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(b) The following equation is used for calculating the longitudinal strain Ex:

[5] £ = (Mr/djong) + Vr - Vp + 0.5Nr -(AFRPfpo or ~fpo) :-::; 0.003
x 2[EsAs + (EpAp or EFRpAFRP)]

where M f is the factored moment (N"mm) at the section,
Vf is the factored shear force (N) at the section, N f is the
factored axial load (N) normal to the cross-section oc
curring simultaneously with Vf , A FRP is the cross
sectional area (mm2) of FRP reinforcement, fpo is the
stress (MPa) in tendons when the stress in surrounding
concrete is zero, and A p is the cross-sectional area
(mm2) of tendons in the tension zone.

(c) For the factored shear resistance carried by FRP shear
reinforcement (VFRP), the following is used. For compo
nents with transverse reinforcement perpendicular to the
longitudinal axis, VFRP is calculated from

<PFRPAvcry d iona cot e
[6] VFRp == b

S

Equation [3], for shear capacity, is based on the work of
Machida.4 Equation [10], for tv' is as specified in the JSCE
(1997) design recommendations. The other equations for the
calculation of shear capacity follow the procedure for con
crete reinforced with steel bars given in the concrete section
of the second edition of the CHBDC.

The limit on the longitudinal strain in FRP stirrups is in
creased from 0.002 to 0.0025 to reflect the finding that ag
gregate interlock can exist up to a strain of 0.003 (Priestley
et al. 1996). The stress in FRP stirrups depends on the
strength of the straight portion of a bent stirrup. For bent
bars, the test meth<}d is specified in standard 8806 (CSA
2002).

The equation for minimum shear reinforcement for FRP
reinforced beams is based on the work of Shehata (1999).

in which tv is obtained from

When the transverse reinforcement is inclined at an an
gle e to the longitudinal axis, VFRP is calculated from

<PFRpAvcry diong (cot e+ cot ex) sin ex
[7] VFRP ==----~------

s

(d) The minimum amount of shear reinforcement (Avrnin) is
calculated from

[11] Avrnin =O.06K bws
cry

Barrier walls

The first edition of the CHBDC permitted a PL-3 barrier
reinforced with GFRP bars and connected to the deck slab
by means oE.double-headed steel bars; the code provided de
tails of only the double-headed bars and the primary (i.e.,
vertical) GFRP reinforcement near the traffic face of the
walL In the second edition, the code requires that on the traf
fic side, the wall be provided with a GFRP grid or orthogo
nal assembly of GFRP bars providing factored strengths of
330 and 240 N/mm length of the wall in the vertical and
horizontal directions, respectively. These strength require
ments correspond to the factored strengths of No. 15 steel
bars at a spacing of 220 and 300 mm, respectively. The bar
rier wall is required to be connected to the deck slab by
means of 19 mm diameter, 500 mm long double-headed
steel bars at a spacing of 300 nun. The code also requires
that the spacing of the bars and anchors be reduced by half
over the following lengths of the barrier wall: (i) 1.2 m on
each side of a joint in the wall; (ii) 1.2 m on each side of a
luminaire embedded in the wall; and (iii) 1.2 m from the
free vertical edges of the wall.

The commentary to the second edition of the CHBDC pres
ents details of two barrier walls (shown in Figs. 7 and 8),
which were developed and tested and are approved by the
ministere des Transports du Quebec. A pendulum impact test
was carried out on full-scale types PL-2 and PL-3 barriers rein
forced with GFRP bars. The test was described by EI-Salakawy
et ale (2004). The strength of the bent GFRP bars connecting
the walls to the deck slab is determined according to test
method B.12 in ACI guide 440.3R-04 (ACI Committee
4402004). For the designs illustrated in Figs. 7 and 8, the
guaranteed tensile strength at the bend, according to test
method B.12, should not be less than 400 MPa. The guaranteed
tensile strength of the straight portion of the bent GFRP bars
should not be less than 650 MPa.

