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ABSTRACT

Prestressing of bridges allows construction of long spanned bridges made from thin structural
members with high flexural and shear capacity. Studies have shown that some of the existing
prestressed bridges are not meeting their designed service life due to corrosion of the tendons.
The main reasons are poor construction practices in combination with inadequate inspection and
maintenance plans. This paper provides a summary of repair options for corrosion-damaged
prestressed concrete structures with focus on the individual components of the prestressed system.
The applicability of identified repair options to Norwegian conditions is discussed.

Key words: Prestressed concrete structures, corrosion, repair.

1. INTRODUCTION

According to Norwegian bridge management system [1], the Norwegian transportation
infrastructure includes more than 2200 prestressed concrete bridges. Approximately 60% of these
are pretensioned (tendons embedded in concrete), while the remaining prestressed bridges are
post-tensioned (tendons enclosed in grouted ducts). The first post-tensioned bridge in Norway
was built in 1959 and approximately 50% of the bridges are more than 40 years old. As in many
other countries, a significant maintenance backlog is observed for Norwegian bridges [2].
Increasingly, the environmental impact (e.g., emissions and use of resources) is a key parameter
when planning maintenance of the transportation infrastructure, including comparing the repair
of existing structures vs. the construction of new structures. Depending on the overall weighting
of the economic, environmental, and social impact of a structure, the decision is likely to vary.
Using today’s climate gas emission as the only measure, the Norwegian Public Roads
Administration (NPRA) recently compared alternatives for maintaining a marine crossing and
demonstrated that the repair option with cathodic protection resulted in only 10% of the emissions
of a new marine bridge [3]. The gain would most likely be even less considering the structural
capacity and differences in expected service life [4].

Recent investigations have shown that both pretensioned bridges and post-tensioned bridges are
prone to corrosion [5]. The work presented in this paper is part of an ongoing R&D project
connected to the Hergysund Bridge, which is an extensively degraded post-tensioned bridge
located in the coastal area of northern Norway [6]. The Hereysund Bridge will during the coming
years be replaced by a new bridge. Prior and during the demolition, the bridge will serve for testing
of inspection, monitoring, and potential repair methods. Experience from the Heroysund Bridge
showed that there is a lack of knowledge and overview concerning suitable repair methods for
Norwegian corrosion-damaged prestressed bridges.

The purpose of the present paper is to provide a summary of internationally reported repair options
for prestressed systems and to discuss their applicability to Norwegian prestressed bridges. A brief
description of common pretensioning and post-tensioning systems used in Norway is given in
Section 2. In Sections 3 and 4, the focus is widened to cover internationally reported experiences.
Section 3 provides an overview of typical damages observed. Section 4 covers maintenance and
repair options for various components of prestressing systems mentioned in technical papers and
other literature in English (covering cases worldwide, but mainly Europe and the United States
(US)). Section 5 discusses the applicability of the reported repair options for Norwegian bridges.
Appendix A provides a list of definitions.
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2. PRESTRESSING SYSTEM COMPONENTS AND TYPES IN NORWAY

Prestressing systems are classified by the types of components used, i.e., the prestressed
reinforcement, the anchorage type or system, and if present, the couplings, the duct, and the filler
material (typically grout), and by the method of prestressing the reinforcement. A list of
definitions is provided in Appendix A. This section reviews only pretensioned and grouted
internal post-tensioned systems commonly used in Norway. In addition to known issues connected
to post-tensioning systems and their components, there are known errors from the building period.

2.1 Post-tensioning systems and their components in Norway
The post-tensioning systems most frequently used in Norway are summarized in Table 1. As a
first installation, there are no externally post-tensioned bridges, Table 1 covers only internally

post-tensioning systems. The details of each component in the system are described below.

Table 1 — Post-tensioning systems commonly used in Norway. See Appendix A for definitions.
Main system components

Post-tensioning

Used in years system Prestressed Anchorage Duct Fille.r
reinforcement material
~1959 - early 1970’s Dywidag Single bars Nut and thread
Late 1960°s Freyssinet Parallel wires Concrete wedge
Late 1960’s — mid 1980’s  BBRV Parallel wires Button heads
From 1970’s CCL Multiple strands ~ Steel wedges Corrueated Cement-
From 1980’s VCL Multiple strands  Steel wedges stcel ;gheet based
Dywidag 6815 Multiple strands ~ Steel wedges grout
Dywidag 6812 Multiple strands ~ Steel wedges
Freyssinet Multiple strands ~ Steel wedges
BBRV-656 Multiple strands  Steel wedges

Prestressed reinforcement

In the first generation of post-tensioned bridges, mainly straight, large diameter (626 - 832 mm)
bars with threaded ends were used for post-tensioning [1]. These so-called Dywidag bars were
made of steel grade St 80/105 (yield strength/ultimate strength in kg/mm? corresponding to St
835/1030 in N/mm?) which was a hot-rolled, initially unalloyed, or low-alloyed steel with a
pearlitic structure [7]. Over the years, the composition of the steel used for the Dywidag bars was
improved worldwide and alloyed steels of grade St 835/1030 (in N/mm?) and St 1080/1230 were
required by the Norwegian standards [8]. Due to unknown reasons, only grade St 835/1030 (in
N/mm?) was used [1]. It should be mentioned that in addition to using the post-tensioned Dywidag
bars as a main longitudinal reinforcement, the post-tensioned bars were occasionally used as a
transverse reinforcement in both walls and slabs of bridge box girders, as well as reinforcement
of the transverse beams in large bridges [1]. Post-tensioned reinforcement in the form of tendons
consisting of parallel wires took over from the late 1960s and was in use until the mid-1980s. This
type of reinforcement was part of both the sporadically used Freyssinet system and the often-
utilized BBRV post-tensioning system. In the early Freyssinet system, twelve 68 mm wires were
used with steel grade St 135/160 (in kg/mm?) [1]. The steel grade is similar to the old quenched
and tempered steel grade Sigma and Neptun St 145/160 and Henningsdorf St 140/160, which is
prone to stress corrosion cracking (SCC) [9, 10]. In the BBRV system, a higher number (from 22
to 72, most commonly 44 [1]) of cold-drawn and smaller diameter (¢6 mm) wires were used. The
steel grade varied from St 150/175 (in kg/mm?) to St 1600/1800 (in N/mm?). The wires of the
BBRYV system were fixed on the passive side of the anchorage with cold-formed button heads.
From the 1970s, tendons consisting of multistrands gradually replaced singular wires. Each strand
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typically consists of seven wires, six of which are helically twisted around the central wire. The
strands typically have outer diameters of 12.5 or 15.3 mm and were earlier made of steel grade St
170/190 (in kg/mm?) or St 1700/1900 (in N/mm?) [11, 12]. Over the years steel grades with higher
strength started to be used.

Anchorage and couplers

The type of anchorage used for post-tensioned reinforcement in Norwegian bridges varied
depending on the system used. Couplers connect strands in the tendons between casting sections.
Their design follows the chosen post-tensioned system. The typical anchorage for the post-
tensioned Dywidag bars used in the 1960s and 1970s consisted of a circular steel bearing plate
embedded in the concrete and steel nuts used for tightening threaded ends of the bars after
tensioning. The anchorage of the Freyssinet post-tensioning system was based on the wedge
principle. The anchorage device consisted of a concrete cylinder with a conical hole with
corrugations on its surface and a concrete conical wedge carrying grooves on its surface. The ends
of steel wires were placed closely around a conical hole. On the tensioned side, all wires were
tensioned at the same time, and the conical wedge was pushed into cylinder to grip the wires.
Consequently, the wires were anchored by friction forces. After tensioning, the anchor acted on
the concrete. In the early BBRV system, wires were anchored individually in one steel anchor or
plate by button heads at the end of the wires. The individual strands in the multistrand systems
were locked with wedges in one locking steel plate in the anchoring unit.

