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Abstract

This study assesses the stress-strain and load-deflection behavior of ordinary Portland cement (OPC)
and limestone low kaolinite, calcined clay. cement (LC3) concrete under uniaxial compressive and
indirect splitting loads. For this, ten concrete mixes were designed, half of which were LC3-based
concrete. In the LC3-based concrete, 30% of cement was substituted with the limestone and calcined
clay mixture. Four different contents of recycled tire steel fiber (RTSF) were used for reinforcing the
concrete. The uniaxial compression and indirect splitting tensile tests were performed on the cylinder
specimens. Peak strain, ultimate strain, absorbed energy,.and‘toughness in compression were evaluated
to assess the uniaxial compression behavior of plain/and RTSF-reinforced OPC and LC3-based
concrete. Also, absorbed energy and toughness in splitting were determined to examine the splitting
behavior. The results demonstrated that at least 0.6% RTSF is required to develop the post-peak phase
of the stress-strain curve under uniaxial compression. Further, the LC3,concrete resulted in lower peak
and ultimate strains under compressive load. Incorporating 1.2% RTSF into OPC concrete enhanced
the peak and ultimate strains by about 20% and 94%, respectively. In addition, the inclusion'of 0.9%
RTSF in LC3 concrete improved the peak and ultimate strains by approximately, 18% and 100%,
respectively. Furthermore, the LC3 concrete demonstrated better performance in the post-peak phase
of splitting tensile. Moreover, digital image correlation (DIC) results demonstrated that incorporating

RTSF into concrete effectively controls the initiation and propagation of cracks.
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Table 2. The Symbols used in this study

symbols  definitions unit

f'c Compressive strength MPa

vf Fiber volume fraction %

&p Peak strain mm/mm
Eult Ultimate strain mm/mm

EAC,,. Pre-peak energy absorbed in compression kKN.mm/mm?3

EAC,, Post-peak energy absorbed in compression  kN.mm/mm?®
EAC;:qr <Totalenergy absorbed in compression kN.mm/mm?3
fesp Splitting strength MPa

EAS,e pre-crack energy absorbed in the splitting KN.mm/mm?3

EASy, post-crack energy absorbed in the splitting ~ kN.mm/mm?
EAS:,:qi  Total energy absorbed in the splitting kN.mm/mm?3
STI Splitting toughness index -

1 Introduction

Concrete is the most used construction material in civil projects such as bridges, port structures, and
transportation infrastructures [1-3]. Choosing sustainable materials.s essential for reducing the carbon
footprint of construction projects [4]. Limestone-Calcined Clay-Cement (LC3) concrete is an
encouraging alternative to ordinary concrete due to many benefits, such as extensive resources of
suitable clays worldwide [5, 6], higher strength in the long term [7, 8], lower bleeding [7-9], finer pore
structures [10], lesser permeability [10, 11], and better durability in a chloride environment [12]. Also,
Pillai et al. [13] reported that LC3 concrete with similar strength to OPC concrete leads tosremarkably
lower CO, emission. The investigation by Zolfagharnasab [14] showed that partial cement replacement
by low kaolinite calcined clay could yield compressive strength comparable to that of ordinary cement
concrete. However, with the synergic interaction of the low kaolinite calcined clay and limestone in
LC3 concrete, better compressive strength can be obtained compared to using only calcined clay. The
consumption of calcium carbonate hydroxide by the synergic interaction of limestone and calcined clay

was stated as the reason for the better performance of the LC3 concrete [15]. Argin et al. showed that



limestone enhanced the pozzolanic reactivity of the calcined clay by producing carboaluminate phases

and providing a nucleation effect [16].

The brittle nature and low tensile strength of concrete lead to a lack of resistance against crack
propagation. One of the solutions to overcome this weakness is adding fibers to concrete as a reinforcing
material [17-19]. Steel fibers positively affect the mechanical properties of the brittle nature of plain
concrete, such as hindering crack formation and propagation, increasing the tensile and residual
strength, and significantly enhancing the energy absorbed and toughness [20, 21]. Aiello et al. [22]
reported that including 0.26% of recycled tire steel fibers (RTSF) in concrete leads to a 12%
enhancement in compressive strength. A study by Hu et al. [23] revealed that incorporating about 0.38%
RTSF increments the compressive strength by about 10%. Krolo et al. [24] proved that a low amount
of recycled steel fibers had an insignificanteffect on the compressive strength. Another study revealed
that adding recycled steel fibers,up to a-threshold of 0.5% caused an enhancement of about 5% in
compressive strength, while utilizing more fibers{(0.75%) led to a drop of 8% in compressive strength.
The reduction in compressive strength was attributed to the poor distribution of RTSF and non-
homogeneity in the paste matrix due to incorporating high dosages of fibers [25]. Besaci et al. [26]
investigated the effect of RTSF on the mechanical*properties of concrete by incorporating 0.5, 0.8, 1,
and 1.5% RTSF. Their results showed the compressive/strength reduced by about 10% when 1.5%
RTSF was added. Similarly, adding 0.46% of recycled steel fiberssresulted in a slight decrease in
compressive strength. It was indicated that the random distribution of RTSF may form fiber bundles
that contribute to discontinuities in the paste matrix [27]. In addition,the.shape;surface morphology,
and rubber particles on the fiber surface can influence the compressive strength and performance of
RTSF in concrete. The hydrophobic nature of attached rubber particles can weaken the bonding between
RTSF and the paste matrix, negatively impacting compressive strength [26, 28]. However, it'has been
demonstrated that using recycled steel fibers can enhance the ductility at failure and extend the collapse
time of concrete [29]. Furthermore, studies mentioned that incorporating 0.6% and 0.75% RTSF into
plain concrete enhanced the splitting strength by about 14% and 28%, respectively [30, 31]. Farhan et

al. [32] claimed that recycled steel fibers with different diameters and lengths could provide additional



interlocking, which led to a 50% enhancement in splitting strength by including 0.75% RTSF in
pavement. Analogously, other experiments revealed that adding recycled steel fibers to the concrete
could improve the splitting strength compared to plain concrete. The increase in splitting strength was
assigned to arresting the cracks by RTSF after the development of internal cracks in concrete [9, 33,
34]. On the other hand, utilizing inadequate RTSF in the concrete caused a decrease in splitting strength
by producing.irregularities in the paste matrix [31]. For example, adding RTSF up to 0.375% caused a
reduction of splittingsstrength by about 20% compared to plain concrete [35]. Similarly, a study by
Leone showed‘that.adding 0.46% RTSF to the concrete caused a slight decrease in splitting strength

[27].

