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ABSTRACT

The concrete, which is used in the construction of pavements, overlay of bridge decks, airport
runways etc., is commonly known as paving grade concrete. The paving grade concrete
mixes (4.5 MPa and 6.2 MPa characteristic flexural strength) are widely used for the
construction, repairs, rehabilitation and upgradation of the pavements. The design service life
of these concrete pavements is mainly governed by their flexural behaviour under
given traffic and environmental cyclic loading conditions. The large exposed surface area of
concrete pavements makes them more susceptible to develop premature cracking due to
shrinkage. Under the cyclic loading, progressive growth of existing micro-cracks occurs,
further converting them into macro-cracks. The cracks reduce the durability and serviceability
of concrete pavement, according to the severity levels of distresses in concrete pavements,
maintenance, repair and rehabilitation are required. Repairing and rehabilitating the concrete
pavement is a major issue, which is a time-consuming activity. Further, concrete pavements
are also subjected to the rolling action of airborne particles, braking, skidding, accelerating

and sliding of vehicle tires, which causes abrasion of the pavement surface.

The critical properties used in the design and maintenance of concrete pavements include
flexural behaviour, strength and durability properties (in terms of drying shrinkage and
abrasion resistance) in a tropical climate. In the last few decades, numerous attempts have
been made to enhance the design service life, performance and delay the rehabilitation or

reconstruction of concrete pavement by improving its relevant properties.

Modifying the internal structure of a concrete matrix by the inclusion of materials (viz.,
nanoparticles, micro-particles, structural fibers and their combinations) besides its basic
ingredients (e.g. cement, aggregate and water) is one of the approaches adopted to improve
the specific engineering properties of the concrete in fresh and hardened stages. A particular
or solo fiber is used to enhance only some specific properties of the concrete composite,
depending upon the fiber characteristics (e.g. material, type and features etc.). Generally, high
modulus macro fiber is used to improve strength, deflection and flexural behaviour. In
contrast, low modulus micro fiber is used to improve the shrinkage characteristic of concrete
mix. A hybrid combination of two or more fibers has a better perspective for further
enhancement in some of the specific properties beyond a particular benefit of different types

of fibers.
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The present study focuses on exploring the prospects of hybrid fiber reinforced paving grade
concrete mixes in the construction of long-life, sustainable concrete pavements and their use
as a durable overlay material for distressed concrete and flexible roads. An attempt has been
made to obtain a synergic response from a hybrid combination of macro steel fiber and micro
polypropylene fiber to improve the critical properties of paving-grade concrete mixes. Macro
steel fibers of different lengths (35 mm to 60 mm), aspect ratios (50 to 65) and shapes (crimped
and hooked end) were used. Micro polypropylene fibers (monofilament) of different lengths
(6 mm and 18 mm) and a micro polypropylene fibrillated fiber of 18 mm in length were used.
The crushed stone aggregate of the maximum size of 25 mm and 12.5 mm was used to prepare
the paving-grade concrete mixes of 4.5 MPa and 6.2 MPa characteristic flexural strength
respectively. Reddish land quarried sand known as '‘Badarpur sand' was used as fine aggregate.
The poly-carboxylate ether-based (PCE) superplasticizer was used to achieve the desired
properties of the concrete mixes. The effectiveness of steel fiber in a concrete composite
depends on the fiber's bond with the concrete matrix, which is governed by the concrete
microstructure and properties of the Interfacial Transition Zone (ITZ). The 'Class F' fly ash
and silica fume were used to improve the concrete microstructure and the properties of ITZ.
Several trial mixes were made before finalizing the paving-grade fiber-reinforced concrete
mixes. The critical fiber content for steel fiber was determined theoretically for more than 15%
enhancement in flexural strength of steel fiber-reinforced concrete (SFRC). The volumetric
fraction was estimated and found between 0.33% to 0.53% for both the concrete mixes.
Further, experimentally three different volumetric fractions (0.25%, 0.5% and 0.75%) were
used to verify it. The optimized volumetric fraction of steel fiber was 0.5% for both the paving
grade concrete mixes. The polypropylene fiber dosage was optimized for more than a 20%
reduction in drying shrinkage and abrasion loss of synthetic fiber reinforced concrete
(SyFRC). The optimized volumetric fraction of polypropylene fibre was 0.1%. Then using
these optimum fiber content, a total of 810 concrete specimens from 18 concrete mixes (9
concrete mixes from each combination, i.e., 45 MPa and 6.2 MPa) were cast. Each
combination included control concrete (without fiber), three SyFRC, two SFRC and three
Hybrid fiber-reinforced concrete (HyFRC) mixes. As per the IRC-15: 2017, the concrete
pavements are designed for a deflection of 1.25 mm and the post-peak flexural behaviour of
composite concrete specimens (in terms of toughness indices and residual strength factors)
was investigated as per ASTM C 1018-97. At the same time, other key features of paving
grade concrete, such as impact resistance (ACI 544.2R: 89) and durability properties in terms
of drying shrinkage (1S-1999:1959) and abrasion resistance (ASTM C799-10), were also
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investigated. Further, the strength properties of concrete mixes (flexural and compressive
strength (1S-516: 2000) and splitting tensile strength (1S-586: 1970) were also studied.

