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Abstract

Carbon Fibre Reinforced Polymer (CFRP) tendons present an alternative material that can mitigate
steel corrosion problems in concrete bridges. The use of CFRP prestress tendons can result in more
durable prestressed concrete structures. However, the potential matrix plasticisation of CFRP
tendons in humid environments and their inherent lack of ductility need to be considered in the
design process. A tension stiffening analysis is undertaken to study the effect of variations in bond
strength parameters on the cracking behaviour, deformability and structural performance of CFRP
prestressed beams. The bond strength scenarios under consideration reflect either low or high bond
conditions. The former could be associated with epoxy plasticisation and bond degradation due to
moisture ingress at a crack location. A low bond performance results in a smaller number of cracks
and higher deflections at failure compared with high bond tendons.
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Concrete cracks act as paths for corrosive materials

1. Introduction and can be a sign of construction deficiencies and

Incidents of severe corrosion in steel prestressing
tendons have been reported in structural
applications such as bridges (e.g. Hammersmith
Flyover [1]). The FHWA (Federal Highway
Administration) has estimated that the annual
direct cost estimate of steel corrosion in highway
bridges is $8.3 billion dollars [2] and £200 million
has been invested by TFL for the strengthening and
repair of bridges and tunnels [3]. Due to the
encasement of the steel tendons in concrete,
inspection of internal steel tendons can be difficult.

impending corrosion problems. Steel corrosion can
lead to high repair and maintenance costs and
traffic disruption problems and, in extreme cases,
to catastrophic brittle failures (e.g. Genoa Bridge
2018 [4]). Steel corrosion can be particularly critical
in prestressed structures, where the tendons are
loaded up to 70% of their ultimate tensile strength.
This leaves a limited margin for any increase in steel
stress as a result of a reduction in the effective
cross-sectional area due to corrosion.
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Carbon Fibre Reinforced Polymer (CFRP) tendons
present an alternative material that can mitigate
steel corrosion problems. The corrosion-free
nature of CFRP can result in an enhanced durability
performance for prestressed concrete structures.
CFRPs exhibit a high strength to weight ratio, are
easy to handle, have lower transportation costs
and are suitable for structural applications near
high voltage cables and in MRI rooms in hospitals
due to their electromagnetic neutrality. However,
the matrix resin component of CFRP tendons
plasticises when exposed to humid conditions (e.g.
at a crack location) and FRPs exhibit linearly elastic
brittle failures. The effect of environmental
conditions on the long-term  mechanical
performance of FRPs has been considered in ACI
guidelines [5] through the use of an environmental
reduction factor applied to the design tensile
strength. However, humid environments also
affect more matrix-dominated properties such as
the bond, shear and dowel strength of FRPs. ACI
guidelines [5] refer to existing literature for the
long-term bond durability performance of FRPs and
suggest that durability factors should be obtained
by the manufacturer. The latter advice reflects the
lack of standardisation in FRP materials. The
chemical structure of resins is usually proprietary
and resin formulations are constantly being
developed in industry [6] hindering quantitative
recommendations for long-term effects.

Epoxy-dominated bond failure mechanisms in CFRP
tendons and any deterioration in the epoxy-
dominated mechanical properties of CFRPs in
humid and alkaline environments need to be
accounted for when assessing the durability
performance of CFRP prestressed structures [7].
This is of particular interest when cracked FRP
prestressed  structures (partial prestressing
conditions) are in high humidity environments and
subjected to temperature fluctuations. The bond
between CFRP tendons and concrete is important
in pretensioned structures to safely transfer the
prestressing force to the concrete. When a crack
forms the stresses from the FRP tendon are
transferred to the concrete through bond and
tension stiffening occurs. Therefore, the bond
stress-slip relationship can affect the deformability
and failure of prestressed structures. Any
degradation of the bond strength in the anchorage

zone can result in a reduction of the effective
prestress force and an increase in the transfer
length. If an adequate transfer length is not
provided, the load carrying capacity of the member
can decrease. Even if an adequate transfer length
is initially provided, degradation of the bond
strength in the vicinity of cracks in the flexural
development length can result in a premature
debonding failure that encroaches on the transfer
length. Thus slippage of the tendon takes place and
the structural capacity decreases. A similar type of
debonding failure in CFRP sand coated tendons has
been experimentally reported in [8].