Despite extended research on'the mechanical properties of OPC-based concrete reinforced with RTSF,
there are no detailed studies on the’stress-strain behavior under uniaxial compression. Similarly, the
load-displacement behavior of concrete reinforced with RTSF under indirect splitting tensile needs to
be clarified. Doubtless, the splitting failure mode’of concrete with different amounts of RTSF needs a
more detailed study. Further, the effect of the combined use of LC3 and RTSF in concrete should be
assessed to investigate the feasibility of employing LC3 as an alternative to OPC concrete in the

construction industry.

This study aims to examine the stress-strain and load-deflection behavior of fibrous OPC and LC3
concrete under uniaxial compressive and indirect splitting loads, respectively. The main idea of this
research is to combine the RTSF and LC3 to provide green fiber-reinforced conerete in the construction
industry. In addition, this study tries to find the minimum required RTSF that develops the post-peak
phase under uniaxial compression and indirect splitting. For investigating the effects of RTSF, volume
fractions of 0.3, 0.6, 0.9, and 1.2% were incorporated into OPC and LC3-based concrete. The peak and
ultimate strains of concrete were examined under uniaxial compression. Furthermore, the,absorbed
energy and toughness were calculated in uniaxial compression and indirect splitting tensile to evaluate
the ductility. Finally, the digital image correlation technique was employed to find the failure modeof
recycled fiber-reinforced concrete under indirect splitting tensile. The results of this research can be

used for finite element modeling of the structural elements.



2 Materials and mix proportion

2.1 Materials

Natural'river sand and crushed gravel were used as aggregates in this study. The aggregates were graded
according totASTM C33 [36], and the results are presented in Table 2. The water absorption and relative
density of the sand were recorded as 3.19% and 2.52, respectively, by following ASTM C128 [37].
Similarly; accerding to ASTM C127 [38], the water absorption and relative density of gravel were
determined'to be2.09% and 2.57, respectively. The river sand and crushed gravel were combined with
a ratio of 60% and 40% of the total aggregate in the concrete mix, respectively. Three binders were
utilized, such as ordinary Portland cement type Il, low-kaolinite calcined clay, and limestone powder
finer than 75 um. The restlts of the chemical compositions of binders are presented in Table 3, which
were gained by X-ray Fluorescence (XRF). Additionally, the density of the binders is listed in Table 3.
The calcination of raw clay (with=about 31% kaolinite) was performed by the electrical furnace
according to the procedure mentioned in the previous study [14]. Then, the calcined clay was placed in
the ball mill to achieve the desired fineness. Recycled-steel fibers from unused tires were employed to
reinforce the concrete. The recycled steel fibers.have different lengths and geometries. Further, more
than 75% of fibers have a length between 10 and 40 mm. Also, thesmechanical properties of the RTSF

are depicted in Table 4.

Table 2. The grading of the aggregates used in this study

sieve size (mm)
375 25 19 125 95 475 238 119 06 03 015 0.075
river sand 100 100 100 100 100 98 74 50 38 23 9 1
crushed gravel 100 100 100 99 77 10 2 0 0 0 0 0
the combination 100 100 100 100 91 63 45 30 230 14 5 0.6

Table 3. Chemical composition and density of binders utilized in this study

CaO SiOz A|203 Fezog MgO PzOs Ti02 SOg Na,O K,0 L.O.l density

Binders %) (%) (%) (%) %) (%) (%) (%) (%) (%) (%) (gricmd)

Limestone 55 0.9 0 0.1 041 0.03 0 0.25 0 0 43.1 2.71
Calcined clay 6 73 127 075 024 011 0.06 0 0.08 03 6.18 2.69



Cement 66 18 202 464 111 0.06 0.23 4.6 0.37 1 1.04 3.15

Table 4. The physical properties of RTSF used in this study

length diameter tensile strength specified gravity elastic modulus
mm mm MPa gricm? GPa
0-70 0.18-0.22 3128 7.85 210

2.2 Mix proportion

Ten mixes were consideredo investigate the behavior of OPC and LC3 concrete reinforced with steel
fibers extracted from waste tires'under uniaxial compression and indirect splitting tensile: four fibrous
OPC concrete, four fibrous LC3 congcrete, plain OPC concrete, and plain LC3 concrete. Based on the
literature, using about 0.3%,RTSF leads toithe development of compressive and splitting strength. Also,
adding more 1% RTSF in concrete increases the risk of fiber bundling and the demand for
superplasticizer, which negatively impacts the fresh and hardened properties of the concrete. Thus, the
maximum fiber dosage was chosen to be 1:2%./In OPC and LC3-based concrete, RTSF was included
with the volume fractions of 0.3%, 0.6%, 0.9%, and 1.2% as reinforcing materials. The w/b was
considered 0.4 for all ten mixes. To produce LC3-based concrete, 30% of cement was replaced by a
mixture of low kaolinite calcined clay and limestone powder. The calcined clay and limestone powder
were incorporated with a 2:1 ratio in the concrete [6, 10, 14]. The details of all ten mixes are listed in
Table 5. A pan mixer was employed to mix the materials. The slump.test was performed on the fresh
concrete according to ASTM C143 [39]. The target slump for fresh concretewas 13.to 15 cm. For this,
different amounts of superplasticizer were added to fresh concrete to keep:the slump fixed. As can be
seen in Table 5, the demand for superplasticizer was enhanced by incorporating further RTSF into
concrete. Namely, including 1.2% RTSF in OPC concrete increased the demand for SP by<about 2
times. Previous studies [22, 40] stated that using RTSF in concrete negatively impacts the waorkability.
of concrete. In addition, inconsistency in the shape, size, and geometry of RTSF leads to the balling
effect in the fresh concrete. One of the solutions is to increase the SP in the fresh concrete to enhance

the workability [41, 42]. Also, LC3-based concrete required more superplasticizers compared to similar



OPC-based concrete, which agrees with the previous study [43]. It should be noted that the simultaneous
use of RTSF and LC3 contributes to extremely high demand for SP. For example, LC3 concrete with

1:2% RTSF required more than 2 times SP compared to plain OPC concrete.

