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This study mainly investigated the tensile and cracking features of ash alkali
activated concrete with different slag-fly ash proportions and low NaOH
concentrations cured at ambient temperature. High-molarity NaOH leads to risk
and is costly, whereas, in field conditions, heat curing is difficult. Therefore, in
this study three mixes (mix-A, B and C) were developed using 0/100, 20/80,
40/60, 60/40, 80/20, and 100/0 slag-fly ash proportions in this study. Sodium
hydroxide (SH) and sodium silicate (SS) were used as activators and
concentrations of sodium hydroxide were used as 1M, 2M and 4M in mixes A, B
and C respectively, but alkaline ratio (SS/SH) was fixed as 1.5 in all the mixes.
Slump, and strength aspects (compressive, split tensile, and flexural) were
evaluated. The tensile (tensile strength, tension stiffening) and cracking
characteristics (crack spacing, crack width) were evaluated under uniaxial
tensile loading on reinforced prismatic members. From test outcomes,
workability in terms of slump of the composites decreased with increased
percentage of slag or granulated blast furnace slag (GGBFS) in the total binder,
but the tensile (tensile stress and tension stiffening effect) and compressive
strengths increased with increasing percentage of GGBFS. Better cracking
properties (i.e, minimum crack widths and reduced crack spacings) were
observed when the mixes contained higher percentages of GGBFS. The obtained
crack spacings were correlated with CEB-FIP model code, and existing research
studies. The crack spacings obtained in this study are consistent with CEB-FIP
model code. Finally, this study demonstrated that when slag-fly ash alkali
activated concretes were prepared with solutions containing low NaOH
concentrations and cured at room temperature (ambient), there was an increase
in the strength and cracking properties with higher percentages GGBFS.

© 2024 MIM Research Group. All rights reserved.

1. Introduction

Sustainability and environmental issues are currently the need-of-the-hour in every aspect
of development. In this context, utilization of industrial byproducts like fly ash, GGBFS, rice
husk ash, Meta kaolinite, etc., play an important role in geopolymer concrete (GPC) and
alkali activated concretes (AAC). GGBFS exhibits pozzolanic behaviour and good binding
properties in base media with low heat of hydration, and it gives better mechanical and
excellent durability characteristics [1]. But there were setting time and workability
problems with this slag-based alkali activated concrete (SAAC) [2,3]. However, SAAC is a
high brittle material due to the higher volume of GGBFS. This leads to development of
shrinkage cracks and microcracks. The inclusion of low-calcium fly ash as a binder result
in less strength under ambient curing conditions [4]. Curing condition plays very
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prominent role in development of hydration and strength properties in fly ash-GGBFS
alkali activated concretes [5]. Using low concentrations of NaOH instead of high levels of
sodium hydroxide for concrete production can reduce the risk and cost associated with it.
The NaOH solution molarity plays the prominent role in dissolution of compounds present
in source materials such as alumina and silica [5,6]. Alkaline ratio (AR) plays an important
role in strength development. High alkaline ratios lead to an uneconomical mix, and a low
alkaline ratio leads to poor mechanical strength [6-8]. In the context of sustainability and
environmental issues, industrial byproduct like fly ash, and GGBFS play an important role
in the preparation of alkali activated geopolymer concrete [9]. As the increase of GGBFS
and NaOH concentration, the workability of alkali activated concrete (AAC) decreases and
setting times of AAC increased [3, 10-12]. The strength properties of alkali-activated fly
ash-slag concretes (AAFSC) increase effectively with increasing slag (GGBFS) and sodium
hydroxide molar concentrations, as well as decreasing the solution to binder ratio [10-12].