Bond can also play an important role in the
deformability of FRP prestressed concrete
structures. A high deformability is usually preferred
in CFRP prestressed structures in order to enhance
the warning before collapse. Deformability can
often be misinterpreted as ductility due to
conventional steel-based definitions of ductility
indices that rely on ratios of deformability
variables, such as rotation, deflection and
curvature, at failure to the respective ones at first
yield. But FRPs do not yield and have a lower
Young’s modulus. The energy stored in FRP
prestressed concrete structures is mostly elastic
that can be released upon the sudden removal of
loading leading to potential damage. Naaman and
Jeong [9] tried to distinguish between
deformability and ductility by introducing an
energy-based ductility index. This is based on the
total energy stored under the load-displacement
curve and the elastic energy released upon
unloading. The work showed distinctive differences
in ductility between steel and FRP prestressed
concrete beams. ISIS [10] has introduced a
deformability factor based on the moment and
curvature at the limit state and serviceability state
and recommended a value of at least 4 to ensure
adequate deformation before failure to avoid
brittle collapse.

The purpose of this study is to investigate two
distinctive bond stress-slip scenarios,
representative of low and high bond tendons, on
the cracking behaviour, ultimate failure and
deformability of CFRP prestressed beams. A
numerical analysis with a refined section by section
methodology is carried out to account for tension
stiffening effects and to explore the influence of



bounds of bond stress-slip behaviour that reflect
CFRP sand coating variability and environmental
exposure, as experimentally found in [11].

2. Numerical Analysis

To study the effect of variations in the bond stress-
slip behaviour on the cracking behaviour and beam
deformability, a simply supported beam with a
span L=2.50 m and prestressed with two CFRP
tendons of diameter D=5.4 mm at the same depth
is considered. An initial prestress force of 40%ft,,
where fy, is the ultimate tensile strength of the
CFRP tendon and a 3 point loading configuration
are assumed (Figure 1b). Details of the beam cross
section are shown in Figure la. High strength
concrete is used and the transfer length L;
calculated based on ACI 440.4R-04 [12] varies from
49-124 mm depending on the adopted bond
coefficient. The transfer length has been found
experimentally to be less than 160 mm for similar
CFRP tendons and a prestressing ratio of less than
60% [13]. In this analysis a transfer length of 135
mm is assumed.

2.1 Material Properties

The mechanical properties of the materials used in
this study are summarised in Table 1. To account
for long-term effects of creep and shrinkage, the
effective concrete elastic modulus was calculated
using

Ec,eff(t/to):Ec/(1+(P) (1)

It is assumed that the compressive concrete failure
strain is independent of the time under load in
accordance with [14]. However, creep affects the
strains within the elastic range and therefore the
tensile concrete failure strain. For concrete in
compression the concrete model proposed in [15]
is adopted,

Gczfcu'fcu(l' SC/ECU )nheld (2)
where nheld=E e, /f., , oc is the concrete stress
associated with a concrete strain &, fu is the
ultimate compressive strength and &q is the
ultimate compressive strain. This model has been
shown to be applicable for high strength concrete
[16]. By considering the effective concrete elastic
modulus E.4(t,t,) in the nheld term, a concave

shape is exhibited at £ 20.0025 instead of a convex
shape that is representative of the concrete
behaviour. Therefore, the Held model was applied
for £. <0.0025. For 0.0025<£.<0.0030 the Young’s
modulus was assumed to vary linearly between
E=22-27GPa and a plastic concrete stress
distribution was adopted for 0.0030<e.<0.0035.
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Figure 1. (a) Beam section, (b) Load configuration
and (c) Numerical analysis method

Table 1. Material properties

CFRP tendon
Ultimate tensile strength, f:, (MPa) 1913
Longitudinal elastic modulus, E; (GPa) 150
Ultimate tensile strain, &, (MPa) 0.016
Volume fraction, Vs 0.64
High strength concrete
Concrete compressive cube strength, f., (MPa) 100
Concrete tensile strength, f.., (MPa) 5.20
Ultimate concrete compressive strain, €. 0.0035
Ultimate concrete tensile strain, qw 0.00014
Concrete elastic modulus, E. (GPa) 36.50
Autogeneous and drying shrinkage strain, 0.0004
Creep coefficient, ¢ 1.0