Table 5. The mixed proportion of different concrete systems investigated in this study

Mix code Cement limestone calcined clay =~ Water Fiber Sand Gravel SP
Kg/m? Kg/m?3 Kg/m3 Kg/m®  Kg/m®%) Kg/m® Kg/m® Kg/m?

OPC 450 0 0 180 0.00%) 1002 680 220
OPC-0.3% 450 0 0 180  23.6(0.3%) 997 677 2.5
OPC-0.6 450 0 0 180  47.106%) 993 674 29
0PC-0.9 450 0 0 180  707(009%) 988 671 >4
OPC-1.2 450 0 0 180  94.2(12%) 984 668 4

LC3 315 45 90 180 0.0(0%) 989 672 325
LC3-0.3** 315 45 90 180  236(0.3%) 983 667 3.5
LC3-0.6 315 45 90 180  47.1(0.6%) 980 665 3.9
LC3-0.9 315 45 90 180  707(0.9%) 976 662 44
LC3-1.2 315 45 90 1807 942(12%) 971 659 3

*: OPC-based concrete reinforced with 0.3% recycled steel fiber
**. |_LC3-based concrete reinforced with 0.3% recycled steel fiber

3 Test method

3.1 Uniaxial compression

Fig. 1a represents the uniaxial compression setup for recording the compressive strength and stress-
strain curve of concrete. The compressive strength test was followed by ASTM/C39/C39M [44]. The
test was conducted on 100x200 mm cylinders after 28 days of curing in saturated lime water. To ensure
uniform compressive stress was applied to the specimens, the sections were capped with sulfur mortar.
The test was performed by a 1000 kN servo-electric SANTAM device with a vertical displacement rate
of 1.2 mm/min. As shown in Fig. 1a, the test setup includes a fixture with three LVDTSs. These’LVDTS

record the mid-height vertical displacement of the specimen. Three LVDTs recorded the uniaxial



displacement of the specimens during the test. Three specimens were considered to be tested for each

concrete mix, and the average values were reported.

3.2 NIndirect splitting tensile

The indirect splitting tensile test was performed by a DARTEC hydraulic machine according to ASTM
C496/C496M [45]. The rate of the vertical displacement was set at 1.2 mm/min. The test fixture is
demonstrated,in Fig. 1b. The 100x200 mm (diameter x height) cylinders were considered for evaluation
of splitting, strength. Three specimens were considered for each concrete mix, and the average values
were reported. Also, the equipment for digital image processing, including lighting and a high-

resolution camera, is presented infig. 1b.

a) Uniaxial compression

loading plate

Fig. 1. Test set up for a) uniaxial compression test, b) indirect splitting tensile test



4 Results and discussion

4.1 Uniaxial compression

4.1.1 " Stress-strain response

Table 6 shows that compressive strength was more than 50 MPa for all concrete systems, categorizing
them as high-strength concrete. Adding RTSF with different volume fractions to the OPC and LC3
concrete'caused a slight change in the compressive strength. As can be seen in Table 6, the compressive
strength of OPC and LC3-based concrete was enhanced by adding RTSF up to 0.3% and 0.9%,
respectively. However, the.compressive strength dropped by incorporating more than the mentioned
amounts of RTFS into the OPC.and LC3 concrete. As stated in previous studies, bridging and arresting
the cracks with fibers enhances compressive strength [23, 46]. At the same time, a survey by Aghaee et
al. [25] revealed that utilizing more than 0.5% RTSF decreases the homogeneity of the paste matrix,
which leads to a drop in compressive strength. Similarly, the maximum compressive strength was
obtained when 0.4% RTSF was included _in concrete [47]. As a result, the non-homogeneity and
discontinuity in the paste matrix due to incorporating more than 0.3% and 0.9% RTSF into OPC and
LC3 concrete, respectively, overcomes the bridging action'of RTSF and drops the compressive strength.
Except for LC3-based concrete reinforced with 1.2% RTSF, other LC3-based concrete showed lesser
compressive strength compared to OPC-based concrete with'a similar amount of RTSF. The coefficient
of variation (COV) demonstrates the variability of the results of tested specimens for each concrete mix.
It was stated in a previous study [48] that the COV is categorized as excellent, very good, good, fair,
and poor when the COV values are less than 2%, 2-3%, 3-4%, 4-5%, and more than 5%, respectively.
According to the calculated amounts for COV in Table 6, it is guaranteed=that the test results are

acceptable.

Table 6. The compressive strength of OPC and LC3-based concrete

Mix code OPC OPC-0.3 OPC-0.6 OPC-0.9 OPC-12
f'e (MPa) 55.8 59.42 59.34 57.86 53.18
CoV (%) 2.07 1.44 455 2.58 1.69
Mix code LC3 LC3-0.3 LC3-0.6 LC3-0.9 LC3-1.2
. (MPa) 525 5357 54.28 56.07 5411

