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Abstract 

The present paper explores the experimental study on the influence of steel fibres 
(SF) and polyvinyl alcohol fibres (PVAF) as monofibres on the strength, and cracking 
properties of alkali-activated concrete with varying ground granulated blast furnace 
slag (GGBFS) and fly ash amounts was examined under ambient curing in this study. 
The alkali activator was a mixture of sodium hydroxide (NaOH) and sodium silicate 
 (Na2SiO3) solutions. A molarity of 2 M NaOH solution and a fixed alkaline ratio (AR) 
of 1.5 were used in all mixes. Steel and polyvinyl alcohol (PVA) fibres were employed 
as monofibres. Steel fibres were added in 0.5%, 0.75%, and 1.00% volume fractions, 
whereas PVAF were added in 0.15%, 0.30%, and 0.45% volume fractions. In this study, 
a compressive strength test was performed; furthermore, a uni-axial tension test 
on reinforced concrete prisms was performed for tensile (first crack load, yield load, 
tensile stress in concrete, and tension stiffening effect) and cracking (crack spacing 
and crack width) properties. From the test results, better improvements in compres-
sive strength, first crack load, yield load, tensile stress in concrete, and tension stiff-
ening effect were observed in specimens having 1.00% steel fibres and specimens 
having 0.30% PVA fibres as monofibres. In the mixes containing 100% GGBFS, there 
was an improvement in the first crack load of approximately 46% due to 1.00% steel 
fibres and an approximately 29% improvement due to 0.30% PVA fibres. Furthermore, 
reduced crack spacings and minimum crack widths were found at 1.00% volume 
fraction of steel fibres and also in specimens having 0.30% PVA fibres. Overall, this 
study found that 1.00% steel and 0.3% PVA fibres as monofibres in fly ash-slag-based 
alkali-activated concrete (FSAAC) were optimal doses in terms of strength and cracking 
characteristics.

Keywords: Steel fibres, PVA fibres, FSAAC , Compressive strength, Tensile stress in 
concrete, Tension stiffening effect, Cracking pattern

Introduction
In reinforced concrete, because concrete is a brittle material, the steel member carries 
the majority of the tension in cracked-reinforced concrete members, while only a small 
quantity of concrete actually transfers the tension between the cracks. Since concrete 
is brittle, these cracks cannot transfer much stress across them, and as a result, once a 

*Correspondence:   
mv718113@student.nitw.ac.in

1 Research scholar, Department 
of Civil Engineering, National 
Institute of Technology, 
Warangal, Telangana 506004, 
India
2 Professor, Department of Civil 
Engineering, National Institute 
of Technology, Warangal, 
Telangana 506004, India

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s44147-023-00270-0&domain=pdf
http://orcid.org/0000-0002-9145-044X


Page 2 of 22Venkateswarlu and Gunneswara Rao  Journal of Engineering and Applied Science          (2023) 70:100 

crack forms, the maximum tensile load of the reinforced composite is achieved at the 
crack, lowering the member’s capacity to withstand tensile loads [1]. Furthermore, high 
bond stresses are required to transfer tensile loads between cracks in concrete mixtures. 
As a result, both load-carrying and concrete cracks contribute to the deterioration of 
the concrete mixture. In stiffness calculations, the contribution to stiffness made by the 
concrete between the cracks should be taken into account; generally, this phenomenon 
is called tension stiffening [2, 3].

Many investigators and practitioners in the concrete field have been interested in 
research on the cracking and stiffness of reinforced concrete (R.C.) components. Crack-
ing has a remarkable effect on the stiffness and strength of R.C. elements [4]. The ten-
sion-stiffening behaviour has been determined to be important in terms of beam and 
slab service load performance, although it has only a minimal effect on the ultimate 
strength of typical R.C. members under bending or tension [5]. But when crack spacing, 
crack width, stiffness, and deflection characteristics of flexural and tensile elements are 
of concern, it also becomes a vital role in assessing serviceability requirements [2, 3, 6]. 
But in plain and reinforced concretes, it is a major weakness in terms of the serviceabil-
ity criteria. It has been mentioned in many researches that this important weakness can 
be overcome by introducing various kinds of fibres in concrete mixes [7, 8]. Likewise, 
enhancements in tensile strength, stiffness, and improvements in cracking properties 
through fibre reinforcement of concrete have been investigated in many studies [9, 10]. 
For example, improvements in tension stiffening, smaller crack spacings and reduction 
in crack widths were observed in reinforced concrete by using steel fibres [3, 11]. Bet-
ter improvement is achieved by reinforcing the beams and concrete prisms with steel 
and GFRP bars and adding steel and glass fibres [12–14]. The tension stiffening effect 
of glass fibre-reinforced polymer (GFRP)-reinforced concrete was studied. The results 
indicate the effect of concrete strength on tension stiffening loss, with higher concrete 
compressive strength resulting in the least decrease in concrete tensile stresses. Since 
the addition of steel fibres, an increase in the first crack load and yield load in steel was 
observed. Additionally, improvements in cracking characteristics were seen [15]. Hung 
et al. [16] studied how steel-reinforced ultra-high-performance concrete (UHPC) mem-
bers behaved under tension in concrete ties. From the results, Steel fibre incorporation 
into steel-reinforced UHPC resulted in enhanced bond strength and observed a shift in 
failure patterns from several localised cracks to a single localised crack. The presence of 
fibres in concrete influences post-cracking behaviour and increases load-bearing capac-
ity as fibre content increases; maximum load and ultimate displacements are affected by 
fibre content [17]. Fibre volumetric ratio, aspect ratio, fibre length, and type of fibre play 
a very important role in concrete properties. Increasing the fibre volumetric ratio and 
aspect ratio decreases the bond behaviour of the reinforced bar, so the tension-stiffening 
effect is reduced [18].

