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Highlights

Degradation modelling of external grouted post-tensioning ten-

dons: numerical assessment under corrosion conditions

Belén Vecino, Carlos M. C. Renedo, Jaime H. Garcia-Palacios, Ivan M. Diaz

e Research highlight 1

A non-linear modelling approach of the degradation process of external
grouted post-tensioning tendons due to corrosion is presented. The
approach considers the influence of steel plasticity, large deformations
and grout-strand contact stiffness together with a corrosion degree in

some strands.

e Research highlight 2

The degradation curves (tendon tensile force versus grade of damage,
natural frequencies versus grade of damage) are useful for setting the
sensitivity and thresholds of performance indicators in the case of con-

tinuous dynamic monitoring systems.

e Research highlight 3

The proposed modelling approach allows to carry out parametric stud-
ies to assess which corrosion conditions are critical and may lead to
tendon failure. The parameters studied are: i) the initial stressing
force, ii) the corrosion degree of the section and, iii) the proportion of

the steel area of the section affected by corrosion.

e Research highlight 4



The parametric study is geared to engineering practice, as it is a con-
venient tool that can be used in bridge inspections to determine the

risk of a tendon failure.
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Abstract

In the last years, several brittle fractures of external bonded post-tensioning
tendons in bridges have been reported due to corrosion damage, compromis-
ing the structural safety and stability of the bridges. This paper proposes
a finite element non-linear modelling approach of grouted tendons to study
their mechanical behaviour and risk of failure when a level and extent of
corrosion of the steel strands is assumed. This approach has been first val-
idated with the experimental tests previously presented in the literature,
thus analysing the influence of the steel plasticity, large deformations and
re-anchoring effect, in order to reproduce accurately the experimental tests,
qualitative and quantitative. The degradation curves are derived, that is, the
effective tensile force and natural frequencies versus the percentage of dam-
age, which is defined as the percentage of broken strands, and are compared

with experimental tests. Then, a parametric study is performed using the



proposed modelling strategy. The objective is evaluate the critical number of
strands broken for tendon failure depending on its corrosion condition, which
is defined by two parameters: i) the number of corroded strands within the
tendon, and ii) the corrosion degree of the strands. The initial stressing force
of the tendon has been included within the parametric study, this is deter-
minant in the stress redistribution and in a possible tendon failure when a

strand breaks.

Keywords: Post-tensioning tendons, Grouted external tendons, Bonded

tendons, Corrosion induced failure, Non-linear FE modelling

1. Introduction

External post-tensioning is a construction technology commonly used in
highway and railway concrete box-girder bridges. It is usually applied by
means of external post-tensioning tendons placed inside the box girder of
the bridge deck, but outside the concrete cross-section, as seen in Figure [I]
The stressing force is transferred to the concrete girder through anchorages
and deviators [I]. The main advantages of this technology, which have led
to its popularisation, are: i) it allows the substitution of the tendons if there
are wires or strands broken, which may occur due to corrosion, as illustrated
in Figure |2, and ii) the ability to perform their re-tensioning if their tensile
force is significantly lower than the stressing force. These actions contribute
to increase the durability of these structures at a limited cost [2], [3]. In
addition, external post-tensioning has other advantages, such as economical

and rapid construction and easy inspections, monitoring, and maintenance.
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Figure 1: Box girder with external prestressing.

Figure 2: Broken tendon affected by corrosion [IJ.

External tendons consist of prestressing steel strands, typically seven-wire
strands, surrounded by a corrosion protection material. There are two main
types: bonded and unbonde(ﬂ In bonded tendons, also known as grouted

tendons, corrosion protection is provided by a metal or polyethylene sheath-

'Bonded and unbonded terminology is frequently used in the field of prestressed con-
crete to describe the compatibility between an internal prestressed tendon and the sur-

rounding concrete mass.



ing duct filled with grout, which adheres to the strands [2] 4], as depicted in
Figure 3| (a). Unbonded tendons have a sheathing duct around the strands,
sometimes filled with grout, but each strand is encased in a monostrand duct
filled with non-adherent material such as grease or wax [2], Figure [3| (b).
Unlike bonded tendons, unbonded strands can slip and, in case of breakage,
they return to their unloaded length. This paper focuses on bonded ten-
dons, which were widely used until the first decade of this century, and most

reported corrosion cases involve this type.

Bonded tendon Unbonded tendon

Monostrand duct

Grout

Strand Strand
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Figure 3: (a) Bonded tendon cross-section. (b) Unbonded tendon cross-section

1.1. History summary of external post-tensioning systems

External bonded post-tensioning tendons have been used since the begin-
ning of the 1950s, when four box-girder bridges were constructed in France,
although this system was not widely used until the 1980s [3]. These first four
bridges are: the Vaux sur Seine Bridge, the Port a Binson Bridge, The Vil-
leneuve Saint-Georges Bridge and the Can Bia Bridge [3]. The extended use



of this technology was popularized during the 1970s, especially in France and
the United States, pioneer countries in the use of external post-tensioning
tendons. At that time, external post-tensioning was mainly used for rein-
forcement and rehabilitation of existing bridges [3], [5]. Since the 1980s,
the use of external post-tensioning tendons has been extended in new con-
struction due to their technical and constructive advantages, especially due
to the ease of inspection and maintenance [I]. Since that decade, external
post-tensioning has been mainly used in constructing continuous bridges,
precast segmental bridges, balanced-cantilever bridges, and extradosed and
cable-stayed bridges. In some cases, external post-tensioning systems are key
elements for structural stability, as in precast segmental bridges; in others,
they contribute to the stiffening of the structure as in launched or balanced-

cantilever bridges.

1.2. Issues of external grouted post-tensioning tendons

The main issue related to external grouted post-tensioning tendons is
that when strand breakage occurs, the grout prevents the broken strand
from sliding inside the grout due to friction. This implies that the broken
strand is re-anchored into the grout, transferring its tensile force to the rest
of the adjacent healthy strands, which locally increase their tensile stress in
the surroundings of the breakage [0], [7]. The damage region is related to a
transfer length, which is the distance required for the strands to hold almost
their original tensile stress [§]. Thus, there is no significant decrease in the
total tensile force of the tendon caused by the breakage of some of its strands.
In some cases, if many strands of the tendon are corroded, this increase in

tensile stress may exceed the tendon’s capacity to assume additional stresses,



provoking its brittle failure, as seen in Figure 2l In unbonded tendons, this
mechanical behaviour does not occur because when one strand breaks, it
slides into its mono-strand duct and gets completely de-tensioned, producing
the loss of its contributing tensile force and not transferring it to the rest of
the strands.