Knowledge of the tensile behaviour of reinforced concrete (RC) is required for a thorough
knowledge of a structure's behaviour under normal and severe situations. In predicting
the tensile behaviour of RC prisms, the tension stiffening effect has been extensively
utilised [13-18]. All tension at a cracked part of a RC member is sustained by
reinforcement. Bond action, however, effectively stiffens the member response and lowers
deflections by allowing the concrete to continue to transmit tensile loads between the
cracks. This phenomenon, referred to as "tension stiffening," and is essentially to account
for the presence of average tensile stresses over zero in cracked concrete [19]. Gribniak et
al. [20] developed a stochastic technique for tension stiffening assessment. The behaviour
of components made of reinforced concrete under flexure does not necessarily match the
tension-stiffening relationship shown in the uniaxial tension test [21-23]. Tension
stiffening is crucial for controlling beam deflection [24]. It can be used to estimate multiple
crack spacings and crack widths [21,24]. The tensile stress of concrete is reduced
marginally by raising the reinforcement ratio. Transverse tensile cracking formed under
higher steel stress in specimens having large cross sections [25]. Abdulrahman et al. found
that geopolymer concrete has comparable tension-stiffening member behaviour as OPC
concrete [26]. Cracks have a prominent effect on serviceability, good looking, and load
transfer. A concrete member can easily crack due to its low tensile strength. The
experiments gave a wide variety of data utilised to assess cracking characteristics in order
to construct empirical equations used in the CEB-FIP Model Code, Eurocode-2, and Marti
etal. [17,27,28]. Cracking aspects of reinforced concrete affected by the tension stiffening
behaviour between the cracks. The increased tensile stiffness also helps reduce the crack
width [29,30]. Tension stiffening significantly affected by the shrinkage [30]. But shrinkage
did not influence the measured crack widths when crack spacing and strain between steel
and concrete are related [30,31]. Compared to OPC concrete, geopolymer concrete
exhibited higher first cracking loads and had less effect on the shrinkage of geopolymer
concrete and also shrinkage effects do not need to be considered in GPC [32]. Even though
several investigations were carried out on research on alkali-activated binders, in most
studies, high molarity NaOH concentrations and heat curing conditions were preferred to
study the structural behaviour of the concrete member. But high-molarity NaOH leads to
risk and is costly, whereas in field conditions, heat curing is difficult.

2. Research Significance

From the existing literature, it is evident that most of the research studies are focused on
fresh, mechanical, and durability characteristics GPC and AAC. Even though many studies
have also reported on tensile and cracking characteristics of conventional concrete (OPC)
but very few investigations are available on tensile and cracking characteristics of alkali
activated and/ or geopolymer concretes. Even though several investigations were carried
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out on research on alkali-activated binders, in most studies, high molarity NaOH
concentrations and heat curing conditions were preferred to study the structural
behaviour of the concrete member. But using a solution with such a high NaOH
concentration and high alkaline ratio is risky as well as costly. To overcome these
problems, there is a need to develop alkali activated concretes that can be cured in the field
using low molarity solutions. Hence, this study mainly emphasizes the tensile (strength)
and cracking characteristics of FSAAC with different replacement levels of GGBFS-fly ash,
prepared with low concentrations of NaOH in an alkaline solution under ambient curing
conditions.

3. Experimental Investigation
3.1. Materials

In this investigation GGBFS and fly ash were used as binders. JSW Cement, Warangal
provided the GGBFS, and a Ramagundam thermal power station in Telangana provided the
class-F fly ash. The quantity and type of GGBFS were confirmed in accordance with IS
12089-1987 [33], while the fly ash was confirmed with IS 3812-1981 [34]. Fine and coarse
aggregates were used in this study and confirmed with IS 383-1970 [35]. Physical
characteristics of GGBFS, fly ash, fine aggregate, and coarse aggregate are mentioned in
Table 1, whereas the chemical composition of GGBFS and fly ash is reported in Table 1. The
ideal fine-to-coarse aggregate proportion for mixes B and C has been chosen as 45%:55%
of overall aggregate volume and 30%:70% for mix A. Conplast SP430 superplasticizer (SP)
(Fosroc Chemicals) was employed in this study, and this SP conformed with IS 9103-1999
[36] and dosage of SP used reported in Table 3. The alkali activator was a mixture of
sodium hydroxide (NaOH) and sodium silicate (NazSiO3) solutions. In mixes A, B, and C,
sodium hydroxide pellet concentrations of 1M, 2M, and 4M were employed, respectively.
A constant Alkaline Ratio of 1.5 was adopted in wholly mixtures, as determined in earlier
investigations [2,6,37].

Table 1. Physical and chemical features of GGBFS, fly ash, and aggregates

Physical and Chemical GGBFS Fly ash Fine Coarse
features aggregate aggregate
Ca0 (%) 34.21 1.82 - -
Si0z + Al203 (%) 53.86 88.85 - -
Fe203 (%) 0.80 4.22 - -
S03 (%) 0.90 0.37 - -
MgO (%) 7.77 1.03 - -
Other (Naz0 + LOI) (%) 0.51 1.07 - -
Density (kg/m?3) 1300 1200 1650 1700
Specific gravity 2.90 2.11 2.63 2.73
Specific surface area (m?/kg) 355 450 - -