Engineered cementitious composites (ECCs) are now playing a significant role in 
the construction sector since they have several advantages from a sustainability point 
of view and have superior strength, durability, tensile, and cracking capabilities than 
normal concrete. As a result, numerous researchers have recently been experimenting 
with ECC-based concretes both with and without fibres. Ganesan et  al. [19] noticed 
that geopolymer fibre-reinforced concretes (GFRCs) exhibit similar behaviour to ECCs 
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and display better strain hardening behaviour and greater strain capacity. Average ten-
sile stresses and ultimate tensile strength in concrete increase even after the first crack 
occurs, resulting in increased bond factor values. Fischer and Li [1] and Moreno [20] 
examined the high-performance fibre-reinforced cement composites (HPFRCC) under 
tensile loading. From the results, after ECCs are substituted in brittle concretes, strain 
hardening and multiple cracking capabilities of HPFRC are seen. This improves tensile 
strength, load deformation characteristics, and energy absorption. This is due to the 
fact that the ECC mixture gives the member ductility properties by making the concrete 
stronger near cracks and between cracks. Better stress performance index and ultimate 
tensile strength values were observed in fly ash-based engineered geopolymer compos-
ite (EGC) and ECC mixtures by using low-concentration alkali-activated solutions [21]. 
Steel and basalt fibres, used as monofibres and hybrid fibres in geopolymer composites, 
increase tensile and cracking properties [19]. Rath et  al. [22] observed various crack 
patterns in concrete beams with up to 50% replacement of natural fine aggregate with 
polyethylene terephthalate (PET) waste, both experimentally and analytically (using the 
ABAQUS software). Albitar et al. [23] explored the tensile and cracking characteristics 
of geopolymer concretes bindered with fly ash and granulated lead smelter slag (GLSS) 
and were compared to those of ordinary Portland cement-based concretes (OPCCs). 
From the results, geopolymer concretes (GPCs) exhibit better tension-stiffening proper-
ties than OPCs.

Research significance
Many studies have addressed the role of various fibres in concrete, as evidenced by 
the preceding literature. Many researchers have focused their efforts on the fresh and 
mechanical properties of alkali-activated and geopolymer composites, although both 
geopolymer composites and alkali-activated composites can be produced from alumi-
nosilicate materials such as fly ash and GGBFS. However, research on fly ash-slag-based 
fibre-reinforced alkali-activated concrete (FSFAAC) is limited. Several investigations 
have been conducted on the tensile and cracking properties of OPC-based fibre-rein-
forced concrete (FRC), but there is less literature available on the tensile and cracking 
properties of FSFAAC. As a result, this investigation was carried out in alkali-activated 
concrete with two different fibres and varying proportions of GGBFS and fly ash to 
quantify the improvements in mechanical, tensile, and cracking properties. It was also 
investigated how fly ash, fibre type, and fibre dose affect the aforementioned qualities of 
FSAAC.

Experimental
Materials

GGBFS and fly ash were used in place of binding materials in this investigation. GGBFS 
was obtained from JSW Cement in Warangal and verified according to IS: 12,089–1987 
[24]. In contrast, fly ash was collected from a thermal power station in Ramagundam, 
Telangana, and certified to be IS 3812–1981 [25]. Table 1 shows the physical and chemi-
cal parameters of the corresponding binding materials. The physical properties of the 
binder materials and aggregates are presented in Table 2. In this study, steel fibres and 
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PVA fibres were incorporated in all the mixes, and the corresponding fibre properties 
are presented in Table 3 and shown in Fig. 1a.

Sodium hydroxide (NaOH) and sodium silicate  (Na2SiO3) solutions were mixed to get 
the required alkali activator solution. Molarity of 2  M NaOH solution was used in all 
mixes B, but a fixed alkaline ratio (AR) of 1.5 and solution to binder ratio (S/B) of 0.45 
were used in all mixes, which was decided by previous studies [26–28] as well as the 
relevant details are given in Table 2. Both samples of NaOH and  Na2SiO3 solutions were 
mixed within 24 h to obtain proper mixing. Since the dissolution of sodium hydroxide 
in water is an exothermic reaction, it gives off a large amount of heat, which affects the 
properties of concrete. To prepare the NaOH solution, NaOH pellets were dissolved in 
drinking water.

The nominal size of the fine aggregates is taken to be 4.75 mm, which is in accordance 
with IS 383 (1970) [29]. Similarly, the nominal size of coarse aggregates is set at 12.5 mm, 
which conforms to IS 383 (1970) [29]. Fine and coarse aggregates have specific gravities 
of 2.63 and 2.72, respectively. For all combinations, the optimal fine aggregate-to-coarse 
aggregate ratio was determined to be 45%:55% of total aggregate volume. In this inves-
tigation, sulphonated naphthene-based polymers, namely Conplast SP430, were used as 

Table 1 Physical properties and chemical composition of binders GGBFS and fly ash

Binder CaO SiO2 Al2O3 Fe2O3 SO3 MgO Na2O LOI Specific gravity Specific 
area  (m2/
kg)

GGBFS 34.21 33.46 20.40 0.8 0.9 7.77 0.13 0.38 2.9 355

Fly ash 1.82 62.32 26.53 4.22 0.37 1.03 0.21 0.86 2.11 450

Table 2 Physical properties of materials

Material Density (kg/m3) Specific gravity Specific 
surface area 
 (m2/kg)

GGBFS 1300 2.90 355

Fly ash 1200 2.11 450

Fine aggregate 1650 2.63 –

Coarse aggregate 1700 2.73 –

Table 3 Properties of steel and PVA fibres

Properties Details

Type of fibre PVA fibres Steel fibres

Diameter 40 μm 0.5 mm

Length 12 mm 30 mm

Aspect ratio 300 60

Density (kg/m3) 1290 7850

Specific gravity 1.26 7.85

Tensile strength (MPa) 1600 1181

Elongation (%) 7 –

Fibre type Filament –
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superplasticizers (SP), with this SP conforming with IS 9103–1999 [30] and BS 5075 Part 
1 [31] and purchased from Fosroc Chemicals. The dosage of SP used in this study for all 
the mixes 6%.

