LULEA
UNIVERSITY

OF TECHNOLOGY

Prestressed Concrete Bridges

Condition Assessment and Future Challenges

A State-of-Art Report

BBT 2017-011, Trafikverket, TRV 2018/28332, ID 6686
March 14, 2019

Bjorn Taljsten, Bjorn Paulsson and Lennart Elfgren

Structural Engineering
Department of Civil, Environmental and Natural Resources Engineering
Lulea University of Technology
SE-971 87 Luled



Cover Photo: Angeredsbron, Géta Alv, Gothenburg, 1978, Photo: Mikael Svensson/Trafikverket,
www.trafiken.nu



Preface

This project is a pre-study on “Prestressed Concrete Bridges — Methods to assess the remaining pre-
stressing force”, commissioned by BBT 2017-011, Trafikverket, TRV 2018/28332, ID 6686. During
the study we found it motivated to widen the scope.to include a more general treatment of the chal-
lenges with existing prestressed bridges. The reason for this is that we found that the situation is com-
plex and that there also other problems in Swedish prestressed bridges than the remaining prestressing
forces.

This report is a first attempt to answer questions regarding the severity and extent of the current situation
for prestressed concrete bridges in Sweden. It also discusses possible social and economic consequences
if no measures are taken. Hopefully the report will form a basis for future work regarding assessment,
non-destructive testing and strengthening of existing prestressed concrete bridges.

The report was compiled during 2018 and the beginning of 2019 and is based on an extensive literature
study and previous work and experience by the authors. In addition, contacts have been taken with many
colleagues in Sweden and abroad and the outcome of these discussion has been incorporated in the
report. The authors want to thank Ebbe Rosell, Robert Ronnebrant, Fredrik Olsson and Adriano Maglica
at Trafikverket and all other colleagues for good input and fruitful discussions.

Luled, March 2019

Bjorn Taljsten, Bjorn Paulsson and Lennart Elfgren






Abstract

Prestressed concrete bridges are susceptible to deterioration over time and it is vital to continually assess
them in order to maintain their structural integrity and to prolong their service life. Important factors are
corrosion of prestressing strands, wires and bars, remaining prestressing forces and concrete deteriora-
tion. In recent years, there has been an increased interest in monitoring and non-destructive testing to
assess the state of bridges. It is essential to understand the behavior in ultimate and serviceability limit
states and the level of safety, reliability and robustness. Calibration of Condition and Life Cycle Assess-
ments are discussed by help of Full-Scale Tests of Bridges that are planned to be demolished. Repair
and Strengthening methods are reviewed. Needs for Maintenance Strategies are outlined. Important fac-
tors are corrosion of prestressing strands, wires and bars, remaining prestressing forces and concrete
deterioration.

Keywords:  Prestressed concrete bridges, Pre-tensioning, Post-tensioning, Remaining prestressing
forces. Non-destructive testing, Monitoring and Inspection, Condition Assessment, Life
Cycle Assessment, Ultimate and Serviceability Limit States (ULS, SLS), Calibration by
Full Scale Testing to failure. Maintenance Strategies, Residual Prestressing.



Executive Summary

Most concrete bridges of importance are prestressed as this is a technique to increase the length of the
bridge spans. Society is dependent on their function and safety. They must be kept under control and in
good condition and neglect can cause devastating damage and costs as in the recent collapse of the
Morandi bridge in Genoa in August 2018. It illustrates the problems with corrosion of prestressing ca-
bles and how hard it is to determine its severity.

Deterioration occurs in all bridges and it is essential for bridge managers to be proactive and optimize
maintenance without unnecessary traffic disturbances and accidents.

This report aims to identify how extensive and serious the problems are with prestressed
bridges in Sweden and to propose actions to mitigate them. The remaining prestressing force
is often higher than what was expected and the overall safety is seldom a major problem is
Swedish bridges.