2.2 Methodology

To study the post-cracking flexural behaviour of



the prestressed concrete beam, a numerical
solution with a refined section by section analysis
is implemented by considering the bond stress-slip
behaviour of the CFRP tendons [17]. The first crack
is assumed to occur at the mid-span (point of
maximum moment Mpma). To predict the position
of the next crack two regions are defined along the
beam based on the slip boundary conditions. The
partial interaction (PI) region is a zone where slip
takes place (s#0 and ds/dx=0) and there is a tension
stiffening effect. The full interaction region (Fl) is
the length over which there is no relative slip
between the tendon and the concrete. There is
therefore full composite action and an elastic
uncracked analysis is applied. The next crack can
form either in a partial or a full interaction region.
In the Pl region the concrete tensile strain capacity
is exceeded either from the developed bond
stresses or the sectional concrete strain
distribution that equilibrates the applied moment.
In the FI region cracking takes place where the
applied moment M(x) exceeds the elastic cracking
moment M. In the partial interaction region, an
iterative procedure is followed for a given tendon
strain value, €4, at the crack location (x=0). Slip
values, s;, are assumed until the boundary
conditions of zero slip s and zero ‘slip-strain’ ds/dx
(full interaction condition) are satisfied at the end
of the transfer length /.. To account for the long-
term effects of creep and shrinkage, the ‘slip-strain’
is given by

5= ds/ dx
=(£t'£t—pre)'(£ct'£csh 'gcc'gc—pre) (3)

where & is the tendon strain, &qpre is the tendon
strain due to the prestressing force subtracted by
the concrete elastic shortening, . is the concrete
tensile strain, &sn is the concrete shrinkage
(autogeneous and drying), € is the concrete creep
strain and & is the concrete compressive strain
from the applied prestressing force at the tendon
level.

The transfer length, I, is discretised into smaller
elements of L.=1.0 mm. For a given slip value s,
the bond stress at the first element t;=f(s;) is
calculated based on the specific bond stress-slip
law considered and is assumed to be constant
along each element. The total bond force acting

over the first segment ;U (where U=nDL.) is
transferred to the concrete effective area of the
second element as tension F; and the force of the
tendon at the end of the first segment is reduced
by 11U, Fi2=Fu1-T:U. The concrete and tendon strain
values, £+ and &y respectively, can be derived
based on the forces F.» and F:» divided by EAceff
and E:A; for the concrete and tendon respectively.
The slip of the second element s; is calculated by
subtracting (ds/dx);L. from the assumed slip s;.
These values are considered as input values for the
analysis of the second element and the above
process is repeated until the boundary conditions
are met at /; (Equations 4 and 5 and Figure 1c).

Sn-1 =5n-2'5;1-2Le=0 (4)
59.4=0 (5)

where nis the last element of the discretised length
It and in Equation 3 and 5
E=En-1= (Ftl' Z:]:-ll TIU)/Ac,eff'

Here, an effective concrete area, A s, (shaded area
in Figure 1a) with heg=2c+D is adopted according to
[17] to account for tension stiffening. This
technique has been previously adopted for the
analysis of tension stiffening effects under static
monotonic [17] and cycling loading [18] resulting in
a good agreement with experimental results.

The moment capacity at each crack location is
calculated based on a direct cross-sectional
analysis, where the concrete strain at the
compressive fibre is assumed and an iterative
procedure is followed until equilibrium of the
internal forces is satisfied. This is based on the
assumptions that ‘plane sections remain plane’,
there is a strain compatibility between the change
in the tendon strain and the top concrete
compressive strain, and concrete does not
contribute in tension [19] (see Figure 2a). However,
the strain compatibility approach between the
tendon and the concrete is violated where
debonding takes place, or low bond tendons are
used. In this case a rigid body analysis is more
appropriate where the concrete deformation at
the compressive fibre is calculated based on the
slip values at the tendon layer. The strain in the top
concrete fibre can be theoretically estimated by
dividing the contraction, é., by a certain length, Lesg
(see Figure 2b). The choice of the effective length,