3.1. Materials

The current study took three mixtures into account, they are known as Mix A, B, and C. Mix-
A, Mix-B and Mix-C have been developed using 0/100, 20/80, 40/60, 60/40, 80/20, and
100/0 slag-fly ash proportions as binders. The reason for using three different mixes,
different fly ash and GGBFS, and three different molarity NaOH solutions is to achieve at
least three standard grades of concrete (20 MPa, 40 MPa, and 60 MPa). Similarly, different
proportions of fly ash and GGBFS are used to evaluate strength and cracking properties.
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These mix compositions are easier for designers in concrete mix design when low-molarity
NaOH solutions are added. The blending and proportioning were done in two phases. In
the first phase, each mixture (A, B, and C) was incorporated with 0/100% GGBFS-fly ash
proportion. In second phase, in all mixes (A, B, and C), GGBFS was replaced in place of fly
ash at an interval of 20%, 40%, 60%, 80%, and 100%. There was an overall total of
eighteen mixtures made. For this mix proportioning, the unit weight of AAC was taken as
2400 kg/m3. The mixture proportioning was calculated using that unit weight, which was
derived from earlier research [2,37]. The mixing process of AAC is the same as
conventional concrete [11,12]. Mix proportioning particulars are reported in Table 2.
Following blending, mixes were employed to test the workability. After being removed
from the moulds, the specimens were kept to remain at room temperature for curing.

Table 2. Mix proportioning details

Alkaline solution

. Binder (B) (s) Aggregates o Molar  S/B
< GGB  Fly NaOH NazSiOs Fine Coarse (%) i rati
FS ash  solution solution aggregate  aggregate M) )
(kg) (kg (kg) (kg) (kg) (kg)
- 300 66 99 581 1354 6 1 0.55
60 240 66 99 581 1354 6 1 0.55
A 120 180 66 99 581 1354 6 1 0.55
180 120 66 99 581 1354 6 1 0.55
240 60 66 99 581 1354 6 1 0.55
300 - 66 99 581 1354 6 1 0.55
- 400 72 108 819 1001 6 2 0.45
80 320 72 108 819 1001 6 2 0.45
B 160 240 72 108 819 1001 6 2 0.45
240 160 72 108 819 1001 6 2 0.45
320 80 72 108 819 1001 6 2 0.45
400 - 72 108 819 1001 6 2 0.45
- 400 80 120 810 990 6 4 0.50
80 320 80 120 810 990 6 4 0.50
C 160 240 80 120 810 990 6 4 0.50
240 160 80 120 810 990 6 4 0.50
320 80 80 120 810 990 6 4 0.50
400 - 80 120 810 990 6 4 0.50

3.4 Tests Performed

To measure the workability of freshly mixed concrete, a slump test was conducted. This
slump test was performed as per the Indian standard IS: 7320 [38]. The compressive
strengths of concrete cubes (100 x 100 x100 mm) were evaluated using the Tinius-Olsen
Testing Machine (TOTM) at 7 and 28 days of curing as per the Indian standard: 516-1959
[39], and its capacity is 2000 kN. For the split tensile strength, a test on a cylinder (100 mm
dia. And 200 mm height) was also performed on the same equipment. A three-pointloading
test on prisms (500 x100 x 100 mm) was done for flexural strength according to ASTM C
293-02 [40]. Corresponding test diagrams were presented in Fig.1(a). Reinforced concrete
prismatic specimens of size 600 x 60 x 60 mm were used in this study to explore the tensile
and fracture properties. The specimens were subjected to uniform tension loading in a
UTM with a capacity of 200 kN. Two linear variable differential transducers (LVDT) were
mounted on opposite faces of the concrete prism. The entire test setup is shown in
Figs.1(b) and 1(c). The change in axial length (deformation) was measured using these
LVDTs. The signals received by the LVDTs were recorded using a DAQ device. Cracks and
their formations were observed during the test, and crack spacing was measured for every
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1 kN increment of load. The test was continued until the steel bar yielded. During the test,
crack widths were observed and measured at every 10 kN load. Maximum crack width
values were measured on all surfaces. To establish realistic bar response, the study also
tested a bare steel bar under similar loading conditions.

— > Rebar

LvVDT’S

Concrete
prism

(b) (©)

Fig. 1. (a) cube, cylinder and prism testing (b) Uni-axial tension set up (c) Reinforced
concrete prism with steel bar under uni-axial tension

4. Results and Discussion
4.1 Workability

Figures 2(a) and 2(b) illustrated the workability of mixtures in terms of slump values and
reduction in slump in percentages. From Figs. 2(a) and (b), in all mix combinations, Slump
values increased when fly ash was substituted with GGBFS from 0% to 100%. This
indicates increasing workability. Earlier investigations also revealed that as the increase
of GGBFS and NaOH concentration, the workability of AAC decreased [3,9,12]. This may
due to the GGFBS particles have irregularly shaped and edged surfaces, while fly ash
particles typically have round and smooth silt-sized particles. Hence, these small glass balls
improve the flow and efficiency of fresh concrete as fly ash content increased. The highest
decrement rate in mix-C was observed compared to mix-B and mix-A composites. From fig.
2(b), when the GGBFS percentage was increased from 0% to 100%, slump values
decreased by 54.17% in mix A, 60.17% and 63.54% in mix B, C respectively.
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Fig. 2. (a) Workability of mixtures in terms of Slump values, 2(b) Reduction in slump in
percentages with 100% fly ash (0/100 - GGBFS/Fly ash combination)