As with the barrier explicitly permitted in the code, the
spacing of the reinforcement marked with an asterisk in
Figs. 7 and 8 is required to be halved within 1.0 m of the

~ 0.0025

tv == O.OOOI[fc l PsEFRP )0.5[1 + 2[ cr~ ]~
PvFRpEvFRP fc ~

[8]

[10]

where in eqs. [6] and [7] e is obtained by conventional
methods; the resistance factor (<!>FRP) is as given in Ta
ble 1: and cry is the smaller of the values obtained from
the following two equations:

(0.05r/ ds + 0.3)fFRP bend
cr==---------

y 1.5

[9]

where cry is calculated by eq. [8].
It is well known that the shear carried by concrete is

smaller in FRP-reinforced concrete beams than in beams re
inforced with a comparable amount of steel. Tariq and
Newhook (2003) listed different equations for shear carried
by concrete in FRP beams. The majority of researchers have
concluded that the shear carried by concrete in FRP
reinforced beams is (EFRplEs)n times the shear carried by
concrete in steel-reinforced beams. Usually n is taken as 1/2
or 1/3. Other researchers simply assume that the shear car
ried by concrete in FRP-reinforced beams is half that carried
by concrete in steel-reinforced beams.
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Fig. 8. PL-2 barrier wall with GFRP bars (dimensions in milli
metres).

Fig. 7. PL-3 barrier wall with GFRP bars (dimensions in milli
metres).

[12]

where U is the resistance adjustment factor, depending on
the category of resistance (for example, its value for the ax
ial compression of reinforced concrete components is 1.11);
<I> is the resistance factor specified in the concrete section of
the CHBDC code (0.75 for concrete); R is the nominal
unfactored resistance of the component; ao is the load factor
for effects due to dead loads; D is the nominal load effect
due to unfactored dead load; u A is the load factor for force
effects due to additional loads, including wind, creep, and
shrinkage; A is the force effect due to the additional loads;
UL is the load factor force effect due to live loads; L is the
force effect due to nominal (i.e., unfactored) live loads; and I
is the dynamic load allowance,

Strengthening for flexural components
Fibre-reinforced-polymer rehabilitation systems of the ex

ternally bonded and NSMR types may be exposed to impact
or fire. To prevent collapse in the event that the FRP rein
forcement is damaged, the structures that are to be strength
ened with FRP require a live ,load capacity factor (F),
defined above, of >0.5. With F ':;-':0.5, the unstrengthened
structure will thus be able to carry_ all the dead loads and a
portion of the live loads. Similar stipulations can be found in
standard S806 (CSA 2002) and in ACI guide 440-2R-02
(ACI Committee 440 2002). The requirement that F be >0.5
also provides some benefits under normal service conditions:
the stresses and strains in all materials, including concrete,
steel, and FRP, are limited; and the risk of creep or yielding
is reduced.

In addition to the conditions of equilibrium and compati
bility of strains, the calculation for ULS is to be based on
the resistance factors for materials of the parent component
and those of the FRP (given in Table 1), the assumptions im
plicit in the design of the parent component, and the follow
ing additional assumptions: (i) strain changes in the FRP
strengthening systems are equal to the strain changes in the
adjacent concrete; and (ii) the contribution of FRP in com
pression are ignored.

For an externally bonded flexural strengthening system,
the maximum value of the strain in the'FRP is not to exceed
0.006; this conservative requirement has been formulated to

,\pplications of FRP that rely on bond to the substrate for
load transfer; an example of this application is an FRP strip
bonded to the underside of a beam to improve its flexural
capacity. Similarly, the contact-critical applications of FRP
rely on continuous intimate contact between the substrate
and the FRP system. An example of contact-critical applica
tion is an FRP wrap around a circular column, which de
pends upon the radial pressure that it exerts on the column
to improve its compressive strength.

