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Abstract: Economic development urges design engineers to search for alterna-
tive structural materials enabling the fast erection of structures without incur-
ring high investment costs and, afterwards, high running costs. Reinforcement
bars are indispensable elements to most civil engineering structures. The arti-
cle presents information concerned with composite rebars, i.e. their mechanical
and physical properties, production technologies and application areas as well
as compares composite rebars with their steel equivalents.
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Introduction

Engineers, when selecting materials to be used
in a reinforced concrete structure, primarily
take into consideration requirements connect-
ed with transmitted loads, environmental con-
ditions the structure will be exposed to and
technologies employed to erect a given struc-
ture. In addition, the investor needs to take into
account both investment and running costs.
The most common solutions include the use of
concrete reinforcement bars (rebars) made of
unalloyed steels [1]. Cases requiring higher re-
sistance to corrosive factors or extended service
life without repair and maintenance involve the
use of rebars made of corrosion resistant steels
[2]. Steel rebars often have to be joined using
(usually manual metal arc) welding technolo-
gies. An alternative solution involves the use
of composite rebars, not joined by means of
welding technologies. Usually, composite rebars
are supplied in coils having lengths of tens of
metres. In view of the growing interest in the
above-named structural material, it is worth

knowing what composite rebars are available
on the market, what their properties are and
where they can be applied.

It is expected that by 2021 the global market
of composite rebars will have reached 91 billion
USD, with an accumulated growth rate of 11.4%
in the years 2016-2021. The dynamic growth is
primarily connected with the increasing de-
mand for renovation works of already existing
structures and the need for erecting structures
exposed to seawater or strong electromagnetic
fields, i.e. conditions preventing the use of re-
bars made of unalloyed steels [3].

Composite rebars

Fibre-reinforced polymer (FRP) composite re-
bars have been used in building structures for
over two decades. High corrosion resistance,
high tensile strength, electromagnetic inert-
ness and the ease of cutting are primary factors
encouraging the use of the above-named com-
posite rebars as elements reinforcing concrete
structures. Numerous investments involving
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the use of the above-named reinforcement tech-
nology and positive test results demonstrate
that composite rebars constitute an interesting
alternative to “classic” rebars made of steel [4].
Figure 1 presents examples of composite rebars.

Fig. 1. Examples of composite rebars [5]

Composite rebars are usually fabricated us-
ing the process of pultrusion (Fig. 2), i.e. con-
tinuous press moulding.

Fig. 2. Schematic diagram of the pultrusion process:
1) rowing, 2) tension rolls, 3) fibre saturated with resin,
4) shaping, 5) heating and hardening, 6) drawing
mechanisms and 7) ready hardened product [6]

The process of pultrusion involves the pulling
of a fibre through a bath filled with thermo-
hardening resin (the stage of impregnation)
and, next, through a system of moulds provid-
ing an appropriate shape and hardening the resin
thermally. The final stage of the process involves
cutting fibres into sections of required lengths.
The use of the above-presented technology com-
bined with the unidirectional arrangement of
fibres results in the obtainment of rebars char-
acterised by significant longitudinal strength.
Fibres make up approximately 80% of the rebar
volume, whereas resins constitutes the remain-
ing 20% (Fig. 3).
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Fig. 3. Cross-section of a glass fibre-reinforced
polymer (GFRP) rebar [7]

The use of fibres aims to provide appro-
priate strength and rigidity of the composite,
whereas the resin is responsible for the join-
ing of the fibres, the maintaining of appropri-
ate distance between the fibres, the protection
of fibre surface against mechanical and chem-
ical damage as well as transmitting stresses to
the fibres. The most commonly used fibres in-
clude glass fibre-reinforced polymer (GFRP),
carbon fibre-reinforced polymer (CFRP), basalt
fibre-reinforced polymer (BFRP) or aramid
fibre-reinforced polymer (AFRP). Three rebar
surface finishing types used to improve the ad-
hesion of bars to the concrete matrix include,
similar to steel rebars, the making of ribs, the
coating of the bar surface with a sand layer or
winding an additional layer of fibres around
the bar [8, 9].