Duct

The purpose of the duct is to provide a conduit for placing strands in the post-tensioned system
and protection from external sources of water, carbon dioxide, and aggressive ions like Cl" and
SO4~. In Norway, only corrugated ducts have been used, which are manufactured from long,
galvanized strips of steel. Until late in the 1990s, a very thin steel was used for duct production,
which resulted in little stiffness and poor resistance to breakage during both installation and
concrete casting. The ratio between the cross-sectional area of the ducts and tendons in the often
used BBRV system was approximately 2.0, which is at the lower limit of today’s requirements
[13]. However, for bars in the Dywidag system, the ducts’ diameter was only about 5 mm larger
than the diameter of the bars which left very little space for grouting. In 1997 and 1998, new
requirements were introduced in Norway (Norwegian Standards, NS-EN 523:1997 [14], NS-EN
524:1997 [15]) for the resistance to bending and later load, water tightness, or tensile strength of
ducts Post Tensioning Institute (PTI) Acceptance Standards for post-tensioning [16].
Consequently, the ducts are expected to have higher quality in bridges built after 1997.

Filler material

The main purpose of the filler material is to prevent corrosion of the tendons. The filler materials
shall thus be chemically and physically stable and hinder transport of water and aggressive
substances such as Cl"and SO4~ 1ons and carbon dioxide. Worldwide cement-based grout, grease,
and oil have been used as a common filling material for injection of ducts, whereas in Norway
only cement-based grouts have been used until now. The quality of the grout has, however,
changed over the years. Until the early 1980s, the grout was made from water, cement, and
admixtures controlling expansion and pumpability, but the mixing equipment did not provide
sufficient mixing. This resulted in unstable grout with lumps of cement and clogging in the system
during grouting. Since 2005 admixtures have contributed to thixotropy and eliminate water
separation. From 1982, requirements were introduced for using a colloid mill when mixing grout
[17], and the grout quality improved significantly. In 1997, common European standards were
introduced and adopted for the quality, production, and testing of grouts (NS-EN 445, NS-EN 446
and NS-EN 447), but these had little significance until 2005 when the thixotropic grouts with high

102



Nordic Concrete Research — Publ. No. NCR 70 — ISSUE 1/ 2024 — Article 6, pp. 99-123

stability were developed. Test methods per NS-EN 445 were used, and a second outlet past the
high point of the duct was added. In 2018, the requirement to re-establish grouting pressure 30
min after finalizing grouting was introduced. The procedure was introduced as a reply to extensive
failure in filling high points of ducts in a new bridge. Most of the new solutions and innovations
for improved post-tensioning are connected to the filling materials, and the technologies for
grouting and monitoring during grouting, as prevention of grouting imperfections is a key factor
for corrosion related durability of post-tensioned concrete structures.

2.2 Pretensioning systems and their components

Pretensioning systems in existing structural elements of Norwegian bridges consist of mainly the
prestressed reinforcement, directly embedded in the concrete without ducts. Since the stress of the
individual tendons of the pretensioned system is transferred to the concrete through the bond
between the steel and the concrete, no additional anchorage devices are installed. The system has
been used in Norway since early 1950s [18] for precast elements of bridge superstructures such
as beams and plates. Since 1973 the I-shaped and inverted I-shaped pretensioned precast girders
were standardized [19-21]. Design details of the girders in a historic perspective are summarized
in [22]. In Norway, seven-wire high-strength steel strands are commonly used for prestressed
reinforcement. The strands typically have a diameter of about 12.5-12.7 mm (0.5 inch) and were
made of steel St 170/190 (in kg/mm?) [11, 12]. Until the 1970s single wires with diameter 4 or 5
mm were allowed [23]. Although pretensioned strands are placed in concrete without ducts, some
strands in structural elements might be partially unbonded using flexible sheets [11, 12]. This was
done to reduce initial bursting cracking, which can occur after prestress release.

2.3 Practice on site

For many years there was a lack of good practice for storage of components on site before
installation. It was not uncommon to store the post-tensioned systems on quay without any
protection before they were installed. The regulation came in 1981 [24]. Also, until the 1980°s it
was common that prestressing was done by the main contractor with less training and knowledge,
with jacks sent from the supplier of post-tensioned systems [24]. Regulations from 1981 were the
first common requirements for competence to personnel doing this job. Inlets were often not
sealed, and water filled up the ducts and froze during wintertime. Several bridge decks were
reported with delamination because of this. Practice of mounting spare set of ducts and anchorages
often lacked drainage which led to the same freezing issues. The habit of mounting spare sets and
leaving them ungrouted was not allowed by regulations that came in 1996 [25].

3. DAMAGES IN PRESTRESSING SYSTEMS

Despite the use of a high protection level in prestressing systems, especially for post-tensioning
systems (Section 2), both pretensioned and post-tensioned bridges are found susceptible to
damage. Understanding the possible causes of damage in each component of the system is crucial
for ensuring the longevity and safety of the prestressed structure when repairing. In this section,
the damage in prestressed bridges is discussed component-wise for post-tensioned bridges and
with focus on the prestressed reinforcement for pretensioned bridges. It covers findings worldwide
as only a few Norwegian cases of severe damage in prestressing systems have been identified.
Comments are made where Norwegian practice or experience is available.
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3.1 Post-tensioning systems

Prestressed reinforcement

Corrosion of the prestressed reinforcement (usually in the form of strands in post-tensioned
bridges) represents the most severe form of damage that can afflict a post-tensioned bridge. Once
the strands lose their required tensile strength and ductility, the structural load-bearing capacity
of the entire bridge is compromised. According to a recent study conducted by the National
Cooperative Highway Research Program (NCHRP), US, corrosion of the strands in post-
tensioned bridges is the most significant problem faced by the construction industry [26].

Corrosion of post-tensioned strands inside ducts is a very complex phenomenon which makes it
challenging to identify and to establish the acting mechanisms. Several types of corrosion can be
witnessed in post-tensioned bridges: (i) As compared to ordinary reinforcement, prestressed
reinforcement experiences high stress levels which accelerates pitting corrosion in the strands
[27]. (i1) The twisted wire composing the strands makes it susceptible to crevice corrosion at the
interface enhancing the risk of brittle failure. (ii1) Furthermore, the exit points of post-tensioned
tendons are also vulnerable to stray current corrosion. However, though there are very few
documented cases of stray-current damage in post-tensioned bridges, the consequence is quite
serious [28]. (iv, v) Other forms of damage that occur in post-tensioned strands are hydrogen
embrittlement and SCC [29]. The higher the strength of the strand, higher is the susceptibility to
hydrogen embrittlement. This increases the risk of potential failure [30]. In hydrogen
embrittlement, the ductility of the metal is reduced due to the absorption of hydrogen atoms by
the metal, whereas SCC typically occurs after hydrogen embrittlement in the presence of stress
[30]. This leads to brittle failure in the steel when the steel is under tensile stress and a corrosive
environment [29, 31]. A few cases of SCC and hydrogen embrittlement failures in post-tensioned
bridges have been reported. A possible reason for this is that the failures have occurred in
conjunction with failures due to other corrosion mechanisms like pitting corrosion [32]. Finally,
in general, the large surface-to-volume ratio of prestressing strands further increases its
vulnerability to corrosion.