CoV (%) 1.57 1.86 0.12 2.06 291




Although the compressive strength of the concrete is the most important mechanical property for design
purposes, the compressive stress-strain curve of concrete under uniaxial compression is crucial for
designing.concrete structures, numerical analysis, and theoretical analysis. In addition, the safe design
of/ concrete elements requires the deformation and bearing capacity of concrete, which can be
determined.using the compressive stress-strain curve. The stress-strain curve of non-reinforced and
RTSF-reinforced OPC and LC3-based concrete under uniaxial compression is demonstrated in Figs. 2
and 3, respectively. There is'no evident change in the post-peak phase of OPC concrete reinforced by
0.3% RTSF compared tomnon-reinforced OPC-based concrete. In contrast, adding 0.6% and 0.9% RTSF
developed the post-peak phase of the compressive stress-strain curve. Interestingly, adding 1.2% RTSF
significantly affected the ‘post-peak phase of OPC-based concrete. Among LC3-based concrete
reinforced with different amounts of RTSF, adding 0.3% RTSF did not develop the post-peak phase of
the stress-strain curve. However, reinforcing LC3-based concrete with 0.6% RTSF developed the post-
peak phase as the softening part of the stress-strain curve. The LC3-0.9 and LC3-1.2 experienced very
ductile behavior under uniaxial compression. Differently, LC3-based concrete reinforced with 0.9%
RTSF showed extreme ductility and energy absorption-after peak stress. The microfibers control the
micro-cracks at the early ages of the loading, and by ingreasing the load, the microfibers restrain the
macro-cracks [49]. Using the hybrid length of the fibers can restrain.and bridge the multi-scale cracks
in the cementitious composites [50]. During the extraction of RTSF,teel fibers with varying lengths
are generated. Adding recycled steel fibers from expired tires with short.and long lengths develops a
hybrid steel fiber reinforced concrete. It can control the multi-stage cracks‘and improve the descending
phase of the compressive stress-strain curve. The hybrid action of RTSF in both OPC and LC3-based
concrete was effective when a volume fraction of at least 0.6% was used. Regardless of the binder
system, adding more than 0.9% RTSF to the concrete led to remarkable ductile failure when the uniaxial

compressive load was applied.



a)

70
60 —— O0PC-1 —— OPC-2 —— OPC-3

b)

—— OPC0.3-1 —— OPC0.3-2 —— OPC0.3-3

60 4

Stress (MPa)
g &5 2

[5]
S
1

10 4

0 T T T T T
0.000 0.001 0.002 0.003 0.004 0.005 0.006

T T T
0.003 0.004 0.005 0.006

in (mm/mm) Strain (mm/mm)

709
‘7 0PC0.9-1 —— OPC0.9-2 —— OPC0.9-3
60 4 60 -
. a0 4 50
@ =
% 40 o % 40 4
w
g 304 % 30 4
2 i
204 20 4
104 10
0 T T T T T 1 0+ . . . . .
0.000 0001 0.002 0003 0004 0005  0.008 0000 0001  0.002 0003  0.004 0005  0.006
Strain (mm/mm) Strain (mm/mm)
0.8
—— OPC1.2-1 —— OPC1.2-2 —— OPC1.2-3
60
50 -
=
S w
et
% 30
i-]
53]
204
B O
0 T T T T T T T T
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
Strain (mm/mm)
Fig. 2. The stress-strain curves of OPC concrete under uniaxial compressive lo

?;
"N



a) b)

6o LC3-1 LC3-2 LC3-3 el | LC3-03-1 — L3032 —— LC3-0.3-3
50 1 504 %
— w
(] 40 4
& 404 %
— @ g0
% 30 3
&
@ -~
= [}
ﬁ 20 4
20 1
104
10 4
o T T T T T
0 T T T - r 0.000 0.001 0.002 0.003 0.004 0.005 0.006
0000 0001 0002 0003 0004 0005  0.006 Strain (mm/mm)
Strain (mm/mm)
c) d)
o] ——LC3-06-1 — L3062 —— LO3-06-3 604 [ L0309 — LC3.092 — LC3-09:3
50 -| 50 4
= =
65 40 4 % 40
= ~
@ 30 g a0
f=5} =1
= -~
&5 n 20 4
9 90
104 10
0 0 T T T T T T
T ‘ T T T 0000 0001 0002 0.003 0004 0005 0.006 0.007
0.000 0001 0002 00038 0004  0.005  0.006
. Strain (mm/mm)
Strain (mm/mm)
e)
g0l ——LO31.20 —LC3-1.2.2—— LC3-1.2:3
50 1
=
o 40
=
=
@ 30
@
ot
B
9 201
10 4
0

T T T T T T
0.000  0.001 0.002 0.003 0.004 0.005 0.006 0.007

Strain (mm/mm)
Fig. 3. The stress-strain curves of LC3 concrete under uniaxial compression

4.1.2 peak strain (&,) and ultimate strain (e.,,)

Peak and ultimate strains are two essential parameters of the stress-strain curve that describethe
behavior of concrete under uniaxial compression. The peak strain corresponds to the peak strength’of
the compressive stress-strain curve. The concrete's ultimate strain is used to design the structural

elements [51, 52]. In addition, the ultimate strain of concrete is used to determine the allowable degree



of failure of the concrete [53]. The ultimate strain of the conventional concrete is assumed to be 0.003
in the ACI code for designing concrete elements [54]. In this study, 30 percent of cement was substituted
with.the low kaolinite calcined clay and limestone. Moreover, various volume fractions of RTSF were
incorporated into concrete as a reinforcing material. These two additives can affect the peak and
ultimate strains of the concrete when exposed to uniaxial compression. Fig. 4a depicts the peak strain
of non-reinforced and reinforced concrete for OPC and LC3-based concrete under uniaxial compressive
load. In‘the OPC-based.concrete, the peak strain was recorded at 0.00313 for non-reinforced concrete.
Additionally, the peak strain.reached a minimum amount of 0.00310 at 0.6% RTSF-reinforcement, then
increased sharply to 0.00341 and 0.00377 when the RTSF content rose to 0.9 and 1.2%, respectively.
The peak strain of LC3-based concrete without reinforcement was obtained at about 0.0028. The
minimum amount of 0.00256 for peak strain occurred at 0.3% RTSF and reached the maximum of
0.0033 in the LC3-0.9. Interestingly, LC3:1.2 resulted in a peak strain of 0.00281, which was lower
compared to LC3-0.9. The high-strength concrete without fibers exhibits brittle post-peak behavior. As
a result, the specimen collapses suddenly at«the ultimate strain under a uniaxial compressive load. The
ultimate strain is defined as the strain corresponding to'the stress of 80% of the peak stress in the post-
peak phase of the stress-strain curve [55]. For high-strength specimens that fail at a stress higher than
80% of peak stress, the ultimate strain is defined as the strain corresponding to the collapse stress. Fig.
4b represents the ultimate strain of non-reinforced and fiber-reinforced eoncrete for the OPC and LC3-
based concrete. The ultimate strain recorded was about 0.00391 for non-reinforced OPC-based
concrete. By adding 0.3% RTSF, the ultimate strain dropped to 0.00344, while reinforcing with 0.6%,
0.9%, and 1.2% RTSF increased the ultimate strain to 0.00426, 0.00505, and 0.00767. In contrast, the
LC3-based concrete did not follow this trend. The ultimate strain was recorded at about 0.3% for non-
reinforced LC3 concrete and then increased to 0.00599 by incorporating 0.9% RTSE into the LC3-based
concrete. The ultimate strain decreased to 0.00422 in the 1.2% reinforced LC3 concrete. It was-stated
by G.M. Ren et al. [56] that the steel fibers restrict the lateral expansion of the specimen underaxial
compression, allowing it to undergo more axial deformation. Similarly, incorporating RTSF into
concrete caused further ultimate strain than plain OPC and LC3 concrete. The LC3-based concrete