Leg;, is debatable and here it is considered to be half
the crack spacing [17]. To identify the threshold
where the strain compatibility or the rigid body
analysis becomes a more  appropriate
representation, a unified method is proposed. This
is important, if a tendon failure, as calculated from
a strain compatibility approach, can be impeded
due to high tendon slip values (low bond tendons
or debonding) and high crack rotations lead to a
concrete failure and a potential increase in the
moment and curvature capacity of the beam. The
criterion adopted here to invoke a rigid body
analysis is when the rotation of a rigid block
Oy= sl/(d—xgl) exceeds the rotation
Ocp=(€c/Xg;)Less, as calculated based on a strain
compatibility approach where xg, is the neutral axis
at the first crack at the mid-span and d is the depth
of the beam.
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Figure 2. (a) Strain compatibility sectional analysis
and (b) Rigid body sectional analysis.

2.3 Bond stress-slip models

Two distinctive bond stress-slip  scenarios
indicative of low and high bond tendons are
studied (LE-LB and LE-HB). The adopted bond
stress-slip models were the mB.E.P. (modified
Bertero, Eligehausen and Popov model) and a
linear frictional model for the ascending and
descending branch respectively. The bond
parameters of each model are summarised in Table
2 and were derived from an experimental series
presented in [11].

The differences in the t,,, values between the LE-HB
and LE-LB bond scenarios represent material
variability between CFRP sand coated tendons of
the same manufacturing pultrusion line as
experimentally observed in [20]. However, the LE-
HB bond scenario could also reflect durability

effects and localised swelling phenomena due to
moisture uptake at the vicinity of a crack in FRP
prestressed concrete beams in combination with
concrete shrinkage effects that are more
pronounced in early age concrete. At longer
exposure times, where matrix plasticisation and
degradation dominate, a LE-LB scenario becomes
more applicable.

Table 2. Bond stress-slip scenarios of the
parametric study

LE-HB LE-LB

mB.E.P. Tm 19.23 6.15

( S )“ Sm 0.40 0.11
T=T,|—]) ;sss,

Sm a 1.00 0.79

Linear frictional Tfr 8.08 4.87

T=T-p'(5-Sm) ; $>Sm p’ 0.31 0.13

Note: LE: long-term effects (creep and shrinkage), HB:
high bond strength t,, and LB: low bond strength .

3. Analytical results

The moment at the decompression stage (zero
tensile strain at the bottom fibre) and at first
cracking accounting for long-term effects are Myec=
6.32 kNm and M.=15.13 kNm respectively based
on an elastic analysis. The beam is under-
reinforced with a p=0.17% < p»=0.77% in order to
investigate the contribution of the rotational
capacity due to debonding on the failure mode. The
ultimate moment due to tendon rupture is
M,=26.97 kNm. Figure 3 shows the formation of
the second crack and the cracking pattern at the
ultimate failure in half of the beam for both bond
stress-slip scenarios LE-HB and LE-LB. The applied
moments, the tendon strain as derived by the
numerical analysis described above, the crack
width and the crack rotation 6, at a distance x
from the first crack at mid-span are also depicted in
Figure 3. The crack width, w, at the tendon layer is
derived from the sum of the slip values at the right
and left side of each crack. Primary cracks are those
formed in the full interaction region and secondary
cracks are those formed from the build-up of the
bond stresses.

The second crack in LE-HB forms at a lower
moment Mpme=19.05 kNm in the full interaction
region and at a smaller spacing when compared
with LE-LB. This is the result of the high bond



