 Al;0; 25.8 14.2
3 FeOs 4.1 1.7
4 Cao 2.8 39.5
5 MgO 0.8 5.9
6 SO 0.65 1.68
7 K20 1.8 0.38
8 Na,0 0.76 0.5
9 Loss of ignition 2.08 3.7
Table 3. Physical properties of coarse and fine aggregates
Coarse aggregat€CA)
Sr. No. Physical properties Fine aggregate (FA)
CA-I (fraction 1) CA-II (fraction I1)
1 Shape Angular Angular Rounded
2 Maximum size 16 mm 12.5 mm 4.75 mm
3 Water absorption 0.58% 0.71% 1.43%
4 Surface moisture content Nil Nil Nil
5 Specific gravity 2.71 2.69 2.65
6 Fineness modulus - e 2.437
7 Aggregate Crushing value 21.4% 22.1% -
8 Aggregate Impact value 23.7% 242% e
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2.2 Preparation of the Binder

One day before the casting of the GPC, sodium hydrcsadigion was prepared. Sodiumgdroxide pellets were
kept in plastic vessel of tap water having 97% purity and pH value7/2I2 A magnetic stirrer was used gtir
thoroughly until they dissolvedSafety measures were exercisedsagiificant quantityof heat evolved due to
exothermic chemical reactions. The alkaline solution was then capped and allowed toheoobn€entration of
sodium hydroxide as well athe optimum ratio of sodium silicate to sodium hydroxide was kepMlénd 1.8
respectively, Bsed on the results of previous studies.

The pH value and specific gravity of 16 M NaOH solution were 12.4 and 1.44, respectively. The sodium silicate
solution in gel form was collected from the market. The sodium silicate solution composed of silidda (8Q)-
30.4%, disodium oxide (N®)-11.6%, wateis6.9% and the remaining were filler materials. The specific gravity of
sodium silicate was 1.38he sodium silicate gel was mixed with the sodium hydroxide solufibis.solution was
stirred thoroughit for 5 minutes which resulted in an alkakaetivator solution (liquid binder) through an exothermic
reaction [24]. This solution was kept in a tightly capped container.

2.3 Mix Proportion, Mixing, and Preparation of Sample

The mixing process of geopolymesrerete can be either through the dry mix process omireprocess. In this
study, the dry mix pr dycashs GGBrSa alkalinadtivapor seldtion (AAS)IohNa®H and’ F
NaSiOs solutions, fine aggregate, coarse aggregate, and waterpsgportioned. To study the effectivenedghe
ratio of AAS to GSB on the strength properties of fly ash based GPC, various ratios (0.40, 0.45, 0.50, and 0.55) were
adopted. Further, to study the effectiveness of GGBFS in geopolymer concrete, vaoyiagigms of GGBFS by
replacing fly ash from the mix were used.

The fly ash was péally replaced by GGBFS in 20, 40, 60,,&hd 100% by the weight of fly ash in the nithe
concrete constituents were proportioned on the trial and error method betthesenavailability of the exact design
procedurg15]. The mix design criterion in this study is based on the specific gravity of ingredidietguantities
and proportions of the ingredients of the GPC mix are given in Table 4. The total weighsolidhginder was kept
fixed which is 460 kg/mh The absolute volume, grading curve of aggregates and specific gravity of materials have
been used to determine the quantity of aggregdiks. mix design methodology is presented in the form of a
flowchart & shown in Figre 2.

The surface dried coarse and fine aggregates, fly ash and GGBFS were mixed in a dried staifg anixer
machinefor 120secondsTheAAS and wate(pH=7.127.20)were graduallynixedtogetherfor 60 seconds and then
mixed with the mixture of coarse and fine aggregates, fly ash and GGBFS continfmuslyther 180 secondgo
achievea uniform concrete mixtureThis freshly mixed geopolymer concrete was cast in b cuke moulds,
150x300mm cylinder mouldsand100x100x500mm beam mouldsCompaction of concrete moulds was doneaon
vibration table. Theoncretefilled moulds were enclosed witnplasticwrappingsheetto stopthe evaporation of free
water from the green concrete.

