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ABSTRACT: Industrial steel fibers (ISFs) are the most widely-used fibers for concrete reinforcement.
The industrial production of these fibers is costly, and it contributes to Greenhouse gas emissions. The
present study, therefore, aims to explore the ways in which these fibers can be replaced by recycled steel
fibers (RSFs) made of scrap vehicle tires. To this end, the present study examined 13 mixtures containing
different volume percentages (0%, 0.5%, 1%, 1.5%, and 2%) of ISFs, RSFs, and their combinations.
The examinations included rheological properties of the fresh self-compacting concrete (J-ring, L-box,
U-box, and V-funnel tests), mechanical properties of the hardened concrete (compressive, Brazilian  Keywords:
tensile, and flexural strength tests), environmental characteristics (global warming potential (GWP)), o

and economic characteristics. Results showed that RSFs had a poorer performance than ISFs in terms of
mechanical properties. The use of 2% ISFs increased the splitting tensile and flexural strengths by 114%
and 82%, respectively, while the same amount of RSFs increased these parameters by 80% and 44%,
respectively. On the other hand, RSFs showed better performance than ISFs in terms of rheological,
environmental, and economic characteristics. Replacing ISFs with RSFs in mixtures containing 2%

RSF

Self-compacting concrete
Mechanical properties
Optimization.

fibers could improve the rheological, environmental, and economic characteristics by 8%, 30%, and

65%, respectively. Finally, given the multi-criteria optimization results, RSFs were superior to ISFs in

terms of rheological, mechanical, environmental, and economic characteristics.

1- Introduction

Concrete is one of the most widely-used materials in civil
engineering projects, and it shows an excellent performance
in terms of compressive strength [1, 2]. In recent decades,
fibers have been commonly used to reinforce the concrete,
particularly when it is under tensile and flexural forces [3].
One of the most widely-used fibers for the improvement of
concrete performance is steel fiber [4, 5]. During several
decades, various types of steel fibers have been used within
concretes, and they have had different shapes, lengths, and
diameters [6, 7]. Over 300 thousand tons of steel fibers are
annually used across the world, 90% of which are industrially
produced [6], although the industrial production of steel
fibers is costly, and it significantly contributes to emissions
[8]. For this reason, researchers have been trying in recent
years to find an appropriate replacement for industrial steel
fibers within concretes.

On the other hand, the total number of scrap tires across the
world is estimated to be around 1 billion each year [9], out
of which only 33% are recycled, with the remaining being
burned or left out in nature. Burning or leaving out scrap tires
in nature can cause significant environmental problems, and
seems that recycling is a way to resolve these problems [10].
Powdered of scrap tires can be used to produce new tires or
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tar, and the wires in the scrap tires can be used to produce
fiber-reinforced concretes [11]. Therefore, researchers have
been trying to use the fibers obtained from scrap tires as one
of replacements for industrial steel fibers.

The present study comprehensively compares the influence
of industrial steel fibers (ISFs) to that of recycled steel fibers
(RSFs) on the behaviors of self-compacting concretes. The
comparisons include rheological, mechanical, environmental,
and economic aspects. To this end, 13 mixtures containing
0%, 0.5%, 1%, 1.5%, and 2% volume fractions of ISFs,
RSFs, and a combination of both fibers were studied. Finally,
a multi-criteria optimization was used to select the optimal
mixtures.

2- Methodology

Materials: Ordinary Portland cement (Type II), recommended
by ASTM C 150 [12], was used to make the specimens. The
specific weight and the special surface of the cement were
3.1 and 3000 , respectively. The fine aggregates used in the
present study were mountainous crystals, and the coarse
aggregates were mountainous pea-shaped gravels. The water
used to make the specimens was ordinary drinking water, and
the polycarboxylate superplasticizer, Trademark dezobuild
D40, was used to ensure the sufficient concrete workability.
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ISFs

Fig. 1. Pictures of ISFs and RSFs.