Fig. 1 Fibres and test set-ups. a Fibres. b R.C. prismatic specimen under uni-axial tension. c Schematic 
diagram for test setup
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Mix proportioning of FSAAC 

A total of six main mixes were considered in the present study. They are Mixes B-100/00, 
B-80/20, B-60/40, B-40/60, B-20/80, and B-00/100. This whole mixing and proportioning 
took place in three stages. In the first stage, 100% GGBFS content was used in each mix-
ture (B). Similarly, this mix is considered reference mix. Mix-B-100/00 is designed with a 
target compressive strength of 40 MPa and a binder material of 100% GGBFS. As part of 
the second stage, the GGBFS content (Mix-B) of each mix was replaced with 20%, 40%, 
60%, 80%, and 100% fly ash content. Steel and PVA fibres are added as monofibres in the 
third stage. In volume fractions, 0.5%, 0.75%, and 1.00% steel fibres and 0.15%, 0.3%, and 
0.45% PVA fibres were added separately. A total of 42 mixes were prepared. The density 
of alkali-activated concrete (AAC) for this mix proportioning was taken to be 2400 kg/
m3, and the mix proportioning was determined from that density, which was taken from 
some previous studies [28, 32]. Finally, corresponding mix proportioning details are pre-
sented in Table 4.

Sample preparation and curing

FSAAC is mixed in the same way as normal concrete [33, 34]. First, for 2–3 min, blend 
the binder ingredients (GGBFS and fly ash). After that, add fine and coarse aggregates to 
the binder material and thoroughly mix for 3–4 min. After that, an alkaline solution and 
superplasticizers were added. Allow for another 5–6 min of mixing to achieve a consist-
ent and homogeneous mixture. The resultant mixture was utilised to assess the work-
ability of the specific mix, and this concrete mixture was properly mixed again before 
being cast into the needed moulds. Finally, after all samples were dry, they were removed 
from the moulds and left to air cure at room temperature (ambient curing).

Tests performed

The slump test equipment is used to examine the workability of freshly mixed FSAAC. A 
steel rod was used to compact the concrete. The internal dimensions of the slump tester 
at the top and bottom are 100  mm and 200  mm, respectively. The cone has a height 
of 300 mm. This slump test was carried out in accordance with the Indian standard IS: 
7320 [35]. All specimens were evaluated for 28-day compressive strength using universal 
testing equipment with a capacity of 1000 kN in accordance with the Indian standard 
516–1959 [36]. For a flexural strength test, a three-point loading test is performed on 

Table 4 Mix proportioning of FSAAC 

Mix designation 
(B-GGBFS/fly ash)

Binder (B) Alkaline solution (S) Aggregates

GGBFS (kg) Fly ash (kg) NaOH 
solution 
(kg)

Na2SiO3 
solution 
(kg)

Fine 
aggregate 
(kg)

Coarse 
aggregate 
(kg)

B-100/00 400 – 72 108 819 1001

B-80/20 320 80 72 108 819 1001

B-60/40 240 160 72 108 819 1001

B-40/60 160 240 72 108 819 1001

B-20/80 80 320 72 108 819 1001

B-00/100 – 400 72 108 819 1001
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prisms on a digital universal testing machine. The machine has a capacity of 200 kN. This 
test is performed in accordance with ASTM C 293–02 [37]. Three samples were cast and 
tested in each proportion. Test setups are shown in Fig. 1b.

FSAAC tensile and cracking properties were studied using reinforced concrete pris-
matic tensile specimens (600  mm × 60  mm × 60  mm size of reinforced concrete pris-
matic tensile specimens). Ten-millimetre diameter high-yield strength deformed bar 
was used in all the specimens. All samples were tested under uniaxial tension using a 
universal testing machine (UTM) with a capacity of 200 kN. The change in axial length 
was measured using two linear variable differential transducers (LVDT) (range 100 mm, 
resolution 0.01 mm) positioned on opposing sides of the concrete prism during the test. 
Two LVDTs were used to calculate the average change in axial length. On each 1 kN 
load increment, crack spacing was measured. To record offset signals obtained from an 
LVDT, a DAQ system is used. Prior to testing, 100-mm and 20-mm grids were drawn on 
all sides of the sample to continuously identify crack regions during testing. Each crack’s 
position was marked on the sample as it occurred during the test. After the test, the 
maximum crack width values were measured. The test sets are depicted in Fig. 1c and 
d. The test was carried out under load control conditions until yield. To obtain a fair 
bar response, naked steel bars were also tested under identical loading circumstances. 
Each mix had two samples tested, and the average values of the first crack load, mem-
ber deformation, maximum crack spacings, and maximum crack width were recorded. 
Eighty-four reinforced concrete prismatic specimens were tested in this experimental 
programme.