Proper grout injection is one of the main concerns related to the con-
struction of external grouted tendons. To ensure that, since the 1980s, the
use of superplasticisers and grout additives became popular. However, in
many cases, the adequate filling of the duct was not actually achieved; fur-
thermore, the use of some of these additives facilitated the segregation of
minerals formed during the set of the grout. As a result of this, a wet, white
paste that hardened with air and a yellowish liquid with strong alkalinity
appeared inside the duct, especially near anchorages located at a certain
height, where segregation is facilitated [9], [I0]. Hence, the presence of air
in combination with an alkaline liquid led to the corrosion of the affected
tendons, which occasionally resulted in their brittle collapse.

These brittle failures have been reported since the late 1990s mainly in
France and the United States [11]. This situation triggered the creation of
technical reports by the Florida Department of Transportation (FDOT) in
the United States, and Sétra in France, where information, recommenda-
tions and safety instructions regarding the corrosion and failure of external
grouted tendons built between the years 1980 and 2000 were presented. For
example, based on this, in France, the use of external grouted tendons was
prohibited. Since then, additional tendon failures have been reported due

to stress corrosion cracking situations, caused by the interaction of corrosion



and mechanical stress. These failures have been produced by several causes
such as i) deficient grout injection procedures leading to voids in the duct
and anchorages [1], [2], [I1], ii) presence of additives and water in the mor-
tar [3], iii) unsuitable grouting materials [2], [4], iv) segregation processes of
the solid content of the mortar, which leaves the water in contact with the
steel in the presence of corrosive agents [I1], v) cracked polyethylene duct [2],
among others. Some significant bridges affected by these problems are gath-
ered in Table[I] in which examples of externally prestressed concrete bridges
and cable-stayed bridges are included, since in both cases grout is used as

corrosion protection and then they experience similar corrosion problems.



Table 1: Examples of externally prestressing bridges and cable-stayed bridges that have

experienced corrosion problems [1], [2], [10].

Bridge Year* Country Span [m] Length [m]
Morandi bridge 1967 (2018) Italy 210 1182
Saint-Cloud viaduct 1974 (1998) France 102 1000
Sunshine Skyway bridge 1982 (1988) EEUU 366 6663
Niles Channel Bridge 1983 (1999) EEUU 36 1389
Bridge over the Durance 1986 (1994) France 51 288
Puente Fernando Reig 1987 (2016) Spain 132 246
Ile de Ré bridge 1988 (2018) France 110 2962
Varina-Enon bridge 1990 (2007) EEUU 190 1430
Riviere d’Abord bridge 1991 (2001) France 50 150
Mid-Bay bridge 1993 (2000) EEUU 69 5794
Lowe’s Motor Speedway bridge 1995 (2000) EEUU 24 96
Viaducto de O Castro 1997 (2022) Spain 50 585
Viaducto de Rio Blanco 1998 (2021) Spain 48 558
Viaducto de Guiniguada 2003 (2024) Spain 140 288

"Construction Year (Year in which the corrosion problem was discovered)

1.3. Degradation of external grouted tendons: experimental works

There are not many experimental research works on the mechanical be-
haviour of external post-tensioning tendons, bonded or unbonded, against
progressive degradation due to corrosion in which the tensile force loss is
quantified. As for unbonded tendons, Abdullah et al. [I2] have studied the
progressive rupture of wires in confined and unconfined conditions. Also, they

have tested an unbonded tendon of six seven-wire strands filled with wax in



which successive wire cuts were performed up to break the seven wires, that
is, the complete strand. A significant decrease in the tensile force was ob-
served for every wire cut in a location away from the breakage for unconfined
and confined strands. Regarding grouted tendons, [Wood et al.| [7] have stud-
ied the influence of increasing corrosion damage on bonded post-tensioning
tendons by means of laboratory tests. It is observed that the decrease of
the tensile force is slower than the loss of the steel cross-sectional area of
the strands. In addition, a stress redistribution from the broken strands to
the adjacent strands is noticeable, making apparent the re-anchoring phe-
nomenon and its inherent non-linear nature. This evidences that assuming a
linear decrease of the tensile force due to damage is not appropriate. Later,
and based on similar tests of those carried out by Wood et al.| [7], |[Lee and
Kang| [13] have studied the change in the dynamic properties of these grouted
tendons when damage progresses. There, the variation of the natural fre-
quencies and the tensile force of the tendons is investigated when corrosion
is induced into a tendon section. It is determined that the tensile force is the
main structural parameter affected by the damage level in the tendon and
that the variation of the frequency response function is more subtle, although
higher frequencies are more sensitive to damage than lower frequencies. Sim-
ilarly, Kim et al| [I4] have studied three grouted tendons of three strands
each, subjected to progressive corrosion. Again, stress redistribution due to
the strands’ re-anchoring is detected. One of the most complete contribu-
tions regarding the mechanical behaviour of grouted post-tensioning tendons
under corrosion is the one recently developed by |Aparicio et al.| [8]. The au-

thors have carried out experimental tests on different tendons to determine



the influence of the number of strands, the brittleness of the duct, and the
cutting schedule on the re-anchoring phenomenon. Also, a model has been
developed to estimate the transfer length associated with this re-anchoring
based on the measurement of the sliding of the wire after its breakage.
Other experimental researches developed by Losanno et al.| [15], [16] ad-
dress the impact of three factors: i) the presstressing level, ii) partial grout-
ing, and iii) the presence of corroded strands on the load bearing capacity
of internally post-tensioned concrete girders. Their main conclusion is that
the strands’ corrosion is the main parameter that diminishes the capacity of
this type of beams, and that the damage location impacts the girders’ per-
formance. It is also underscored the critical role of grouting conditions and

prestressing levels in flexural performance.

1.4. Degradation of external grouted tendons: FE modelling

Regarding FE modelling, several studies on the behaviour of single strands
(Ghoreishi et al.| [17], Foti and de Luca di Roseto [18], de Menezes et al.| [19],
Abdullah et al| [20]) can be found in the literature. The influence of the
interaction between the wires into the strand is addressed, and this friction
effect is noted to have little influence on the global response of the strand
[17], [I8]. However, FE modelling approaches of a complete grouted tendon
are limited. As for bonded internal tendons, Brenkus et al.| [21] have studied
different specimens of bonded and unbonded internal tendons where grout
or wax is used as filling duct material. A simplified FE modelling approach
using beam elements is proposed to increase computational efficiency.

Concerning external bonded tendons, [Vonk et al. [6] have developed a

detailed FE model to simulate a tendon de-tensioning process, considering
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external elements as deviators and anchorages. Elastoplastic behaviour of
strands is considered and damage is assumed in the strands and the grout,
but the interaction between them is not considered.