The present study used two types of fibers including ISFs and
RSFs for the production of fiber-reinforced concretes. The
ISFs used in this study were hooked-end fibers with 50 mm
and 0.8 mm length and diameter, respectively. As RSFs had
different appearances, 200 RSFs were precisely measured
to obtain a working specification for the present study. The
measurements showed that a considerable number of fibers
had a length ranging from 30 mm to 50 mm and a diameter
ranging from 0.2 mm to 0.3 mm. Fig. 1 shows the pictures of
ISFs and RSFs used in this study.

Mix designs and specimens preparation: The present study
used 13 mixtures containing 0%, 0.5%, 1.5%, and 2% volume
fractions of ISFs, RSFs, and a combination of both fibers to
develop the specimens. The construction of concretes was
started when the dry cement and aggregates were blended in
the mixer. After 2 minutes, 90% of the water was gradually
added to the mixture. The remaining 10% of the water was
mixed with SP and then was added to the mixture. To prevent
the fibers from clumping/collating together, ISFs and or
RSFs were added to the concrete in the last stage [13]. The
specimens were cured in water for 28 days and then were
tasted.

3- Results and Discussion

ISFsand RSFsnegatively influenced the rheological properties
of self-compacting concretes, such as workability, slump flow
rate, filling ability, and passing ability. The negative influence
was more notable in the concretes containing ISFs.

The ISFs and RSFs effects on the compressive strength were
insignificant (less than 10%). The addition of ISFs (up to
1.5% volume fraction) to concrete insignificantly increased
the compressive strength, but the addition of ISFs beyond
1.5% decreased the compressive strength of concretes.
The ISFs performance was more desirable when the ratios
were low (i.e. 0.5% and 1% volume fractions) but the RSFs
performance was better in the compressive strength tests when
the ratios were high (i.e. 1.5% and 2% volume fractions).
The tensile strength of concrete was considerably increased
as a result of ISFs and RSFs addition. Due to their longer
lengths and their hooked ends, ISFs had more significant
effects on the tensile strengths of concretes, as compared to
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RSFs. The specimens containing 2% ISFs volume fractions
had the highest tensile strength, while the specimens
containing the same amount of RSFs did not have the same
increase (and actually, their tensile strengths were 80% that of
those containing ISFs).

The flexural strength of concrete containing ISFs and RSFs
were significantly increased. The increased strength was due
to the fact that the flexural cracks were healed by ISFs, and
RSFs. The ISFs showed a better behavior in terms of bridging
the flexural cracks, as compared to the RSFs. The addition
of 2% ISFs and RSFs volume fractions could increase the
flexural strength of concrete beams as much as 82% and 44%,
respectively.

In terms of flexural energy absorption as a very important
parameter for the post-cracking behavior of concrete beams,
the ISFs and RSFs were significantly effective at improving
flexural performance of concrete beams. Due to their longer
lengths and their hooked ends, however, the ISFs showed a
better performance in this respect. The replacement of ISFs
by RSFs decreased the flexural energy absorption from 214.9
Jto 118.7 J in the concrete beams containing 2% fiber volume
fractions.

Economic analysis of the mixtures showed that RSFs are more
economical than ISFs, for reinforcing Concretes. Moreover,
the GWP analysis of mixtures indicated that RSFs are more
environmentally friendly than ISFs, and in other words, they
are more sustainable than ISFs.

4- Conclusion

The multi-criteria optimization of mixtures indicated
that RSFs are more valuable than ISFs when the aim is to
obtain optimal rheological, mechanical, environmental, and
economic characteristics.
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Table 1. Properties of ISF and RSF.