Before a rehabilitation strategy is developed, an assess
ment of the existing structure or elements is required, fol
lowing the requirements of the evaluation section of the
CHBDC. Only those structures that have a live load capacity
factor (F) of ~ 0.5 are allowed to be strengthened. The evalu
ation section of the CHBDC defines F as follows for a struc
tural component at ULS:

F = U<I>R-ItuoD-I:uAA

UL(l + l)
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Rehabilitation of existing concrete structures
with fibre-reinforced polymer

General
The second edition of the CHBDC gives provisions for

the rehabilitation of concrete structures with FRP; these pro
visions, which are largely based on the work of Taljsten
(1994, 2004a, 2004b), are applicable to existing concrete
structures having fe' ~ 50 MPa and strengthened with FRP
constituting externally bonded systems or near-surface
mounted reinforcement (NSMR). If the concrete cover is
<20 mm, NSMR is not permitted. Rehabilitation of concrete
structures having fe' of >50 MPa requires approval.

The behaviour of concrete elements strengthened with
FRP is highly dependent on the quality of the concrete sub
strate. Corrosion-initiated cracks are more detrimental to
bond-critical applications than to contact-critical applica
tions. The code defines bond-clitical applications as those

joints in the wall, 1.0 m from embedded luminaire supports,
and 1.0 m from the free vertical edges of the wall.
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Fig. 9. Failure modes in flexure for external strengthening.
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avoid a possible failure by delamination of the FRP initiat
ing at intermediate cracks (Taljsten 2002; Teng et al. 2002).

In the FRP strengthening of concrete components, the
failure modes required to be considered are (i) crushing of
the concrete in compression before rupture of the FRP or
yielding of the reinforcing steel (mode 1 in Fig 9); (ii) yield
ing of the steel followed by rupture of the FRP in tension
(mode 2 in Fig. 9); (iii) in the case of members with internal
prestressing, additional failure modes controlled by the rup
ture of the prestressing tendons; (iv) anchorage failure
(mode 4 in Fig. 9); (v) peeling failure or anchorage failure of
the FRP system at the cut-off point (mode 3 in Fig. 9); and
(vi) yielding of the steel followed by concrete crushing, be
fore rupture of the FRP in tension.

For externally bonded FRP strengthening systems, the an
chorage length beyond the point where no strengthening is
required is not to be less than la' which is given by

[13] la == 0.5~ EFRptFRP

where tFRP is the total thickness (mm). of externally bonded
FRP plates or sheets. In ad<lition to the requirement indi
cated in eq. [13] , the anchorage length should be at. least
300 mm; otherwise, the FRP needs to be suitably anchored.

The anchorage length is of central importance if an effec
tive strengthening design is to be achieved. A good design
will always lead to concrete failure. An anchorage failure is
characterized by failure mode·4 in Fig. 9. Figure 10 shows
the location of the anchorage. As illustrated in this figure,
the tensile force corresponding to the moment curve must be
corrected because of the inclined cracking that the shear
force causes.

Strengthening of compression components .""
When a column is strengthened with FRP, the compres

sive strength of the confined concrete (f:c) is determined
from the following equation:

[14] f:c == fe' + 2fiFRP

The confinement pressure due to FRP strengthening at the
ULS (feFRP) is determined from the following equation:

[15] fi - 2<1> FRP fFRPu tFRP
IFRP - D

g

For columns with circular cross sections, D g is the diame
ter of the column; for columns with rectangular cross sec
tions having aspect ratios ~1.5 and a smaller cross-sectional
dimension not greater than 800 mm, Dg is equal to the diag
onal of the cross section. For columns with other polygonal
cross sections, D g is equal to the diameter of the inscribed
circle.

Various formulae for determining the compressive strength
of FRP-confined concrete have been assessed by Teng et al.
(2002), Theriault and Neale (2000), and Bisby et al. (2005).
Equation [14], in conjunction with eq. [15], has been shown
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Fig. 11. Anchorage of externally bonded FRP shear reinforce
ment: (a) fully wrapped section; (b) anchorage with horizontal
strips; and (c) anchorage in compression zone.

(a) (b) (c)

I T T~,
to provide close but conservative estimates of the compres
sive strength.

The confinement pressure at ULS is required to be de
signed to lie between 0.1!: and 0.33!e'. The minimum con
finement pressure is specified in order to ensure ductile
behaviour of the confined section, and the maximum con
finement pressure is specified in order to avoid excessive ax
ial deformations and creep under sustained loads. The limit
provided is such that the factored resistance of the FRP
confined concrete does not exceed the equivalent nominal
strength of the unconfined concrete; that is, 0.8 <Peh~ -5:.!e'.