Regarding re-anchoring, |Aparicio et al| [22] have studied it in grouted
monostrand tendons. A numerical model validated with experimental tests
has been developed to assess the sensitivity of parameters such as the elastic
modulus of the grout, the length, the mesh, and the friction coefficient in
stress redistribution when there is wire breakage. The wires are modelled
as Timoshenko beam elements and the grout and the sheathing duct as 3D
solid elements. The contact between wires and between outer wires and grout
has been considered frictional. They have observed a weak influence of the
grout elastic modulus in re-anchoring. Hence, in wire re-anchoring, wire-wire
friction seems to have more influence than grout-wire friction. Nevertheless,
it has to be noted that this phenomenon differs from the re-anchoring of a
whole strand.

To assess the bond behaviour between the strands and the grout, [Wang
et al.| [23] have proposed a bond-slip model to represent the interface between
the multi-strand tendons and the grout, taking into account the quantity,
arrangement and spacing of the strands. This method derives the maximum
bond, integrating it into the bond-slip relationship for a more accurate bond
characterization. (Guo et al. [24] have studied the bond-slip behaviour of
prestressing strands of post-tensioned concrete beams, focusing on grouting
defects. These defects reduce bond strength by decreasing the contact area,
which subsequently reduces adhesion and friction. Grout injection defects

reduce bond stresses and flatten bond—slip curves.
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In contrast to the former research works, this paper focuses on the de-
velopment of a FE modelling approach to reproduce the degradation process
of multi-strand grouted tendons under corrosion conditions. The proposed
FE modelling method is suitable for assessing the risk of failure of a ten-
don affected by a certain corrosion extent. This is determined by two main
factors: i) the corrosion degree, which is modelled by the stress-strain law
assumed by the corroded strands, and ii) the number of corroded strands
of the tendon. Thus, the objective is to determine the necessary number of
broken strands to achieve tendon failure. This has been studied for tendons
with different initial stressing force and can be useful in bridge inspections,
where the risk of tendon breakage needs to be assessed and consequently, the
necessary repair actions must be determined.

The outline of this paper is as follows: In Section [2| the FE modelling
approach is described as well as the experimental tests used for its valida-
tion, previously carried out by Lee and Kang [I3]. Geometry, boundary
conditions, and the material constitutive models are explained with partic-
ular emphasis on the constitutive model of corroded strands. In Section [3]
the experimental tests of |Lee and Kang| [13] are numerically reproduced by
the proposed modelling approach as a validation procedure. In Section [4]
the parametric study is carried out, the main parameters used to define the
corrosion condition of the tendon are explained, as well as the different case
studies carried out, and the results obtained are discussed. Finally, Section

addresses some conclusions and provides future works.
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2. FE modelling approach

This section presents the FE modelling approach of an external grouted
post-tensioning tendon proposed in this paper. First, the experimental tests

used for the validation are presented.

2.1. Experimental tests used for validation

The tendon studied by |Lee and Kang| [13] is a seven-strand tendon with a
total length of approximately ten metres. The experiment consists of induc-
ing accelerated and localised corrosion to the tendon strands by a galvanic
corrosion cell. The corrosion process affects only five of the strands and is
applied sequentially, that is, one of the strands is corroded until its break-
age, then the corrosion cell is applied to another strand, and so on, until
five strands are broken. To carry out the corrosion process, the grout and
the duct are removed in a 30 c¢m region of the tendon, leaving the strands
exposed. The results that are used for the modelling validation are: i) the
decrease of the first four natural frequencies of the tendon with the increase
of damage and ii) the decrease of the effective tensile force with the increase
of damage. In their experiments, damage is defined as the quotient between
the number of broken strands and the total number of strands of the tendon,
as:

p="2 )
where Np is the number of strands broken in the tendon and N is the total

number of strands. Thus, the same definition of damage has been used hereof.
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2.2. Geometry, boundary conditions and mesh of the FE model

Two different tendons are proposed to be modelled, varying only in two
geometrical properties: the number of strands and the position of the cor-
roded section.

The first tendon, Figure [4] (a), is used to validate the modelling method-
ology by comparison with the aforementioned experiments; this validation is
presented in Section 3| It is a seven-strand tendon with a total length of 10
m, the central 30 cm of the tendon is modelled without grout. The sheathing
duct is not directly included in the model geometry; this point is discussed
later in Subsection 2.3l A diameter for the tendon of 58 mm is considered,
corresponding to the assumed internal diameter of the duct. The grout den-
sity considered is 2030 kg/m? and the sheathing duct density is 962 kg/m?.
As the duct is not included in the model, an equivalent grout density of 2286
kg/m? is finally adopted.

The second tendon, Figure 4] (b), is the one used for the parametric study
in Section [4] it is a 19-strand tendon, which corresponds to a typical con-
figuration used in external post-tensioning construction [25], [26]. Corrosion
mainly affects at, or near the anchorage region, as this is more exposed to
corrosive agents and poor grouting conditions [27]. Thus, a 40 cm region
of the anchorage is modelled without grout. An internal diameter of the
sheathing duct of 95 mm is assumed [2§] and, again, is not included in the

model geometry, although its weight is included.
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Figure 4: Geometry of the FE models used to reproduce the tendons studied. (a) Tendon
1: Benchmark case of study. (b) Tendon 2: Parametric study.

The considered strands consist of seven wires with six external wires
helically surrounding a central one. Usually, an equivalent circular section
is assumed, as illustrated in Figure [5 with an equivalent elastic modulus,
E,, and an effective area of a strand, Ay, which is 140 mm? [29]. Thus, the
equivalent diameter, ¢, is:

2

T
Ay = Teq — Geq = 13.35mm, (2)
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C U

Figure 5: Tlustration of equivalent strand geometry considered for FE analysis.

The boundary conditions used in this model are fixed supports at both
ends of the strands. The model is developed in ANSYS Workbench and
SOLID186 elements are used, so the displacements of the strand edges are
constrained in all directions. SOLID186 is a high-order element that employs
quadratic shape functions, allowing an accurate representation of curved
geometries and non-linear deformations. It achieves higher accuracy with
fewer elements and less mesh refinement than lower-order elements, sup-
porting complex material models such as plasticity, large deformations, and
non-linear stress-strain relationships. Full integration of elements is used.
Meshing is developed by applying two mesh controls: i) sweep method in
the strands and the grout to match their nodes, obtaining elements whose
longitudinal size is 25 mm, and ii) face sizing in the strands cross-section
with an element size of 5 mm and a face sizing in the grout cross-section
with an element size of 15 mm. In this way, the size of the mesh elements

is controlled in the longitudinal and transverse directions. Shared nodes
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are considered to model the interface between the strands and the grout to
achieve a conformal mesh. Moreover, a comparison between the proposed
mesh and a more refined mesh has been conducted to evaluate the efficiency
of the analysis. The refined mesh consists of 3 mm elements in the tendon
cross-section and 10 mm elements in the longitudinal direction for both the
strands and grout. The results demonstrate negligible differences between the
two meshes, exhibiting similar tendon behaviour within the breakage zone
and beyond the transfer length. Thus, the mesh has been chosen to achieve a
trade-off between computational efficiency and result accuracy, ensuring that
the analysis can be completed in a reasonable time without compromising

the reliability of the results. The final mesh obtained is shown in Figure [6]

Figure 6: Example of FE mesh used for the analyses.