strength 1, that resulted in a smaller transfer
length /; for a given tendon strain in LE-HB. In LE-LB
debonding takes place at an early stage due to the
bond stress-slip model as the transfer of the bond
stresses relies mostly on the frictional bond
component. In LE-LB the formation of the second
and third crack due to the build-up of bond stresses
and the elastic cracking moment respectively take
place at a tendon strain value 9% higher than in LE-
HB and the debonding length is extended by up to
160 mm from the first crack (Figure 4). At failure, 5
cracks and 3 cracks are fully developed in the LE-HB
and LE-LB beams respectively. A 6™ crack might
form at x=407 mm at failure in LE-HB due to the
build-up of bond stresses. The 3™ and 5% crack in
LE-HB and the 2" crack in LE-LB developed in the
partial interaction region. The primary crack
spacing is estimated to be 260 mm in LE-HB and
345 mm in LE-LB. The crack widths and crack
rotations in LE-LB are consistently higher than in LE-
HB. Yet, the 8, rotations did not exceed the O,
rotations in the LE-LB scenario and a rigid body
analysis was therefore not applied based on the
unified approach described above. Both beams fail
by tendon rupture. The flexural bond length at
tendon rupture is higher in LE-HB (L=713 mm) than
in LE-LB (L=623 mm) and this is attributed to the
higher number of cracks developed in the former
case and the fact that the 4% crack formed at x=519
mm due to exceedance of the elastic cracking
moment. The flexural bond length at failure is
adequate and the partial interaction region does
not extend up to the transfer length of the
prestressing force. This holds even if we consider
an increase in transfer length by 40%, up to L=189
mm, as observed elsewhere due to creep and
shrinkage effects [21].

In Figure 5 the predicted load versus deflection
behaviour is plotted for both the LE-LB and LE-HB
bond scenarios in the CFRP prestressed beam
studied here. The deflections were derived from
the curvature of the uncracked concrete sections in
the full interaction region and the crack rotations
0, in the partial interaction region by carrying out
numerical integration. To compare, load-deflection
plots are included by applying an effective moment
of inertia, I, as found in [12] and in [22] for FRP
prestressed concrete. The /e was considered only
in the partial interaction region.
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At the same failure load the LE-LB scenario results
in a 50% increase in the ultimate deflection
compared with LE-HB. The ACI 440.4R-04 [12]
approach and the Bischoff [22] effective moment
of inertia, l.fr, approach agree well with high bond
(LE-HB) and low bond (LE-LB) tendons respectively.
The ductility indices according to [9] for the LE-HB
and LE-LB beams are u=3.10 and u=4.0
respectively. The deformability factor according to
[10] is 119 following a strain compatibility
approach for the calculation of the curvature.
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4. Discussion

The unified approach proposed in section 2.2
seems more appropriate at higher tendon ratios
closer to the balanced tendon ratio, where failure
modes can shift from tendon rupture to concrete
crushing. A rigid body analysis could not be applied
for the specific tendon ratio studied here. Yet, the
resulting analytical 6, rotations (see Figure 3)
would result in concrete crushing for the given
crack spacing.

In FRP structures it is common to use deformability
as a measure of an impending failure. Yet, the
proposed factors in [9] and [10] are rather
different. Agreement between design guidelines
needs to be established. The ductility index, y, in
[9] is more appropriate because it reflects the
energy dissipation due to the concrete crack
formation stage, the inelastic concrete
deformation and bond frictional losses and the

elastic energy released at failure. The latter is
significant in FRP pretensioned structures due to
the lack in ductility in FRPs and in order to
understand potential catastrophic failure upon
release of the stored elastic energy. Low bond
tendons exhibit higher deformability but the higher
number of cracks in a CFRP pretensioned beam
with high bond tendons can act as a warning of
distress.

The shear span to effective depth ratio of the CFRP
pretensioned beam is 4.2 and the deflections were
calculated based on [12] and [22] and the slip
values at the tendon level. Shear deformations and
the additional rotation due to the development of
shear cracking at higher loads are neglected. Shear
induced deformations are expected to be
dominant in the vicinity of the supports.
Experimental results in [23] showed that the
development of diagonal cracking at initially
formed flexural cracks can increase the total
deflection by up to 30%. A further development of
the analytical model studied here should include
the effect of shear crack propagation and rotation
on the behaviour and total deflection of CFRP
pretensioned beams.

5. Conclusions

Alow bond performance that could be indicative of
a reduction in bond properties due to long-term
exposure in humid conditions exhibited a smaller
number of cracks and higher deflections at failure
compared with high bond tendons. Debonding
failures of the tendons in the anchorage zone were
not observed. Warning of pending collapse can be
enhanced either through a high deformability in
beams with low bond tendons or an increased
number of cracks in beams with high bond tendons.
In both cases energy dissipation is provided
through the inelastic concrete deformation and
crack formation.
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