4.2.1 Compressive Strength

In Figs. 3(a), and (b) the 7-day and 28-day compressive strength results of all mixes are
shown. The compressive strength values increased when the GGBFS content was increased
from 0% to 100% in all mixes. In this study, maximum compressive strengths were
achieved after 28 days curing in mix-A, mix-B, and mix-C at 100% GGBFS and 0% fly ash
content, which are 27.03 MPa, 49.51 MPa, and 65.81 MPa in mix-A, B, and C respectively.
Previous research has also indicated that GGFBS increases compressive strength, which
may be attributed to the high calcium levels present in GGBFS [3,9-12]. But the obtained
compressive strengths decreased as the fly ash content increased. This may due to the
inclusion of fly ash reduces the Si/Al ratio in the mixture, indicating that determining the
relative quantities of Al0* and SiOs generated in the geopolymer gel and determining the
quantity of Si contained in the combination results in a low silicon/aluminum ratio that is
associated with mixing with a high fly ash content. The compressive strength generally
decreases as the Si/Al ratio decreases. The decrease in compressive strengths may due to
the lower NaOH concentrations and provided curing conditions (i.e., ambient curing) in
this study. The NaOH solution molarity plays the prominent role in dissolution of
compounds present in source materials such as alumina and silica [5,6]. To obtain better
geopolymerization, heat or high temperature curings are required when high fly ash levels
are present in the mixes. But in this study all samples were cured at room temperature
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only. The method of curing is also playing an important role in the geopolymerization
process [3,5].

S 70 - uMIX-A 7 Days curing

s = MIX-B

= 007 | smiIX-C
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Fig. 3. Compressive strength values at various GGBFS and Fly ash proportions in mixes
at: (a) 7 Days curing, (b) 28 Days curing

#MIX-A BMIX-B ©OMIX-C

2 1,0 1

£

c

2 08

@

S >

28 06 1

58

£ 204

°A

S

N~ 02 -

©

E g

S 00 S
0/100 20/80 40/60 60/40  80/20  100/00

GGBFS/Fly ash

Fig. 4. Normalized compressive strengths (7 Days compressive strengths w.r.t 28 Days
compressive strengths)
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4.2.2 Early and Later Gain Strengths

The 7-day compressive strengths of all mixes are comparable to 28-day compressive
strengths as depicted in Fig.4. When 100% GGBFS was used as a binder (reference mixes),
most mixes gained 80%-90% of their total strength at an early age (at 7 days). Among all
the mixes, the initial strength reduction percentage is the lowest in mix-C. Compared to
mix-B and mix-C, the initial gain strength reduction percentage in mix-A was observed to
be higher. Up to 2/3 of the initial strength was observed when GGBFS content of 60% was
used in B and C mixtures, but not in the case of mix-A. This is because the reactivity of the
alkaline solution with GGBFS content is higher at an early age than the reactivity of the
alkaline solution with fly content, and huge amount of fly ash content slows down the
hydration process, whereas GGBFS enhances the hydration process and reactivity.

4.2.3 Split Tensile and Flexural Strength

In Fig. 5, split tensile strength results for all mixes are shown. In all the mixes, as GGBFS
increased, split tensile strengths increased. Split tensile strengths increased greatly as
GGBFS in all mixes increased from 0% to 100% and the increment rate was very high at
specimens having 60%, 80%, and 100% of GGBFS. However, these split tensile strengths
decreased as fly ash in all mixes increased from 0% to 100% and the decrement rate was
very high at 60%, 80%, and 100% fly ah containing specimens.

g 507 emMixa
= = MIX-B
g 401 [=MIX-C
-]
2 3.0
E
< 2.0
&
< 1.0 A
&
0.0 -
0/100 20/80 40/60 60/40 80/20 100/00
GGBFS/Fly ash
Fig. 5. Split Tensile strength values
= MIX-A
< 07 | mMIX-B
& #MIX-C
=
= 401
&
2 3.0 A
£
= 2.0 -
E
Z
= 1.0
0.0 A

0/100  20/80  40/60  60/40  80/20  100/00
GGBFS/Fly ash

Fig. 6. Flexural strength values
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In Fig. 6, the flexural strength results of all mixes are shown. As GGBFS content in all mixes
increased from 0% to 100%, the flexural strength values increased. Diaz Loya et al. [41]
also found that flexural strength values are higher for GGBFS content. But with the addition
of 0%-40% GGBFS, flexural strength values decreased drastically, and the decrement rate
was higher. Similar kind behaviour was reported by Sofi, M., et al. [42].