exhibited a lower peak strain than the OPC-based concrete with similar RTSF content. Additionally, all



LC3-based concretes, except LC3-0.9, showed a lower amount of ultimate strain compared to OPC-
based concrete under uniaxial compression. The consumption of calcium hydroxide by low-kaolinite
caleined clay contributes to denser C-S-H gel, as reported by Chen et al. [57]. The denser microstructure
makes the LC3 concrete more brittle than OPC concrete under uniaxial compression, which can be

reflected in lower peak and ultimate strains.
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Fig. 4. a) peak strains, b) ultimate strains under uniaxial compression

Polynomial relations were developed using nonlinear regression for the peak and ultimate strains of
OPC and LC3-based concrete reinforced with varying amounts of RTSF. The results of the developed
relations are presented in Table 7. According to the developed relations, OPC-based concrete reinforced
with RTSF exhibited strong relations for peak and ultimatestrains under.uniaxial compression with an
R2and Adj. R? values exceeding 0.95. By neglecting the peak and ultimatestrains of LC3-1.2, the strong
relations were achieved for LC3-based concrete, with R? and Adj. R? values exceeding 0.98. Notably,
the peak and ultimate strains of LC3-based concrete reinforced with RTSF decreased when the fiber

volume increased from 0.9 to 1.2, negatively impacting the developed relations:

Table 7. The developed relations for peak and ultimate strains of concrete containing different amounts

of RTSF

Variables Developed relations

£, VS Uf Eprsfope = C+B*ve + Axvp2 Eq. (1)

for OPC € =0.00314 +2.79 % 1075 LCL = 0.00302 and UCL = 0.00326
B =-3.6880+10"* +£1.0269 x10™* LCL = —8.1064 x10~* and UCL = 7.3040 = 107>
A =17.4508 % 10* £ 8.9432 » 107° LCL =3.6028+10"*  and UCL = 0.00113

residual sum of square = 0.126 , R? (COD) = 0.99, Adj.R square = 0.99




£y VS Uy Eprsfes = C+B*vr + Ax v Eq. (2)

for LC3 C =0.0028 + 1.5021 x 105 LCL =0.00261 and UCL = 0.00299
B =-0.00152 +1.2284 % 10™* LCL = —0.00308 and UCL = 3.7241 %1075
A =0.00237 +2.0224 « 10™* LCL=-1.9912x10™* and UCL = 0.00494

residual sum of square = 2.25, R?> (COD) = 0.99, Adj.R square = 0.98

£yt VSVF Euitrsfope = C+B*vp + Axvp% Eq. (3)

forOPC € = 0.0039 + 4.8870 =« 1075 LCL = 0.00369 and UCL = 0.00411
B'=-0.00187 +7.0228 * 10™* LCL = —0.00489 and UCL = 0.00115
A =0.00408 £ 0.00112 LCL = —7.6002 * 10™* and UCL = 0.00981

nesidual sum of square = 2.3699 , R>(COD) = 0.95 , Adj.R square = 0.91

£y VS Vf Euitr$f),cs = C + B*vp + Axve? Eq. (4)

for LC3 C=0.00299'+ 9.8934 x 107¢ LCL = 0.00286 and UCL = 0.00312
B =-3.2512 % 103* £ 5.0462 « 10~* LCL = —0.00674 and UCL = 0.00609
A =0.0038 + 8.2146.+ 10™* LCL = —0.00663 and UCL = 0.01424

residual sum of squaré:= 0.98 , R>(COD) = 0.99, Adj.R square = 0.98

£p - peak strain (mm/mm), ¢, <ultimate strain (mm/mm), v;: fiber volume fraction (%)

4.1.3 Absorbed energy and toughness index

Pre-peak energy absorbed in compression (EAGyz.) is taken as the area under the stress-strain curve
from zero to peak stress [58, 59]. The pre-peak energy abserbed in the compression of RTSF-reinforced
concrete is shown in Fig. 5a. The OPC-based concrete reinforced with 0.3% and 0.6% RTSF showed a
slight increase in pre-peak energy absorption compared to plain OPC-based concrete. Adding 0.9 and
1.2% RTSF to the plain OPC-based concrete increased {pre-peak absorbed energy by about 16% and
23%, respectively, compared to non-reinforced OPC concrete. Adding 0.3% RTSF to the LC3-based
concrete decreased the pre-peak energy by about 14%, while adding 0.6% and_.0.9% RTSF increased
the pre-crack energy by about 8% and 36%, respectively. Interestingly;-l=C3-1.2 resulted in the same
pre-peak energy absorption as non-reinforced LC3 concrete. The highest value of pre-peak energy
absorption was calculated for LC3-0.9. Generally, all LC3-based concrete reinforced with RTSF
exhibited lesser pre-peak absorbed energy compared to OPC-based concrete. Only,LC3-0:9 showed
comparable pre-peak absorbed energy to OPC-0.9. The area under the stress-strain curve from peak.t0
ultimate stress is considered the post-crack absorbed energy in compression (EAC,,) [68, 59].
According to Fig. 5b, adding 0.3% RTSF to the OPC-based concrete decreased the post-peak energy

absorbed. Incorporating 0.6, 0.9, and 1.2% RTSF into the OPC-based concrete increased the EAC,,, of