Already during storage and construction, corrosion of the strands might initiate. During storage,
failures due to SCC have occurred when strands (made of quenched and tempered steel) were
stored in tightly wound coils. Such failures have only been reported in Germany and Japan, not
in the US where the use of quenched and tempered steel for strands is not permitted [32]. Also
during storage, the strands might come in contact with moisture or harmful contaminants (e.g.,
fertilizers, chlorides, or animal wastes), which can lead to the initiation of corrosion in the strands,
potentially failing already during the stressing process or later in the operation phase [33]. There
are known issues from several Norwegian bridges built in the era 1970s and 1980s where post-
tensioning components were exposed to heavy weather conditions on site before installation.
During construction, the time for finalizing the grouting procedure has been found important. As
per PTI, US M55, the time limit is 7 days in an aggressive environment and 40 days in a non-
aggressive environment. Investigations have shown that if grouting was performed beyond the
time limits moderate corrosion with shallow pitting was visible in the strands but only when free
water was present in the closed duct [34]. In addition, if the vents are not sealed after grouting it
may cause water and water-borne contaminants to enter the tendons leading to the onset of
corrosion [35]. In Norway, where the winter spans 4-6 months, ducts can in contrast be left
ungrouted until the temperature rises above 5°C [36]. During this period, the ungrouted tendon
shall be sealed properly at the ends and have closed vents, open drains, and the ducts shall be
ventilated with pressurized dry air every two weeks. After the grouting is performed, checked,
and accepted, the vents shall be sealed.
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Anchorage and couplers

The anchorage and couplers are another common area of damage witnessed in post-tensioned
bridges. Galvanic interactions can be exacerbated due to dissimilar metallic components in the
anchorage zone, e.g., if incompatible materials for duct couplers and fittings are used. Also,
galvanic interaction between metal ducts and anchorages lead to an increase in macro-cell
corrosion in the region [30]. Poor sealing of anchorages is another factor that can result in defects
in post-tensioned tendons [26, 37]. Improper grouting, resulting in voids around the anchorage
region causes onset of corrosion of the anchorage and strands in the vicinity, potentially causing
cracking and spalling of the surrounding concrete [38, 39]. In addition, cracking of the pour backs
surrounding the anchorages can lead to intrusion of moisture in the anchorage leading to corrosion
[26]. Anchors located below expansion joints and exterior member ends are especially prone to
excess moisture and chlorides making them susceptible to corrosion [40]. In the US, issues with
anchorage corrosion were first identified in 1971, when the damage in the anchorage blocks was
observed on the old Skyway Bridge, Florida, (built in 1986) [26]. In 2000, intrusion of seawater
in the anchorage zone at the top of piers led to corrosion [29]. In the Niles Channel Bridge, Florida,
(built in 1983) [38] presence of voids due to bleeding in the anchor head allowed saltwater from
ocean spray to ingress and cause severe corrosion of the anchorage. In Norway, there are known
issues from several bridges built in the era of the 1970s and 1980s, with blocked grouting because
of segregation and separation in the grout, specifically around anchorages and in couplers.

Ducts

Various incidents of corrosion of the strands have occurred due to the failure of ducts: (i) In an
investigation led by Lau et al. it was found that the use of galvanised metallic ducts led to severe
corrosion of the ducts which allowed ingress of aggressive ions initiating corrosion of the strands
[41]. (i1) In 2012 several metallic ducts used in the Wonderwood Bridge, Florida, were
investigated and were found to be severely affected by chloride-induced corrosion from chloride
intrusion in the surrounding concrete [26]. (iii) In Norway, several cases of pinched metallic ducts
were observed in bridges built during the 1970s and 1980s leading to issues during grouting. In
addition, the vents were found to be unsealed for a certain period even after the traffic was opened.
(iv) Another concern with metallic ducts is hydrogen embrittlement, and many countries have
prohibited the use of galvanized ducts, despite a lack of evidence [29]. Already realizing the
potential problems in 1996, the United Kingdom (UK) made encapsulation of strands in plastic
ducts compulsory [42, 43]. This not only solved the concern of corrosion of ducts itself but also
prevented stray current corrosion of tendons [43]. However, the utilization of low-quality plastic
ducts can also introduce other issues, such as duct cracking and splitting. This problem was
observed in Florida: investigations revealed that the use of brittle polyethylene ducts resulted in
duct cracking, allowing the ingress of aggressive ions to post-tensioned strands [44].

Filler material

Poor grouting is frequently cited as a significant factor in causing damage to bridges, a finding
substantiated by numerous case studies in the past [37]. Both detection and repair of deficient
grouting are quite a challenge as the defects are potentially distributed over the entire length of
ducts and are difficult to localize. Probable locations of corrosion in components of post-tensioned
bridges due to insufficient grouting and the use of inferior materials are shown in Figure 1. In case
of cement-based grout, prior to the year 2000, grouting issues were mostly associated with the
presence of voids in grouts due to entrapped air, settlement of the grout in the duct, segregation,
and formation of bleed water, and poor grouting practices in general. It should be noted that the
presence of voids alone does not enhance corrosion, for significant corrosion to occur the humidity
in the duct should be above 75% [45]. In general, voids are located at deflected ducts [46], higher
locations inside the duct [5], and at high-point tendon anchors [43, 45] see Figure 1.
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Corrosion of anchorage regions
due to the presence of voids
and moisture

Grout cap

. Corrosion of strands and trumpet

(2) Corrosion in duct couplers due
to use of inferior materials

@ Settlement of grout at high
points causing corrosion in
strands

] ] [

Figure 1 — Probable location of damages in internal post-tensioned tendons due to insufficient
grouting and/or use of inferior materials.

Several bridges around the world have faced serious impacts, for instance, the unexpected collapse
of YNS-Y-GWAS bridge (built in 1953), Wales in 1985 [46]. The main factors for corrosion were
the ingress of chlorides from de-icing salts due to delamination of the waterproofing material used
on the decks and high chloride levels in the dune sand used for the construction. Additional factors
were poor grouting practices leading to partially filled ducts [46]. There have been other cases in
parts of Europe, the US, and Asia in which improper grouting practices in combination with the
use of inferior materials have contributed to severe corrosion in the tendons. [37, 38, 45, 47, 48]
In the early 2000s, prepackaged thixotropic grout (zero bleed) was introduced in the US [49].
However, case studies have shown that the use of these grout led to issues such as chemically
deficient grout with elevated levels of SO4~ and CI ions [41] and segregation of the grout into
layers differing in physical appearance (soft and hardened grout) [50-52]. Only cement-based
grouts have been used for Norwegian post-tensioned bridges. For several bridges built in the era
of the 1970s and 1980s, there are known issues of blocked grouting caused by segregation and
separation of the grout.

Due to cases of inadequate protection of prestressed reinforcement by cement-based grouts,
flexible fillers such as wax, gel or grease started gaining the interest of researchers as an alternative
[53]. However, until now worldwide use of flexible fillers is limited and it is quite difficult to
judge their performance to date mainly due to sensitivity towards temperature during the
application phase [53]. In France, wax has been used as a flexible filler in external tendons since
1999 [48] and no corrosion-related issues have been reported so far [37]. In the UK between 1970
and 2000, ten bridges used flexible fillers and reported issues of leakages [37]. In the US and Asia,
the widespread adoption of flexible fillers is yet not evident in post-tensioned bridge construction.
So far, it has not been used in internal tendons in any countries due to uneven transfer of stress
and inability to maintain the structural capacity of the structure [54]. Hence, if these issues can be
resolved, flexible fillers can be a good option in terms of both corrosion protection and easier
repair, if needed [54]. They seem to be the best option for external tendons so far [54].