Strengthening for shear
The shear-strengthening scheme is to be of the type in

which the fibres are orientated perpendicular or at angle ~ to
the member axis. The shear reinforcement is to be anchored
by suitable means in the compression zone by one of the fol
lowing schemes:
• The shear reinforcement is to be fully wrapped around the

section as shown in Fig. 11 a.
• The anchorage to the shear reinforcement near the com

pression flange is provided by additional horizontal strips
as shown in Fig. lIb.

• The anchorage is provided in the compression zone as
shown in Fig. lIe.
If none of these schemes can be provided, special provi

sions must be made.
For reinforced concrete members with rectangular sec

tions or T-sections and having the FRP ,shear reinforcement
anchored in the compression zone of the member, the fac
tored shear resistance (Vr) is calculated from

[16] ~. == Ve + Vs + VFRP

where Ve and Vs are calculated as for steel-reinforced sec
tions; and VFRP is obtained from the following:

<PFRpEFRPcFRP AFRPdFRP(cot e+ cot~) sin~[17] V
FRP

== ----=c=---'---------

sFRP

where

[18] AFRP == 2tFRPWFRP

For completely wrapped sections,

[19] cFRP
c

== 0.004 ~ 0.75 CFRP
u

For other configurations, CFRP
c

is calculated from

[20] CFRP
c

== Kv cFRP
u

-5:. 0.004

279

where for continuous V-shape configurations of the FRP re
i~forcement, the bond-reduction coefficient (Kv) is as fol
lows:

[21] Ky == k) k2Le 111900 cFRP
u

-5:. 0.75

and

[22] k) == (h'/27)2/3

[23] k2 == (dFRP - Le)1 d pRP

[24] Le == 233001(tFRpEpRP)o.58

The value of cFRP is limited to 0.004 to maintain aggre
gate interlock in thee evaluation of Ve•

For prestressed concrete components, Vr == Ve + Vs + Vp +
VFRP ' for which the general theory for steel-reinforced con
crete is used to calculate Ve, Vs' and Vp and the equations
given above are used to calculate VFRP '

For components with non-rectangular or non-T cross sec
tions, a rigorous analysis or test should guide the design.

The spacing of FRP bands should not be more than SFRP

given by the following equation:

[25] SFRP -5:. WFRP + dFRP 14

The total factored shear resistance subsequent to FRP
strengthening (Vr) should not exceed 0.66bwd(!:)o.5.

The calculation of the factored shear resistance provided
by FRP shear reinforcement is similar to the calculation of
the factored shear resistance provided by steel shear rein
forcement, the main difference being the use of an effective
strain to evaluate the stress in the FRP. The effective strain
in the FRP is based on the work of Khalifa et al. (1998) and
Maeda et al. (1997).

Rehabilitation of timber bridges

General
The code provisions for the strengthening of sawn timber

beams and stringers are based on: ~he simple principle that
providing a defined minimal amount of FRP sheets or bars
can alter the mode of failure of timber beams and stringers
and enhance their load-carrying capacity in both flexure and
shear.

Strengthening for flexure with glass-fibre-reinforced
polymer sheets

When the following minimum requirements for strength
ening with GFRP sheets are met, the bending strengths for
beam and stringer grades used for the evaluation are re
quired to be KbFRP !bu' for which K bFRP is obtained from Ta
ble 8; and the specified bending strength (fbu) , from the
wood structure section of the CHBDC:
(a) The minimum fibre volume fraction of GFRP system in

the direction of the span of the beam is 30%.
(b) The GFRP sheet on the flexural tension face of the

beam covers at least 900/0 of the width of the beam and
has a minimum thickness of 0.1 mm.

(c) The adhesive used for bonding the, GFRP sheets to the
timber beam is compatible with the preservative treat
ment used on the timber.
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Table 8. Values of KbFRP"

Grade of original beam

Fig. 12. Cross section of a timber beam with GFRP near-surface
mounted reinforcement.

aIf the beam is not strengthened for shear.
bIf the beam is also strengthened for shear.