Results and discussion
Compressive strength

Figure  2a and b demonstrate the variation in 28-day compressive strength caused by 
adding steel and PVA fibres as monofibres in various volume fractions to alkali-activated 
concrete with varying GGBFS and fly ash ratios.

In Fig. 2a and b, it can be observed that the 28-day compressive strength values of all 
the mixes increased as the GGBFS content increased from 0 to 100%. The increase in 
compressive strength may be due to the high calcium content of GGBFS [34, 38, 39]. 
Therefore, as the GGBFS content in the total binder increases, so does the availability 
of calcium also increases. Furthermore, the compressive strengths increased as steel 

Fig. 2 Compressive strength comparison for various GGBFS and fly ash proportions and fibres. a Due to steel 
fibres. b Due to PVA fibres
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fibres increased from 0.50 to 1.00%, and PVA fibres increased from 0.15 to 0.30%. The 
increased percentages of compressive strength were 3.7%, 7.49%, and 11.21% at the inclu-
sion of 0.50%, 0.75%, and 1.00% steel fibres in B-100/00 mixes, respectively. Furthermore, 
improvements in compressive strengths were 3.5%, 8.09%, and 10.16% in mix B-80/20; 
3.37%, 6.75%, and 9.68% in mix B-60/40; 2.61%, 5.04%, and 7.31% in mix B-40/60; 2.45%, 
3.97%, and 5.84% in mix B-20/80; and 1.64%, 2.82%, and 4.93% in mix B-00/100 at the 
inclusion of 0.50%, 0.75%, and 1.00% steel fibres, respectively. Improvement in compres-
sive strengths was higher in specimens having 100%, 80%, and 60% of GGBFS in mix-
tures, but the improvement was low at lower levels of GGBFS contents, i.e. below 40% 
of GGBFS. In most mixes due to adding of steel fibres, the balling effect was observed 
at 1.00% fibre dosage. Even though a balling effect formed, the compressive strengths 
improved slightly at the higher fibre dosages.

Similarly, enhancements in 28  days compressive strength were noticed to be 3.49%, 
7.76%, and 4.95% at 0.15%, 0.30%, and 0.45% because of the inclusion of PVA fibre dos-
ages in the B-100/00 mix, respectively. Also, as PVA fibres incorporated at 0.15%, 0.30%, 
and 0.45% percentages in the rest of the mixes, 3.70%, 7.61%, and 4.82% in mix B-80/20; 
4.10%, 7.37%, and 3.27% in mix B-60/40; 3.60%, 7.73%, and 2.32% in mix B-40/60; 3.47%, 
7.11%, and 3.02% in mix B-20/80; and 2.96%, 6.09%, and 3.62% in mix B-00/100 com-
pressive strengths were observed. Similar results, i.e. 7.5% improvement in compressive 
strength, were noticed by Amin et al. [40] when 0.25% of 12-mm-long PVA fibres were 
used in OPC concrete. The improvement in compressive strengths may be due to the 
fibres acting as minor reinforcement against the shear forces generated by the specimen 
under compressive loads [41]. In all the mixtures, samples having 0.45% dosages of PVA 
fibres have decreased compressive strength values somewhat compared to samples hav-
ing 0.30% PVA fibre dosages. Amin et al. [40] and Atahan et al. [41] also revealed the 
same, i.e. a higher amount of PVA fibre content decreased the compressive strength. 
From the previous studies’ data, increasing fibres over a certain point has no positive 
effect on compressive strength [40, 41]. The inclusion of more PVA fibres affects vibra-
tion and consolidation [42]. Incorporation of PVA fibres in high-volume fractions results 
in poor dispersion of the concrete matrix [43], and thus, there is a chance of enhancing 
the porosity concentration in the concrete matrix [40], resulting in a weak fibre matrix 
interface that reduces compressive strength [21]. Overall, better compressive strengths 
were obtained when steel fibres were added at 1.00% and 1.25% percentages, similarly 
when PVA fibres were added at 0.30% percentages, and these dosages were considered 
optimum dosages.

Load-member strain behaviour

In the present study, load-member strain behaviour is derived from the load–displace-
ment behaviour. This study first recorded displacement values in a R.C. prism due to 
applied uni-axial tensile load and the corresponding displacements considered as mem-
ber displacements. Member strain values are determined from member displacements. 
The strain response of load-members is useful for understanding the tensile behaviour of 
concrete before the first crack, after the first crack (post-crack), and during the cracking 
in a reinforced concrete prism. Also, the load-carrying capacity of the concrete between 
the cracks (tension stiffening effect) due to the applied tensile load can be found through 
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this load-member strain response. Figure 3 shows the variations in load-member strain 
response caused by the addition of steel fibres at different volume fractions (0.50%, 
0.75%, and 1.00%) in alkali-activated concrete with different GGBFS and fly ash ratios. 
Similarly, Fig.  4 demonstrated the variations in load-member strain response caused 
by the insertion of PVA fibres at varying volume fractions (0.15%, 0.30%, and 0.45%) in 
alkali-activated concrete with varied GGBFS and fly ash ratios.