3.2 Pretensioning systems

Maintaining the designed level of prestress in the pretensioned elements is ensured not only by
the amount of prestressing steel, but also by its sufficient bond to the concrete. Severe corrosion
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of prestressing strands or wires, and ordinary reinforcement placed near strands often leads to
extensive cracking of the concrete cover, which reduces the bond between prestressing
reinforcement and concrete, and consequently the prestress of the elements. Although the focus
of this study is corrosion of the prestressing reinforcement, the impact on the concrete and
ordinary reinforcement in pretensioned girders needs to be discussed.

Corrosion damage in pretensioned bridge girders was investigated in the field, both internationally
[55-58] and in Norway [22]. The causes of corrosion damage in Norwegian bridges were found
to be related to deficiencies in design (old girders), production or installation faults, and an
aggressive exposure [22]. A majority of corrosion damage in the I-shaped pretensioned girders of
bridges across the US was found in their end regions caused by chlorides from de-icing salts
leaking through the bridge expansion joints or cracks in the concrete [58, 59]. Corrosion of strands
and spalling of concrete corners in the bottom flange just behind the supports of pretensioned I-
shaped girders [60] and severe corrosion of strands and stirrups in the girder support zone [61]
were observed. Such damage may have an impact on the shear and anchorage-shear capacity.

In pretensioned I-shaped bridge girders in Norwegian coastal climates, corrosion was also found
in the girder support-zones and their vicinities [22], despite continuous and crack-free bridge
decks. The vulnerability of the girder support-zones to chloride induced corrosion was explained
by the geometry and exposure conditions. The most severe corrosion damage with longitudinal
cracking and spalling was found in the bottom and top flanges (where strands are also placed) as
well as webs of the inner girders. Also, the corrosion damage extended in the shear span, which
affects the shear capacity of the girders, particularly once corrosion cracking reduces the bond
between strands [62]. In addition to damages in the shear zone, corrosion of exposed strands at
the ends of girders was frequently reported for older bridges. This was related to lack of
requirements for protecting end surfaces in pretensioned girders of bridges built until the late
1980s [22]. Damage was rather localized to the area behind and over supporting plates.

Additional design issues for older bridges are lower requirements for concrete cover thickness.
The highest percentage of bridges with corrosion damaged girders in Norway was found for
bridges built before 1988, and in particularly in the period 1973-1980, when the required cover
was only 25 mm [22]. Similar conclusions were made in the study on pretensioned girder bridges
in Japan’s coastal climate [57]. Except low design concrete covers, corrosion damage due to
inadequate cover thickness (often less than 10 mm) from production faults was also reported [22].
Those faults typically spread over the larger portion of the span. In Norway corrosion damage due
to low concrete cover mainly affect the stirrups in the web and bottom flange rather than strands
placed deeper in the concrete, but two coastal bridges were reported with severe corrosion and
multiple strands breakage in several beams and locations along the span: the later strengthened
Hafrsfjord bridge [22] and the Ullasund Bridge decommissioned after 27 years of service [63].
Extensive and severe chloride induced corrosion of strands along the span was also reported in
New Zealand [64] and Japan [65]. Corrosion in and near the mid-span region reduces girder’s
flexural and flexural-shear capacity.

4. MAINTENANCE AND REPAIR OF PRESTRESSING SYSTEMS

This section describes findings worldwide as Norway has little experience with repair of
prestressed bridges. Comments are made where Norwegian practice or experience is relevant. It
should be noted that external post-tensioning is not common practice in Norway and is only used
as a strengthening method.
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4.1 Post-tensioning systems

Tendons are an integral structural part of a post-tensioned bridge. Besides structural
considerations, the appropriate repair of a tendon depends on the cause, type, and location of the
damage, the type of tendon (internal or external), the accessibility to anchorage and tendons, and
other factors such as the availability of specialized personnel with specialized knowledge and
training in the field, equipment, budget, traffic, and time constraints.

Various standards, guidelines, and manuals have been published to facilitate the repair of post-
tensioned systems: for the repair of defective grout and ducts [29, 42, 52, 66-68], flexible fillers
[32], and for strengthening of post-tensioned bridges and replacement of tendons [35, 48, 68-70],
[48] being a State-of-the-Art report. Suggested repair methods for damaged tendon components
in internally and externally post-tensioned bridges are listed in Table 2 and Table 3, respectively
along with the case studies where the method has been applied. In the following sections, the
applicability of the methods suggested for each tendon component is discussed.

Consideration should be given before any repair as it can lead to further damage or even failure,
putting both the repair team and users of the structure at risk. Also, due to the limitations of
inspection methods, the actual extent of damage will only be visible or detectable during repair.

Table 2 — Repair methods for damaged tendon components in internally post-tensioned bridges.
Standards,  Bridge

Component Material Damage / mechanism Repair method guidelines,
manuals etc.
Prestressed High Loss of material and Strengthening or [32, 48, 59, 1)
reinforcement  strength  compromised structural replacement (only for 69, 70] 2)
steel capacity (cotr.) tendons placed in slabs)
Anchorage Metallic  Lightly corroded Mechanical cleaning [52]
Damaged pour back Grout cap, epoxy grout 3)
and elastomeric coat
Duct Metallic  Loss of material (corr.) Remove corroded duct [52]
and apply hydraulic cem.
grout mortar
Non- Cracking Welding
metallic
Filler material Cement- Voids Vacuum grouting [29,42, 52, 4)
based Pressure vacuum grout. 66-68]
grout Corr. inhibiting solution [48]
Segregated grout Drying + corrosion inhib. 4)
(soft, chalky grout) Hydro-demolition 5)

Note 1: Great Naab Bridge (Bavaria), Bridge Ponte De Fives (France) [69], Wonderwood Connector Bridge (Florida)
[26], Sawasokogawa Bridge (Japan) [71]. Note 2: Sawasokogawa Bridge (Japan) [71], Plymouth Avenue Bridge (
Minnesota) [26]. Note 3: Plymouth Avenue Bridge ( Minnesota) [26]. Note 4: Wonderwood Connector Bridge
(Florida) [26]. Note 5: Veteran’s Glass Skyway (Ohio) [26].

Repair of prestressed reinforcement

Undamaged strands are vital for the structural integrity of the post-tensioned element and the
structure in terms of both safety and functionality. Identified methods for repair of post-tensioned
reinforcement include strengthening (both passive and active), replacement of tendons, and
addition of new members [28, 32, 69]. No feasible repair strategies can effectively restore the
reinforcement cross-section that has been compromised by corrosion [39]. In passive
strengthening, the member strength is enhanced without imposing additional stress, whereas in
active method, the structure is actively stressed.
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Table 3 — Repair methods for damaged tendon components in externally post-tensioned bridges.
Standards, Bridge

Component  Material Damage / mechanism Repair method guidelines,
manuals, etc.
Prestressed High Loss of material and Replacement or [32, 35, 48, 6)
reinforcement  strength ~ compromised structural —strengthening 68-70] 7)
steel capacity (cotr.)
Anchorage Metallic  Severely corroded Replacement [52]
Damaged pour back Grout cap, cem. grout and 8)
elastomeric coat
Duct Non- Cracking Wrapping or half shell [48, 52] 8)
metallic (permanent)
Taping (temporary)
Filler Material Cement-  Voids Vacuum grouting [29, 52, 66- 9)
based Vacuum-pressure grouting 63] 10)
grout Corr. inhibiting solution [48] 11)
Segregated grout Drying + corrosion inhib
(soft, chalky grout) Hydro-demolition
Flexible Moisture inflicted Dry-gas purge and regrease [32]
filler grease Injecting urethane

Note 6: Mid Bay Bridge (Florida) [72], James B. Edwards Bridge: 1-526 (South Carolina), Varina-Enon Bridge
(Virginia) [26]. Note 7: Bridge W18 [69]. Note 8: Mid Bay Bridge [72]. Note 9: Mid Bay Bridge [72], Varina-Enon
Bridge [26]. Note 10: Sunshine Skyway Bridge (Florida) [73]. Note 11: I-95/1-295 Interchange (Florida).