S Caoglile Aimatu¥l Jgoo S P Job adg g, NEN{INH
(MPa) (GPa) (ton/m3) (mm) (mm) ) )
e Yoo VIAD /A O e Ie ISF
oo Yoo YIAD oJe-¥/¥ DY CH RS RSF
100 - .
/s I
- 7 .
A i
80 : 7/ I;
/ 3
2 / 1!
S RV i
X ;Y i
3 /
3 S/ Ll
g; 40 / = ; 1
/' / / / aloy,
'/ . /' — — g o
- -'/ N — .. — ASTM C33
0o L L7 A
0.1 1 10 100
(mm) S| 4lad

Wailasiw gadild laged ) SIS

Fig. 1. Particle size distribution curves for aggregates.
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Fig. 2. Pictures of ISF and RSF.
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Fig. 4. The results of rheological properties tests: (a) J-ring, (b) L-box, (¢) U-box, and (d) V-funnel.
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Fig. 5. Manner of three-point bending test performance.
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Fig. 6. Load- displacement response of beams containing: (a) ISF, (b) RSF, and (¢) combined ISF-RSF.

yfay



(MPa)  oaiS c;.a5l.5.a
NI
|
||

REF 105 11 11.5 12 RO.5 R1 R1.5 R2 IR0.5IR1IR1.5IR2

53

52

] ] 1/
51 4 F e
= d E = r
50 4 F 4H— A

(MPa) s ,Lad Caoglie

o E—HH 00 H

47 HE

46

REF 10.5 11 11.5 12 RO.5 R1 R1.5 R2 IR0.5IR1IR1.5IR2

(<)

(<l

250

200

100 'r 1-F : 1 H-H-
50 4 H HE 4 -7

REF 10.5 11 115 12 RO.5 R1 R1.5 R2 IR0.5IR1IR1.5IR2

(MPa) i w5bu
o
|
o
3
3

[
N

=
o

00
\
I

o U 4 B OH H O OHH OHE O HOFEOH
REF 105 11 115 12 RO.5 R1 R1.5 R2  IRO.5IRLIRL5IR2

)

@

G581 @i (3) 9 (oMiod Croglio () ¢ oS Cuoglile () ¢ gy id Cunglite (W) 1 SHSe Gl guad (b i lojl gl .V JSW
Fig. 7. The results of mechanical properties tests: (a) compressive strength, (b) splitting tensile strength,
(¢) flexural strength, and (d) flexural absorbed energy.

Mastali 3.0 )5 o b alie gols a5 5l 4o (o lis Cuglin yiul3él

ol 015 S 55 V] oo

LSy
Slalgtal 903 ¥ (59 1 ((a2) sy SRS Cnglio ialol

[0 ()88, e L LMW 25l 1 5l e Sl Ve JlaB g Ve Jobo b
ol 0 b8 sl ASTM CFR5 [V ] Lolul el ISl

03,5 dgwle (V) daly wll p (isS Conglio yiulo)]

2P
o, =
w.L.D

Do o5 (6Hlid Cuoglie ialS Cogo Wilg o ISF sl i oolaiul
2L oo ISF jl oalawl 155 oy J5dso (il58l gadge cpl LY 51 S
RSF jl b ials s aiolibl 5l ee g0 o 35 adiS clddllas o [YA]
Ohea g Khaloo 5 Lil58l [YA] o)) SKer g Aslani .ol s i,155
Sl g (i & Cand ISF (55> slags (6)lid canglia 2alS [Y ]
3> (L5 35 RSF (ggls (sl ()lid canglio ()0 053,85 (5)155
S50 (0 oo 223 ) 9 +/0) ol (slacins > SUL cpl (29381 &5
YU (lacans ;)] 5l oslitwl 45 Sygm )3 )5 ISF & s (658
@ o (5 (5yli8 0 Sles dbul cage (i e 2o V5 V/0)
50 i &4 RSF 0o)d ¥ 5 VA ) co/0 o 113438] .l 005 ISF