We have seen that a lot of progress was made in the late seventieths regarding materials and construction.
This means that there is a larger risk for problems with the bridges built before 1980 than with the ones
built after that. Out of the circa 2000 prestressed concrete bridges in Sweden there are some 400 built
before 1980. A special investigation of the condition and safety of these bridges is recommended.

We have found that no single nondestructive monitoring or inspection techniques can give enough in-
formation regarding the safety of a prestressed concrete bridge. At the same time, we have found that
there are promising combinations of techniques that can be used.

Today there are on the market strengthening and repair methods that are cost-effective, safe and envi-
ronmentally friendly.

In order to meet long term demands we propose a concept for further studies in order to:

» better understand the behavior of prestressed concrete bridges in the Serviceability
Limit State (SLS) as well as in the Ultimate Limit State (ULS). There are bridges with
substantial higher load-carrying capacity than they were designed for as well as there
are bridges with critical points with a low safety level.

» protect, detect and mitigate corrosion of prestressing reinforcement
» elaborate nondestructive monitoring and inspection methods.

» augment methods for risk analyses and for the study of the reliability and the robustness
of prestressed concrete bridges

» develop methods for Condition Assessment and for Life Cycle Cost Assessment
(LCCA) in order to optimize maintenance strategies. The methods ought to be cali-
brated by full scale tests of bridges decided to be demolished

e advance repair and strengthening methods

e promote proactive and adaptive maintenance strategies that support a sustainable soci-
ety

An ambitious, manifold project like this could preferably be carried out in an international collaboration.
However, parts of it need to be carried out on a national level without unnecessary delay.






Sammanfattning

Rapporten ar skriven pa engelska da de problem som behandlas férekommer i hela vérlden och vi hoppas
kunna bidra till att initiera ett internationellt utvecklingsprojekt inom omradet.

De langsta och ofta viktigaste betongbroarna &r forspadnda eftersom forspanningstekniken mojliggor
langre spannvidder. Detta betyder att samhéllet ar beroende av att dessa broar fungerar pa avsett satt och
att de ar sakra. Darfor maste de vara val underhallna och i gott skick eftersom férsummat underhall kan
leda till allvarliga olyckor som den tragiska kollapsen av Morandi-bron i Genua i augusti 2018. Proble-
men med spannarmering tydliggjordes dar liksom hur svart det kan vara att bedéma korrosionsskador
pa ingjutna kablar.

Nedbrytning sker i alla broar och det &r vasentligt for brohallare att vara proaktiva och att op-
timera underhallsatgarder utan att de medfor onddiga trafikstorningar och olyckor. Nér sadana
anda sker far vi inte sta handfallna utan vi maste kunna hantera de problem som uppstar. Rap-
porten syftar till att identifiera hur omfattande och allvarliga de problemen ar som kan uppsta
vid spannarmerade broar i Sverige och att forsla atgarder for att bemastra dem. Den kvarva-
rande spannkraften ar ofta hogre an vad man tagit hojd for vid dimensioneringen och ar séllan
ensam den mest kritiska faktorn.

Vi har konstaterat att det under sent 70-tal gjordes viktiga forbattringar av de barnsjukdomar som forelag
betraffande material och produktionsmetoder. Det betyder att broar byggda fore 1980 kan ha problem.
Av de ca 2000 spannbetongbroar som finns i Sverige &r ca 400 byggda fére 1980. Vi rekommenderar
en fordjupad studie av dessa broar baserad pa kunskapen fran arbetet med denna rapport. Vi har ocksa
konstaterat att ingen oférstdrande undersoknings- och inspektionsmetod ensam kan ge tillracklig in-
formation som beslutsunderlag eftersom noggrannheten ar otillracklig. Samtidigt har vi hittat lovande
kombinationer av tekniker som kan nyttjas i framtiden.

P& marknaden finns redan forstarknings och reparationsmetoder som ar kostnadseffektiva, sékra och
miljovénliga men som kan behéva utvecklas och prévas.