The study concludes that the inclusion of synthetic fiber alone in concrete does not contribute
to flexural behaviour enhancement. However, its small dosage in a hybrid system synergizes
the efficiency of steel fiber. All the SyFRC and SFRC concrete mixes had deflection-
softening behaviour similar to the control concrete. In contrast, in some cases HyFRC
concrete mixes had a deflection-hardening behaviour. Further, the concrete reinforced by
hybrid fibers also witnessed a significant improvement in toughness indices (up to 14-fold)
and residual strength factors (37-74 units more than control concrete). The concrete reinforced
by hybrid fiber had the maximum enhancement in flexural strength (20-30%) as compared to
the control concrete, which was more than individual fibers. However, the concrete reinforced
by hybrid fiber was observed to have almost a similar split tensile strength as steel fiber alone.
Further, it was also observed that the HyFRC and SFRC specimens didn't separate even after
their failure. The inclusion of synthetic fibers did not influence impact resistance. However,
the hybridization of polypropylene-steel fiber significantly improved the impact resistance (up

to 27-fold) which was more than steel fiber as alone.

The present study also revealed that the hybrid combination of synthetic and steel fiber can
carry the residual strength for a more extended time even after the first crack or failure of the
concrete matrix. The HyFRC mixes had a maximum reduction in drying shrinkage (up to
63%), followed by SyFRC (up to 37%) and SFRC (up to 22%) mixes, respectively. It was
also observed that the HyFRC mix had a maximum reduction in abrasion depth (up to 31%),
followed by SyFRC (up to 30%) and SFRC mix (up to 20%) as compared to the control
concrete. Based on these observations and analysis of results, the study suggests a possible
reduction in pavement slab thickness with enhanced features such as improved crack
resistance under dynamic loading conditions, strength properties and durability properties.
The study concluded that the hybridization of hooked end steel fiber and polypropylene fiber
performed the best. The present study also suggests that suitable HyFRC mixes should be
encouraged in the construction, repair and rehabilitation of concrete pavements, bridge deck
overlays and airfield pavements, which are likely to be subjected to heavy truck loads
with high traffic density.
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HRTA

a9 hehie, TSIt 3UANT Hsahl & TAHIUT, 371, Jell & 3 & 3Halel, §aT$ 3758 & T
3nfe & frar Smar &, & 3MEAR 9T 9f99-98 Shic & ®T & ST S1aT §1 St & AT,
3eo1del, FXFAC, YA 3R Soodel & fov afdar-ds shshic @901 (4.5 AN 3R 6.2
TANT IATAT FAFgIel dlehcl) 19k & & IUANT fohar ST 81 ST hehic HShT I
fSSTssl Qar-siiael &I &9 & QU a0 I 3R gdexoig dsgideos oifser Fufaat &
B 3eTeh Tl c¥dgR ¥ AT &icdr 81 hehlc Tl T F8T Goll TcAg &1 elehl
se & FRUT AT @ Ugl gl & Wi 3T Fdeareliel S+l g1 SSai{feh ansfaas
AT & T, Al AsH-heh i garireier FEfRr gl 8, S 3 ToH 3o Hspl-dhad A
aRafdd X &t §1 3 G Fehie F5a & Tlicd 3R JaeTHAT F FA F G §, e
Hsohi A TSEA HT 7T & TR & ITER WA, AFAT 3N GAaTE 6T raegend