Table 4.Mix proportion of fly ash and slag base geopolymer concrete

Mix No. W/GSE  AAS/GSB Mog—:z of SS/SHey % of C?S}I?l;?hbz éveeigr'ltsc;f GSB CAot?‘yGWSeBi,ght FA(?fyGWSeEi,ght
Mo .40 0.23 0.40 16 1.8 0 2.47 1.07
Mo.s 0.23 0.45 16 1.8 0 2.44 1.06
Mo.so 0.23 0.50 16 1.8 0 241 1.05
Mozss 0.23 0.55 16 1.8 0 2.35 1.04
M 20,50 0.23 0.50 16 1.8 20 2.46 1.07
Mao.50 0.23 0.50 16 1.8 40 2,51 1.09
Méeo.50 0.23 0.50 16 1.8 60 2.55 111
Msgo.50 0.23 0.50 16 1.8 80 2.60 1.13

M100.50 0.23 0.50 16 1.8 100 2.65 1.15
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Figure 2. Flowchart of design methodology

2.4.Slump Test

Workability of freshly mixed geopolymer concrete was determined by Slump test appdiauspparatus
essentially consisted of a steel mould in the shape of a frustum of a cone aloaganitiering steel rod. The inner
diameters of the frustum at the bottom and top are 200 mm and 100 mm respectively. The height of the frustum is 300
mm. Workability was determined as per the Indian Standard (IS: 7320).

2.5.Curing of Samples

The concrete-filled moulds wrapped with plastic sheet were left at ambient temperature for 60 minutes. After 60
minutes of ambient curing, the moulds [21, 25] were kept in an oven for heat curing at a controlled temperature of
60°C for 24 hours. The oven-cured specimen moulds shown in Figure 3 were kept at an ambient temperature of 24-
26°C and relative humidity of 60 + 5% until testing.

Figure 3. Sample moulds of cube, beam and cylinder

3. Test Instruments and Experiments
3.1. Compressive Strength Test

The compressive strengths@PCcubes were determined at73and 28days using a hydraulic digital compression
testing machine (Figure 4.a) having a capacity of 2000 kN and the least count of 0.1 kN as per Indian Standard IS: 516
[26]. The test was conducted keeping a displacement rate of 1.4-1.6 Kg/min. Three cubes of each mix were tested and
an average compressive strength value was obtained.
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(b)

(d

Figure 4. a) Compressive testfahe cube specimen. b) Flexural test of the beam specimen. ¢) Extensometer used to measure
deflection with applied uniaxial compression load. d) Split tens#l test of the cylinder specimen

3.2 Flexure Test

The flexural strength test was done on a didledure testing machin@~igure 4.b) having a capacity of 10kN
and the least count of OKIN. The flexural strength of a beam of dimensions 100x100x5®0was determined by
subjecting the beam to center point loading as per ASTM Standards ASA93-@2, 2002 [27]. Three beams of each
mix were tested, and an average flexural strength value was obtained.

3.3 Modulus of Elasticity

An extensometer equipped with a dial gauge was mounted in the middle portion of the cylindrical specimen
(Figure 4.c) to measure thdeformationof the cylindrical sample [28, 29]. Cylindrical specimens were tested under
uniaxial compression load ad@ésplacementate of 1.41.6 Kg/min.

3.4. Split Tensile Test

The split tensile test was done on the same compressive testing machinendsapestandardS:5816 [30] Split
strengthwasmeasured on 150x308m cylinders subjected to compression load transverse to the longitudinal axis of
the cylinder(Figure 4.d). The same displacement rate of-1.6 kg/min was maintained. Three cylinderseath mix
were tested at 28 days, and average values were obtained.