Passive method includes bonded reinforcement (using steel plates or fiber-reinforced polymers
(FRP)) [32]. Active methods include installing external post-tensioning, cable stays and
preflexing. Strengthening enhances the structural performance of the bridge. fib Bulletin 103 [70]
describes preferred materials for strengthening. Materials like steel wire ropes and prestressing
steel wire ropes were found suitable by Dai et al. [74]. To mitigate potential future corrosion-
related challenges, several studies have explored the implementation of additional prestressing
using FRP materials such as carbon fiber-reinforced polymers (CFRP). These materials provide
similar strength as steel without the risk of corrosion [75]. In addition, FRP (in the form of both
bars and sheets) adds less weight to the structure and maintains the original sectional properties
of the members but has limited fire resistance. The strengthening methods are chosen according
to the type of damages and condition of the bridge, type of bridge (bonded and unbonded), type
of bridge structure, availability of space and clearance in the bridge, and available repair budget.

In case of damaged internal tendons, external post-tensioning is preferred because drilling an
additional longitudinal or transverse duct inside an existing structure is nearly impossible.
External post-tensioning is generally appropriate for box girders, slab structures, and I girder
bridges [26, 69, 70]. The major execution steps during external post-tensioning are preparation of
existing concrete, installation of deviator and concrete anchorage block, and duct welding
followed by tensioning and duct filling [70]. While preparing the existing concrete, issues related
to additional anchorages and tendon profiles can also be addressed as per [69]. A detailed
description can be found in [48, 70]. However, for post-tensioned slab decks, there have been
cases where the entire member or the internal tendons are replaced when prestressing force is lost
due to severely corroded tendon [26, 71]. For instance, in Sawasokogawa bridge, Japan, due to
the presence of severely corroded post-tensioned tendons in the slabs, lying over the intermediate
piers, the entire slabs were replaced and the bridge was externally post-tensioned [71].

In case of severe damage, externally bonded or unbonded tendons can be replaced [43]. The
procedure is initiated by de-tensioning of the tendons if residual force exists. This should be
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carefully planned and executed by specialists because the sudden release of energy during the
process may lead to severe injury [43]. De-tensioning is conducted either by clamping [48],
cutting, or burning of the strands [76] and the procedures for carrying out the methods are provided
in detail in respective references. After de-tensioning, the tendon is pulled and removed from
deviators and anchorages. Previously, bonded external tendons passed through rigid steel pipes
embedded in the diaphragm and deviators [76]. As the ducts were connected to the steel pipes it
was difficult to pull out the tendons from the deviators and in some cases, special jacks were used
to pull the strands through the anchorages [28]. While dealing with tendons having anchor plates
at joints, it is crucial to exercise extreme caution as these tendons can be challenging to remove.
Tendon replacement is much simpler for the later developed double envelop concept, where the
external tendons are not bonded to the concrete along the length of the tendon [76]. After removing
the corroded tendon, the new tendon is placed and re-tensioned. For a detailed description of the
replacement method for bonded and unbonded external tendons, [35] is referred to. Replacing the
external tendons was not addressed in the US before 1988, but in France, the concept of “double
duct” existed decades ago which allowed replacement of tendons with less effort [77]. Countries
like Germany and Japan also have mandatory criteria for replaceable external tendons [76].

Repair of anchorage

Repair of anchorage includes repair of pour backs, grout caps, and voids around the anchorage or
replacement of the entire anchorage system along with the entire tendon. Case study of Mid Bay
bridge, Florida, and Plymouth Avenue bridge, Minnesota, provided the methods for repair of pour
backs at anchorage [72]. During inspection, a hammer can be used to inspect the region. If a
hollow response is given or corrosion is observed in the vicinity, the pour back material is removed
and fitted with a non-metallic grout cap and filled with cementitious grout [72] or epoxy grout
pour backs [26]. Then it is covered with waterproof/elastomeric coating [52]. Moreover, the voids
can be repaired as mentioned in the repair for filler material. In case of severely corroded
anchorage and strands, replacement of the entire tendon is carried out.

Repair of duct

Ducts are the first line of defence for the strands, so cracks or corrosion of ducts increase the
probability of corrosion of the strands. The method of repair selected for damaged ducts depends
on the material of the duct and the condition of the strands. For permanent repairs, in case of non-
metallic ducts used in external tendons, wrapping is performed on the ducts using heat shrink
wrap or sleeve method [52, 72, 78]. Non-metallic and metallic half shells are also used depending
on the location of the repair [48]. Whereas, for permanent repair of internal tendons, for non-
metallic, a new piece of the same material as of the duct of appropriate size is taken and welded
on the existing duct [52]. However, for metallic ducts, the corroded part of the duct is to be
removed and hydraulic cement grout mortar of approved quality is to be applied covering the
exposed uncorroded strands. If the strands in external tendons are found to be corroded during
inspection, temporary repairs by taping are opted. The detailed procedure for both permanent and
temporary repairs for the restoration of the entire tendon has been mentioned in [52].

Repair of filler material

Repair of incorrectly filled ducts should be given utmost priority to maintain safety, integrity, and
load-bearing capacity of the structure. Repair options for filler material depend on the type of
filler material (cement-based grout or flexible fillers) existing inside the duct.

For cement-based grout, the appropriate repair procedure depends on the characteristics of the
detected damage and its location as well as possible air leakage in the ducts. Voids present in
ducts filled with cement-based grout can be repaired by pressure grouting, vacuum grouting, and
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pressure-vacuum grouting [73, 79]. According to Vorspann System Losinger (VSL) Report 5,
voids (length <Im) can be repaired using Tremie grouting whereas voids (length >1m) are
repaired using vacuum grouting [43]. In Minnesota, several bridges underwent pressure grouting
repair to address small voids (around 1-4 litres in size), as well as larger void regions where duct
air leakage occurred and in cases where excessive vacuum pressure was unbearable for the
tendons as detailed in [80]. Based on recent investigations on economic viability, effectiveness
in filling voids, and ease of implementation, the Federal Highway Administration, US,
recommended pressure-vacuum grouting [33, 66, 79]. However, issues were raised when a tendon
of Varina Enon Bridge, Virginia, failed (corrosion on the interface of new and old grout) already
3-4 years after repair [26]. Some argued that the corrosion in the strands accelerated due to
disparities between properties of existing and new grout, others stated it was due to exposure of
strands to oxygen and moisture during pressure-vacuum grouting [81], while some suggested the
corrosive bleed water present at the location would have caused failure regardless [82]. Due to
these uncertainties, galvanic anodes have also been used in new repair projects [83]. In Europe,
polymer grouts have also been used to fill voids in cement-based grout [28].

For protecting corroded strands due to the presence of corrosive bleed water, defective and
chloride-contaminated grout, and voids inside the duct, impregnation of corrosion inhibitor along
the length of the tendon has shown good results in the lab [84]. The method uses interstitial spaces
between the wires of each strand to disseminate the corrosion inhibitor (silicon hydrocarbon
polymer) to the surrounding grout which forms a film to improve corrosion and moisture
resistance [84]. The method was tested on tendons from the Ringling and I-4 Connector bridges,
and also on various bridges and buildings across the US and UK [85]. However, for most of the
in-situ repairs, limited information on the long-term performance is available. Additionally, a
method patented by PDM/ATEAYV which injects calcium nitrite solution by using an ultrasonic
transducer has been used in Belgium and Luxembourg since 1994 to protect the corroded strands
due to grout problems [86].