2.3. Material constitutive models

2.3.1. Grout: perfectly elastic to neglect the sheathing duct
Tendons have three different materials, but only two have been defined:

the prestressing steel of the strands and the grout. In the analysis, the
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presence of the sheathing duct has been neglected. Instead, its mechanical
behaviour, explained hereafter, is modelled using a perfectly elastic grout
with a higher density. When a strand breaks it tends to penetrate into the
grout; however, the stiffness of the contact between the strands and the grout
prevents this penetration, resulting in re-anchoring of the strand. Along the
re-anchoring length, the strand recovers its initial tensile stress, while the
grout undergoes longitudinal compression. This longitudinal compression
causes the grout to expand radially, being this expansion effectively confined
by the duct, which acts as a “belt”, as shown in Figure[7] Without the duct,
the grout would develop significant tensile stress in the transverse direction,
leading to failure and loss of effective re-anchoring. Therefore, the influence
of the duct has been considered by modelling a perfectly elastic and non-

breaking grout with an elastic modulus, F,, of 25 GPa.

Duct Strands

QOO0
QO

T Grout

Figure 7: Effect of radial confinement of the duct on the grout when a strand breaks.

2.3.2. Uncorroded strands: bilinear isotropic hardening
A bilinear isotropic hardening material model, shown in Figure [§, has
been used for the steel strands [30]. Its mechanical properties are listed in

Table[2} i) the elastic modulus, Ej, i) the yielding stress, f,,, iii) the yielding

18



strain, ,,, iv) the ultimate stress, f,,, v) the ultimate strain, ¢,,, and vi) the
steel density, ps. The von Mises plasticity criterion and associative plastic

flow rule have been considered for the elastoplastic behaviour of the strands.

Table 2: Mechanical properties of uncorroded strand.
E, [GPa]  foy [MPa] gy [%]  fou [MPa] gy [%]  ps [kg/m?]
195.5 1760 0.9 1900 6 7850

2000

1600 | \ /

(e, f,)
(8py,fpy) pu’ 'p

Stress, ¢ [MPq]
=
(o] N
o o
o o

NN
o
o

Stress-Strain law

o

0 1 2 3 4 5 6 7
Strain, ¢ [%]

Figure 8: Uncorroded strand stress-strain law.

2.3.83. Corroded strands: steel weakening due to corrosion
Before defining a specific law to model the degradation of the mechanical
properties of corroded strands, a brief review of the available literature on

the topic is conducted.

Jeon et al.| [31] have estimated the mechanical properties of corroded
prestressing strands by tensile tests and have proposed a stress-strain law

derived from a FE analysis. The properties of the corroded ultimate state
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depend on the corrosion shape of the wire. An equivalent spring-based model
is adopted to derive a simplified material model of a corroded strand. [Zhang
et al.| [32] have proposed an analytical model to predict the stress-strain law
of corroded strands, which has been verified with experimental tests. The
constitutive model is similar to the uncorroded one, but the ultimate strain
varies with the corrosion degree, as the study determines that this is the
most affected parameter. Wang et al.| [33] have suggested a bilinear model
based on experimental tests similar to those carried out by [Zhang et al.
[32]. The same elastic modulus is assumed for corroded and uncorroded
strands, as it shows minimum variation, and it is assumed a variation of the
yield and ultimate stresses and strain when the corrosion degree increases.
Franceschini et al.| [34] have proposed a new constitutive trilinear law named
CPS (Corroded Prestressing Strands) model, which is based on conducted
tensile tests. Again, the same elastic modulus is considered as well as the
decrease in the ultimate stress and strain with increasing corrosion degree.
The following relevant conclusions are drawn for the adoption of the con-
stitutive model for corroded strands: i) there is negligible variation in the
elastic modulus when a strand suffers corrosion, ii) the ultimate strain is
significantly reduced with corrosion, and iii) the yield and ultimate stresses
slightly decrease with corrosion. Taking into account this experimental ev-
idence, the stress-strain law adopted for corroded steel strands is presented

in the following subsection.
Stress-strain law of corroded strands

A bilinear stress-strain law is considered for corroded strands. The con-

20



stitutive model for corroded strands is dependent on the corrosion degree,
p, which indicates the reduction in strand cross-section due to corrosion, as
follows:

A
P= 14.9757 (3)

where A, is the loss of sectional area of the strand due to corrosion.

Wang et al.| [33] define the critical corrosion degree, p., as the minimum
value for which the ultimate stress and the ultimate strain of a corroded
strand do not change significantly. The value they propose for p,,. is 10.4%
and is obtained based on experimental tests [33]. [Zhang et al. [32] experi-
mentally define this value of p.,. as 11%. For corrosion degrees higher than
the critical value, the stress-strain law of corroded strands is assumed to
be single-linear and it is coincident with the elastic branch of uncorroded
strands. Thus, the stress-strain law to be used depending on the corrosion

degree is the following [33]:

< Ege £ < &pye(p)

P = Per

0= foye(P) + Epp(€ — €pye(p))  Epye(p) <€ < Epuelp) (4)
P> Por Ese £ < epyelp)

where, fp, . is the yield stress of the corroded strand, €, . is the yield strain
of the corroded strand, f, . is the ultimate stress of the corroded strand, e, .
is the ultimate strain of the corroded strand and FE,,, is the plastic hardening
modulus of the strand. Within their contribution, Wang et al. [33] provide
the necessary expressions, experimentally obtained, to compute the values of

Tov.es Epyier fouer Epuc as a function of p.
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In Figure @ (a), it can be seen that the values of E; and E,, barely vary
with p. Furthermore, f,, . does not change substantially with p, according
to Wang et al.| [33], it tends to decrease by 10% when p changes from 0
to 27.5%. The only parameter that significantly varies between corroded
and uncorroded strands is the ultimate limit strain e, ., which registers a
decrease of up to 65%. For this reason and simplicity, the stress-strain curves
used for corroded strands have the same elastic branch and a shorter plastic
branch up to €y, as represented in Figure @ (b). This is the stress-strain

law for corroded strands proposed by [Zhang et al.|[32] and it is adopted here.

E.e € < gpy
P < Per
0= foy + Epple — €py)  €py < € < Epuc(p) (5)
P> Per E.e e < épy

in which it is assumed that the ultimate strain of corroded strands follows

the subsequent expression:

p
Epuc(P) = Epu — p_(gpu — Epy) (6)

As a condition, a similar constitutive law is adopted for corroded and
uncorroded strands by simply changing the ultimate strain as a function of
the corrosion degree. The main advantage is that it is not necessary to vary
the constitutive law of some strands from a healthy state to a corroded one

along the analysis, which would require a specific additional subroutine.
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Figure 9: Stress-strain law of corroded strands: (a) based on [Wang et al| [33], (b) based
on |Zhang et al|[32].