In Figs. 3 and 4, as the GGBFS content in the binder increased, the load at first crack 
and the yield load capacity of steel in member increased. Also, the load-carrying capac-
ity of concrete between cracks is increased. Specimens with higher amounts of GGBFS 
contents in the binder exhibited better strain-hardening behaviour before and after the 
first crack compared to specimens with lower GGBFS contents in the binder. Specimens 
containing 100/00, 80/20, and 60/40 GGBFS/fly ash ratios exhibited better first crack 
loads, yield loads, and strain hardening compared to the remaining specimens contain-
ing other GGBFS/fly ash ratios. This may be due to better binding (bond) properties 

Fig. 3 Load vs. member strain behaviour due to steel fibres. a B-100/00. b B-80/20. c B-60/40. d B-40/60. e 
B-20/80. f B-00/100
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due to better synergy between GGBFS and fly ash binder compared to sole binder fly 
ash. Fischer and Li [1] and Moreno [20] also revealed that after ECCs are substituted in 
brittle concretes, improvements in strain hardening and multiple cracking capabilities 
of HPFRC were seen. This improves tensile strength, load deformation characteristics, 
and energy absorption. The tensile load-carrying ability of concrete between the cracks 
depends on the bond that existed between concrete and steel; in relation to crack spac-
ing, it developed as member cracks [2, 44, 45]. In some specimens, the presence of high 
levels of fly ash in the binder did not achieve good bond properties, possibly due to the 
use of low-molarity NaOH solution and curing the specimens in ambient curing instead 
of heat curing. Heat curing is needed to get better geopolymerisation in fly ash AAC or 
fly ash-based GPC [27, 46]. The first crack load and yield loads and their increments due 
to steel fibres and PVA fibres were presented in Tables 5 and 6.

Fig. 4 Load vs. member strain behaviour due to PVA fibres. a B-100/00. b B-80/20. c B-60/40. d B-40/60. e 
B-20/80. f B-00/100
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From the load-member strain responses (Figs. 3 and 4), as the dosage of steel fibres 
increased from 0.50 to 1.00%, the load-carrying capacity of concrete between cracks 
after the first crack (post-crack behaviour) increased. The inclusion of steel fibres in 
AAC can remarkably improve its post-cracking performance [47]. In all the compos-
ites, better first crack load, yield load, and strain-hardening properties were observed 
at 1.00% dosage of steel fibres as compared to the remaining dosages of steel fibres. The 
increased percentage of first crack load due to the incorporation of steel fibres at 0.50%, 
0.75%, and 1.00% is 11.49%, 21.49%, and 45.82% in mix B-100/00 samples, respectively. 
Also, when steel fibres are incorporated at 0.50%, 0.75%, and 1.00% percentages in the 
rest of the mixes, 9.62%, 20.00%, and 35.23% in mix B-80/20; 11.87%, 22.76%, and 36.18% 
in mix B-60/40; 10.85%, 17.02%, and 31.17% in mix B-40/60; 7.71%, 14.29%, and 21.86% 
in mix B-20/80; and 6.64%, 12.30%, and 19.14% in mix B-00/100 improvement in first 
crack loads were observed. Maximum improvements in yield load were observed when 
steel fibres were added at 1.00% dosage, i.e. 19.69% in mix B-100/00, 18.68% in B-80/20, 
16.41% in B-60/40, 12.00% in B-40/60, 8.44% in B-20/80, and 5.19% in B-00/100. In 
all the mixes, due to the incorporation of PVA fibres, load-carrying ability of concrete 
between cracks increased. The load at the first crack in the concrete and the yield load 
capacity of steel were also increased with the addition of PVA fibres. Maximum first 
crack loads and maximum yield loads were obtained at 0.30% PVA fibre dosage. The 

Table 5 Increments in first crack tensile load and yield load due to steel fibres

Mix designation Volume fraction of 
steel fibres (%)

First crack 
load (kN)

% of increase in 
first crack load

Yield load (kN) % of increase 
in yield load

B-100/00 0.00% 13.40 – 48.00 –

0.50% 14.94 11.49 51.40 7.08

0.75% 16.28 21.49 55.76 16.17

1.00% 19.54 45.82 57.45 19.69

B-80/20 0.00% 13.20 – 45.50 –

0.50% 14.47 9.62 48.10 5.71

0.75% 15.84 20.00 52.25 14.84

1.00% 17.85 35.23 54.00 18.68

B-60/40 0.00% 12.30 – 45.96 –

0.50% 13.76 11.87 47.96 4.35

0.75% 15.10 22.76 51.50 12.05

1.00% 16.75 36.18 53.50 16.41

B-40/60 0.00% 9.40 – 44.50 –

0.50% 10.42 10.85 46.25 3.93

0.75% 11.00 17.02 48.00 7.87

1.00% 12.33 31.17 49.84 12.00

B-20/80 0.00% 7.00 – 43.86 –

0.50% 7.54 7.71 45.26 3.19

0.75% 8.00 14.29 46.38 5.75

1.00% 8.53 21.86 47.56 8.44

B-00/100 0.00% 5.12 – 40.50 –

0.50% 5.46 6.64 41.30 1.98

0.75% 5.75 12.30 42.00 3.70

1.00% 6.10 19.14 42.60 5.19
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increased percentage of first crack load due to the incorporation of PVA fibres at 0.15%, 
0.30%, and 0.45% is 12.16%, 28.73%, and 20.37% in mix B-100/00 samples, respectively. 
As PVA fibres incorporated at 0.15%, 0.30%, and 0.45% percentages in the rest of the 
mixes, 10.61%, 26.14%, and 17.65% in mix B-80/20; 7.64%, 21.95%, and 15.04% in mix 
B-60/40; 4.79%, 14.36%, and 10.64% in mix B-40/60; 2.14%, 7.71%, and 4.43% in mix 
B-20/80; and 1.56%, 7.42%, and 4.30% in mix B-00/100 improvement in first crack loads 
were observed. Maximum improvements in yield load were observed when PVA fibres 
were added, i.e. 16.35% in mix B-100/00, 15.60% in B-80/20, 12.38% in B-60/40, 7.53% 
in B-40/60, 4.88% in B-20/80, and 3.70% in B-00/100. Overall, better enhancements in 
the load carried by the concrete between the cracks, first crack load, yield load, and bet-
ter member strain hardening behaviour were obtained when steel fibres were added at 
1.00%, similarly when PVA fibres were added at 0.30%.