2ol g dy G (6)lid Cuoglie (s 0oy VIR g VIO /5 MY Lil8l

2 S 86 RSF 99381 &5 cusly Jlolsl ol5 o coplplis ccunl o

yFaf



Lowsd Jlasl dod (5955 P o dod Cuoglio O ey oyl
Dlef] ) 3 Al e 5 25 5 s b iashe YY) s Job
o8 o3y sk s sly (o oS Ver CB )b b )l S
ok oialesl > )3 5 5 e Sl e Bl Ve g 4y oz S
(slafoges 5 (8) US> alef ol o550 5| syt 0 o8,5
ods o3y L (8) UK > Lislejl cpl 5l el Cawts S puis — b
390 et G5 ol g (ool Cuoglio el 93 (talef] cal 5
(V) 5 (2 V) JS1 5 i gl & Loeyo gl o 6,5 3 o
Sl edly oyl

5 ol RSF 5 ISF sl oo gl jl & shilen
day 00 il 58] Sl dges 4y Comd |y (40 (ded Cuoglio (glalas Mo
Jlasl sbul b eslasl 5590 (slacdll days > plawl slas 5 skl
015 oyl (5518 | 55l age 0nd sloml SlacS 5 By 93
Cooglio [YF] woly iulidl ]y ot sl ys ied Cuoglie 34l oyl 3l g
958 48 el oty JSwbKe 8/Y (BUI JEB) g po (S0 3 oaied
5 UM MOF YNV b iy & ] sae ol ISF amyn ¥ 5 VD o) /0
iy 4 RSF jlade pon &5 Jhgo j0 0 Ligli8l JKwLKe Y+ /YA
Syl by 53 ) JSlle AIDY 5 ALY YIVY SIVE L fad Cnglie
ISF 00,3 ¥ (sl aiged & bgyyo (s Cuoglie gy el pliz 905
Sopo )5 4,55 bl dged 4 Cund |y (o) AY iuli8l &S 5y
e Cuoglie g0y ¥F ]38l Cog0 RSF jlade o 3l odlazwl oS
5,Sles RSF L awslds ;0 ISF (plpls i sl diges b duslds 5o
Caol 03y i 293l byl sded Cwglie ioliel 0 1) sl
50 o Job b (6d¥s8 B £45 g3 JI[YV] ], Ken o Ponikiewski
p 0510 (S by (phed Cunglio ol )3 ) e le ¥
@i bl S5 Jsb b bl o5 w85 as plia] aizges
A 40 5 (gdw dw z595 (glyld olisS” Jobo b slaslll g eSS
2 ol b sl gl SUI Jsb iy a8 3l LS B ol b
3 ¥ G S0 i ) 25 s i (phed Canglia il
203 MO (39381 J1 53 C 5 o (G Sy (odied Cuaglie (G030
S )5S VY] o)) s Mastali lawgs RSF o ISF

hed 53l Gl bl Gl cal o (phed Coglio  0gde
2j Colus dnbre B)b 5l by (oded G55l a3 ey

s g5l Ol Gl )3 ISF el sty e puis — 5l lages

YFA0

55 D ol Jlasl g9y P ool Cogliio 0 ety oyl 5o

V) U 50 islejl cpl 4 bgspe ol il oo (slailginl diges Jobo L
ISF a5 b8 56 ¢ yiolojl opl plol s 53 sl o o3> ol (o
bS5 9y 2 bl Gk I o (atS Cunglie y2alj31 )3 RSF
oliel g boMB slesl g gl Job dawly 4 ISF .05 sanlie
o fpyng 3 b @Bly dse RSF 4y cod (g (o038 Conglie
b YIVE jlade 11y (siuiS Cuoglio Cunsles ISF o3 ¥ (43458
Oliwe ek &S Sigo 0 wWley JSKWbEe A/+Y 4 sald diges )
S led 3l 1y JSKWL e SIVY  iiS Cuoglie Cuuslys RSF
s S o5 5l 3V o8 AUl 4 onds pdne (glacyn Cansls
bl g g9 ol (350 S5 S abrl b a5 A8 (o (59 (pelie
S 5 o g ol b o 5 yiuS digad slaad (0 49l oSy
i Cpl 3 [YV] 3yl 418 Bpme B Clasuine L8l cod 44l
WE 5 Ve AY FO ial5dl cogn ISF a3 Y 9 VD ) /B v 38
A g MY DD e il Ccoge RSE e ek 2,8 5 (guopd
ISF 5,5 ¢ pl ol s GBI A8 dg0d &y Coud (oS Cnglie (o yd
il e Coglgl 0 RSF &y Cons (i (oS Cunglie (yiol58l jolaio o
ool Cowly pols Gt gl b alde (2ols o i Slalllas
RSF 55 oo o [YY] o) Sen g Aghaee &5 500 o [VF] cul
Widged (Byme eyl (oIS Cungliie )3 yuS (i ASF (330l (gt
Iy 63¥es sladl)l  SUlSe Gluogad 5 JS5 ¢ Job dtislS libss
O oS Coglie (ol > Ul ol 158 50 Glasie dles