2.4. Type of analysis

To reproduce the degradation process of external post-tensioning tendons
due to the progressive breakage of their composing strands, a non-linear static
analysis divided into different load steps is performed. During the analysis,
all the steps related to tendon construction (strands tensioning, tendon grout-
ing) and tendon degradation (progressive corrosion of strands) are modelled.
The non-linearity is caused by different factors: i) the non-linear constitu-
tive law of the steel strands, ii) the large deformation analysis has to be
considered, iii) the activation of grout elements to reproduce grout injection,
and iv) the elimination of strands’ elements when they surpass their ulti-
mate limit stress to reproduce their breakage. A sparse direct solver and the
full Newton-Raphson algorithm with convergence in forces and displacement
have been used. The steps of the analysis are different depending on which

tendon is being analysed i) the benchmark case of study used for the valida-
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tion, Figure {4| (a) or ii) the tendon used for the parametric study, Figure
(b). These steps will be detailed in the following sections.

3. Model validation with experimental results

3.1. Benchmark case of study

In this section, a benchmark numerical case of study is explained to be
used for model validation. The tendon tested by Lee and Kang| [13], presented
in Subsection and in Figure 4| (a), is now modelled following these steps:

1. Stressing of the strands by applying a thermal load, Figure [I0} Step
1. The stressing of the strands was executed at 70% of their ultimate

stress, fp,. A temperature decrease AT equal to:

0.7f,
AT = — 2
E.a (7)

where « is the thermal expansion coefficient, taken as 1.2 - 107° °C' !,
is applied.

2. Activation of the grout to simulate injection, Figure [I0} Step 2.

3. Successive breakage of five strands by eliminating elements, Figure (10}

Steps 3 to 7.
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Figure 10: Steps of the analysis of the benchmark case of study used for the model

validation.

The validation of the FE model is carried out by comparing the FE results
with the experimental ones obtained by |Lee and Kang| [13]. The influence of
three factors are previously studied: i) the re-anchoring length of the strands,
ii) the plasticity of the strands, and iii) the large-displacement analysis con-
siderations. Some comments on these factors are included hereafter.

Regarding the re-anchoring, a bonded contact is used for modelling the
interface of steel and grout, which results in immediate re-anchoring of the
strands in the grout when breakage occurs. This contact has been modelled
by sharing the nodes of the grout element with those of the strand elements
at their interface.

The assumption of a bonded contact is made to simplify the model. How-
ever, the validation of the numerical model against the experimental results,
presented in the following Subsection 3.2 demonstrates the suitability of this
assumption. The model effectively replicates the mechanical behaviour of the
tendon during strand re-anchorage into the grout, which is the critical as-

pect of the strand-grout contact for the parametric analysis, regardless of the
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precise location where re-anchorage occurs. However, a re-anchoring length
is assumed, in which the strands slide into the grout before the re-anchoring
occurs, this is also known as transfer length. Losanno et al.| [I6] compare dif-
ferent standards to assess transfer length and determine that transfer length
values range between 11¢., and 60¢.,. The former upper bound is provided
by |[AASHTO), [35] and does not consider the influence of prestress. Finally,
the transfer length used in this paper is an intermediate value, set to 22¢,,.
The additional non-grouted length is considered as half the value of the trans-
fer length, as the re-anchoring takes place immediately due to the bonded
contact, and not following a linear trend. For this reason, the total non-
grouted length is 60 cm, instead of the 30 cm used in the experiment of |Lee
and Kang| [13]. In the case where the re-anchoring effect is not present, as
when using unbonded tendons, the effective tensile force of the tendon 7" de-
creases proportionally to the area of steel section lost, so a strand breakage
is noticeable if this magnitude is monitored. When using grouted tendons,
re-anchoring of the broken strands occurs, this implies that the tensile force
initially carried by the broken strands is partially transferred to the healthy
ones and the decrease of T' is not proportional to the steel section lost. Both
cases have been compared in the analysis performed.

Regarding the influence of plasticity, the tensile force T" in the anchorage
is evaluated and the results are shown in Figure[l1, Two types of constitutive
behaviour of prestressing steel have been considered, i) infinitely elastic with
elastic modulus Fy, and ii) elasto-plastic assuming bilinear isotropic harden-
ing plasticity model with ultimate limit strain and stress, presented in Figure

Bl These two scenarios allow an understanding of the role of plasticity in the
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redistribution of forces within the tendon when a strand breaks.

With regard to the consideration of large displacements, firstly, a small-
displacements analysis is performed. Large transverse displacements were
observed in the tendon when an eccentric strand breaks, due to the bend-
ing forces derived from the re-anchoring of this strand. Secondly, a large-
displacements analysis is carried out. Both analyses are performed consider-

ing elasto-plastic steel behaviour.

3.2. Comparison with experimental results

The present subsection compares the experimental results obtained by |Lee
and Kang| [I3] with those extracted from the FE model. These results are
mainly two, the evolution of the tensile force, T" and the natural frequencies f;
of the tendon with its progressive damage, D previously defined in equation
1l

The evolution of 7" with D in the anchorage zone, thus outside the transfer
length, is shown in Figure [11} The following curves are compared in this
chart: i) the experimental results with a black dotted line, ii) a linear blue
curve representing the case where no re-anchoring is considered, iii) a green
curve where re-anchoring, elastic strands and small-displacements analysis
are considered, iv) a yellow curve where re-anchoring, elasto-plastic strands
and small-displacements analysis are considered, and v) a red curve where

re-anchoring, elasto-plastic strands and large-displacements are considered.
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Figure 11: Degradation of the tensile force with damage in the anchorage zone.

The following conclusions are extracted from Figure L1, First, the effect
of re-anchoring is clear, as when considering it, the decrease of T" is non-linear
to D, especially at the very first steps of the damage, where almost no force
decrease is registered. Second, when re-anchoring with elastic strands is con-
sidered, as depicted by the green curve, a non-linear trend is observed; how-
ever, there are visible discrepancies with the experiments, which are clearly
reduced when plasticity is considered, as illustrated in the yellow curve. In-
dependently of considering large-displacements or not, plasticity plays a key
role in the tendon’s stress redistribution when a strand breaks. Third, it
can be seen that when considering small-displacements with plasticity and
re-anchoring, as shown in yellow curve, the results obtained in terms of T-D

are similar to the experiments. Nevertheless, the evolution of T" with D does
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not strongly depend on the consideration of large-displacements, represented
in the red curve. However, the lateral deflections observed in the case of
small-displacements and the evolution of stresses around the vicinity of the
breakage section within the strands are not realistic at all. This point is
discussed in what follows.