Tensile stress in concrete

Figures 5 and 6 show the variation of tensile stress in concrete over member strain when 
steel fibres and PVA fibres are introduced as monofibres in different volume fractions in 
alkali-activated concrete with varying GGBFS and fly ash ratios.

In the Figs. 5 and 6, it is observed that compared to all the mixtures, the tensile stress 
in concrete increased as the GGBFS content in the binder increased. Among all samples, 

Table 6 Increments in first crack tensile load and yield load due to PVA fibres

Mix designation Volume fraction 
of PVA fibres (%)

First crack 
load (kN)

% of increase in 
first crack load

Yield load (kN) % of increase 
in yield load

B-100/00 0.00% 13.40 0.00 48.00 0.00

0.15% 15.03 12.16 51.50 7.29

0.30% 17.25 28.73 55.85 16.35

0.45% 16.13 20.37 53.78 12.04

B-80/20 0.00% 13.20 0.00 45.50 0.00

0.15% 14.60 10.61 49.00 7.69

0.30% 16.65 26.14 52.60 15.60

0.45% 15.35 17.65 50.05 10.00

B-60/40 0.00% 12.30 0.00 45.96 0.00

0.15% 13.24 7.64 48.50 5.53

0.30% 15.00 21.95 51.65 12.38

0.45% 14.15 15.04 49.50 7.70

B-40/60 0.00% 9.40 0.00 44.50 0.00

0.15% 9.85 4.79 46.00 3.37

0.30% 10.75 14.36 47.85 7.53

0.45% 10.40 10.64 46.45 4.38

B-20/80 0.00% 7.00 0.00 43.86 0.00

0.15% 7.15 2.14 45.00 2.60

0.30% 7.54 7.71 46.00 4.88

0.45% 7.31 4.43 45.40 3.51

B-00/100 0.00% 5.12 0.00 40.50 0.00

0.15% 5.20 1.56 41.50 2.47

0.30% 5.50 7.42 42.00 3.70

0.45% 5.34 4.30 41.50 2.47



Page 13 of 22Venkateswarlu and Gunneswara Rao  Journal of Engineering and Applied Science          (2023) 70:100  

samples containing 100/00, 80/20, and 60/40 GGBFS/fly ash proportions exhibited 
maximum tensile stresses compared to the rest of the mixes. This may be due to better 
bonding between binder and aggregates in these mixes as compared to others. Similarly, 
earlier research has shown that the tension-carrying ability of concrete is affected by the 
bond that exists between concrete and steel [2, 44, 45]. Furthermore, due to the use of 
a low-concentration NaOH solution and curing conditions, specimens with high fly ash 
levels did not generate significant tensile stresses. When fly ash concentrations are high, 
high-concentration NaOH solutions and heat curing can result in greater polymerisa-
tion [27, 46] and bonding; however, low-concentration NaOH solutions and ambient 
curing were used in this investigation.

The tensile stresses in the concrete improved greatly by the incorporation of steel 
fibres and PVA fibres as mono fibres in FSAAC. When the dosage of steel fibres 
increased from 0.50 to 1.00%, the tensile stresses carried by the concrete between the 
cracks also increased compared to control mix specimens. In all mixes, specimens 
having steel fibres, those specimens having 1.00% steel fibres, exhibited the highest 

Fig. 5 Tensile stresses in concrete vs. member strain due to steel fibres. a B-100/00. b B-80/20. c B-60/40. d 
B-40/60. e B-20/80. f B-00/100
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tensile stress-carrying capacity and better member strain hardening behaviour before 
the first crack and after the first crack and also showed better post-cracking perfor-
mance. The presence of fibres in concrete influences post-cracking performance and 
increases load-bearing capacity as fibre content increases; maximum load and ulti-
mate displacements are affected by fibre content [17]. In most of the mixes, specimens 
containing 1.00% steel fibres, followed by specimens containing 0.75% steel fibres, 
exhibited better tensile stress-carrying capacity and better member strain hardening 
behaviour. The tensile stress-carrying capability of specimens containing 0.75% steel 
fibres was marginally lower than that of specimens containing 0.75% and 1.00% steel 
fibres. Among all steel fibre-containing specimens, those containing 0.50% steel fibres 
carried the lowest tensile stresses and exhibited low member strain hardening behav-
iour. Furthermore, as the dosage of PVA fibres increased from 0.15 to 0.45% the ten-
sion-carrying capacity of the concrete between the cracks also increased compared to 
control mix specimens. Specimens containing 0.30% PVA fibres, followed by speci-
mens containing 0.45% PVA fibres, exhibited better tensile stress and better member 

Fig. 6 Tensile stresses in concrete vs. member strain due to PVA fibres. a B-100/00. b B-80/20. c B-60/40. d 
B-40/60. e B-20/80. f B-00/100



Page 15 of 22Venkateswarlu and Gunneswara Rao  Journal of Engineering and Applied Science          (2023) 70:100  

strain hardening behaviour. The tensile stress-carrying ability of specimens contain-
ing 0.15% steel fibres was marginally lower than that of specimens containing 0.30% 
PVA fibres. Among the specimens including all PVA fibres, the specimens containing 
0.15% PVA fibres displayed the least tensile stress capability and low member strain-
hardening behaviour. Overall, better improvements in tensile stresses carried by the 
concrete between the cracks and better member stain hardening behaviour were 
obtained when steel fibres were added at 1.00% and 0.30% of PVA fibres as monofi-
bres, and these dosages were considered optimum dosages.