The mechanical parameters of FRP bars vary
significantly from those of traditional steel re-
bars. The tensile strength of composite rebars de-
pends primarily on reinforcement fibres and is
restricted within the range of 483 MPa (in terms
of glass fibre-reinforced polymer) to as many as
3690 MPa (in relation to carbon glass fibre-re-
inforced polymer). In turn, the compressive
strength of composite rebars is restricted within
the range of 20% to 78% of their tensile strength.
In general, compressive strength is higher in re-
lation to rebars characterised by higher tensile
strength. An exception to the above-named
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The primary properties of GFRP, FRP and

ing non-linear behaviour during compression in AFRP rebars, compared with similar properties
relation to a relatively low level of stresses. One of steels bars, are presented in Table 1.

of the disadvantages
of non-metallic com-
posite rebars is their
low modulus of longit-
udinal elasticity. The
modulus of elasticity of
GFRP rebars is restric-
ted within the range
of 35 GPa to 51 GPa,
whereas that of AFRP
bars is restricted within
the range of 41 GPa to
125 GPa. Only in terms
of CFRP rebars, the
modulus of elasticity

amounts to 580 GPa [10]. A significant disad-

Table 1. Primary properties of GFRP, CFRP and AFRP rebars in comparison
with steel rebars [11]

Property Material
Steel GFRP CFRP AFRP
Density 7.85 ]1.25+2.10 [ 1.50+1.60 | 1.25+1.40
[g/cm’]
Thermal expansion coefficient [1/°C]
in parallel to fibres x10° 11.7 6+10 -2+0 -6+-2
transversely in relation to fibres x10¢ 11.7 21+23 23+32 60+80
Yield point [MPa] 270550 - - -
Tensile strength [MPa] 483+690 | 483+1600 [ 600+3690 | 1720+2540
Modulus of longitudinal elasticity [GPa] 200 35+51 120+580 41+125
A; [%] 13+24 - - -
Percentage total elongation in relation | 2.5+5 1.2+3.1 | 0.5+1.7 1.9+4.4
to maximum force A %

Composite rebars are characterised by numer-

vantage of composite rebars is the lack of plas- ous properties different from those character-

ticisation before rupture (Fig. 4); the diagram of
the stress-strain ratio is nearly ideally linear both  rebars are the following [13]:

in terms of bars and single fibres. As a result, rup- - high tensile strength,

ture following the exhaustion of load-carrying
capacity is abrupt and not signalled before. For
this reason, the FRP-based reinforcement is not
recommended in cases requiring the redistribu-
tion of moments. It is suggested that elements be
designed so that failure takes place through the
crushing of the compressed zone and not through
the rupture of rebars; the overloading of an ele-
ment would be signalled by scratches on concrete

and excessive bends.

Fig. 4. Stress-strain ratio in relation to steel and
composite rebars [12]
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type),

corrosion resistance,
electromagnetic inertness,
low thermal and electric conductivity (GFRP
and AFRP),
high fatigue strength (depending on a fibre type),
low density,
ease of cutting.
The disadvantages of composite rebars are the
following [13]:
— lack of elasticity margin,
low shear strength,

low modulus of elasticity (depending on a fibre

- low resistance to UV radiation,

— short service life of glass fibres in a humid
environment,

— short service life of glass fibres and aramid
fibres in an alkaline environment,

— high thermal expansion coefficient in the dir-
ection transverse in relation to fibres,
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istic of steel rebars. The advantages of composite

— potentially low fire resistance (depending on the
type of resin and the thickness of a concrete cover),
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— high price (depending on types of fibres,
between 2 and 10 times higher than the price
of rebars made of unalloyed steels).

Because of the foregoing, composite rebars
should not be automatically used in any struc-
tures and treated as fully equivalent to bars
made of unalloyed steels or corrosion-resist-
ant steels. The primary factors to be taken into
consideration when selecting composite rebars
should include the intended use of a designed
structure and the environmental conditions
it will be exposed to during operation. Compos-
ite rebars should not be used to reinforce con-
crete in structures of frameworks having rigid
nodes, in elements requiring the redistribution
of bending moments or as the reinforcement
of the compressed zone of concrete cross-sec-
tion. Some of the primary advantages of com-
posite rebars include their low specific gravity
(Fig. 5) and high tensile strength (Fig. 6).
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Fig. 5. Correlation between specific gravity
of selected rebars and the rebar diameter [14]
e re
240 ._9,/

Tensile strength [kN]
L5

"7, T P B R

e -

—

=
4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Rebar diameter [mm]

+ glass fibre-reinforced polymer rebars steel rebars grade A-Ill

Fig. 6. Correlation between tensile strength transferrable
by selected rebars and the rebar diameter [14]
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Applications of composite rebars

