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ABSTRACT

Attention has recently been shifted from the conventional structural materials to advanced
composite materials owing to their superior mechanical properties. Basalt fiber-reinforced
polymer (BFRP) has been the newest fiber-reinforced polymer (FRP) composite material
introduced as reinforcement and prestressing tendons for reinforced concrete (RC) and
prestressed concrete (PSC) structures. On the other hand, with the increasing demand on
flyovers and bridges in city spaces, planning and design must address faster constructions
of aesthetically appealing slender bridges. Hence, joint-less, integral bridges are becoming
popular. Therefore, beginning from designing the components required for the use of BFRP
in prestressing operations to design procedure of the BFRP-PSC members of integral
bridges are required to be developed. Measuring the mechanical properties of BFRP rods/
tendons is challenging using the existing mechanical testing methods due to their relatively
lower transverse direction strength. This creates issues not only in characterization of the
BFRP in laboratory conditions but also on-field prestressing application in integral bridges.
Hence, development of a proper anchor with optimum size for the BFRP rods is crucial for
further studies. For this purpose, expansive cement grout-based anchor is developed, tested,
and assessed, and the parameters affecting the gripping behavior are studied for optimizing
the anchor design based on the finite element (FE) analysis. The proposed anchor is found
to have achieved 49% saving as compared to the existing anchor developed by previous
researchers. On the other hand, understanding of the thermo-mechanical behavior of the
BFRP composites is needed for practical and cost-effective applications in integral bridges,
which experience thermal stresses throughout their service lives. Characterization and
assessment of performance of the BFRP rods at elevated temperatures is investigated
through extensive experimental and analytical studies. Owing to high thermal properties,
the BFRP rod could retain 57% tensile strength at 400°C. Consequently, a semi-empirical
constitutive law for predicting the thermo-mechanical behavior of FRP composites is
proposed and validated with experimental results of research studies from the literature.
The proposed model is original, generic, and flexible, and is based on general
characteristics of the composite eliminating hence the requirement for conducting the
tension test at elevated temperatures.

For addressing the arguable design philosophy of the BFRP-reinforced/ prestressed
concrete members, extensive experimental investigations are carried out to assess the

flexural performance of the BFRP-prestressed concrete (PSC) beams designed as over-



reinforced, under-reinforced, and significantly under-reinforced, as well as the non-
prestressed concrete beams. The assessment is made based on the flexural strength,
serviceability satisfaction, safety factor against failure, and deformability/ ductility. The
efficacy of the partial prestressing of the beams in a multi-layered system of tendons is
investigated, and an alternative source of ductility is introduced by allowing the tendons to
rupture sequentially in a kind of progressive failure. Furthermore, the flexural analysis of
the tested beams is carried out based on the available codal provisions and referred studies
from the literature for complimenting the experimental findings. Further investigations are
carried out on ductility evaluation of concrete beams prestressed with FRP tendons,
wherein the effect of the partial prestressing, layering of the tendons, addition of sacrificial
rebars, and functionally-graded concrete (FGC) is elaborated. The finite element analysis
(FEA) is also employed for further testifying on the efficacy of the introduced techniques
in improving the ductility of FRP-prestressed members. The investigations show that the
ductile behavior can be achieved in multi-layered systems with energy ratio as high as
82.5%, and in partially prestressed beams with energy ratio above 75%. Apart from that,
the natural fiber composites, being cost effective and environmentally friendly, are
investigated for possible use in post-tensioning of reinforced concrete beams. The
successful utilization of such natural fibers in structural applications may result in more
sustainability in construction industry. Finally, to investigate on the efficacy of using BFRP
prestressing tendons in integral bridges, BFRP tendons are used for the design of
conventional and integral bridges, and a comparative assessment is carried out with steel-
prestressed conventional bridges. The integral bridge with BFRP tendons is found to have
71.4% dead weight as compared to the conventional bridge with steel tendons. It is
concluded that employing both the techniques of using the non-corroding BFRP tendons

and the proposed integral form of bridges is a promising technology in bridge construction.
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IR