The stress-strain behaviour in the vicinity of the breakage obtained at the
centroid of each strand, when small-displacements and large-displacement
analysis are considered, are shown in Figure [12| Figure [13| shows the same
results outside the transfer length. The observed stress loss experienced by
some strands in the vicinity of the breakage considering small-displacements
in some strands, specifically strands 6 and 7 in Figure 12| is caused by the
eccentric break of the strands inside the tendon. This implies the appear-
ance of bending stresses in the tendon, which causes the tensioning of the
strands near the broken one, and the compression of the strands located
on the opposite side of the broken one. This phenomenon disappears when
considering large-displacement analysis, as the effect of a broken strand is a
self-stabilising action that opposes the elastic instability of the tendon. The
stress-strain behaviour outside the transfer length shows the re-anchoring
effect. The stresses decrease but not proportionally with the loss of steel

area.
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Figure 12: Stress-strain behaviour in the vicinity of the breakage considering small and

large displacements.
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Figure 13: Stress-strain behaviour outside the transfer length considering small and large

displacements.

Furthermore of Figure Figure [14] shows the transverse displacements
in the vicinity of the breakage considering small-displacements and large-
displacements analysis. When considering small-displacements, the maxi-
mum transverse displacement reached with 70% of damage is almost 1 m,

whereas, in the case of large-displacements, the maximum transverse dis-
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placement reached is less than 1.4 cm. Again, this figure shows that when
considering large-displacement analysis, the accuracy of the model is im-
proved, since displacements of 1m are not realistic compared to the transver-
sal deformation values measured by |Anzlin et al.| [36] and |Svraka et al.| [37]

in damaged external grouted tendons affected by corrosion.
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Figure 14: Transverse displacements in the vicinity of the breakage. A zoom of the results

with large-displacements is included into the figure.

Finally, the evolution of the first four natural frequencies of the tendon
with the damage D is also analysed using the model that considered re-
anchoring, plasticity of the steel strands, and large-displacement analysis.
These first four frequencies are plotted together with the experimental ones

in Figure (15| (a). To obtain the natural frequencies of the tendon, a linear
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perturbation analysis has been performed at each step of the static analysis
considering a tangent stiffness matrix of the tendon. The FE results are
similar to the experimental ones, although some small discrepancies appear
that might be because perfect bonding is considered in the model, and slightly
higher natural frequencies are predicted by the model. Thus, the proposed
modelling approach precisely reproduces the mechanical behaviour of real
tendons.

Furthermore, the first ten natural frequencies are plotted with respect
to the damage, D, (Figure . Until 30% of damage, the frequencies do
not present a significant relative change, which is assumed 5%, compared
to the situation without damage. The degradation in terms of the natural
frequency values can be better identified by analysing the absolute values of
each frequency, especially the higher ones. A key fact can be derived from the
zoom shown in Figure |15[ (b). For instance, the maximum absolute variation
of the 10" natural frequency for 10% of damage is around 2 Hz over 186 Hz,
and for 30% of damage is of 9 Hz.
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Figure 15: (a) Evolution of the first four natural frequencies with damage obtained exper-

imentally (Lee and Kang) and numerically (proposed modelling). (b) Evolution of the 5"

to 10" natural frequencies with damage obtained numerically.

The variation of the natural frequencies depicted in Figure repre-
sents a deterministic value that excludes potential errors derived from the
noise of measurement devices and the frequency estimation methodology used
in in-field measurements. In long-term monitoring systems, external post-
tensioning tendons are typically measured with accelerometers able to cap-
ture tendon dynamics under ambient excitations [38], [39]. Then, frequency
identification procedures are commonly performed for frequency tracking and
tension force estimation purposes. Consequently, tendon frequencies are ex-
pected to evolve in negative correlation with temperature changes. As a

practical example, Figure [16| shows the evolution of the first seven natural
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frequencies of an external grouted tendon (of similar nature to those anal-
ysed in this paper) over a month, recorded as part of a monitoring system
implemented by the authors on Tremor Viaduct in Spain.

Figure shows that, for instance, a 10% of damage level results in a
deterministic 0.79% variation of the 7** frequency. This variation would
correspond to a sudden change of 0.59 Hz in the 7% frequency at the tendon
of Tremor Viaduct used as an example. Paying attention to the frequency
time evolution of Figure it is clear that the monitoring system captures
perfectly well frequency variations of 0.05 Hz. Thus, analysing the time
evolution of natural frequencies as structural performance indicators offers
valuable insights into tendon damage, helping to detect abnormal behaviour

and anticipate and prevent brittle fracture.
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Figure 16: (a) Tremor Viaduct [40]. (b) Interior of the box girder of Tremor viaduct.
(¢) Temporal evolution of the first seven natural frequencies of a tendon and temperature

variations at Tremor Viaduct during one month.



4. Parametric study

External grouted post-tensioning tendons present a brittle failure due to
corrosion problems in the strands, mainly based on two factors: i) the re-
anchoring of the broken strands into the tendon grout, and ii) the loss of
ductility of corroded strands. In this context, there is significant uncertainty
about the way in which the corrosion conditions of the steel strands can result
in tendon failure. The modelling approach proposed enables to perform a
parametric analysis to obtain the necessary number of broken strands to get

the tendon failure. In this study, three main parameters have been varied:

1. Stressing force level, Ty. The initial stressing force applied determines
the stress to which strands are subjected; therefore, when a strand
breaks, its stresses are redistributed to the rest of the strands. On the
one hand, if the stressing force level is small compared to T}, = Af,,, the
strands have a greater capacity to carry additional stresses derived from
the breaking of the corroded strands. On the other hand, if the stressing
force is high, approaching T, almost all the capacity of the strands is
already depleted in the non-damage situation, so the probability of
tendon failure is more sensitive to the breakage of the strands. This is

illustrated in Figure [17]
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Figure 17: Stressing force influence on stress redistribution. (a) Low stressing force level.

(b) High stressing force level.

2. Corrosion degree of the section, p. The corrosion degree is the per-
centage loss of the cross-section of the strands due to corrosion. As
it has already been explained, the corrosion degree of the strands has
been modelled by decreasing the ultimate strain e, . of the corroded
strands, considering the stress-strain law expressed in equation [5| and
shown in Figure 9] (b)

3. The number of corroded strands expressed as the proportion of strands
affected by corrosion, A € [0, 1] . This parameter is illustrated in Figure

1
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Figure 18: Proportion of the section affected by corrosion, A.