4. Results and Discussion

Nine different mix proportions oGBFS and alkali basegeopolymer concrete were testdtheworkability and
variousstrengths sch as compressiysplit, flexure drengtls, as well aslasticmodulus,weredetermined

4.1 Effect of GGBFS and AAS/GSB on Workability

The geopolymer concrete mixes were designed with the solid binder (GGBFS and fly ash), liquid binder (Alkaline
activated solution), aggregates, and wdtepresent research obtained quantity of water has fixed for all design mix.
Obtained quantity of water has divided in two part. One part used in the preparation of AAS solution and other part
used for slump. Higher AAS to GSB ratio have used more quantityatdr for preparation of AAS and remaining
water used for slump. Thioncretemix was found to be cohesive and highly plastic for lower ratio of AAS to GSB
content, because less water consumed in preparation of AAS and remaining more water used trenakekable
GPC. The slump values have been obtained to optimised ratio of AAS to GSB in without GGBS design mixed as
shown in Figire 5. The inclusion of GGBFS in the geopolymer concrete mix also reduced the slump values at
optimized ratio of AAS to GSBA comparative plot of the slump test result with the quantity of allvated
solution and inclusion of GGBFS into geopolymer concrete is shown graphically imeFsg The increasing
percentage content of GGBFS increases the stiffness of the geopalynteete mix. It has been also observed that
the geopolymer concrete and Portland cement concrete are rheologically differantive and excess water has
participated in the hydration process and slump of Portland cement concrete respectively tehiis uwsed in GPC
only for preparation of AAS and gaining workability. As observed from previous studies, workability of GPC mix was
decreased by adding sl§2y, 31]. Superplasticizer can be added to improve workability at higher content of GGBFS
in geowlymer mix. The mechanical and physical properties of the hardened concrete may be affected by workability.
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Figure 5. Slump value of geopolymer concrete of differerhAS-to-GSB ratios with % GGBFS

4.2. Compressive Strength of GPC

In the present investigation, two broad modifications in the GPC were considered. In the first, four different alkali-
activated solutions (AAS) to geopolymer solid binder (GSB) ratios were applied. These ratids4Qee45, 0.9
and 0.55In the second, five different replacements of fly ash by GGBFS were applied. These replacements were 20%,
40%, 60%, 80%, and 100% by weight of total fly ash. Samples of GPC with these modifications were tested. The
results of compressive strengths at 3, 7, and 28 daysesented in Figures 6 and 7.
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Figure 6. Compressive strength value of geopolymer concrete with varyingAS-to-GSB ratio
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Figure 7. Compressive strength value of geopolymer concrete with varying % GGB¥at an AASto-GGBFS ratio 0.50

4.3. Impact of the Ratio of AAS-to-GSB on the Compressive Strength of GPC

A chart of compressive strengths of GPC at 3, 7, and 28 days for fotdAGSB ratios is presented in i 6.
It is seen that the maximum increase in the value of compressive strength is obtaindd&ttexGSB ratio of 0.5.
Fly ash based GPC gives moderate strength.

4.3.1.Effect of GGBFS on Compressive Strength of GPC

To study the effect of GAES content in th&sPC, different proportions of GGBS were appliedkeepingAAS to
GSB ratiofixed at0.50.Figure 7 shows the influence of varying GGBFS on compressive strengths at 3, 7, and 28 days
of curing. The compressivarengthvalues at 28 days were found to increase by 232% and 245% respectively, over
the ordinary (fly ash based) geopolymer concretemw80% and 100% fly ash were replaced by GGBFSur€ig
shows that a 60% replacement of fly ash by GGBFS has increased the compressive strength moderately. The same rate
of gain in strength is almost valid for 40% replacement of fly ash by GGBFS in B&&ever, a sharp rise in
strength has been observed for 80% fly ash replacement by GGBFS. A very marginal rise in strength is observed at
100% GGBFS content in GPThe optimum compressive strength was found at 80% GGBFS content in the GPC.

