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Abstract: This paper investigates the effects of the diffetgpes and percentages of fiber reinforcements in
concrete on structures' design life. The primaryapaeter of the analysis is the tensile strengtlcafcrete in
correlation with compressive strength in dependentéhe type and quantity of fibers. Using fibanfercement
allows obtaining a pattern of evenly distributeccroicracks instead of the usual system of localinéd/idual
relative wide cracks and increases the durabilityswuctures. The durability of concrete is evakdafrom the
probability of the appearance of cracks throughcaparative analysis of the results of experimetesats for
mixtures with different types and amounts of fib&re subject of the analysis is also a mixtureoofcrete made
by increasing the coarse aggregate from recycledensds content and lower consumption of cementio
materials as a green concrete option with improkesistance to aggressive environmental influenthe. main
goal is to assess fiber-reinforced concrete (FRE@st-effective and green by increasing the recyabgregate
content and lowering the consumption of cemenstimaterials. A comparative analysis of results gdify
statistical and machine learning methods is perfednfior the influential parameters' assessment efRRC
structures' design life.

Keywords:fiber-reinforced concrete; design life; durabilitgyreen technology

Received: 25.07.2024. / Accepted: 09.10.2024.
Published online

Original scientific paper

1. INTRODUCTION

The paper's theme is investigating how differepeyand percentages of fiber reinforcements inretec
affect structures' design life. Fiber incorporatinrup-to-date concrete mixtures began about 1@@syago. The
ideas on improving the tensile strength of concuosiag different fibers in the concrete mixture avértensively
presented in the last decades. The experiencdentektudied in the last three decades was pegséimtough a
few characteristic referencds €t al. 1992; Hussain et al. 2020; Ali et al. 90 IThe impact of different types of
fibers, such as steel fibers with straight or defed shapes (twisted, hooked-end, and corrugated)ewamined.

Besides steel fibers, the effects of the otherdygddibers, such as glass, basalt, and synthibgcs (polyvinyl,
nylon, polypropylene, polyethylene), natural fibébsmmboo, palm, banana, coir), and a hybrid contizinaof
fibers, were tested.

The ideas on improving the tensile strength of cetecusing different fibers in the concrete mixtwere
presented. It reviewed the effects of steel andhgyit fibers as shear reinforcements in concretars without
transverse but with longitudinal reinforcement.this investigation, synthetic polymers (aramid,yethylene,
acrylic) were considered, and it showed that thienake shear strength of beams made by fiber-reietbconcrete
has improved. While all beams without fibers faifgcdiagonal-tensioned shear, in some casesytiesif sudden
failure was prevented by using fibers, and thendte failure was in flexure.

Later, more papers presented the effects of imprtamsile properties of concrete on shear stremgjtig fiber
reinforcements. In recent years the particulantgdainfluence of steel fibers on improving sheaigtance has
been highlightedTariq et al. 2021; Marcalikova et al. 2020; Suclaagtial. 2022 Some research has shown that
the shear capacity of beams is affected by thé fiee volume fraction, depending on the reinformmt ratio of
longitudinal steel and transverse stéidh(othy et al. 2028 Some explanations related to the increase iarshe
strength for beams with fiber reinforcement haverpreted this phenomenon as developing strondezsich
between the concrete matrix and steel fibers witéseised Tariq et al. 202}

Referring to the literature, it is concluded thattlier investigation into shear strength with stileér
contributions is required, especially for straigtgel fibers Timothy et al. 2028 Besides that, various fiber types'
physical and mechanical characteristics and ttogitemt in the mixture, as well as their shape,iBaantly affect
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the properties of fresh concrete (rheology, worldghi hardened concrete (microstructure, tensiled a
compressive strength), as well as on the strucpugderties of concrete structures.

Today, it is a particularly popular theme relateéhtproving concrete structures' durability andadian of the
life cycle. Relating to this, one more major advairtusing fiber-reinforced concrete is limitingack openings
(Jiang et al. 2023 Research of fiber-reinforced concrete as ancsgfegreen concrete technology is based on
advancing properties and durability.

2. MATERIALSAND METHODS

Several analyses based on the data from the litesaihich are presented below, show the influeridibers
on concrete's mechanical and deformation charatiteri The adding analysis of those parametersttjinelated
to the durability and cost-effectiveness of struesuwas done.