For a given tendon with a certain number of strands and a stressing
force Ty, four risk situations might be distinguished in terms of p and A
defining the corrosion condition of the section, as depicted in Figure [19]
First, if both values are small, illustrated in dark green, the risk of failure
due to a sudden strand or wire breakage is low. Second, when the corrosion
degree is high but affects a small number of strands, as depicted in light
green, with a low A, the stress of the broken strand is effectively redistributed
between adjacent strands, which have enough remaining ductility to assume
this additional stress. Hence, the tendon resists, although some strands are
broken. Critical situations arise when A is high, as many strands of the
tendon are simultaneously corroded. Two situations might happen. For high
values of A\ and low corrosion degree, represented by the yellow area, the
risk of failure due to the strand breakage is moderate. However, for high
values of A\ and a significant corrosion degree, the risk of failure may become
significantly high, since the corroded tendon has no more ductility margin,
illustrated by the red area. In all cases, the higher the T', the higher the risk

of failure.
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Figure 19: Corrosion status of the tendon in terms of p and A.

Thus, the objective is to obtain the critical number of strands that must
break to induce tendon failure, N.;. An initial estimation of this number
can be obtained from the capacity of non-broken strands, all of them in a
healthy state, and assuming that no prestressing force loss is derived from
the breakage event. This initial estimation is denoted as Ng.to. These as-
sumptions neglect the influences derived from the ductility of the tendons
or their corrosion state. The derivation of the formula to obtain N ¢ is
described below.

The stressing force Tj of a given tendon with N strands, 19 in the case

of the studied tendon, is usually expressed as a proportion p of its ultimate
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stressing force, as follows:

TO - pNpr (8>

where F},, is the ultimate stressing force of a strand, equal to Fj,, = Ag fpu.
The tendon will fail when N, ¢ strands break and the same force 7 needs
to be assumed by the rest of the strands working at the ultimate stress. In

this situation, the following equation is fulfilled:

TO - (N - Ncrit,O)FpU7 (9)

equating equations and @D, it can be concluded that N is equal to:

Ncm’t,O = N(l - p)7 (1O>

dividing the above equation by N, a critical value of A, is obtained:

)\crit,O = (1 _p) (11)

This value indicates that when the proportion of the steel section strongly
corroded is higher than A ¢, the risk of failure suddenly increases. Further-
more, this expression confirms that the risk of failure is inversely proportional

to the stressing level of the tendon, p.

4.1. Studied cases

The parametric analysis performed is focused on determining \..;;, the
critical proportion of strands that should break at the same time to cause
global failure of a tendon, from the proposed modelling approach. This finer

estimation also considers the influence of the ductility of the healthy strands
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and the tendon’s corrosion conditions. The study considers five different
stressing forces, with the following stressing levels: p = 0.4, p = 0.5, p = 0.6,
p=0.7 and p = 0.8 (Equation . For each of them, two corrosion degrees are
studied: p; = 11%, which corresponds to p., and ps = 5.5%. The corrosion
degree p; is the one in which the corroded ultimate strain, €,, .1 is equal to
the uncorroded yield strain, €,,, as illustrated in Figure [20| (a). Whereas the
corrosion degree p, is the one corresponding to a corroded ultimate strain,
Epu,c2, that is half of the plastic branch of the uncorroded stress-strain law,

as shown in Figure [20] (b), that is:

Epu — €
Epucr = Epy + —— 5 by (12)
o p,=11% o p,=55%
f — f fpu, c2 |
pucl — py [ f o= I
py.c2 py
Couct™ oy € Coycz py Epuc € €
€Y (b)

Figure 20: Stress-strain constitutive law for both corrosion degrees considered.

Furthermore, each case of study resulting from a combination of p and
p has been assessed by varying the corroded area A\ from 0% to 100% each

10%. For each case, the proportion of strands that need to break to cause
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tendon failure, \..;;, has been obtained. Thus, the studied cases include the

following values of these parameters:

1. p € [5.5,11]%.
2. A €[0:10:100]%.
3. p € [40,50,60,70,80]%

In each of the cases studied, these are the analysis steps that are followed,

shown in Figure [21}

1. Stressing of strands by applying a thermal load.

2. Activation of the grout to simulate injection.

3. Corrosion. This is modelled by activating the ultimate stress-strain
state of the corroded strands.

4. Breakage of a corroded strand.

5. Stress verification of the rest of the strands and elimination of elements
above the ultimate limit strain. There are different values in the case
of a corroded or an uncorroded strand.

6. Verify if the tendon failure has occurred. If all strands are broken due
to the elimination of elements above the ultimate limit strain, ten-
don failure is reached, and the analysis finishes. If not, the number
of strands initially broken in Step 4 is increased until the failure is
achieved. When the tendon fails, the critical number of strands N..;

that have produced the collapse is obtained for each case.
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Figure 21: Steps of the analysis of the tendon used for the parametric study.

4.2. Results of parametric study

The results of the analysis are presented in Figure 22l Figure[22] (a) refers
to the tendons with a corrosion degree of p= 11%, and Figure [22] (b) refers
to those with a corrosion degree of p= 5.5%. Each of the curves included
represents one study case in which the different stressing levels studied are
considered.

With no corroded area, A = 0%, the proportion of broken strands that
a tendon can assume without reaching its failure depends on the stressing
force. For the stressing forces considered in this study, this value is obtained.
If the tendon is stressed at 0.8f,, in the case of a 19-strand tendon, 7 strands
should break to produce the tendon failure, which represents 37% of the steel
section (Aei¢). This is considerably higher than Ao = (1-0.8)100 = 20%.
Respectively, for a lower stressing force as 0.6f,,, the proportion of steel
section that should break for tendon failure increases to 63%, as well as the
difference with At 0, which increases to 40%. Furthermore, when the tendon

is stressed at 0.4f,,, the difference between M. and Ao becomes even
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more pronounced, suggesting that this difference increases as the stressing

force level decreases.
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Figure 22: Proportion of broken strands resulting in tendon failure for a given p and p in

terms of \. (a) p=11%. (b) p = 5.5%

The results obtained show the high influence of the stressing force on the
risk of tendon failure. In the case of a tendon stressed at 80% f,, with a
corrosion degree equal to 11%, Figure 22] (a), when A is lower than 32%, A

is kept as a constant value equal to 37%, which corresponds to 7 strands. This
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is because in this case all the corroded strands are broken and, after that, the
remaining steel area is healthy. However, when X increases from 32% to 42%,
the critical number of broken strands suddenly decreases to 1, or A..;; = 5%.
This means that above this value, the redistribution capacity of the tendon
is small and there is a clear lack of ductility. In these situations, a knock-on
effect occurs when 1 strand breaks, causing the tendon to collapse. This is
the most risky case, since it has the highest stressing force and the highest
corrosion degree, so the strands have a small capacity for stress redistribution.
When the corrosion degree is 5.5%, as shown in Figure 22| (b), the available
ductility in the corroded strands causes the disappearance of the sudden
decrease seen in the case of a higher corrosion degree. In this case, it is
ensured that at least 26% of the section, which corresponds to 5 strands,
must break to cause tendon failure, regardless of the corroded area.