Fly ash base®PC with zero GGBFS content has yielded @$s compressive strength upto to 88% of 28 days
compressive strength. Addition of GGBFS influences the early strength as compared to the fly ash based GPC as
shown in Figire 7. However as compared to OPC or PR@sed concrete, GGBHY ashbased GPC has also
yielded a high early strength upto-88% of the 28 days strength. No surface cracks were visible after oven curing at
60°C. However, surface cracks caused by the shrinkage of the-adkatited slag comete have been reported by
some investigators [10]. Moderate compressive strength with the participation of slag in GPC at ambient curing has
been reported by some investigators [21, 2538 Accelerated polymerization process among fly ash, GGBFS, and
AAS are predominant at 60°C [25, 39]he higher gain in compressive strength is credited to the greater content of
calcium in GGBFS [35]. The GGBFS mainly contributes to the interaction of hydrates of calcium silicate, calcium
aluminosilicate, and sodiualuminosilicate gels which are accountable for the increase in compressive strength.

4.4. Flexural Strength of GPC

Flexural strength represents the ability of beams to resist failure in benhiegflexural strengths of the
specimens at the end of 28 days are listed in Table 5. The flexural strength was found to be influenced bydghe AAS
GSB ratio in GPC. The flexural strength value of geopolymer conaiigteut GGBFS was obtained maximum at a
AAS-to-GSB ratio of 0.5t is seen from Figre 8 that the optimum value of the flexural strength is obtained at 80% of
GGBFS contentNormally, the compressive and flexural strengths have a strong relationship with each other. The
predicted flexural sength of Portland cememncrete can be obtained by the ACI 318 Building Code [36], an
expression for which can be given as:.

=06 %Y MPa 1)
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Where and are the flexural and compressive stresg{MPa)respectively of GPC at 28 days.The flexural
strength of mosbf the specimens ere found to b&-20% more than the predictééxural strength from Eagation 2
Based on experimental resultise authors present a formdta the estimation oflexural strength oélkali- activated
GGBFS lased geopolymer concrete as:

= 03 3 7x7 %6 74 \Pa )

A comparison of the flexural strengtbbtainedby Diaz-Loya et al. (2011), ACI M3185 (2005) and Nath &
Sarker (2016) 29, 36, 37] wvis. a ure8s The exprasdionsrfoy éstimating fiexural steemgthe d = i
are in terms of compressive strength. It is gbanthe predicted value dekural strength byiaz-Loya et al.(2011)
[29] is givenas = 0.6 9% ¥ whichgiveshighev al ues of flexural strength than
content upto 60% whereas, the same gives lower values of flexural strengths for GGBFS content more than 60% .
However, the expression = 09 3 ¥ obtained from [37] yields higher flexdra s t r engt h t han t
predicted value (Egption2). However, it is obvious that the flexural strength of alealiivatedGGBFS based GPC
is more as compared to OPC based concrete [38].

Table 5.Mechanical properties of GGBFS alkali-activated geopdymer concrete at 28 days.

Mix No. Flexural Strength (MPa) Elastic Modulus (MPa) Split Tensile Strength(MPa) Unit Weight (Kg/m?3)
Mo.40 2.70 10260.00 1.69 2375.70
Mo.as 2.88 12890.00 181 2390.81
Moo 2.97 13950.00 1.90 2404.44
Moss 2.94 13790.00 2.10 2398.52
M20.50 4.04 20200.00 20.20 2411.56
Mao.50 5.10 24500.00 22.50 2467.56
Méeo.50 5.75 26980.00 23.98 2489.19
Mgo.s0 6.98 31280.00 26.72 2593.78
M100.50 7.02 30750.00 26.75 2546.37

o MO0.40 ¢ MO0.45 A MO0.50 % MO0.55
M20.50 M40.50 o0 M60.50 A M80.50
x M100.50 ©— Nath & Sarker 2017 O— ACI 318 Building Code —a— Diaz-loya et al. 2011
Proposed
10.00
9.00 o 0
8.00 PeS
® 7.00 o A X
2 o A
< 6.00 @
o 5.00 0
17 o3 g A o
TE 4.00 Lod i ]