the concrete. Interestingly, 1.2% RTSF significantly affected the post-crack absorbed energy in the
compression of OPC concrete. In the case of LC3-based concrete, when the volume fraction of RTSF
increased to 0.9% in the concrete, the post-crack energy increased sharply and then dropped when 1.2%
of recycled steel fibers were added. The reduction of the EAC,, in the LC3-1.2 can be attributed to the
disturbance ofiinternal homogeneity of concrete caused by the addition of a high dosage of RTSF in the
LC3 _concretes The, plain LC3-based concrete showed lower EAC,, than plain OPC-based concrete.
Similarly, using 1.2% RTSF in LC3-based concrete decreased EAC,, compared to OPC-1.2. In
contrast, the post-crack energy absorbed in compression was greater in LC3-based concrete with 0.3,
0.6, and 0.9% RTSF than in OPC-based concrete with a similar amount of RTSF. Adding RTSF to
concrete slightly impacted the'pre-peak energy absorbed in compression. However, the beneficial effect
of RTSF on the post-peak energy absorbed in compression is shown in Fig. 5b. The bridging of the
cracks after peak stress by RTSF contributes to increased energy absorption. Total energy absorbed in
compression (EAC:,t4;) is the area under the stress-strain curve from zero to ultimate stress [58]. The
results of EAC;,tq; are shown in Fig. 5cdfor OPC and LC3-based concrete reinforced with different
amounts of RTSF. Among OPC-based concrete, only OPC-0.3 resulted in a lower amount of EAC,,
than plain OPC-based concrete. Adding 0.6, 0.9, and 1.2% RTSF to OPC-based concrete increased the
total absorbed energy by about 18%, 43%, and 113%, respectively, compared to non-reinforced OPC-
based concrete. LC3-0.9 showed the maximum amount of EAC+.among, the LC3-based concrete.
Adding 0.9% RTSF to the LC3-based concrete led to a 160% increase’in absorbed energy compared to
non-reinforced LC3. Additionally, total absorbed energy in compression increased by.,10, 78, and 58%
by reinforcing LC3-based concrete with 0.3%, 0.6%, and 1.2% RTSF, respectively. Only the LC3
concrete with 0.6% and 0.9% RTSF showed higher total energy absorbed in compression‘than the
corresponding OPC-based concrete. In these cases, the post-crack absorbed energy compensated forthe
pre-peak energy absorbed in compression, which led to higher total absorbed energy. The toughness of
concrete under uniaxial compression can be calculated by dividing the total energy absorbed by:the pre=
peak energy absorbed in compression (EAC:yq / (EAC,ye)) [58]. By focusing on Fig. 5d, the

compression toughness index decreased when 0.3% RTSF was added to the plain OPC-based concrete.



The compression toughness index increased by including 0.6%, 0.9%, and 1.2% RTSF in the OPC-
based concrete. In LC3-based concrete, the compression toughness index increased by adding RTSF up
10°0:9%, and then it decreased when 1.2% RTSF was utilized. The plain and 1.2% reinforced LC3-
based concrete demonstrated a lower compression toughness index than OPC and OPC-1.2,
respectively. Incorporating 0.3%, 0.6%, and 0.9% RTSF into the LC3-based concrete led to a greater
compression toughness index than OPC-based concrete with the same amounts of RTSF. The secondary
reactions governed by low-kaolinite calcined clay and limestone can strengthen the bonding between

RTSF and the‘paste_matrix: This positively affects the post-peak energy absorbed and compression

toughness.
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4.2 Indirect splitting tensile

4.2.1 Load-displacement curves

Regardless of the binder system, as listed in Table 8, the splitting strength was increased by
incorporating more RTSF into the concrete, which was stated in previous studies [28, 60]. The bridging
action of RTSF could restrict the crack propagation and participate in load carrying, which leads to
enhancement in the'splitting strength of the concrete [61]. However, the LC3-based concrete showed
lower splitting strength than the OPC-based concrete when the same amount of RTSF was used.
According to Table 8, the mix containing RTSF showed lower amounts of the COV compared to the
plain mixes. Three mainfactors, including concrete mix design, quality control, and test procedure,
govern the COV of the obtained results. Based on acceptable COV for compressive strength results, it
can be concluded that the higher values af COV in the splitting strength test are related to the test
procedure and method. The splitting tensile test is very sensitive to internal and surface defects of the
concrete specimens, such as voids, cracks, and weak points. Besides, the inconsistency and irregularity
of the specimen surface lead to stress concentration, which increases the COV of splitting results.

However, using recycled tire steel fibers can diminish the COV of the splitting results.

Table 8. The splitting strength of the OPC and LC3-based concrete reinforced with RTSF

Mix code OPC OPC-0.3 OPC-0.6 OPC-0.9 OPC-1.2
fesp(MPa) 410 5.04 5.96 6.72 7.08
CoOV (%) 19.62 2.94 6.54 7.08 9.00
Mix code LC3 LC3-0.3 LC3-0.6 LC3-0.9 LC3-1.2
fesp(MPa)  3.73 4.53 5.09 5.9 6.81
COV (%) 10.92 3.91 3.89 4:29 2.46

The load-displacement curves of plain and recycled fiber-reinforced concrete under splitting'load are
shown in Figs. 6 and 7 for OPC and LC3-based concrete, respectively. OPC and LC3.concrete without
fiber reinforcement broke into two specimens after the first crack occurred. As a result, the first crack
and peak load of splitting are the same in the non-reinforced concrete. Reinforcing concrete with RTSF
provides resistance against crack propagation, preventing the specimen from breaking into two pieces

after the first crack. As a result, there is potential for the load capacity to reach peak load after the first



crack in RTSF-reinforced OPC and LC3-based concrete. After peak load, OPC and LC3-based concrete
reinforced with different amounts of RTSF experienced a softening part. In the softening phase of the
load-displacement diagram, there are some sudden drops in load due to the failure of a group of fibers,
which leads to crack propagation. This phenomenon can motivate new groups of fibers and increase the
splitting load capacity close to the pre-drop load capacity. It should be noticed that OPC-0.3 and LC3-