gl 81 T Fhic HShl A AWAT 3R IoIaTE T T gl ¢, o U FHI ofel arell
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TRRT & §% 9T, fhdet, 3R a9 @ & 3l ga §, oud @se 1 ddg W oawor
gl &l

shshic Fsohi & f3oTgeT 3N TEIWa & 39T fhT Sl arel Hgcaqul Uil H Isurehieseiy
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& "edl #A) ArfAel &1 Mo & el &, B dar-siasd AR yeda #i1 deoe 3R sas
IR 0T & FUR FXeh shshic TSl & AT IT YATAAT H ¢ F: & fv &g yamd
frT 91w &

Fshic Afeerd & Hale @@ I $80F A 3agal (S @, wiEie 3R 9r=l) & 3ramar
3 HATT (S, SAei1ehvT, FEHA HUT, EACHS Brgel 3R 3eleh HATSTeT) Sl AMTAT Hleh

TN TelT, GUR & AT 91T 78 vog@ fafsd 7 @ v g1 ve [@Aw a1 vevel wiseR
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T YA shshic AT & dhael Fo fAfIse ol 1 do= & foaw fHar Srar g, st wes
fwarstt (SR @realt, goR 3R [RYAva ) w R Far &1 3 dk ), 3=9 A

(BTS-AISTE) Hshl Bl T IYANT diehd, GaTI0T IR Folarglel e¥agR # GuUR & o

foar St 81 gk faudid, sehie @901 & Apse AW & dgek & & v wa
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IAATT NETTST & AT % Tolel aTall, CHISF Fhlc TSHI & AT H gTfos wEs’
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60 &), ﬁ@atsﬂma"r(soﬂcss)ﬁwamﬁ(faw»samgcrs-ﬁg)mﬂaﬁraaqﬂw
T 3T fhar arar o1l R[ffea o (6 e 31k 18 ) F AsHr afelviurseds Hsa
(FArAfremee) 3R 18 B das & ATSHl drewuTseld Hsfeics BEsy &1 3uAer R
I 7| 25 fAA R 125 A & HORAH HFR & G2 Foead HT 3UANT HAA: 4.5
THANT 3R 6.2 TANT fAATAT Felerglel dlehd & AfAT-d5 Shehle fANT IR el & fow
fohar arar ar| A @ el a7 W@ O TR 3T F A ST S g, B 39T
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drehd 7 15% ¥ 3118 gefd & AT ¥ o v & AT #Agcaqul weat a#ad dAeuifas
0§ FUiRa & a8 of dquifas &9 @ = Hshie Aol & fau dlcgAfes 3 &
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LIST OF NOTATIONS

pm Micron meter

cm Centimeter

mm Millimeter

MPa Mega Pascal (Newton/ mm?)

GPa Gega Pascal

kg Kilogram

A Cross- sectional area

Ac, Ar, Am Cross- sectional area of composite, fiber and
matrix

le Critical length of fiber

la length of the fiber

df Diameter of the fiber

I/ds Aspect ratio

Dr, Density of fiber, matrix

€ Strain

€, €1, €Em Strain in composite, fiber & matrix

€mu Ultimate cracking strain in the Matrix

€ Ultimate strain in fiber

€comp Compressive strain

€t Tensile Strain

€x Strain at the start of major multiple cracking

Gc, Of, Om Stress in composite, fiber & composite
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Omu

OMR

Ocu

Ofu

Ec, Ef, Em

Vc, Vf, Vm
Vs (crit)
Tfu

niL M2

kN

m.s.a.

Ultimate tensile stress of matrix or matrix

cracking stress

Moment of resistance or Modulus of rupture of

composite

Ultimate post cracking tensile strength of the

composite

Failure stress of fully bonded fibers or pull-out
stress of debonded fibers

Modulus of elasticity of composite, fiber &

matrix

Volume of composite, fiber, matrix
Critical Volume of fiber
Shear bond strength

Fiber efficiency factor for orientation

and length
Maximum shear stress

Distance at which load is transferred or

minimum crack spacing
Scaling factor (a0 =[(Em/Ef)*(Vm/V¥)]

Crack width

Distance from the first crack

Number of fibers per unit area
frictional bond strength
Kilo newton

Nominal maximum size of aggregate
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