g1 81 H URURG TRAHIHED JEAl § 39d Wigd el iR 396 dgdR difAe o
$ BRI A VAR PR 37 77 B | ITe BIRR-USIT 980 (BFRP) TaHaH
WRER-Ydd §gad (FRP) TAINT Il § foR Uafeid dhebic (RC) 3R RS SHobie
(PSC) WA & fTU Yea bRl SR USRI Uel & = § U foham a1 81 gust 3R,
e & W H TSR 3R Yt o Igal HiT & 1Y, JiorHT 3R fS$omg &) gied &l
=P ¥ 3PSE Uad gal & doil I {01 B Faifdd &A1 a1fet| g9fa, Igad-fag,
31 g A 81 38 81 Sufer, WReRiTT TareH & BFRP & IUAN & iU sfawaes
gl Pl FSOIST B Y dhr 3 Yol o BFRP-PSC el &l fguirg Ulchd fdenfid
PR B AARADHT & | BFRP BS / UST & FifAD 07 ol AT 3-h U HH S
fE= =fdd & HRUT ANl iH® uRieor fafidt &1 SudNT HA1 gl 81 T8 7 dhad
TARTRITE R o BFRP o @&0T quiH § dfedh 31149 gal H Arse IR e R ufteioh
o off T UeT Rl ] 13U, S & 31679 & fold BFRP 1S & olT IPAH SMHR
& T TS 3fad YRS P [qHTH Hgaqui ¢ | 39 TS o forg, fawqgd e arae-simenia
U fawm i, giiern 3R Heaice fopat T 8, 3fR GRfAd d@ (FE) fa2auur & eeR R
U fSTZ Bl SFHIeTd R & (ol U s Fdid Bl UHTTId - dTel ATIS S| Bl ST
fopa T B 1 gust 3R, 31 gl & s iR @NTd UHTET SIuNT & fid BFRP
AT o Y -gife TagR & THY &I SHTaHhd gid 8, ol 30 IR JaT Sita H oHd
TG BT 3IHT B 8| TS FATHD 3R [T s gl & H1eH ¥ 3d
T TR BFRP ©o! & UeRH &I fa=ivdT 3R Heid &! offd &1 718 § | o, FRP
Uil & YA-IiAS TIgR B SgHM & ot T fef-3Fyasg YU I
TRATAd foan T § SR WIfec 2N g & YANTIcd URUITHT o WY Fenfud faar
T | TRIfad Aied o, W SR el g, 3R T & JTHRI 707 UR Sf1emid &, o
& AT TR TG GRIE01 - Bl Il ! THI Rl 5

U SRU-YafId /AR dhebic Y=l & daryul fEoe a3iF &1 Yaifid &
o foTE, BFRP-3AUh Uafeld dhebIc o1H TUT BFRP-URCY dhehIc (PSC) S1H o TeidRd
U&= B SHThaH B & [ IS TRNTES Sfid o T8, S 3{Afe ydierd, -
gaferd, 3R e HH-UEfId & =9 § Sz fovan T o1l 98 Jedid TieRd
e, Saterddr Idf, fawad & Raes qRem HRe, 3R faefa / Tiam & MR ™
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o T §1 T B! U 8- Wl § o o 31iflies UReH &) HTaRiicrdl &t oid
DR B, 3R UH UBR & Yifaeiia fathadr § ¢ &l St =9 J g Pt 3Afd e
TG &1 U ddbfetids JId URT 3T 71 81 39 S, URRIeh Hehs! bl e
B b [T IUA Plsel WY SR e I ST o YR R iRl (Gl
faT AT 81 FRP <89 & 1Y OIS dpic S o araialo" Jedlicd TR 3T &I S b
T3 8, ored 3iflies IReRiTT, <& o af, sferaRan & sifafvad srafes U 3 arffed
Hpic (FGC) P YHIT oI [axga fpar mar 81 uRkfid I fa<ein (FEA) 6T FRP-IRES
el &1 A 96 & & D1 T3 ddb- 1] o) THIGERTRAl BT JHUT H & forg ot
AT fohan T B 1 S Sralmal, Ui fdd BIseRr dHUlfie, T WHTET 3R GHidRol &
3B B4 & PHRUI, Udfeld chebIc §IF b URS-CHT H TG IUTNT o il S Pl
TS | RS SHTART H UG WIdhides =1 & Jhd IUIRT 4 FHHi0r 3T § St
R 3 Wbl §1 ofd H, 31f¥a gail § BFRP USRI T8 & IUTNT &1 UHIAHINRA !
ST &R & foy, BFRP <& &1 IUdIT URURS IR SHfF gal & fSoie o forg faman
T 8, 3R SWIG-UCTE URURS Jall & 1Y T Ja-IHD Jedidh [hal T 8| T8
el FapTer T @ foh TR-THeRe® BFRP <8 3R Jall o URdIfad {TF &1 &1 IudnT
R B Gl dbrich] Bl SUTN G A0 T Udh SMRISHS ddhr1h ¢ |
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Ultimate tensile strength of the jute rope

Strain at failure of the jute rope
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Po
Ps
Vbz
V1o
Ve
Zo

Med
MRd
Csm

Strain in steel reinforcement

Strain in jute rope

Effective depth of the steel reinforcement

Effective depth of the natural jute fiber (NJF) rope
Initial stress in the NJF rope due to post-tensioning
Ultimate bond reduction coefficient

Distance between the ends of the post-tensioning rope
Tensile force in the steel reinforcement

Area of steel reinforcement

Tensile force in the natural jute fiber (NJF) rope
Elastic modulus of the natural jute fiber (NJF) rope
Cross-sectional area of the natural jute fiber (NJF) rope
Wobble coefficient