Different kinds of fibers are present in the markeday, and the most analyzed are steel, glass, and
polypropylene fiber. At the newer time, naturaldib from agricultural waste are in experimental (Ragkohila
et al. 2023 According to previous research, fibers' efficigrmainly depends on the nature of the material,
geometry, and mechanical properties, but fiber doatlon effects shall be consideré&bf/ichandran et al. 20p2
Two investigations of steel fiber effects on thechmmical properties of concrete were prepared usirggght
short fibers (with tensile strength of 2200 MR&a(calikova et al. 2020and 2500 MPaKazemi et al. 201Pand
fibers with hooked ends (tensile strength of 2308ayl Fibers were added in different dosages (& 84land 2-
5 % per volume). Mechanical properties, compresdilexural, and splitting strength of plain conereind
concretes with fibers are compared. Investigatioommprised different mix designs for concretes witrmal
strength (NSC), high strength (HSC), and ultra-pgihformance concrete (UHPC). The properties adréikare
shown in
Table 1.

Figure 1 Different fibers types: 1,2-Steel; 3-Glass; 4 @ypropylene-PP; 6-Banana fiber

Table 1The main properties of fibers presented throughrésearch

_ | Aspect Tensile Elastic
1D Type of fiber [mm] d [mm] ratio | /d strength modul
[N/mm?] [GPa]
1 Steel SF - straight short 13 0.2 65 2200-25p0 200
2 Steel SF - hooked ends 35-62 0.9 39-68 1200-2300200
3 Glass fiber GF 6-18 0.015 400-1200 >1700 72
4 Polypropylene PP-macro 30-65 0.5-1 60-65 400-750 5-12
5 Polypropylene PP-micro 6-19 0.018-0(3 63-333 380- 3.5-7
6 Chopped banana fiber 40 1 40 - 9-16
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Investigation of the fibers' effect on the concrgigement structures' strength is representedghrihe design
thickness of it. The thickness of plain concretegmaent is compared to the thickness of pavementenoéd
concrete with fibers on the three concrete mixtumgery with a 1% volume fraction of hooked steel,
polypropylene fiber, or glass fibers. These comsdtave been exposed to different traffic loadhénconcrete
pavement to investigate the effects of fiber raicément on concrete's mechanical properties. TVestigated
mechanical properties were used to design the empavement, where the thickness was evaluateet timel
same traffic-loading conditiongi(issain et al. 2020

Two forms of fibers were tested for compressiversgth and splitting tensile strength to determiveedptimal
ratio of the composition of fibers in the concreganforced by hybrid fibersBlazy et al. 202)L

The further development of ordinary concrete (O)ctures is limited due to the high demand fouredt
aggregates, the exploitation of which seriously dges the natural environment. The reduction of egaie
content in concrete, as well as the size of thingleads to the use of too much cement in the meacnixture,
causing a higher carbon footprint. Cement condratebad performance in tension, and the appeaddcacks
in concrete causes sensitivity to environmentalckit and shorter design life duration of concretectures. The
advancing solution to these issues can be to isertiee resistance of concrete by incorporatingdibed reduce
the use of natural aggregates using recycled agtgein concrete.

Research comprises the fiber's influence on coeisretechanical resistance with recycled aggre&ae &nd
durability performance. The three types of concmeitees with 0% recycled coarse aggregate (RCA), KA,
and 100% RCA are used to investigate glass fibfecef in the concreteA(i et al. 2019. The mechanical
properties of recycled aggregate concrete (RACevesaluated based on compressive strength, splitimsile
strength, shear and flexural strength. The usdefttificial neural network (ANN) model to analyte shear
strength of 231 beams was done. The parametergdmc¢he recycled aggregate content besides the spaia-
depth ratio, compressive strength of concrete,itadgal reinforcement percent, and the width aegdtd of the
beam Ababneh et al. 20201In the other research on the 252 concrete sggmmade with recycled aggregate
concrete, the stress-strain, initiation, and prepiag of fiber-reinforced concrete cracks with ssmd and
recycled aggregate were analyzelifing et al. 2022

The findings in Yu et al. 202) indicate that the replacement recycled aggre(fa#g effect in concrete is
significant. Consequently, the database of invastgs of the shear strength for 264 beams witlyaled
aggregate, from which 206 comprise beams withoaaisheinforcement, is included in this analysise Timain
statistical parameters are compared based on thede/alues of nominal shear strength providedcttycrete
for tested beams and designed shear resistanomafete section according to EN 1992-1-1.