Tension-stiffening bond factor

The bond factor or tension stiffening bond factor stated the average load carried by 
cracked concrete over the first cracking load in concrete between the cracks. Generally, 
this tension-stiffening bond factor value varies between 0 and 1. But in fibre-reinforced 
concrete (FRC), this tension-stiffening bond factor value exceeds 1. Figures  7 and 8 

Fig. 7 Variations in tension stiffening bond factors over member stain due to steel fibres. a B-100/00. b 
B-80/20. c B-60/40. d B-40/60. e B-20/80. f B-00/100
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demonstrate the variation of tension-stiffening bond factor over member strain when 

Fig. 8 Variations in tension stiffening bond factors over member stain due to PVA fibres. a B-100/00. b 
B-80/20. c B-60/40. d B-40/60. e B-20/80. f B-00/100

Fig. 9 Crack patterns of the specimen after testing
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steel fibres and PVA fibres are introduced as monofibres in different volume fractions in 
alkali-activated concrete with varying GGBFS and fly ash ratios.

From the Figs. 7 and 8, it is observed that compared to all the mixtures, the tension-
stiffening bond factors increased as the GGBFS content in the binder increased. When 
100/00, 80/20, and 60/40 GGBFS/fly ash proportions were used in alkali-activated con-
crete, tension-stiffening bond factors got better. This is most likely due to improved 
gepolymerisation at higher levels of GGBFS (despite the use of low NaOH concentra-
tions and ambient curing), which results in greater bonding between the binder and the 
aggregate. In general, the tension-stiffening bond factors determine the member’s stiff-
ness during concrete cracking and after cracking. In such a scenario, a high bond fac-
tor reveals that the member’s stiffness is also high, whereas a low bond factor implies 
that the member stiffens after the first crack and during the concrete’s cracking. Simi-
larly, previous studies have also indicated that the tension-carrying capacity of concrete 
between cracks (tension stiffening effect) depends on the bond between concrete and 
steel [2, 44, 45]. Furthermore, due to the use of a low-concentration NaOH solution and 
curing conditions, specimens with high fly ash levels did not generate a significant bond 
between concrete and steel, which yielded lower bond factors. When fly ash concentra-
tions are high, high-concentration NaOH solutions and heat curing can result in greater 
polymerisation [27, 46] and bonding; however, low-concentration NaOH solutions and 
ambient curing were used in this investigation. The obtained bond factors are different 
at different GGBFS/fly ash levels, strain levels, and fibre levels, since the tension stiff-
ening bond factor is a cracked concrete material characteristic that is independent of 

Fig. 10 Crack spacing comparison. a Due to steel fibres. b Due to PVA fibres

Fig. 11 Crack widths comparison. a Due to steel fibres. b Due to PVA fibres
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the strength of the concrete and reinforcing ratio [45]. To improve the tension-stiffening 
effect in concrete members, various fibre types are employed. Steel and PVA fibres were 
employed as monofibres in this investigation to improve the tension-stiffening effect or 
tension-stiffening bond parameters.

The tension-stiffening bond factors in the concrete enhanced significantly by the 
incorporation of steel fibres and PVA fibres as monofibres. When the dosage of steel 
fibres increased from 0.50 to 1.00%, the tensile stresses carried by the concrete between 
the cracks (tension-stiffening effect) also increased. Among specimens having steel 
fibres, those samples having 1.00% steel fibres exhibited the highest tension stiffening 
bond factors before and after the first crack. Specimens containing 1.00% steel fibres, 
followed by specimens containing 0.75% steel fibres, exhibited better bond factors. The 
tensile stress-carrying capability of specimens after the first crack (tension-stiffening 
bond factors) containing 0.75% steel fibres was marginally lower than that of specimens 
containing 1.00% steel fibres. Among all steel fibre-containing specimens, those contain-
ing 0.50% steel fibres had the lowest bond factors. A maximum bond factor of 1.4 was 
obtained in this study at 1.00% volume fraction steel fibres used in B-100/00 and B-80/20 
composite specimens. Whereas at 1.00% steel fibres volume fraction, Gribniak et  al. 
[13] reported tension-stiffening bond factor values up to 1.4, Ganesan et al. [15] found 
tension-stiffening bond factor values up to 1.2 in concrete reinforced with hooked-end 
steel fibres. As the dosage of PVA fibres raised from 0.15 to 0.45%, the tension-stiffening 
effect also increased. In all mixes, specimens containing 0.30% PVA fibres, followed by 
specimens containing 0.45% PVA fibres, exhibited the highest tension-stiffening bond 
factors. The stiffness of specimens containing 0.15% steel fibres was marginally lower 
than that of specimens containing 0.30% PVA fibres. A maximum bond factor of 1.5 was 
obtained in this study at 0.30% volume fraction PVA fibres used in B-100/00 and B-80/20 
composite specimens. In all mixes, the specimens having PVA fibres and the specimens 
containing 0.15% PVA fibres displayed the lowest bond factors. Increasing the fibre volu-
metric ratio and aspect ratio decreases the bond behaviour of the reinforced bar, so the 
tension-stiffening effect is reduced [18]. Overall, better improvements in tension stiffen-
ing bond factors (stiffness of the member) were obtained when steel fibres were added 
at 1.00%, similarly when PVA fibres were added at 0.30% percentages, and these dosages 
were considered optimum dosages.