The properties of composite rebars make them
usable in buildings, where structures made of
steel rebars do not satisfy related requirements.
It is often necessary to apply solutions altern-
ative to the use of corrosion-resistant steel re-
bars or to apply special and very expensive
additional technical solutions, such as special
screens or additional protective coatings. The

use of composite rebars enables the avoidance

of the above-named activities and reduce (sev-
eral times) reinforcement-related costs. High-
power equipment (e.g. transformers) used in

industry may, in close contact with reinforced

concrete, induce current in steel rebars, accel-
erating their corrosion and quickening the loss

of strength by the entire structure. The phe-
nomenon of induction does not occur in com-
posite rebars as these do not conduct electric

current. As a result, electric devices operated

near composite bars do not generate losses. In

objects where steel could adversely affect (im-
pede or even preclude) the operation of elec-
tronic equipment, it is necessary to use rebars

made of non-metallic and non-magnetic ma-
terials. Apart from being electric insulators,
composite rebars are entirely inert electromag-
netically. For this reason, they satisfy the above-
named requirements to a significantly greater
extent than corrosion resistant steel (being, at

the same time, several times cheaper). Because

of their properties, composite rebars are often

used in bridge decks, kerbs, parapet walls, bar-
riers and pavements on bridges, acoustic barri-
ers, (railway) sleepers, screens and foundations

in transformer stations and rectifiers, industrial

floors and metallurgical furnace foundations.
They are also frequently used when building

hospitals, nanotechnological centres, research

laboratories, airports, harbours, water dams,
swimming pools, waste-water treatment plants,
carparks, breakwaters, soft-eye (cavity) walls

in underground tunnels (made using boring

shields) and temporary buildings [15, 16, 17].
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One of more interesting applications of com-
posite bars is connected with the making of
soft-eye (cavity) walls used, among other things,
during underground (metro) construction
works, at sites penetrated by the boring shield.
Figure 7 presents the reinforcement of a soft-
eye wall made using composite rebars, whereas
Figure 8 presents the site penetrated by the bor-
ing shield.

Fig. 7. Reinforcement of the soft-eye wall made using
composite rebars (21 metres in height) [18]

Fig. 8. Penetration of a soft-eye wall by the Maria boring
shield; construction of the north-east section of Warsaw
underground line II [19]
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Another popular application of composite
rebars is connected with the making of bridge
floors. The Joffre bridge was built in Canada
in 1997. This five-span bridge (extreme spans
being 25.90 metre-long each, internal spans
having a length of 37/50 m) is composed of
primary girders (steel plate girders) made of
steel and a 260 mm thick concrete plate rest-
ing on the girders. The axial spacings of the
four girders are equal in length and amount
to 3.70 m, whereas the outreach of cantilevers
is 1.00 m. The substantial part of the concrete
plate was reinforced using CFRP bars. The Wot-
ton Bridge was also built in Canada, in 2001.
The concrete plate rests on four girders made
of pre-tensioned pre-stressed concrete; girder
spacings amount to 2.65 m, whereas the span of
(freely supported) beams amounts to 30.60 m.
In the longitudinal axis, the bridge plate was re-
inforced using GFRP rebars, whereas the lower
part of the reinforcement was partly made of
CFRP rebars. The kerbs and concrete barriers
were reinforced using GFRP rebars, whereas
the second half of the bridge was reinforced
with steel [20]. Figure 9 presents an example
of bridge reinforcement made using compos-
ite bars in Morristown, Vermont.

Fig. 9. Bridge in Morristown, Vermont; the reinforcement
was made using GFRP composite rebars [21]

Table 2 presents exemplary applications of
composite rebars in various structures, whereas
Table 3 presents the use of composite rebars in
soft-eye (cavity) walls.
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Table 2. Exemplary applications of composite rebars