[9F] 9le3,S b yme

e Y F
P Fte o K Jlosl) ghabb aw oS g Gialejl ]
A gyl F (oye IV Jsb & (o SasS (lays o) 2 (aled Loy
15 oo Caoglio S plogl ASTM CS+4 [Ya] Lol 5 o ks

235 duslore (V) adlasly oll s Siolej] oyl

o _3PL
T obd?



514 (o yshilen .blossl vty [¥A] Ecolnvent oy oKL wlal 5
Gl GWP i sl [asuio (V) Jodo p0 o odly lis cleMb
sl I Sl 4 o) el RSF | i ply ¥IY olsee 4 ISF
A b oS Wilbe 3¥e8 SUI o g (b )3 0L ke GHG
A el 1) Gl e g B pse plge <8l ok 5l Sl
LM clag)b plos sl (5 caSo jio S &y bgrpo GWP 5
LM clag b (¢lp odal cawts GWP lade s duwloe o3lizl 5)g0
o 5l as gyehailen .cawl ond ooy L (A) UG 1> (g3gm0 yguns
G o 5 95 56 s LS slag b GWP 50 el aseie
GWP 500y i ISF ao )2 ¥ (gols bW )b o)l j1,8 8 ym0
ol olaidl dgd 4y [y GWP 50 oy a8 BUI 036 bS] # )b o
sl IS (slag b (gl osal Cuns; GWP i dusglio b (21
@ by GWP s )] olo a5 b8 3Mi3| sl RSF 4 ISF
e gols bS] 2ok b dulia 15 RSF 1oy ¥ (g5l b3 o o
aeS lei oo eoplplo Cuwl 4l ialS as ) Ve 4l 4 ISF ailis

4 gycuwle B sunjlase Glusgas Lld jI RSF & cé)8

.ML!L;O ")‘:)‘ ).) b.)Lé.:wl )9]&@

OB Glhogad —F
da)] goms S elipl auje bl p LU claz )b o
P s goand ol () Joir 085 ©jp0 oolall ganlie
dhe )5 Hloy o bUB szl gonad | sl 5l s
uasuie Jgda opl 50 odd oald ol SleMbl jl aS g yskailan b o
agjp &S (gjeley .l i Hluw RSF L awslis )3 ISF 4l ja !
13h Al RSF 2 5ok YA ayja Jolao Luyis ISF Sk pn
Al o3l 5y90 bWE! slaz b plod jl i caSo yio S cilo
ol S selatlen il o edly lis () U )3 (439%0 Cyguas g
€5 9 sl 15U o bWS! slag b cilu dn i sl asuin wls
YY) @ e LIS 25k 4 bgujo dia o (3 208 sl pite (8 pae SLI
LIS )b 4 bgype dia o (o pis g (o o 5 (6lj1 5 plogi )l
(coa o o sl 53 olags 8 VY5 5 ek ) ISF 50 ¥ (55
S5 4 3a RSF LISE 030l oS aed oo lis ol gy il oo
B oo ¥ 5 V0 &) /0 (gols bMWE] slag)b 5 1) i oS jio
duwlio 0 RSF (plpls im0 (ials 0o 0 50 9 5V DA FA Cui g