For the repair of soft grout (see list of definitions in Appendix A), Hamilton ef al. carried out lab-
tests on two remedial techniques; removal of soft grout by hydro-demolition method and drying
of the soft grout [87]. Drying of soft grout was found to be more effective than hydro-demolition
[87]. In the field, it can be preferred when the application of water pressure becomes impractical
due to severe corrosion damage [26]. However, it was also observed that drying of soft grout with
atmospheric air caused corrosion of strands and carbonation of adjacent grout, hence it was
suggested to use it in combination with corrosion inhibitor [26, 87]. There are also cases where
the soft grout was removed by hydro-demolition and replaced by epoxy covered with sand [26].
The methods can be chosen according to the situation of the strands in the field.

Repair methods that can be employed for moisture-inflicted greased tendons are according to ACI
222.2 [32] either a dry-gas purge in combination with regreasing or injection of low-viscosity
urethane. Both methods were developed in Canada in the 1990°s and have been used since [32].
In the dry-gas purge method, dry gas is injected into the system to purge free water from the
tendon until the full length of the tendon is dry followed by regreasing to improve the corrosion
resistance. In the latter method, urethane is injected inside the duct and water is simultaneously
pressed out through the duct. Urethane forms a solid closed-cell foam protecting the strands [32].
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4.2 Pretensioning systems

Based on typical damage areas in pretensioned bridge girders the methods for repairing corrosion
damage are subdivided into methods for 1) repairing girder end-zones and ii) repairing corrosion
damage to prestressing strands in and near the mid-part of the span. Typically, methods used for
repairing RC beams are also recommended for repairing pretensioned girders. However, long-
term field experience is scarce.

Repair of end-zones

The commonly used method for girders rehabilitation, including girder end-zones, is epoxy
sealing of cracks followed by patch repair of any loose or spalled concrete. If needed, patch repairs
are also recommended prior to more advanced retrofitting techniques such as FRP wrapping [88].

Traditionally, mortar and ordinary concrete are used for restoring the original cross-section of the
girders, despite it often provides poor protection against chloride ingress [89] and spall over time
due to shrinkage and weak bond to the base concrete [88, 90]. As an alternative, low shrinkage or
expansive grouts, special (fast-setting) mortar and concrete or epoxy are used [88], but none of
those materials alone restore the girder strength [90, 91] e.g. because of weak bonds and cracks
development in the mortar patches above bearing plates [91]. The application of Ultra-High
Performance Concrete (UHPC) and High Early Strength Concrete (HESC) as alternative patch
repair materials of a higher strength was discussed and tested on artificially damaged bulb-tee C-
shaped pretensioned beams from lowa Department of Transportation [90]. Part of the concrete up
to the reinforcement level in both the web and bottom flange near the support of the girder was
saw-cut to imitate concrete delamination due to corrosion. Full-scale tests for girders repaired
with both concretes showed good bonding to the beam during loading and unloading, proving the
method is promising for repairing damaged girder end-zones. Consequently, further field tests
were recommended on both practical applications and strengthening abilities of UHPC and HESC.

Except for restoring the original cross-section of girders, patch repair with shotcrete method was
expanded for building up concrete blocks on severely corroded ends of pretensioned girders in
Nebraska and Minnesota, US [88, 92]. The failure of the method was reported in terms of concrete
cracking and spalling in the end-blocks just 3-4 years after repair. The repair allowed, however,
restoration of the shear capacity of girders despite some cracking and delamination in the girder’s
web [89, 92]. Overall long-term performance of patch repairs in pretensioned concrete girders
was also questioned in another study [89], even for low-permeability concretes. Additionally, it
has been identified that corrosion problems may occur over time within the strands’ interior due
to chloride ions trapped between wires and not removed prior to repair.

For retrofitting end-zones of pretensioned girders the repair with CFRP wrappings was studied
[91, 93]. The vertically applied CFRP laminates together with quick set mortar repair were tested
on five AASHTO (American Association of State Highway and Transportation) prestressed
girders extracted with end-region damage simulated by removing the concrete cover from web
and bottom flange [91]. The method was found successful for restoring or even enhancing both
the shear capacity and ductility of undamaged girders. On the contrary, CFRP fabrics of a lower
strength, applied in both horizontal and vertical directions on the AASHTO prestressed girders
being in service, were effective only in restraining movements in the horizontal direction while
having no effects on vertical deflections [93]. Comparison between the effectiveness of CFRP
sheets, glass fibre sheets, and surface-mounted vertical rods for repairing damaged girder end-
zones was tested on three pre-cracked AASHTO prestressed girders [61]. The highest percentage
in regaining the stiffness was found for CFRP repair, while glass fibre solution was more effective
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in strength recovery. Overall surface mounted rods were the most effective, but this method
requires access to the top plate of the girder, which is normally not possible for girders in service.

Repair of mid-span areas

A majority of the studies on rehabilitation or retrofit in the mid-span areas of pretensioned girders
concern damages caused by vehicle impact [88]. Those damages are very localized. For repairing
strands corroded at multiple locations along the girder, certain methods are not suitable, e.g.
splicing fractured strands [28]. Additionally, only few methods were investigated or tested on
pretensioned girders with corrosion damage. However, successfully applied methods on corroded
RC girders and pretensioned girders damaged with vehicle impact, are included in this review.

Similar to corrosion damage in girder end-zones, concrete rehabilitation with patch materials is
used to restore concrete cross-section. Prior to placing patching material pre-loading is usually
done by loading the bridge over the damaged girder [88]. Selection of the materials is the same as
described for the repair of end-zones, but FRP wrapping is often provided after mechanical repairs
to confine patches and prevent their potential spalling [88]. The retrofitting of pretensioned girders
can be applied with passive (non-prestressed) methods, which allow for restoration of the girder’s
strength, or with active methods which even allow for increase in flexural strength. The retrofitting
methods, both passive with CFRP strips, CFRP fabric and near-surface mounted CFRP, and
active such as prestressed CFRP, post-tensioned CFRP, strand splicing, and external steel post-
tensioning were reviewed in previous studies [94, 95]. Authors stated that passive repair methods
are more ductile than active ones, and maximizing an active repair for a girder is not ideal. Another
review [96] also mentioned a decrease in ductility with the amount of FRP strengthening,
consequently limiting the use of high amounts of FRP. Limitations of the application of the above
methods were also pointed out regarding girders’ shape [94, 95]. In addition, it was concluded
that replacing the pretensioned girder is more appropriate once 25% of the strands are ineffective.

Retrofitting of the corroded pretensioned girders with non-prestressed CFRP sheets was tested on
fully-scale T-shaped beams with one pretensioned strand artificially corroded in the mid-section
[97]. It was found that CFRP repair was effective in restoring the load-bearing capacity of
corroded pretensioned beams and increasing the beam stiffness compared to unrepaired beam.
However, the reduction in beam ductility could not have been reversed. The study was then
extended to include fatigue behaviour [98]. It was found that unlike for the 10% corrosion level,
the fatigue resistance of the beams with 5% of corrosion and repaired with CFRP sheets was
restored to the level of the non-corroded beams.