Numerous tests in the literature showed that addiegl fibers increased the shear strength of owinatl
concrete beamsA(masabha et al. 2023 The base of extensive experimental data abaiinte steel fiber
reinforced concrete (SFRC) beams without the sheiaforcement is used to analyze the probabilitgraicks
appearing in correlation to shear strength increpas a design life parameter. The applied da¢gbe@mprise
488 results of testing shear strength on SFRC bedtheut the shear reinforcement (SR) collectedTiariq et
al. 2023, against results for 209 beams of plain reinfdrcencrete (PRC) with the shear reinforcement (155
beams) and without SR (54 beams), collecte@irelpovi 2009.

The analysis is based on the ratio between thmatléi shear force in the test and the design shreagsh
according to EN 1992-1-1. The results are expreggedgh the safety factor of the shear stresslk peeasured
load versus the designed values of shear streshamsthear strength to the compressive strengtbrafrete ratio.
The Probability Distribution Functions (PDF) forthatios mentioned are derived, and values are adfor
concrete reinforced with steel fiber (SFRC), pleimcrete with shear reinforcement and withoutrit] aoncrete
with recycled aggregate. The effects of fiber reinément content in the concrete on the sheargtrerormalized
by the design shear strength are illustrated irdtagramsfigure 4.

3. RESULTSAND DISCUSSION

Most of the test results showed that the flexuralgth of concretes is grown three to four timédewsplitting
tensile strength is grown 2.5 times due to addiig51% hooked ends steel fibeFsgure 2. At the same time,
compressive strength stayed with a minor changmlokes, increasing between 3% and 8 %. Howd<azemi et
al. 2012found that adding up to 5% fiber could increagedbmpressive strength of concrete up to 25% medsur
on a cube 50 mm for ultra-high-performance fibénfarced concrete (UHPFRC).

The straight, short steel fibers showed lessectfieness than hooked, especially at flexural gteincrease.
While adding short fibers with content 0.6-1.5 %xtiral strength increased by 46-74 %, and spijttemsile
strength increased by 40-97 %gure 2. Besides, some research found increases in fletensile strength (up
to 107%) and shear strength (up to 260%), witheiases in fiber from 2 to 5%.

An analysis of the 488 results of the shear strengtbeams with steel fiber reinforced concreteRSF
regarding the effects of steel fiber content isvaimdan Figure 3. The designed shear strengthd{ecy, which
includes all influential factors according to th€ZE normalizes the shear strength test resultghfergiven
specimen of beams without shear reinforcenert0). The factor of structure strength expresseduidin ratio
nominal shear stress measure in testing to debiggr strength increased approximately two timels thié growth
of content steel fiber from 0.25% to 1.5% per vodum
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Figure 3 Effects of steel fiber content[\én shear strength

The failure mode of beams composed of concrete mgithicled aggregate (RACC) and the crack pattern of
beams is similar to that of beams with natural seaggregate concrete (NCAC). It is indisputabée theasures
for reducing carbon print are on the side of RA@Bsus NCAC if considering the higher coarse agdeegantent
and lesser cementitious binder in RACC. The tenstilength to compressive strength ratio of concvéth
recycled aggregate and polyethylene fiber (PFRAE&Y increased with increased fiber content. Itaveaverage
of 0.091, slightly higher than those of RACC argksfiber reinforced (SFRACC), which were 0.085 arB9,
respectively. The fibers slightly change the initia and distribution of cracks. The crack propagaand high-
value strain of SSRAC greatly vary with the fibgpé and their content variations.

Table 2 presents the values of the average safety fambiased estimation of standard deviation, variance
and characteristic value with 5% of expected valhmsw this value for the nominal shear strengticarfcrete
beams. The beams of steel fiber reinforced con¢8#&C) without shear reinforcemept£0) reach the level of
shear resistance of NCAC beams with shear reinfoeoé. Considering the distribution of the transfeear force
between concrete and steel in both types of comcites clear that bridging of cracking by the renous fibers
provides uniformity and lower stresses in steehtimthe cross-section of the stirrups. It caubesiew cracking
patterns without localized individual relative widecks. Concrete with recycled coarse aggreghtagsssimilar
results related to shear strength as concretenatilral aggregates.