0.3 failed at the deflection of 3.14 and 2.51 mm.
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Fig. 7. The load-vertical displacement of LC3 concrete under splitting tensile load

4.2.2  Absorbed energy and toughness under:splitting tensile

The area under the load displacement curve is/the energy. absorbed in the splitting test. Accordingly,
the area under the load-displacement curve from zero to the first crack load is taken as the pre-crack
energy absorbed in the splitting (EAS,,.). Post-Crack energy absorbed in the splitting (EAS,) is
calculated as the area under the load displacement curve from the first crack to peak load. The area
under the load-displacement curve from zero to peak load is taken as the total energy absorbed in the
splitting (EAS;,+q;) [58]. The results of absorbed energy, according'to the load=displacement curves,
are shown in Table 9 for OPC and LC3-based concrete. Incorporating 0.9% RTSF into the OPC concrete
led to maximum pre-crack, post-crack, and total crack-absorbed energy in.the splittingstest. In LC3-
based concrete, as the fiber content increased, the pre-crack absorbed energy developed. The post-crack
energy absorbed had the highest amount in the LC3 concrete with 0.9% RTSF. Interestingly, in LC3-
0.9, the post-crack absorbed energy compensated for the deficiency of pre-crack absorbed energy
compared to LC3-1.2 and presented the maximum total energy absorbed during the splitting test.
Opposite to the trend of total absorbed energy in the splitting test, the OPC and LC3-based concrete

with 1.2% RTSF presented the maximum peak splitting strength and residual strength at the end. By



comparing OPC and LC3-based concrete reinforced with different amounts of RTSF, it can be
concluded that the OPC-based concrete presented a higher amount of pre-crack absorbed energy
compared to LC3-based concrete with a similar amount of fiber. In contrast, the LC3-based concrete
with RTSF demonstrated greater post-crack absorbed energy than RTSF-reinforced OPC-based
concrete. Finally, the pre-crack absorbed energy surpasses the post-crack absorbed energy, resulting in
a higher total.absorbed energy in recycled fiber-reinforced OPC-based concrete than in similar LC3-
based concrete. The splitting toughness is calculated by dividing the total absorbed energy by the pre-
crack absorbed energy.in the splitting test (EAS;otq1/EASpre) [58]. Also, it is required to balance the
splitting toughness and splitting strength. The results of splitting toughness based on load-displacement
curves are represented in Table 9. Based on the load-displacement curves, OPC-0.9 exhibited the
highest splitting toughnessof 1.64 among OPC-based concrete. Similarly, a splitting toughness of 2.44
was calculated for LC3-0.9, which is the most significant in RTSF-reinforced LC3-based concrete. In
addition, all LC3-based concrete showed higher splitting toughness than OPC-based concrete. At the
initial loading level, the micro-cracks start'to propagate, which can be bridged by the micro-fibers.
Increasing the load leads to the micro-cracks developing into meso-cracks, which can be arrested by
meso-fibers. With a further increase in the load, the.meso-cracks change into the macro-cracks, which
the macro-fibers can banish. As a result, the hybrid fibers{ by arresting the multi-level cracks, are very
effective in increasing the performance of the concrete [62]. In the removal procedure of steel fibers
from expired tires, steel fibers with different lengths are produced, which can be considered hybrid steel
fibers with beneficial effects on crack arresting and bridging. The hybrid action of RTSF can lead to
high splitting toughness by arresting and bridging multi-level cracks in the concrete bulk, which
tremendously enhances the performance of the concrete under tensile loads. A previous study:by Hu et
al. revealed that orientation and fiber-matrix interaction control the behavior of RTSF-reinforced
concrete after crack opening [63]. Consequently, the fibers manage the behavior of fibrous conerete in
the post-crack phase. LC3-based concrete reinforced with different amounts of fibers resulted in‘more
post-crack absorbed energy and splitting toughness compared to fibrous OPC-based concrete with the
same amount of RTSF. It can be concluded that the bonding strength between RTSF and the paste

matrix is greater in LC3-based concrete than in OPC-based concrete. The higher bonding strength



between RTSF and concrete can be related to secondary reactions governed by the mixture of limestone
and low-kaolinite calcined clay, which can improve the ITZ surrounding the fibers, as proved by
previous studies [57]. It was stated [57] that low-grade calcined clay can improve the particle size
distribution of the mixture, enhancing the bulk density of the fiber-paste ITZ. In addition, the
thermogravimetric analysis results demonstrated that low kaolinite calcined clay consumes the cement
hydration products.and forms C-S-H and ettringite, resulting in a denser and stronger ITZ around the

fibers.

Table 9. The absorbedenergy.in different stages of splitting tensile load

EASpres” EASpy #EASipr ST EASpre  EASpo  EASiprg  ST!

Mix code kN.mm kN.anm kN.mm - Mix code kN.mm kN.mm kN.mm -

OPC-0.3 65.04 0 6504, 100 LC3-0.3 48.07 1445 62.52 1.30
OPC-0.6 101.87 1387 11574 114 LC3-0.6 5892 2072 7964 135
OPC-0.9 146.22 92920 239.14, 164 LC3-0.9 69.15 99.58 168.73 244
OPC-1.2 138.87 2649 16536 119 LC3-1.2 10743 38.97 1464 1.36

4.3 failure mode under splitting ténsilg

To determine the failure mode of RTSF-reinforced'concrete under indirect splitting tensile loading, the
digital image correlation (DIC) technique was employed. Initially,.random black points were painted
on the specimen section with a white background. Theny“a high-resolution camera recorded the
transformation of the section during splitting loading (see Fig. 1b).-Finally; the images were extracted
from high-quality video and used as the input for image processing. The _image processing was
conducted using the ncorr application in the MATLAB software. By analyzing these random black
points, the strain in each direction of the section could be measured. The section's failure,modes and
lateral strain under the indirect splitting test for OPC and LC3-based concrete reinforced with different
fiber volumes are presented in Figs. 9 to 16. The results of DIC are beneficial when they are‘linked with
load-displacement curves. For example, Fig. 8 displays the load-displacement curve of LC3-based
concrete reinforced with 0.9% RTSF, along with the corresponding DIC results at different Stages‘of
loading. Following this, the section's crack pattern, crack propagation, and lateral strain within the

section can be coupled with the load capacity and vertical displacement under splitting tensile load.
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RTSF with different lengths can‘bridge‘micro and macro cracks and prevent crack propagation. More
fibers can bridge more cracks, which justifies the beneficial effects of RTSF on the crack width and
propagation speed, as reported in [64]+Focusing on Figs. 9ato 12a, it can be concluded that the time of
the first crack slightly changed when the fiber content increased from 0.3% to 0.6%. In contrast, the
first crack time increased by adding 0.9% and 1.2%"RTSF to the concrete. As a result, recycled steel
fibers delay the first crack under splitting tensile,.which agrees with the previous study [18]. According
to the results, adding more recycled steel fibers to concrete effectively leads to narrower cracks and

lesser lateral strain on the section of the specimens.