4.3 Tensile Behavior (Load-Member Strain Response)

To know the tensile behavior of specimens, first record the load displacement response.
From this, the load-member strain response was obtained. The yield load and the first
crack load were recorded and tabulated. The measured values first crack load, yield load
and crack spacing are presented in Table 3. Similarly, average crack spacings, obtained
from the present experimental study and various codes and previous studies, are given in
Table 3. The first crack loads are increased as the GGBFS increased. From Table 3, in the
mixes A, B and C yield loads in steel are slightly closer at 80% and 60% of GGBFS. This
implies that fly ash and GGBFS combination increases the member's yield load carrying
ability of steel bar when the member is in crack stabilization stage and after the first crack
formation in the member.

Table 3. First Crack Loads, Yield loads and Crack Spacing details

Average crack spacing (mm)

Speci First Tidg CEB G
pecimen oa - . .
designation (Mix- clracdk in Marti et FIB Kaklaus ri);iigll tlj;:;f/
GGBFS/Fly Ash) (iaN) steel  al [23]  Model  Kaset poaac oo
(kN) (OPQ) [32] al. [34] ) cracks
(OPC))  (OPQ)

A-00/100 570 4150 11211 83.33 90.51 85.44 5
A-20/80 474 4260 11211  83.33 90.51 81.07 6
A-40/60 610 4311 11211  83.33 90.51 78.21 7
A-60/40 876 4550 11211  83.33 90.51 74.61 7
A-80/20 885 4650 11211  83.33 90.51 74.07 7

A-100/00 9.80 47.00 11211  83.33 90.51 72.25 6
B-00/100 526 4050 11211  83.33 90.51 83.10 6
B-20/80 611 4386 11211  83.33 90.51 80.76 6
B-40/60 9.40 4450 11211  83.33 90.51 78.35 7
B-60/40 1230 4596 11211  83.33 90.51 75.99 7
B-80/20 13.20 4550 11211  83.33 90.51 75.21 7
B-100/00 13.40  48.00 11211  83.33 90.51 73.32 7
C-00/100 556 40.70 11211  83.33 90.51 83.43 7
C-20/80 830 4398 11211  83.33 90.51 80.67 6
C-40/60 1050 45.00 11211  83.33 90.51 77.50 6
C-60/40 12.50 4650 11211  83.33 90.51 72.40 6
C-80/20 13.20 46.65 11211  83.33 90.51 71.51 7
C-100/00 1513 49.13 11211  83.33 90.51 70.12 7

Figs. 7 (a), (b), and (c) illustrate the deformation response of the axis load member and a
bare steel bar of mix-A, B, and C. The behaviour of the members is in starting linear as well
as elastic until cracks appear in the concrete. After member develops cracks, the concrete
contribution (average stress) decreased with increasing strain as more cracks form till
cracking process stabilizes. Tension stiffening effect is slowly decreases after the crack is
stabilized. Once the crack has stabilized, stiffness of members gradually decreased. The
behaviour between cracks has the greatest influence on the tension stiffening of
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conventional concrete [19]. After cracking, it can be observed that mixes having 100%-0%
and 80%-20% GGBFS-fly ash exhibit more tension stiffening effect behavior than
remaining mixtures. Similarly, all mixes also exhibited some desirable tension stiffening
behavior when up to 60% of GGBFS was replaced. But when more than 60% of GGBFS was
replaced, this tension-carrying capacity between the cracks was severely reduced. The
reason for this is that as the fly ash increases, bonding between aggregates and the binder
in the mixture decreases due to the better geopolymerization not achieved in the presence
of small NaOH concentration and room temperature. Due to this, the bonding between
concrete and steel can also decrease. Previous studies indicated that tension carrying
capacity between cracks of concrete based on bond that occurred among concrete and
steel; in relative to crack spacing, it established as per member cracks [29-31]. Tensile load
carrying capacities at first crack load at different fly ash to GGBFS ratios, i.e.,, 0/100, 20/80,
40/60, 60/40,80/20, and 100/0, while in Mix-A were 5.70 kN, 4.74 kN, 6.10 kN, 8.76 kN,
8.85 kN, and 9.80 kN, while in Mix-B were 5.26 kN, 6.11 kN, 9.40 kN, 12.30 kN, 13.20 kN,
and 13.40 kN, and in Mix-C 5.56 kN, 8.30 kN, 10.50 kN, 12.50 kN, 13.20 kN, and 15.10 kN
were observed, respectively. Similar results were observed in this study when compared
with the studies of Albitar [32] and Ganesan et al. [45, 46]. In the Albitar [32] study, the
first crack load was observed at 11.56 kN in fly ash-based GPC with a compressive strength
of 35 MPa. Ganesan et al. [45] observed at 10 kN in plain fly ash-based GPC (FGPC) of M40-
grade concrete. Ganesan et al. [46] study observed first crack load at 12.7 kN in plain fly
ash and GGBFS-based GPC containing M40-grade concrete. In the present study, specimens
that achieved 40 MPa compressive strength had a first crack load of 12.30 kN, 13.20 kN,
and 13.40 kN in 60/40, 80/20, and 100/0 fly ash and GGBFS proportions of Mix-B mixes,
respectively, and 12.50 kN in 60/40 fly ash and GGBFS proportions of Mix-C mixes. From
this, it can be understood that fly ash and GGBFS combinations give better results than
100% fly ash specimens cured at room temperature. Similar behavior was observed in
yield load as well.