Strengthening for flexure with near-surface mounted
reinforcement

As is the case for flexural strengthening with GFRP
sheets, for strengthening with NSMR the bending strengths
for beam and stringer grades used for the evaluation are re
quired to be KbFRP !bu' for which KbFRP is obtained from Ta
ble 8, if the following conditions are met.
(a) The minimum fibre volume fraction for GFRP bars is

60%.
(b) There are at least two bars within the width of the beam.
(c) The total cross-sectional area for all bars on a beam is at

least 0.002 times the cross-sectional area of the timber
component.

(d) As shown in Fig. 12, each bar is embedded in a groove,
preferably with a rounded end. The depth of each
groove is 1.6-2.0 times the bar diameter (db); the width
of each groove is not less than db + 5 mm; the edge dis
tance of the outer groove is not less than 25 mm or less
than 2db; and the clear spacing between grooves is not
less than 25 .mm or less than 3db•

(e) Before the GFRP bars are embedded, the grooves in the
beams are cleaned with pressurized air to remove any
residue.

if) The adhesive chosen for bonding the GFRP bars to the
timber beam is compatible with the preservative treat-

(d) In the longitudinal direction of the beam, the GFRP
sheets extend as close to the beam supports as possible.

(e) The adhesive used for bonding the GFRP sheets to the
timber beam is chosen such that it is compatible with
expected volumetric changes of the timber.

·The values of KbFRP for grades 2 and 1 sawn timber beams
and stringers in Table 8 were derived from the ratios of fbu
for grades 1 and 2 and for select structural and grade 1 tim
bers, respectively, in the CHBDC. The values of KbFRP for
select structural grades were derived from data collected by
Eden (2002), who has shown that the flexural enhancement
of select structural timbers is better when the timbers are
also strengthened for shear. It is for this reason that two val
ues of KbFRP are specified for select structural grades in Ta
ble 8.

The minimum amount of GFRP sheets specified in this
clause has been found to be enough to strengthen the beam
to at least the next higher grade, provided the sheet extends
as close to the supports as possible.

. Most adhesives used in the FRP strengthening of struc
tures 'do not bond very well to creosote-treated timber. To
determine whether an adhesive is compatible with the pre
servative treatment used on the timber, testing (Mufti et al.
2001; Hay 2004) should establish that bond failure occurs in
the timber.

GFRP bar (TYP
with diameter db

O -- ] Depth of
groove

~
Edge Distance Width of
distance between groove

grooves

Shear strengthening with glass-fibre-reinforced;.polymer
sheets

When the following minimum requirements are met for
shear strengthening with GFRP sheets, the shear strengths
for beam and stringer grades for the evaluation are assumed
to be KvFRP!vu, for which KvFRP is taken as 2.0 and!vu is ob
tained from the CHBDC:
(a) The minimum fibre volume fraction of GFRP sheets

along their axes is 30%, and the sheets have a minimum
thickness of 0.1 mm.

(b) Horizontal splits in beams, if present, are closed.py a
mechanical device before the application of the GFRP
sheets.

(c) The GFRP sheets are at least as wide as the width of the
cross section of the beam (Fig. 13a).

(d) As shown in Fig. 13a, the GFRP sheet is inclined to the
beam axis at an angle of 45° ± 10° from the horizontal.

(e) The top of the inclined GFRP sheet is as close to the
centerline of the beam support as possible.

if) The adhesive chosen for bonding GFRP to the timber
beam is compatible with the preservative treatment used
on the timber and with the expected volumetric changes
of the timber.

(g) The top of the inclined GFRP sheet extends up to nearly
the top of the beam.

(h) The lower end of the inclined GFRP sheet extends to
the bottom of the beam if there is no dap present
(Fig. 13a). If there is a dap, the lower end is wrapped
around the bottom and extends' to at least half the width
of the beam. In the latter case, the corner of the beam is
rounded to a minimum radius of 12.5 mm to provide
full contact of the sheet with the beam (Fig. 13b).