S &

X

s 3.00

: b A
2.00
1.00
0.00
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00
Compressive strength (MPa)

Figure 8. Comparison of measured flexural strengths of fly ash/GGBF&lkali-activated geopolymer concrete with
published research and Codal values

1044



Civil Engineering Journal Vol. 7, No. 06 June 221

4.5. Modulus of Elasticity of GPC (MOE)

A comparison of the elastic modul ulymerocéneréteid pesenteddin” 1 y
Figure 9. The elasticmodulus valueshowa rising trendvhenthe AASto-GSB ratio wasincreasedup to 0.50. The
modulus of elasticity values are compared with the predicted elastic mafdBbrtland cement concrete B\CI
Building CoHKIeP [Mbde lan@ode” [39]. The elastic modulus o
estimated as:

=84 820 )3 MPa. )

Whereg E: is the static elastimodulus(MPa) of Portland cement concrete at 28 days. AA@#Building Code[36],
the expression for estimating static elastic modulus of Portland cement concrete (bulk density between 2375 to 2593
Kg/m?®) can be given as:

=00 4 315 x 05 MPa. 4)

Where w; is the bulk density (kg/m?). As shown in Figre 9 , the authors?’ experiment al
elasticity value is lower as compared to the modulus ofiellysestimated by Egations 3and4.

The experimentally deterimed values of elastic modulus were also compavigd those obtained frorhee and
Lee (2013)[10], where the expssion for elastic modulus given as = 5 3 @ 0)3. Elastic modulus values as per
Leeand Lee (2013) 1 0] were found t o éxperinhenta) vakies fot GGBRES contert upto d@%h or s °’
whereas,dr GGBFS content more than 5080GPC, lower than the experimental values of elastic modulus are shown
(Figure 9). The elastic modulus values obtainedl®e et al. (2013), Hu et al. (2019) and Sofi et al. (2018) 28,
40]. Theywerealso found to be lower than the values obtained fA@hM318-05 and CEBFIP Model[36, 39]. It is
understoodthat the astic modulus of GPC with high GGBFS content is more as compared to the GPC without
GGBFS content. The reason for higher modulus of elasticity can be attributed to the increased production of the
hydrates of calcium silicate and calcium aluminosilicats.gehese calcium compounds are produced in abundance as
compared to the hydrate of sodium aluminosilicate gel in a highly GGBFS content GPC which causes higher elastic
modulus. Some more researchers have also observed that the increased quantity of i@&RBESsithe elastic
modulus value of GPC [25, 28, 41].

Based on experimental results, a formula for the estimation of static elastic modulus of alkali aGivBfe8
basedGPCis proposed as:

=16 10 °%64MPa. (5)
O MO0.40 © MO0.45 MO0.50 x MO0.55
M20.50 M40.50 + M60.50 = M80.50
% M100.50 CEB-FIP Model Code 95 ACI 318 Building Code Lee & Lee 2013
Proposed
60000.00
50000.00
i~
o
£ 40000.00
2
3]
'.(7) -
S 30000.00 X
(O]
— +
° o
3
= 20000.00 ///
3 5
g /
> O
10000.00 O
0.00
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00
Compressive strength (MPa)

Figure 9. Comparison of measured modulus of elasticity of fly ash/GGBFS based geopolymer concretehwither published
research and Codal values
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4.6. Split Tensile Strength Test

The split tensile strength of GPC is known to have related to some aspects of crack initiation and propagation in
the concrete structur@he split tensile strength shows a risitignd when the content of GGBFS was increased
keeping a constant AAS/GSB ratio 060.n alkali-activatedGGBFS based geopolymer concrete. Predicted splitting
tensile strengthfém) of Portland cement concrete as per GHB Model Code 95 [39] andCl 318 Building Code
[36] respectively, are given by