a) t=330sec b) t=390 sec c) t=600sec d) t=1140 sec
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Fig. 9. The failure mode of 0.3% reinforced OPC concrete under splitting tensile load

a) t=330sec b) t=390 sec c) t=600 sec d) t=1140sec

Fig. 10. The failure mode of 0.6% reinforced OPC concrete under splitting tensile load



a) t=330sec b) t=390 sec c) t=600 sec ~d) t=1140 sec

Fig. 11+The failure mode of 0.9% reinforced OPC concrete under splitting tensile load

a) t=540sec b) t=570 sec c) t=600 sec _ d) t=1140 sec

Fig. 12. The failure'mode of 1.2% reinforced OPC concrete under splitting tensne load

The failure mode and lateral strain of RTSF-reinforced LC3-based concrete are visible in Figs. 13 to
16. In LC3-based concrete, increasing.the fiber volume to 0.9% increased the first crack time. However,
the first crack time decreased when incorporating 1.2% RTSF. Also, adding 0.9% RTSF was very
effective in controlling the lateral strain of the section=At 600 seconds, the lateral strain dropped when
the fiber volume increased from 0.3% to 0.9%, while it increased when including 1.2% RTSF into LC3
concrete. Generally, LC3-based concrete resulted in a lower first crack time than OPC-based concrete.

This can be related to the lower strength of LC3-based concrete, which leads to an earlier first crack.

a) t=330sec . b) t=360 sec - ) t=600%ec d) t=1140 sec

Fig. 13. The failure mode of 0.3% reinforced LC3 concrete under splitting tensile load

a) =360 sec | b) t=390 sec ‘ c) t=600 sec d) t=900sec

Fig. 14. The failure mode of 0.6% reinforced LC3 concrete under splitting tensile load



a) =390 sec

Fig. 15. The failure mode of 0.9% reinforced LC3 concrete under splitting tensile load

a) =390 sec b) =420 sec c) t=600 sec d) t=1140 sec

Fig. 16. The failure mode of 1.2% reinforced concrete under splitting tensile load

5 Conclusion

In this study, high-strength OPC and LC3-based concrete were reinforced with different volume
fractions of RTSF. In the LC3 concrete, 30% of the cement was substituted with the low kaolinite
calcined clay and limestone mixture. To investigate the effect of RTSF on the compressive stress-strain
and splitting load-deflection behavior, four volume. fractions of RTSF were considered (0.3%, 0.6%,
0.9%, and 1.2%). The high-strength RTSF-reinforced OPC.and LC3-based concrete were subjected to

uniaxial compression and indirect splitting tensile. The following results were obtained:

Adding 0.3% RTSF to the OPC and LC3 concrete marginally changed the'post-peak phase of the stress-
strain curve. However, incorporating more than 0.6% RTSF into the conerete improved the compressive
post-peak branch. All LC3-based concrete showed lower peak strain than the eorresponding OPC-based
concrete. Additionally, except for LC3 concrete reinforced with 0.9% RTSF, LC3-based concrete

demonstrated less ultimate strain than OPC-based concrete.

OPC-based concrete showed higher pre-peak energy absorbed than LC3-based concrete under uniaxial
compression. Only plain LC3 and LC3-1.2 demonstrated lower post-crack energy absorbed than the
corresponding OPC concrete. Except for LC3-0.6 and LC3-0.9, other LC3-based concrete resulted in

less total energy absorbed in compression compared to similar OPC-based concrete. The highest



compression toughness was recorded for OPC and LC3 concrete reinforced with 1.2% and 0.9%,

respectively.

Regardless of the binder system, adding RTSF to concrete developed the post-crack phase under an
indirect_splitting test, resulting in significant energy absorption and ductile failure. The maximum
amount of pre-crack energy absorbed in splitting occurred when incorporating 0.9% and 1.2% RTSF
into'©PC and LC3-based concrete, respectively. Additionally, adding 0.9% RTSF led to the highest
post-crack energy.and total energy absorbed in splitting for both systems. The maximum splitting
toughness was obtained by reinforcing OPC and LC3-based concrete with 0.9% RTSF. Additionally,
LC3-based concrete showed a higher splitting toughness than OPC-based concrete (similar to post-
crack absorbed energy in splitting), which justifies the greater fiber-paste matrix bond strength in LC3-

based concrete.

Based on DIC results, incorporating.more RTSF into the concrete led to a greater decrease in the lateral

strain and crack propagation speed.

Among LC3-based concrete, the synergistic effect of the combination of LC3 and recycled steel fibers
can be observed in the 0.9% RTSF-reinforced LC3-based concrete. As a result, incorporating 0.9%
RTSF into LC3-based concrete is the optimum amount for reinforcing structural elements. LC3 concrete
reinforced with 0.9% RTSF can be used in earthquake-resistant frames, industrial slabs, concrete
pavements, etc., where the ductility of concrete is the main concern. Furthermore, LC3 concrete with

0.9% RTSF can be considered for the structures exposed to the impact loads.

Based on the results obtained, future research can focus on the behavior of OQPC and LC3-based concrete
reinforced with recycled steel fibers under cyclic uniaxial compression, and indirect splitting tensile
needs to be studied. The results can be used to reinforce structural elements and finite.elementmodeling

of OPC and LC3-based concrete reinforced by different amounts of RTSF.
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