In all mixes, whenever the GGBFS was rose to 80%, the load transfer of concrete among
cracks was slightly similar compared to reference mixes (mixes having 100% GGBFS).
When 0% GGBFS was used, all the mixes showed very low tensile strength, this may be due
to the use of low concentrations of alkaline activated solution in the mixes and the lack of
heat curing. Indeed, heat curing of concrete activated with fly-ash-based alkalis is essential
for good polymerization [6]. But in our study, all the samples have been cured by ambient
curing. As a result of the low concentration of the alkaline solution and the absence of heat
curing, better hydration is not achieved at higher levels of fly ash contents. Tension
stiffening effect was not effectively visible in A-mix compared to other two B and C mixes,
since mix-A having low grade of strength of mixes. The tension stiffening capacity is more
visible in members with a lower reinforcement ratio and higher concrete strength [43].
Mixes A, B, and C having 100%-0% and 20%-80% GGBFS-fly ash combinations showed
slightly better tension stiffening effect compared to other mixtures.

Figures 8 (a), (b), and (c) demonstration the tensile stress in concrete over member strain
of all specimens. It is evident that among all mixes, the specimens with high GGBFS gave
better tensile stress values compared to those with lower GGBFS. In the mixes A, B and C,
specimens having 100% GGBFS showed highest tensile stress values. Similarly, specimens
with 80% GGBFS also gave better values; this is due to better bonding between concrete
and steel. Bond effects were primarily responsible for the tension stiffening effect in
cracked R.C. members [29-31].

10
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The maximum tensile stress of concrete in specimens was drastically reduced as the fly ash
increased from the 0% to 100%. The maximum tensile stress of concrete at different fly
ash to GGBFS ratios, i.e., 0/100, 20/80, 40/60, 60/40, 80/20, and 100/0, while in Mix-A
were 0.93 MPa, 1.63 MPa, 2.39 MPa, 2.40 MPa, 2.6 MPa, and 2.41 MPa, while in Mix-B were
1.19 MPa, 1.80 MPa, 2.56 MPa, 3.46 MPa, 3.71 MPa, and 3.76 MPa, and in Mix-C 1.48 MPa,
2.14 MPa, 2.93 MPa, 3.52 MPa, 3.74 MPa, and 4.27 MPa were observed, respectively.
Similar results were observed in this study when compared with the studies of Albitar [32]
and Ganesan et al. [45, 46]. In the Albitar [32] study, the maximum tensile stress in concrete
of 2.83 MPa was observed in fly ash-based GPC with a compressive strength of 35 MPa.
Ganesan et al. [45] observed 2.5-3 MPa maximum tensile stress in plain FGPC of M40-
grade concrete. Another Ganesan et al. [46] study observed 3-3.5 MPa maximum tensile
stress in plain fly ash and GGBFS-based GPC containing M40 grade concrete. In the present
study, specimens that achieved 40 MPa compressive strength had the maximum tensile
stresses in concrete: 3.46 MPa, 3.71 MPa, and 3.76 MPa were observed in 60/40, 80/20,
and 100/0 fly ash and GGBFS proportions in Mix-B mixes, respectively, and 3.52 MPa in
60/40 fly ash and GGBFS proportions in Mix-C mixes.
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Fig. 8. Tensile stress in concrete vs Member strain at different GGBFS/Fly ash
proportions (a) Mix-A, (b) Mix-B, and (c¢) Mix-C
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4.4 Bond Factor or Tension Stiffening Bond Factor

In this investigation, bond factor (BF) is calculated by taking the ratio of average load
carried by the cracked concrete to load carried by concrete at first crack. It is represented
by “B“ and its value generally varied between 0 to 1. In some cases, it may greater than 1.
Better bond factor reveals that the better the member stiffness during the cracking of the
member.