= 0.3 3(5)%3 MPa. (6)

=056 )°®% MPa. (7)

wherefum andfiare the mean tensile strength value and tensile strength value of concretegd, 28spectively.
Anotherstudyby Lee and Lee (2013)1L0] showed that the splitting tensile strengtiue of alkali-activatedGGBFS
based geopolymer concrete was 0.45 times the square root of its compressive &eeggtiton experimental results
(Figure 10), a formula for estimating the splitting tensile strengthal@li-activatedGGBFS based geopolymer
concrete is proposed as:

= 0.1 0(8)°8 6 MPa. 8

As shown in Figre 10, the experimentally obtained splitting tensile strength value is lower than the value
predicted byACI M318-05 and CEBFIP Model[36, 39 for Ordinary Portland cement concrete. Bat the sample
mix Mgosoand Mo sothe obtained splitting tensile value are more than the values obtained from [36]. The split tensile
strength values founbly Lee et al. (2013), Hu et al. (2019) and Sofi et al. (2013) 28, 40] Theywerealso lower
than theACI M318-05 and CEBFIP Model[36, 39] predicted values obtained fromuatjons 6 and . However, the
split tensile strength values calculated according.ée and Lee (2013J10] were higher than the presented
experimental values up to 50% GGBE@htent, but those were lower than firesent experimental values fmore
than 50% GGBFS content in GPC as shown iufggo.

O MO0.40 © MO0.45 A MO0.50 x  MO0.55
M20.50 M40.50 + M60.50 A M80.50
% M100.50 CEB-FIP Model Code 95 ACI 318 Building Code Lee & Lee 2013
Proposed
7.00
6.00
— A X
§ 5.00
= +
§ 4.00
K
2
g 3.00 '
= -
=1
2.00 0&
1.00 O
0.00
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00
Compressive strength (MPa)

Figuel0.Compari son of present measured splitting tensile streng
other published results and Codal values

5. Conclusiors

In this study, an attempt has been made to develop -aliatedground granulated blagurnace slagGGBFS)
basedgeopolymer concretef considerable higktrength The achievement of this strengthaisributedto the alkakh
activated solution (AABcontaining hydroxide and silicate solutions of sodauml GGBFSInvestigation of strength
and workability revealed the following facts.
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1 Increased quantity of GGBFS reduces the workability but increased-t8.&%B ratio increases the
workability of the geopolymer concrete.

1 Increased AAS0-GSB ratio infly ash basedPC contributes to the increased strength. However, an increase
in the ratio beyond 0.5 does not bring any appreciable change in strad@ho-GSB ratio of 0.50 yields
maximum compressive strength value in the fly ash based GPC.

9 Substantial improvemerin the mechanical properties of GPC is attained wiith increased content of
GGBFS.It is seen that 80% GGBFS content in GPC has produced maximum strengtiseTinestrength in
GPC having more than 80% GGBFS content is negligible.

1 GPC when cured at 8CC for 24 hours attains high early strength upte88% of the 28 days compressive
strength.

91 Empirical formulae have been proposed to estimatefléxeral strength, elastic modulus and split tensile
strengthin terms of compressive strength @PC curedat 60C for 24hrs. It is expected that these formulae
will be helpful for the concrete technologists.

The present paper has strived to bring out a somewhat novel concrete material, based on ground granulated blast
furnace slag and alkadictivated solutin that possesses substantial mechanical properties wilidangtthe industrial
wastes.It is expected that this concrete material will find its wide applicability as structural concrete. It would be
useful much more in areas where mixing water is nail@bvle.

6. Abbreviations and Nomenclature

AAS: alkali-activated solution CA: Coarse aggregate

FA: Fine Aggregate GGBFS: Ground granulated blast furnace slag
GLB: Geopolymer liquid binder GPC: Geopolymer concrete

GSB: Geopolymer Solid binder OPC: OrdinaryPortland cement

PPC: Portland Pozzolanic cement PSC: Portland slag cement
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