Material partial factor for concrete

Material partial factor for steel

Dynamic amplification factor

Vehicle speed

Radius of curvature of traffic lane

Gravity acceleration

Design wind pressure

Base wind pressure

Design wind velocity at a design elevation Z

Wind velocity at 10 m above water level

Base wind velocity at 10 m above ground level
Friction length of upstream meteorological wind characteristic
Height of structure at which load is being calculated
Maximum seismic design moment

Section capacity in flexure

Elastic seismic response coefficient

Structural period
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A Acceleration coefficient for the relevant limit state

7, Load factor
17 Resistance factor
Rn Nominal resistance
Rr Factored resistance
n Factor related to ductility, redundancy, and operational importance
7o Ductility factor
Nk Redundancy factor
n, Factor related to operational importance
fq Design compressive strength of concrete
a., Coefficient taking account of long term effects on the compressive strength
and of unfavorable effects resulting from the way the load is applied
foy Yield strength of the prestressing tendon
fou Ultimate tensile strength of the prestressing tendon
fss Maximum tensile stress in steel reinforcement at service limit state for
complying to the crack width maximum value
7, Exposure factor
fou Specified tensile strength of prestressed reinforcement (psi)
Aps Area of prestressed longitudinal tension reinforcement (in.?)
fse Effective stress in prestressed reinforcement (psi)
fyt Specified yield strength of transverse reinforcement (psi)
Ay Area of shear reinforcement within spacing s (in.?)
S Center-to-center spacing of transverse reinforcement (in.)
As Area on non-prestressed longitudinal tension reinforcement (in.?)
fy Specified yield strength of non-prestressed reinforcement (psi)
Ay min Minimum area of shear reinforcement within spacing s (in.?)
A Modification factor for lightweight concrete
Py Failure load of the beam (Ib)
Mmax Maximum moment due to failure load (Ib-in.)
Vi Maximum shear force at failure (Ib)
Vy Shear force due to dead load (Ib)
fq Stress due to dead load, at extreme fiber of section (psi)
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Vew
Ve
Vs
Vhn

Compressive stress in concrete, due to effective prestressing force, at
extreme fiber of section (psi)

Compressive stress in concrete, due to effective prestressing force, at
centroid of cross-section (psi)

Moment causing flexural cracking due to applied loads (Ib-in.)

Nominal shear strength provided by concrete where diagonal cracking
results from combined shear and moment (Ib)

Nominal shear strength provided by concrete where diagonal cracking
results from high principal tensile stress in web (Ib)

Nominal shear strength provided by concrete (Ib)

Nominal shear strength provided by shear reinforcement (Ib)

Nominal shear capacity of beam section (Ib)
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RC
PSC
FRP
BFRP
GFRP
CFRP
TBM
CFCC
ACI
AFRP
AASHTO
FRC
NSC
HSC
CFRC
JFRCC
FFRP
SCM
FEA
FGC
JSCE
ASCE
CDP
UTM
SEM
DMTA
TGA
RRC
IS

ABBREVIATIONS

Reinforced Concrete

Prestressed Concrete

Fiber-Reinforced Polymer

Basalt Fiber-Reinforced Polymer

Glass Fiber-Reinforced Polymer
Carbon Fiber-Reinforced Polymer
Tunnel Boring Machine

Carbon Fiber Composite Cables
American Concrete Institute

Aramid Fiber-Reinforced Polymer
American Association of State Highway and Transportation Officials
Fiber-Reinforced Concrete

Normal Strength Concrete
High-Strength Concrete

Coconut Fiber-Reinforced Concrete
Jute Fiber-Reinforced Cementitious Composite
Flax Fabric-Reinforced Polymer
Supplementary Cementitious Material
Finite Element Analysis
Functionally-Graded Concrete

Japan Society of Civil Engineers
American Society of Civil Engineers
Concrete Damaged Plasticity

Universal Testing Machine

Scanning Electron Microscopy
Dynamic Mechanical Thermal Analysis
Thermo-Gravimetric Analysis
Remaining Resin Content

Indian Standard
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OPC Ordinary Portland Cement

SSD Saturated-Surface-Dry

LVDT Linear Variable Differential Transformer
NJF Natural Jute Fiber

SSB Simply-Supported Bridge

IAB Integral Abutment Bridge

SV Special Vehicle

CQC Complete Quadratic Combination

BS British Standards

SIDL Superimposed Dead Load

SRSS Square Root of the Sum of Squares
ADTT Average Daily Truck Traffic

ADTTSL Average Daily Truck Traffic for Single-Lane
ULS Ultimate Limit State

SLS Serviceability Limit State

DL Dead Load

LL Live Load

WL Wind Load

EQ Earthquake

RCC Reinforced Cementitious Concrete
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