The bond factors of all mixes over member strain represented in Figures 9 (a), (b), and (c).
In this context, if the bond factor is higher, which indicates that member stiffness is also
higher, when compared to the remaining proportions in all the mixes, those mixes with
100% and 80% GGBFS content exhibited better bond factors. This indicates that the as the
inclusion of fly ash in mixes, brittleness of member is decreased and enhance slightly the
tension stiffening properties some extent. This is due to better bonding between concrete
and steel. Since bond effects were primarily responsible for the tension stiffening effect in
cracked R.C. members [29-31]. The bond factors dropped as fly ash content increases
beyond 20%. This is due higher levels fly ash contents required better curing conditions
and high molarity NaOH solutions. But in this investigation ambient curing and low
molarity NaOH solutions are adopted.
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Fig. 9. Bond factor vs Member Strain at various GGBFS and Fly ash proportions (a) Mix-A,
(b) Mix-B, and (c) Mix-C

The average bond factors improved as GGBFS content increased in all mixes. Among all the
mixes, mix-C showed better average bond factor; these specimens indicated that there was
better tension carrying capacity between the cracks after the first crack occurred.
Similarly, all the mixes A, B, and C specimens having 60%-100% GGBFS had better bond
factors and showed almost identical values at certain member strains. Mix-C specimens
exhibited better average bond factors than mix-B and mix-A specimens, and mix-B
specimens exhibited better average bond factors than mix-A. Overall, in all the mixes, the
tension stiffening factor, or bond factor, varied from 0 to 1. Similar kinds of tension
stiffening behaviour between the cracks (tension stiffening bond factor) were observed in
this study when compared with the studies of Albitar [32] in fly ash-based GPC with a
compressive strength of 35 MPa and plain FGPC of M40-grade concrete and plain fly ash
and GGBFS-based GPC containing M40-grade concrete in Ganesan et al. [45, 46]. In Albitar
[32] and Ganesan studies, the bond factors exist between 0 and 1. In Ganesan et al. [45, 46]
studies, specimens having fly ash and the GGBFS combination exhibited better bond factors
(tension stiffening behaviour between the cracks) compared to specimens having only fly
ash. Similarly, in this study, specimens with fly ash and GGBFS combinations also exhibited
better bond factors. Since better synergy existed between fly ash and GGBFS compared to
fly ash as a sole binder.
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4.5 Cracking Behavior

Cracking behavior is important in the limit state of serviceability of RC members. In this
paper, an attempt is made to obtain a variation in the average crack spacing and the
average maximum crack width as the load on the member increases and during the yield
phase. Fig.10 illustrates the cracks formations and number of cracks of the tested prism.
First crack formation was observed central region of the prism of most prisms, but two
cracks also appeared at the same time in some members. The cracks that developed on all
sides of the member were not uniform. When there is increasing in load, an increase in first
crack width was observed.

Fig. 10. Crack patterns of the specimen

uMIX-A
= MIX-B
uMIX-C
CEB -FIB Model [27] (OPC)
100 4 ® G. Kaklauskas et al. [44] (OPC)

Crack spacing in mm

00/100  20/80  40/60  60/40  80/20 100/00
GGBFS/Flyash

Fig. 11. Crack spacing comparison

Among all the mixes, minimum crack widths and reduced crack spacings were obtained at
100%, 80% and 60% GGBFS percentages. When GGBFS replacement exceeds 60%, both
crack spacings as well as crack widths are increased. Fig.11 showed the average crack
spacing in all the mixes, and these were compared with the CEB-FIB model code [27], as
well as with proposed crack equations from G. Kaklauskas et al. [44]. The obtained values
underestimated the CEB-FIB model code [27] and G. Kaklauskas et al. [44] equation some
extent. But the variation observed between present experimental code and existed CEB-
FIB model code [27] and G. Kaklauskas et al. [44] equation is below 10%. Ganesan et al.
[45, 47] also reported that crack spacing for plain GPC consistent with CEB model code.
Among all mixes, mixes containing 60% to 100% GGBFS had small crack spacing. This
indicates that these mixes give better results from a serviceability point of view. Reduced
crack spacing is frequently advantageous in terms of serviceability and plastic deformity
aspect [47]. Closer results (crack spacings) were obtained in this study when compared
with the studies of Ganesan et al. [45, 46], plain FGPC of M40-grade concrete, plain fly ash,
and GGBFS-based GPC containing M40-grade concrete.
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Fig. 12. Maximum crack width comparison