External post-tensioned strengthening with steel bars or CFRP stripes was found to be limited by
the residual capacity of the un-strengthened girder [88]. Therefore, it is considered a temporary
repair in lowa, US. Prestressed mechanically-fastened FRPs were recently used successfully as a
temporary retrofit of pretensioned C-channel beams of three bridges in North Carolina, US [99].
The method allowed for extending the bridge service life by more than 23 months and was
recommended also for core slab sections. Application of this method to other girder cross-sections
or as a long-term solution has not been tested yet. Traditional external post-tensioning is, however,
a common method for retrofitting bridges, and it was used in Norway for strengthening one
pretensioned bridge with severely damaged strands [22].

Applicability of cathodic protection

Cathodic protection (CP) is widely used for limiting further corrosion in conventionally reinforced
concrete structures [82]. Previously, the use of CP on prestressed concrete structures was not
recommended [28]. The limitations for the use of cathodic protection include the risk of hydrogen
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embrittlement in prestressed steel and uncertainty of the protective effect due to shielding by the
duct on post-tensioned tendons [28] and by layers of ordinary steel reinforcement on pre-tensioned
tendons [100]. According to NCHRP 140, experiments and studies showed the feasibility of
cathodic protection of ordinary reinforcement in prestressed structures without harming the
tendons at normal operating conditions [28]. Recent studies have demonstrated the applicability
of cathodic protection to slow down or prevent ongoing corrosion of pre-tensioned tendons [101].
In a sacrificial anode system, as the working potential is low, the possibility of hydrogen
development is lowered. There are several cases where the system was found effective in arresting
corrosion [101]. Similarly, there are also cases, where impressed current cathodic protection has
been employed to arrest chloride induced corrosion in pre-tensioned bridge by obtaining uniform
polarization in the member of the structure [82]. According to COST 534 [82], CP can be
implemented on prestressed structures to reduce or stop corrosion. However, the potential in the
structure should be monitored. The potentials should meet the criteria specified in EN-12696:2000
[102]. Notably, the report indicates that the corroded tendons inside the post-tensioned system
cannot be protected with this method [82]. But more recent studies have shown that the use of
sacrificial anodes inside the post-tensioned duct can be an option to protect the corroded strands
inside the duct [83]. However, the method and the repair projects on which the system has been
applied have not been provided in detail in the document.

5. APPLICABILITY OF REPAIR OPTIONS FOR NORWEGIAN SYSTEMS

Reported damages of prestressed bridges in Norway are mainly related to strand corrosion close
to supports in pre-tensioned, prefabricated beam-bridges in marine exposure. Other damages are
related to execution faults and low requirements for concrete cover thickness before 1989. An
overview of damages and their causes can be found in [22] and are summarized in Section 3. Per
today, just a few damages of the prestressing system of post-tension bridges in Norway are known.
Reported damages are partly related to local leakages in combination with wrongly placed
tendons, ungrouted ducts, or heavily exposed bridges with high chloride load in combination with
fairly low cover depths of ducts. Such damages are often found in combination with ongoing
rehabilitation projects, mainly unintended. There are few known cases of heavily corroding post-
tensioning systems as those of Hergysund Bridge [5]. For this particular bridge, none of the above-
mentioned reasons are obvious causes to the damage found. The ducts have voids, but there are
no obvious leakage or ingress of chlorides and the tested chloride content in the grout is low.

Regarding worldwide reported damages and failures of post-tensioned bridges, it is reasonable to
assume that also bridges in Norway can potentially have more damage than we are aware of today.
To sharpen the focus of inspection of post-tensioned bridges, the NPRA has worked for several
years on establishing inspection procedures and routines for these bridge types [103]. Today
NPRA has methods describing the inspection of both pre- and post-tensioned bridges in its
regulations [104].

So far, the only applied repair method in case of corrosion-damaged prestressed bridges in
Norway is strengthening with external retrofitting methods. For Hereysund Bridge carbon fibre
laminates in the main span were used to secure functionality and safety until replacing the bridge.
In other cases, external tendons were used to secure the load-bearing capacity, also internal
strengthening with new construction principles were tried. Retrofitting methods are mainly used
in cases where damage is implying the load-bearing capacity of the structure. In other cases, where
only local damages are observed, the common procedure is to verify the load-bearing capacity of
the structure in case of loss of the specific single cable, assuming all other cables are well
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functioning. In case of sufficient redundancy in the system, the damaged cable is disregarded
(considered no longer in function). Accordingly, little focus is given to the repair method.

Following an enhanced inspection regime of prestressed bridges, it is important that suitable repair
methods are established and applicable. Based on the literature review presented in Section 4,
there are several methods available to repair the different prestressed components in case of
damage, not only to better secure load-bearing capacity but also to maintain good robustness of
structures. Considering the common practice of designing and building prestressed bridges in
Norway (see Section 2) certain repair methods according to Section 4 might be suitable for use,
and are addressed in this section.

5.1 Potential repair options for post-tensioned bridges in Norway

In Norway, the main post-tensioned system for bridge superstructures used is based on embedded
metal ducts with cementitious grouted strands. Accordingly, methods applicable to this kind of
system are relevant. There are examples of rock anchors where oil or grease is used, however, this
is outside the scope of this paper.

As pointed out in Section 4.1, no method can effectively restore the reinforcement cross-section.
Thus, in case of loss of cross-section of prestressed reinforcement, replacing the tendons or
external strengthening methods are applicable solutions. Replacing tendons is however unlikely
in Norway due to the complexity of the operation. This option may only be possible for ungrouted
tendons. In this case, anchorage zones must be excavated and the specific tendon and anchorage
must be replaced. One may also check whether empty reserve-ducts are placed in the bridge which
can be used to replace damaged tendons temporarily or permanently. Empty reserve-ducts can
only be found for bridges built before 1996, as today’s requirement demands filling empty ducts
at the end of the building period (see also Section 2). Where replacing damaged tendons is not
feasible the only option is external strengthening, methods and guidelines are available [48, 69,
70]. There is limited experience with retrofitting of post-tensioned bridges.

Anchorage zones are cast in concrete. After stressing, the wedge plate in the anchorage zone is
closed with a grout cap to seal the anchorage before grouting. When grouting is finalized, and the
result is accepted, the whole area is supposed to be closed with a cast-on. Due to that reason, they
are normally not accessible for inspection. However, for bridges with missing or damaged cast-
on, and where local leakages or outer exposure conditions have led to damages in the anchor
zones, the methods described in Section 4.1 (Repair of anchorage) may be applicable.

Metallic ducts are prone to corrosion in cases where external exposure can lead to the penetration
of e.g., chlorides or carbonation. To ensure a long service life of the tendons it is advisable to
repair any duct parts observed with damages. Repairs should be applied immediately after
observation to avoid any further damage of the tendon. To avoid subsequent corrosion in a
chloride environment one might consider removing the part of the corroded duct, cleaning, and
applying hydraulic cement mortar over the exposed areas as mentioned in Section 4.1 This method
can potentially also be applicable in Norway.

The assumable most common defect for Norwegian post-tensioned structures is insufficient
grouted ducts. Any methods restoring or ensuring grouting with cementitious materials is
therefore relevant for Norwegian bridges. In Section 4.1, it is shown that there exist, both on a
European level as well as in the US, guidelines on how to refill ducts [29, 33, 52, 66-68, 79]. As
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there is no experience with these methods in Norway all use must be considered as initial testing
and accordingly should be documented and monitored (for example by a sensor-system) to ensure
that the repair is well-functioning for Norwegian conditions. For cases, in which tendons are
considered not necessary to ensure load-bearing capacity and safety of the bridge, there are good
opportunities to test these methods. Experience with these kinds of repair methods can prove to
be very valuable in the future for Norwegian bridges.