ool i 50 odlaiwl (gl (6548 pay 9,80 BUIISF L

Oy 3l o (ST 8B) @ o ol |y b oy (o sy
(850l Gl e cadgl slalS 5 ool (ase 4y g 355 Cuaglio yiSTas &
Jo3 VAL ply 55 ol (655 Glo &S (Ia65 4 sy (SisunS 4
Al 4 ) 5l ax RSF 4y e glays o 350 1 s Job>
i) (S5 4y gglla s (5551 0 b g o) 4 255 Cunglis
a6 ids sals BUI & pdue (gl i S0 puuss — 5l (sl jlages
2 &S jelailen psiud By (53,0585l dn k8 deks 50 S
Sy ey = )b e pj Colus g o0 odaliie (7) JSU5
oty L &S Caol 4l i)l sl BB o5 GISF & s
GISF b o by (6500 wds (il jo BUI ) Callas 5,Slas
Joobul b b Sl galasd jo caslys 395 HIbME slos] (salawly
DRIl p3L Coge 5 (LS dag )3 0ad sbxl S 5 )
o )logas (SlBo Cuand 295 (15 ) G &y ] S 9 S 550
Sl s g oS ISF @ o slays 0 by S0y = )1
35 HDOME Ll L ISF oS cusl gadge (pod Lgo ol 0dds yalls
Oil38l Coage o Dbl slaS 5 Byl 93 3 Wi ol b ol diwilys
55 ey B ] i 55 395 a5 (5551 ol 5 gl
038l 5] 4 oSl s g 0 L e plo 3l it sl )b coo
9 MO N /B 13538] ol o edly L (F) Sy ey oyl Ll
als 5 )3 Jo3 VIVA Jl (pdied (555l @l aljdl e go ISF a0 Y
P RSF (8, 51.055,8 Jo3 YVF/A g WA/F OYVE MNAL iy a
JISE L awglis )3 (g iciens 3 Sloe (i sl ys (351 @da a8
2 0% Jr Jes ;0 RSF o Slee a8 sl lis clialie ol lis a9
sllas ooz ISF b dulio 1 | 508 3] 55655k 5 535 55
RSF (ol> sloy 3 (pdied 55l @ Gl (> (pod 2 395
SVEIY XYY O-/0 ed 655 i 91 ISF g5l glays j) 5208
RSF 303 ¥ 5 VO o) /0 gobs (sloys gly sy & Joi VIAY

ol sy

(g o Oluoguad ~0)
d90 0 oge (GHG) (laldlS (glajl5 Lawgs (0 g2 3 bo)S
e (soaims oL o2lo ol (GWP) Sleer ale S il YA
e goximy oL (¥) Joso il o odle o bwg (caJyi GHG
SleMbl ) sl o LU glag b gorims LSt Al ol GWP

1 Greenhouse gases

VFas



VO-F U AFAY dotio AFY Lo &Y o)las DO 093 ¢y yuol (o cwdins 4 i

GWP (kg CO2/m3)

Bl Boi DOaluw OSP EISF ERSF
900 —  — - — - —— e

800 | e
200 | e e _
O I . o N .
o0 Lo -0 -B - B-B B B-B- B B-
o R B-B-B E-BB B BB R-
0 L B-B-B E-B B BB B BR-
20 - B-B-B BB BB BB BR-

REF R0O.5 R1 IR0.5 R1.5 R2 10.5 IR1 IR15 11 IR2 115

12

(SO0 i i & BWAT sz b GWP A S

Fig. 8. Global warming potential (GWP) of the mixtures in ascending order.
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Table 3. Global warming potential for ingredient of mixtures ( kgeq CO2 )
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Table 4. The cost per kilogram of ingredient of mixtures (thousand Tomans).
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Table 5. Overall desirability of mixtures
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