Ganesan et al. [45] observed 78.5 mm maximum average crack spacing in plain FGPC of
M40-grade concrete. Another Ganesan et al. [46] study observed 73 mm maximum average
crack spacing in plain fly ash and GGBFS-based GPC containing M40 grade concrete. In the
present study, specimens that achieved 40 MPa compressive strength had the maximum
average crack spacings in concrete: 83.1 mm, 80.76 mm, and 78.35 mm were obtained in
60/40,80/20, and 100/0 fly ash and GGBFS proportions in Mix-B mixes, respectively, and
77.5 mm in 60/40 fly ash and GGBFS proportions in Mix-C mixes.

Fig.12 showed the maximum crack widths of all tested specimens. These crack width
values were minimums in mixes having 100%, 80%%, and 60% GGBFS compared to the
remaining mixes. Reduced spacings and narrow crack widths are obtained, when the
members have 60%-100% GGBFS compared to the remaining mixes. Replacing GGBFS
with fly ash increases workability, reduces brittleness and thereby improves fresh,
strength and cracking properties to some extent. And also, the better bonding between
concrete and steel existed in these proportions. This implies that the synergy between fly
ash and GGBFS binder is greater than the sole binder (fly ash or GGBFS-based). The
obtained crack widths (mixes having 40%-100 % GGBFS) are within permissible limits
specified by CEB-FIB model code [27] and Eurocode-2 [28]. The obtained maximum
average crack widths are closer and more consistent with the results obtained in Ganesan
etal. [45, 46] studies. But underestimated results were obtained by Albitar [32].

5. Conclusions

In this study, fresh, tension stiffening (strength), and cracking characteristics of AAC with
different proportions of fly ash and GGBFS has been investigated. From this study, it was
found that

e The workability of all mixes in terms of slump has decreased with an increase in
GGBFS content in the total binder from 0% to 100%. But slump values decreased
with increased GGBFS. When the GGBFS percentage was increased from 0% to
100%, slump values decreased by 54.17% in mix A, 60.17% in mix B, and 63.54%
in mix C. An increase in GGBFS content from 0% to 100% increased the
compressive, split tensile and flexural strength of the composites under ambient
curing. Due to low concentration of alkaline solution and lack of heat curing, better
hydration is not achieved in mixtures with high fly ash percentages, resulting in low
compressive strength of those specimens. Maximum compressive strength 27.03
MPa in mix-a, 49.51 MPa in mix-B, and 65.81 MPa in mix-C were obtained when
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100% GGBFS as used as binder. Maximum compressive strengths were achieved
after 28 days curing in mix-A, mix-B, and mix-C at 100% GGBFS and 0% fly ash
content, which are 27.03 MPa, 49.51 MPa, and 65.81 MPa in mix-A, B, and C
respectively.

e From the load-member strain response, in most of the mixes, tension stiffening
effect improved as the GGBFS rose from 0% to 100%. Tension stiffening effect is
slightly similar when mixes have 100%-0% and 80%-20% of GGBFS-fly ash
proportions compared to all mixes after first crack. Among all the mixes, mix-C
showed better average bond factor; these specimens indicated that there was better
tension carrying capacity between the cracks after the first crack occurred. In the
present study, specimens that achieved 40 MPa compressive strength had a first
crack load of 12.30 kN, 13.20 kN, and 13.40 kN in 60/40, 80/20, and 100/0 fly ash
and GGBFS proportions of Mix-B mixes, respectively, and 12.50 kN in 60/40 fly ash
and GGBFS proportions of Mix-C mixes.

e  Minimum crack widths and reduced crack spacings were obtained at 100%, 80%
and 60% GGBFS percentages compared to the remaining mixes. This is due to the
improved synergy between fly ash and GGBFS than that of the sole binder (fly ash).
The calculated crack spacings are in good agreement with CEB-FIB model, and the
variations in crack spacings are below 10%.

e Hence, through this study, it can be concluded when fly ash and slag-based alkali
activated concretes were prepared with solutions containing low NaOH
concentrations and cured at room temperature, there was a rise in the tension
stiffening (strength) and cracking properties with higher percentages GGBFS.

e However, from this study, it is recommended that there is a need for a detailed
parametric study to predict equations for cracking and tensile characteristics of
plain and R.C. alkali-activated geopolymer concrete tension members to assess the
structural behaviour of members under ambient curing conditions in any
environmental condition. The bond between steel bar and concrete can also be
considered an influencing parameter in the behaviour of FSAAC.
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