Cracking behaviour

We are all aware that cracking behaviour (crack spacing and crack diameter) is critical 
when designing reinforced concrete structural members for serviceability at the limit 
state. These cracking behaviour concepts are more common in fibre-reinforced con-
cretes than in ordinary concretes because long and short fibres may control crack propa-
gation, crack widths, and crack spacing. Sometimes, these short fibres can solely arrest 
the micro-cracks as well. In this study, the effect of fibre type and fibre dosage on crack-
ing (crack spacing and crack width) properties were examined. The crack formations of 
the failure specimens are presented in Fig. 9.

In this study, steel fibres and PVA fibres were employed as monofibres, with 0.50%, 
0.75%, and 1.00% steel fibres and 0.15%, 0.30%, and 0.45% PVA fibres used, and the 
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experimentally obtained crack spacing and crack width results are presented in 
Figs. 10 and 11.

The variations in crack spacings resulting from the incorporation of steel fibres 
and PVA fibres in alkali-activated concrete with varying GGBFS and fly ash ratios are 
shown in Fig.  10. Reduced crack spacings were achieved in most composites as the 
GGBFS component in the total binder increased. Crack spacings were significantly 
reduced at 100/00, 80/20, and 60/40 GGBFS/fly ash ratios when compared to the 
other blends. This shows that particular mixtures produce better results in terms of 
serviceability. In terms of serviceability limit condition and plastic deformation factor, 
small crack spacing is frequently advantageous [48]. After ECC are substituted in brit-
tle concretes, strain hardening and multiple cracking capabilities of HPFRC are seen 
[1, 20]. Furthermore, when steel fibres were added to all of the mixes in percentages 
ranging from 0.50 to 1.00%, the spacing between cracks decreased significantly when 
compared to the control mix specimens. Crack spacing decreased significantly as steel 
fibre dosage increased [15, 19]. More importantly, the lowest crack spacing was seen 
across all combinations at 1.00% steel fibres. This implies that the addition of fibres 
can influence the crack spacing. Steel fibre incorporation into steel-reinforced UHPC 
resulted in enhanced bond strength and observed shift in failure patterns from sev-
eral localised cracks to a single localised crack [16]. Similarly, when PVA fibres were 
added in percentages ranging from 0.15 to 0.45%, the spacing between the cracks was 
greatly reduced. However, the spacing between cracks was determined to be minimal 
at 0.30% PVA compared to the remaining mix specimens containing steel fibres. Fur-
thermore, the inclusion of short PVA fibres reduced crack spacing even more than the 
addition of steel fibres.

Figure 11 indicates that incorporating steel and PVA fibres as monofibres into con-
crete mixtures reduced crack widths to some extent. The tension-stiffening effect of 
fibre-reinforced specimens was larger than that of the control mix. This action leads 
to a significant reduction in steel strain, which reduces crack widths [15]. In terms of 
steel fibres, the crack widths were found to be reduced in specimens with 1.00% steel 
fibres added compared to specimens with other steel percentages added. In terms of 
PVA fibres, it was found that when 0.30% PVA fibres were incorporated, crack widths 
decreased more than in other specimens.

Conclusions
The addition of steel fibres and PVA fibres as monofibres on the strength and crack-
ing characteristics of fly ash and slag-based alkali-activated concrete (FSAAC) cured 
under ambient conditions are presented in this study. This investigation revealed and 
determined the following significant findings:

• The compressive strength, first crack load, yield load, tensile strength, tension 
stiffening effect, and strain hardening behaviour increased as the GGBFS content 
in the total binder increased.

• The compressive strengths, modulus of rupture values, first crack load, yield load, 
tensile strength, tension-stiffening effect, and post-cracking behaviour of speci-
mens increased when steel and PVA fibres were introduced as monofibres in 
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FSAAC at varying percentages compared to control mix specimens. Additionally, 
when 1.00% steel fibres and 0.30% PVA fibres were introduced as monofibres, the 
maximum compressive strength and modulus of rupture values were obtained in 
all of the mixes.

• The member’s first crack load-carrying capability and yield load in steel increased 
more than the control mix specimens when steel and PVA fibres were added indi-
vidually (monofibres).

• A significant increase in first crack load of approximately 46% was noticed in 
specimens having 100% GGBFS and a 1.00% volume fraction of steel fibres. Simi-
larly, with the same steel volume fractions, the yield of steel bars in specimens 
increased by up to 20%. A notable increase in first crack load of approximately 
29% was noticed at 0.30% volume fraction of PVA fibres and 100% GGBFS as a 
binder. Similarly, with the same PVA volume fractions, the yield of steel bars in 
specimens increased by up to 17%.

• In all mixes, specimens having 1.00% steel fibres improved their concrete’s maxi-
mum tensile stress capability and tension carrying capability between cracks (ten-
sion stiffening effect). Furthermore, there were significant improvements in these 
values in the samples containing 0.30% PVA fibres.

• Appreciable maximum tension stiffening bond factors of 1.4 and 1.5 were 
observed when 1.00% steel fibres and 0.30% PVA fibres were added as monofibres 
in specimens with 100% GGBFS binder, respectively.

• In all mixes, specimens having 1.00% steel fibres and 0.30% PVA fibres as monofi-
bres improved cracking problems such as crack growth propagation, crack width 
(minimum), and crack spacing (reduced). Something else to note about the crack 
problem is that shorter-length PVA fibres exhibited better crack widths and crack 
spacings than longer-crimped steel fibres.

• Although this study illustrates the way various monofibers affect tensile and crack-
ing properties in detail, a detailed parametric study is required to estimate equa-
tions for crack spacing, crack width, and tension stiffening properties of plain and 
reinforced fly ash and slag based alkali-activated concrete tension members using 
other types of fibres and hybrid fibres.
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