If the tendon is stressed at a lower level, the results provide greater struc-
tural safety about tendon failure for both of the corrosion degrees studied.
In the case of a tendon stressed at 40% f,,, for the 11% corrosion degree, the
tendon fails when 16 strands break (A = 84%) if the proportion of cor-
roded strands is below 80%, if this value increases, suddenly decreases to 11
(58%). For the 5.5% corrosion degree, the most favourable case is given. It
takes 15 broken strands (79%) and a proportion of corroded strands greater
than 89% to cause tendon failure. Therefore, for a small corrosion degree
and a lower stressing force, it is unlikely that the tendon will fail.

The loss of ductility in the strands becomes critical when there is a pro-
nounced decrease of A..;. The point where this decrease is produced is

independent of the corrosion degree but is influenced by the stressing force
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level. Predicting the situation in which this decrease occurs is crucial, as
inspections could prevent reaching this critical point, which is independent
of the corrosion degree. In Figure [23| (a) this trend has been obtained for the
19-strand tendon studied. However, the magnitude of this decrease, called
AMit, s highly dependent on the corrosion degree and is not affected by the
stressing force level. The average A\..; as a function of p is shown in Figure
(b). In this way, knowing the corrosion degree, A\..; can be estimated,
allowing a rapid prediction of \..; for tendons with a significant number of

strands impacted by corrosion.
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Figure 23: (a) Evolution of the critical threshold for ductility loss. (b) Evolution of AA.i

in terms of p.

The obtained results in the parametric study highlight the influence of the
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parameters analysed. The presence of a 5.5% or an 11% corrosion degree for
the same stressing force results in a 21% difference in the number of broken
strands required for tendon failure, for both stressing levels. The influence of
stressing force is notable, starting with the proportion of broken strands that
the tendon resists without corrosion Ao, there is a 47% difference in the
steel section that can be lost before the tendon failure between the highest
and lowest stressing levels studied. After this analysis, it can be concluded
that when assessing the risk of failure of a given grouted post-tensioning ten-
don, the following questions must be made related to the studied parameters
from most to least important: i) what is the initial stressing level of the ten-
don? If the answer is high, ii) what is the corrosion degree of the strands?
If the answer is high, iii) what is the proportion of corroded strands in the
worst section?

To apply this parametric study as a practical tool in bridge inspections,
engineers must estimate and quantify the three input parameters used in the
modelling approach. The use of non-destructive testing (NDT) techniques
can assist the engineer in this task. Before quantifying these parameters,
it is essential to detect potential corroded zones by evaluating all anchor-
ages and identifying visible defects in the sheathing duct, such as cracked,
swollen or visibly deviated tendon sections [37], [II]. Then, the following

NDT techniques are recommended for the estimation of each parameter:

1. The tensile force T' can be estimated by employing vibration response
methods, taking advantage of its relationship with the natural frequen-
cies of the tendon [41], [42]. Other alternatives include optical fiber

sensors embedded in strands [43], computer vision-based technologies
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[44] or X-ray diffraction measurements [45]. If the tensile force of a
tendon is significantly lower than that of other similar tendons in the
inspected bridge, the tendon may require re-tensioning or replacement.
. The proportion of corroded strands A can be determined by detecting
voids in the grout that leave the strands exposed. NDT methods, such
as visual inspection using borescopes, can be used for void detection
[41], [42]. However, this approach is constrained to regions accessible
for borescope cable insertion. Techniques as ground penetrating radar
(GPR) [42] or radiography [37], [41] are suitable to detect corrosion in
areas that are not easily reachable. Guided wave ultrasonic testing is
particularly advantageous for tendons, as it enables long-distance mon-
itoring and is well-suited to the tendon geometry, making it particularly
effective for post-tensioning system inspections [42].

. The corrosion degree p can be determined through visual inspection at
anchorages by evaluating the area of steel lost, or by using the magnetic
flux leakage (MFL) method. This NDT technique enables the detec-
tion and quantification of steel section loss in external post-tensioning
tendons [37], providing a reliable means for evaluating the corrosion

degree, as well as the proportion of corroded strands [46].

5. Conclusions

In this paper, a factly simple FE modelling approach has been presented

to analyse the degradation process of external grouted post-tensioning ten-

dons due to corrosion and estimate the residual tensile force as strands break.

First, a numerical model that reproduces the 7-strand tendon tested by |Lee
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and Kang [I3] has been carried in order to validate the proposed modelling
approach. Then, this modelling approach has been used to perform a para-
metric study to assess the risk of failure of a tendon, evaluating the critical
number of strands broken for tendon failure depending on its corrosion con-

ditions. Thus, the following conclusions are drawn:

1. The numerical and experimental results of the degradation of the tensile
force and the natural frequencies with damage are in good agreement,
proving the validity of the modelling approach. The re-anchoring of
the broken strands in the grout, the stress redistribution between the
adjacent strands in the vicinity of the breakage, and the influence of
second-order effects are taken into account by the modelling approach.
This re-anchoring is crucial to explain why the tensile force does not
decrease proportionally with the area of steel lost in grouted tendons.

2. The consideration of the plasticity of the strands allows to explain
the decrease of the tensile force with the degradation of the tendon.
Additionally, second-order geometry effects have proven to have a non-
negligible influence on the deflection of the tendon caused by the break-
age of eccentric strands and on the stresses present in the adjacent
strands around the vicinity of the breakage section.

3. Natural frequencies show a decrease as the damage increases; this
degradation is higher for higher levels of damage and for higher frequen-
cies in absolute terms. Quantifying the absolute reduction of frequen-
cies is important in establishing their use as an indicator of structural
performance.

4. The parametric study performed based on the modelling strategy pre-
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sented is a convenient tool that can be used in bridge inspections to
determine the risk of tendon failure. Knowing the stressing force of the
tendon and its corrosion conditions through the application of NDT
techniques, it is possible to predict the number of strands that would
have to break to cause its failure by using the modelling approach
presented. The parametric analysis also allows to determine critical
thresholds for ductility loss independently of the corrosion degree.

5. The parameters influencing the risk of tendon failure from the highest
to the lowest are: 1) the stressing force of the tendon Ty, ii) the corrosion
degree p, and iii) the proportion of corroded strands A. It is remarkable
to observe that for a tendon stressed at 80% f,, with 42% corroded
strands, the tendon collapses when only one strand breaks. These
corrosion conditions might occur, for example, at the anchorage of a

tilted tendon segment where the grouting might be deficient.

Future works might be focused on the direct inclusion of the duct model
and on the consideration of a non-linear modelling of the grout mechan-
ical behaviour. Furthermore, the proposed modelling approach can be
used for risk assessment, and the present study may be extended to a
global analysis of the response of bridge girders with corroded external
postensioning. This will enable assessing the impact of the prestressing

corrosion level into the bending capacity of these bridges.
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