power plant conduit pene-
trations

Country City Structure
(21,22, 23] : :
Germany Berlin floor of the Forum Steglitz
Country City Structure carpark
Austria Kaprun foundations of a trans- Berlin reinfor cement Of floor pan-
former station elling in the microscope
o  frenshock ral laboratory of Technical
Belgium Antwerp Lie ents oek railway University
unnel :
Holland Enschede foundation footing at Gatersleben r'elnforcement of founda-
o tions under nuclear mag-
Twente University in the : ;
Carré building netic resonance equipment
at the Leibnitz Institute for
Japan Fukushima bridge Plant Genetics
Prefecture - .
- - . Miinster floor panelling and founda-
Canada Windsor canopies and guard rails on tion blocks of two laborato-
the McHugh Street Bridge ries TEM CeNTech II
Irvine Creek remfora?lm e;ntg) féhe guard Peine transformer foundations at
rar o1 4 ricse Peine Trager GmbH
M inf f th
808 upper reinforcement of the Karlsruhe reinforcement of founda-
bridge plate . .
tion piles
Montague | reinforcement of the bridge - -
plate Manching compass rose on the air-
ort apron
Victoria reinforcement of the bridge P
plate Norway Hamneset transformer foundations
Morristown | reinforcement of the bridge Poland Gdansk reinforcement of tunnel
plate wall (under Martwa Wista)
Nova Scotia bank protections in the Warszawa floor reinforced with com-
Hall's Harbour posite rebars - Instytut Lot-
Waterloo reinforcement of the floor nictwa (Aviation Institute)
panelling under the labor- Nowy Sacz | platform of a foot and bike
atory rooms at Quantum bridge over the Kamienica
Nano Centre river
Toronto reinforcement of the in- USA York, Maine hospital, magnetic reso-
ternal walls of a laboratory
at the Centre for Addiction fance room
& Mental Health Walla Walla haven
Qatar Doha waterside wall in a royal villa Washington
Qatalum hearth plate of a rectifier in Lahaina, breakwater
aluminium works Maui Hawaii
Germany | Jagsthausen | upper reinforcement of the Pear] Har- dry dock
bridge plate bour
Darmstadt swimming pool of the
Technical University Palm Beach breakwater
Osnabriick industrial floor at Coca- Honoapiilani breakwater
Cola AG Highway
Kelsterbach | edge reinforcement at Park Switzer- Basel reinforcement of a railway
& Fly carpark land line foundation plate
Munich partition between trans- Bern non-ballasted at the railway
formers at Isar plant - Am- .
station
perwerke
Marl foundations of reactive G‘rea}t Wotton upper reinforcement of
current compensation Britain Bridge Wotton Bridge plate
system at SWi§S Steel AG in Blackpool bank protection along
Chemiepark waterside promenade
Mannheim | reinforcement of floors for . .
London luggage tunnel in Terminal

5 at Heathrow airport
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Table 3. Exemplary applications of composite rebars
in soft-eye (cavity) wall [24]

Country City Structure
Saudi Arabia Makkah tunnel
Denmark Copenhagen underground
Philippines Angat tunnel
France Cessy CERN LHC - Nuclear
European Laboratory
Greece Thessaloniki underground
Spain Sant Adria de underground
Besos
Girona tunnel
Barcelona underground
Canada Toronto underground
Germany Coesfeld slope protection
Panama Panama underground
Poland Warszawa underground
Romania Bucharest underground
Sighisoara tunnel
Slovenia Ljubljana tunnel
USA Las Vegas tunnel
Switzerland Vaumarcus tunnel
Turkey Ankara underground
Istanbul tunnel
Italy Naples underground
Roma underground
Brescia underground
Milan underground
Sparvo tunnel
Florence - tunnel
Santa Lucia
San Benedetto tunnel
Val di Sambro

Composite bars are non-toxic and easy to
dispose of. Elements which are old or dam-
aged beyond repair are easier to demolish and
generate less waste than their equivalents con-
taining steel rebars. The fabrication of compos-
ite rebars consumes approximately 20-30% of
energy needed to produce the same amount
of reinforcement steel. The possibility of re-
ducing the cover of rebars using glass fibres
and decreasing cross-sectional dimensions of
building structures makes it possible to reduce
the amount of concrete in a given element and,
consequently, reduce the consumption of en-
ergy and the emission of carbon dioxide. The
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estimated service life of composite rebars is
restricted within the range of 70 years to 100
years. Because of their unique features and re-
latively easy transport, composite rebars also
find applications in housing [22].

Summary

Composite bar-based reinforcement constitutes
an alternative solution to its widely used steel-
based equivalent. High unit prices of composite
rebars combined with some of their disadvant-
ages are responsible for the fact that composite
bars are not used in massive amounts but only
supplement steel reinforcement. However, in
many cases it is necessary to make reinforce-
ment using materials not conducting electric
current (e.g. to ensure the proper operation of
transformer stations). If compared with steel
rebars, the primary advantage of composite re-
bars is their low weight (even 6 times lighter
than that of steel bars). As a result, composite
reinforcement bars are easier to load, trans-
port and fix. Similar to other composite mater-
ials, composite rebars reinforced with various
fibres can be joined by (e.g. vibration) welding
(it is not practised, though). Composite bars
are usually delivered in coils (having lengths of
tens of metres). It is worth knowing the prop-
erties, advantages and disadvantages of avail-
able (also non-weldable) structural materials to
ensure their aware and optimum use.
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