Recognizing that the values of Fv for sawn timber grades
specified in section 9 (Wood Structures) of the first edition

ment used on the timber and with the expected
volumetric changes of the timber.

(g) In the longitudinal direction of the beam, the GFRP bar
extends as close to the beam support as possible.

(h) Each GFRP bar is held in place as close to the tip of the
groove as possible.

Near-surface mounted bars on sawn timber stringers, be
sides having all the advantages associated with sheets, have
the added advantage of being protected from moisture and
external abrasion, such as from ice and floating debris
(Svecova and Eden 2004).

1.05Q or 1.1 b

1.2
1.5

Select structural grades
No.1
No.2
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Fig. 13. Elevation of timber beam with GFRP sheets for shear
strengthening: (a) without a dap; (b) with a dap.

£
I

of the CHBDC were overly conservative, the second edition
now specifies somewhat higher values. For example, for se
lect structural grade Douglas-fir timber bridge stringers, the
first edition had specified Fv = 0.9 MPa; in the second edi
tion, this value has been upgraded to 1.5 MPa. The specified
values of Fv in both the first and second editions are based
on the statistical presence of checks, or horizontal splits, at
the ends of sawn timbers.

These provisions apply only when the checks are closed
mechanically and the GFRP strengthening scheme is applied
later. As discussed by Hay (2004) and Hay et al. (2004), the
mechanical closing of a horizontal split in a timber beam
involves (i) temporarily closing the gap with an external
device, such as a grip with a hydraulic jack; and (b) perma
nently closing the gap with a lag screw. Simply closing the
checks is enough to increase the shear strength of the string
ers by 20%-300/0 above the values included in the second
edition of CHBDC. The addition of FRP reinforcement will
further increase the shear strength; however, in the spirit of
caution, the code provisions do not reflect this extra increase
in the shear strength. It is hoped that the availability of fu
ture test data will lead to further utilization of the shear
strength of FRP-strengthened sawn timber beam and string
ers in another edition of the code.

Max.h I•I
I I

This paper presented a synthesis of the design provisions
of the second edition of the Canadian Highway Bridge De
sign Code for fibre-reinforced stI1l.~tures, including new de
sign provisions for applications' ri~t covered by the first
edition and the rationale for those· that have been changed
from the first edition.

Conclusion

Installation of and quality control for fibre
reinforced-polymer strengthening system

Two appendices in the code cover the installation of and
quality control for FRP strengthening systems. They include
directions for the shipping, storage, and handling of FRP
systems and guidance on the methods and details of installa
tion.

if) The adhesive chosen for bonding the GFRP bars to the
timber beam is compatible with the preservative treat
ment used on the timber and with the expected volumet
ric changes of the timber.

(g) As shown in Fig. 14, the GFRP bars are inclined to the
beam axis at an angle of 45 0 ± 100 from the horizontal.

(h) The tops of the inclined GFRP bars are within 10
25 mm from the top of the beam.

(i) When there are daps present, the ingress of the drilled
hole should be 100 ± 10 mm from the edge of the dap.

In cases where the corners of a timber stringer must be
shaved to accommodate an FRP sheet extending to the bot
tom face of the beam, it may be found advantageous to
strengthen the beam with embedded GFRP bars.

~ig. 14. Elevation of timber beam with GFRP bars for shear
strengthening.

In, ot less than1jd{2.smm

Horizontal split
closed mechanically

(b)

(a)

Shear strengthening with GFRP-embedded bars
When the following minimum requirements are met for

strengthening with GFRP bars, the shear strength for beam
and stringer, grades for the evaluation is assumed to be
KvFRP fvu' for which KvFRP is taken as 2.2 and fvu is obtained
from the CHBDC:
(a) The minimum fibre volume fraction of the GFRP bars is

60%.
(b) Horizontal splits in beams, if present, are closed by a me

chanical device before the insertion of the GFRP bars.
(c) As shown in Fig. 14, there are at least three GFRP bars

at each end of the beam.
(d) The diameter of the GFRP bar (db) is at least 15 mm,

and the minimum diameter of the hole containing a bar
is db + 3 mm.

(e) The spacing of bars along the length of the beam is h ±
25 mm.
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