5.2 Potential repair options for pretensioned bridges in Norway

Corrosion of prestressing tendons in pretensioned bridge girders is reported in Norway [22],
mainly due to external chloride exposure. Accordingly, these damages can potentially be repaired
with mechanical repairs (patch repairs) and cathodic protection.

When applying mechanical repair for prestressed structures one must assure not to remove sound
parts of concrete which provide bond to the prestressing strands along prestress development
length in and near girder end-zones, and thus prestressed to the concrete and sufficient shear and
anchorage capacity. Only loose or delaminated parts of concrete should be removed. Materials
used for restoring the concrete cross-section of the girders should preferably be low-permeability,
high strength concrete with a non-shrink additive. For patch repairs in and near the mid-span
areas, preloading should be considered. Also, UHPC is a promising material for patch repairs of
increased impermeability, strength, and bonding to the existing concrete. Girders, for which
severe cracking, spalling, and delamination are found, can be used for testing both applicability
of UHPC in the field including its long-term performance. This can be particularly useful for
girders with damage above load-bearing plates, where lifting (to apply the CFRP sheets) should
be avoided to not damage the continuity of the concrete deck above the supports. As far as the
authors of this article know, mechanical repair on Norwegian pretensioned girders has been
carried out to a limited extent, mainly in the bottom flanges near supports. Only one extensive
repair was used on the girders with corrosion in the mid-span areas. It is thus important to
document and report any repair attempts, including following up on functionality. In Norway,
there is experience in retrofitting the pretensioned girder bridge with external post-tensioning [22].
CFRP strengthening method has also been used but on post-tensioned bridge girders. Methods
with externally bonded CFRP-stripes or sheets as mentioned in Section 4.2 can potentially be used
in the future to a larger extent, as they are proven to increase or even restore girders’ capacity
(both in shear and flexure) and are relatively fast to install comparing to other strengthening
methods. Since ductility of the elements decreases with increasing amount of FRP strengthening,
strengthening should be carefully designed. Also, in terms of its tensile strength, and bond to the
concrete.

CP, either with impressed current or sacrificial anodes, can be a repair option for pre-tensioned
tendons (see Section 4.3). Both methods have been tried in other countries but not in Norway. CP
1s a common repair method for ordinary reinforcement in Norway, and there is a good level of
expertise in the country. Trial repairs with CP on pre-tensioned bridges are, therefore, feasible
and should be conducted when possible. As for all other new repair methods, it is essential to well
document the execution, experiences, and long-term functionality for future applications.
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6. CONCLUSIONS

Durability issues have been present in prestressed bridges since their inception. Hence several
advancements have been made in design and construction to ensure durability and long-term
performance of these bridges. Various repair options for prestressed bridges have provided
increased service life for structures with design and/or construction defects. However, long-term
experience with repair options for prestressed systems is limited. The main conclusions drawn for
the available repair methods are as follows:

e For severely corroded internal tendons, external post-tensioning is often the preferred method
whereas, replacement of tendons is recommended for highly compromised external tendons

e In case of repair of voids in the grout, filling the voids using the pressure-vacuum grouting
method appears to be the most effective method. Impregnation with corrosion inhibitors along
with drying appears suitable for repairing soft grout.

The recently published State-of-the-Art Report fib 110 summarizing strategies of individual road
administrations highly recommends that repair options be based on local strategies and conditions.
For post-tensioned bridge systems in Norway, repair methods applicable for embedded metal
ducts with cement-based grout and strands are required:

e External strengthening and tendon replacement (only for tendons present in the deck slab) are
viable options for restoring sections with severely corroded tendons

e Corroded anchorage regions can be repaired

e (Corroded parts of metallic ducts can be removed, and hydraulic cement mortar can be applied
to cover uncorroded strands

e Defective grouting, the internationally recommended methods need to be considered as initial
testing in Norway due to limited experience.

Pretensioned bridges in Norway are prone to corrosion mainly due to chloride exposure.
Accordingly, these damages can potentially be repaired with mechanical repairs (patch repairs)
and cathodic protection. For both pretensioned and post-tensioned, passive carbon fibre reinforced
polymer (CFRP) strengthening hold potential for future use.
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APPENDIX A

The definition of prestressed components in this paper are in accordance with New Directions for Florida
Post-Tensioned Bridges, Florida Department of Transportation [38], fib Bulletin 97 [35], fib Bulletin 33
[68], Replaceable Grouted External Post-Tensioned Tendons, Federal Highway Administration, US [76],
fib Model Code 2010 [105], Repair and Maintenance of Post-Tensioned Concrete Bridges, National
Cooperative Highway Research Program [26] and Draft of Eurocode 2: Design of concrete structures-
Part 1-1[106]. (See reference list in main manuscript.)

Anchorage: An assembly of various hardware components that secure a tendon at its ends after it has been
stressed and imparts the tendon force into the concrete.

Bonded construction: In bonded construction, the tendons directly transfer stresses to the structure. Grout
is injected to fill the void between the tendon and the duct.

Coupler: Mechanical devices to connect the end of a tendon that has been tensioned first, to a second
tendon placed as an extension of the first, and which will be tensioned in a second stage.

Damage: Physical disruption or change in the condition of a structure or its components, brought about by
external actions and influences, such that some aspect of either the current or future functionality of the
structure or its components will be impaired.

Deficiency: Lack of something, possibly arising because of an error in design, specification, or
construction, eventually affecting the ability of the structure to function as it is intended to, either now or
in the future. Often concerned with the durability of the structure.

De-tensioning: Allowing the prestressing force in a tendon to be relieved without damaging the existing
members.

Deviator: Interface between tendon and deviation block and deviation points

Duct: Enclosure in which all tensile elements of the tendon are placed.

External tendons: Tendons are most frequently used in cellular sections and must be unbonded or partially
bonded at intermediate deviators.

Filler material: Material used to fill the space between post-tensioning strands and tendon duct. The most
common filler material used is grout, but grease or wax are also used.

Grout: Cement-based filler material.

Internal tendons: The tendons installed inside the concrete are termed as an internal tendon.
Post-tensioning system: Complete system of components, which is used for tensioning tendons after the
concrete has gained minimum required strength. The system used for post-tensioned construction is
generally classified as bonded or unbonded.

Pour-back: Material cast to cover the anchorage or vent assemblies of post-tensioned tendons after
injection of filler.

Prestressed reinforcement: Reinforcement made of strands, wires, or bars subjected to a prestressing
process, where not specified otherwise, it is made of prestressing steel. Prestressed reinforcement covers
both pretensioned and post-tensioned reinforcement.

Prestressing system: System for prestressing reinforcement which has European Technical Approval and
is used in prestressed reinforced concrete. Designation for the complete system of components necessary
for the execution.
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Pretensioning system: Complete system of components, which is used for tensioning tendons before and
during concrete casting and hardening to the required strength. In the system used for pretensioned
construction, prestressed reinforcement is bonded directly to the concrete.

Soft grout: Grouts that were inadequately mixed or contained excess water, resulting in the separation of
solids and liquids to form jelly-like substance which retains water and does not harden.

Strand: An assembly of several high strength steel wires wound together. Strands usually have six outer
wires wound in long-pitch helix around a single straight wire of a similar diameter.

Tendon: Complete assembly consisting of anchorages, prestressing steel (strand, wire, bar), and sheathing
with coating for unbonded applications or ducts with grout for bonded applications. In pretensioned
applications, the tendon is an individual element of prestressed reinforcement.

Unbonded construction: In this type of system, the tendons transfer stress to the structure only at the
anchorages. The duct is filled with grease or wax to fill the void between the tendon and the duct.

Wire: A single, small diameter, high strength steel member which is typically the basic component.
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