10
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Table 2Statistical analysis of test results of beam’s stst@ngth

o fox X1 (y=Vies{VRdd X2( Mestfex) Xehar,5%
S (MPa) " AV | STD |cov| AV | sSTD | cov| x1 X2
>50 | 169| 1.892] 0590 31p 0.054 0.0p1 389 0.948 200.0
E =0 | <50 | 318| 1.791] 0532 297 0077 0.0p4 313 0939 380
All | 487 | 1.832| 0553 302 0.069 0025 36/6 0.947 29.
>50 | 102| 1.841 0452 245 0.052 0.0p0 39.0 1.118 200.0
Q| A>0 | <50 | 53 | 1954 0684 35D 0085 0082 497 0860 M1
° Al | 155 | 1.880| 0.543| 289 0.064 0034 52/8 1.011 10.Q
a=0| >50 | 54 | 1.165| 0.430 370 0.036 0019 533 0476 5.p0
g|m=0| <50 | 206| 1242 0578 465 0047 00p4 508 0317 0D.p
& >0 | <50 | 58 | 1.864| 0.623 334 0085 0083 385 0867 .03

Figure 4 presents the empirical Cumulative Distribution &ion (CDF) of the design shear strength safety
factor, where nominal shear strength is calculamzbrding to EN1992 for different concretes witld avithout
fibers. The CDF value for the measured variabthéspart of all results that are less than or etjudiie observed
value.
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Figure 4 Probability of factor of test results versus desipear strength for SFRC and plain NCAC &®CC
with and without shear reinforcement

It is shown that the fibers may increase the beahear strength, especially the correlation fasftarominal
shear strength to compressive strength. The tenmioperties of concrete with recycled aggregatestdall
behind, or they even lead if compared to concrétie matural aggregates for the same compressigagtn.

The effects of combining different fibers are thions for new advantages of the properties andllity of
concrete. Combining two types of fibers was ingadtd to find the optimal composition of fibersoncrete and
get better properties. Steel composition with atiyeofiber has better properties than other contizina without
steel fiber. Using glass fibers with steel fibeii provide better tensile strength than combingteel fibers with
polypropylene.

On the other hand, the polypropylene fibers effecharacterized by reducing plastic shrinkageaadks in
concrete surfaces. Results of several researchestadowed a significant crack limitation in whitte addition
of 0.10% to 0.50% of fibers resulted in crack lmtibn up to 99%HKlazy et al. 202)L

11
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The effects of polypropylene macro and microfibeosnposition are directed towards increasing tensile
strength by the micro-fibers bridging micro-cracksd macro-fibers increasing ductility by the infige on
macro-cracks. Shrinkage crack limitation as a $icgmt instrumentality for corrosion and sulfateaak reduction
is beneficial for sustainable development and esitemof structure life. The production of PPF erfétss CQ to
30% compared to steel fibers production and 9%thess glass fibers production.

The analysis influences of the incorporation ofdtéel, polypropylene, and glass fiber shows thathiitkness
of concrete pavement may be reduced by 35%, 18&623%, respectivelyHussain et al. 2030
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Figure 5 Effect of different PPF content and different kindi$ibers on the cost

The use of fiber reinforcement in concrete causemerease in cost by adding fibers and superpiastis
because the presence of fibers reduces the waitkalfifresh concrete.

Different density of fiber materials causes differéinal cost per mof concrete. Polypropylene fibers have
the lowest density, while the density of steel fibis the highest. For 1% content of fibers in cete; 9 kg of
polypropylene fibers are required instead of 78ddams of steel or 26 kilograms of glass fibers.

4. CONCLUSION

The research aims to assess the effects of thereifftypes and percentages of fiber reinforceniemtsncrete
on structures' design life.

Based on many investigations, it is confirmed fiilaers' efficiency mainly depends on their origigpe,
mechanical properties, geometry, orientation, aoehlination. The fibers are an essential factorugricing
concrete's rheological and mechanical charactesibtit cost.

The researchers on the shear strength of conadigquent theme caused by many influencing factors
observed that besides other factors, the presdrfdmoreinforcement and its tensile strength @ase the shear
strength of beams. Adding shear reinforcement neagMwided in steel fiber-reinforced concrete bewiitls the
simultaneous reduction of shear cracks.

The investigation confirms concrete's minor lonwampressive strength but does not show a decressesite
and shear strength with a higher ratio of recyelgdregate content. The appropriates of concrete ieitycled
aggregate as green concrete is confirmed despite sesults indicating its less shear strength tencrete with
natural coarse aggregate (NCA).

The improvements in concrete design life are basedncreasing tensile strength and avoiding cracks
appearing in less loaded structures. It might brueial factor for characterizing fiber-reinforceadincrete as green
concrete.
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