For att mota fragan langsiktigt foreslar vi ett koncept for fortsatta studier. Det innehaller féljande ut-
vecklingsomraden sa att vi:

»  Dbattre forstar hur spannarmerade broar beter sig saval i bruks- som i brottgranstillstan-
det. Det finns saval broar som haller betydligt mer an det de dimensionerats for, som
broar med kritiska punkter dar sakerheten &r lag.

e skyddar, upptacker och motverkar korrosion i spdnnarmeringen
e utvecklar icke forstérande undersdknings- och inspektionsmetoder
« forbattrar metoder for riskanalys och for studium av palitlighet och robusthet

 utvecklar metoder for tillstindsbeddmning och livscykelkostnadsanalys for att optimera
underhallsstrategier. Metoderna bor kalibreras genom fullskaleforsok pa broar som
démts ut och anda skall forstoras

» vidareutvecklar reparations- och forstarkningsmetoder

« verkar for proaktiva och adaptiva strategier for underhall som stoder ett mer hallbart
samhélle

Ovanstaende ambitiésa och mangfacetterade projekt borde med fordel utforas i internationellt samar-
bete. | avvaktan harpa bor delar startas pa nationell niva utan onédigt dréjsmal.
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Notations and abbreviations

Notations

The process of prestressing consists in applying forces to the concrete structure by stressing tendons
relative to the concrete member. “Prestress” is used globally to name all the permanent effects of the
prestressing process, which comprise internal forces in the sections and deformations of the structure.
(Eurocode 2, EN 1992-1-1:2005, section 1.5.2.4).

The prestress is applied by tendons made of high-strength steel (wires, strands or bars). Tendons may
be embedded in the concrete. They may be pre-tensioned and bonded or post-tensioned and bonded
or unbonded. Tendons may also be external to the structure with points of contact occurring at devia-
tors and anchorages. (Eurocode 2, EN 1992-1-1:2005, section 2.3.1.4). Couplers may be used to anchor
and/or join the tendons.

Resilience (from Latin resilere, of re = once more; back; salire = jump) the capability of a strained
body to recover its size and shape after deformation.

Robustness (from Latin robus, robur = oak, strength) the capacity of a structure to function also with
accidental or exceptional events.

Redundancy (from Latin redundere = to flow over, be in excess, from unda = wave) indicates that a
structure can carry loads also if one part is removed.

Abbreviations

CFRP Carbon Fibre Reinforced Polymers

CM Cover Meter

EIS Electrochemical Impedance Spectroscopy

ES Endoscope

GPR Ground Penetrating Radar, Georadar, Impulse radar
IE Impact Echo

IT Infrared Tomogreaphy

MFL Magnetic Flux Leakage

MMFM Permanent Magnet
MMFM Solenoid

NDT Non-destructive Testing

PM Potential Mapping

RPF Residual Prestressing Force

RT Radar Tomography

SASW Spectral Analysis of Surface Waves
SLS Service Limit State

ULS Ultimate Limit State

UPE Ultrasonic Pulse Echo

VI Visual inspections
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1 Introduction

1.1 Background

Civil infrastructure and structures are susceptible to different kinds of deterioration processes and de-
fects once built and used. Examples of damages these defects and deterioration processes might lead to
are cracking, bond loss, voids, reduction of cover layer, corrosion, delamination etc. which in the long
run, if nothing is done, leads to lowering of the performance level and eventually unsafe structures. This
necessitates methods to continuously assess the quality of structures in order to avoid problems that
might lead to shorter service life or reduction of structural integrity. With a proper and continuous as-
sessment of the state of a structure maintenance can be planned in advance and the structural safety can
be increased. The service life can also be increased if the structural integrity of a structure can be proven
to meet the requirements, saving both money and decreasing the environmental impact of the structure.

Communication between people and transportation of goods constitute for exchange of ideas and growth
in society. Without a well function and reliable infrastructure this would not be possible. Here our
bridges provide an essential part for our physical transports. The most used material in our bridges is
concrete, and more precise reinforced concrete, and for our large bridges, prestressed concrete. During
the last two to three decades more and more focus has been placed on the life of our bridge and ongoing
deterioration processes. Also considerably development regarding assessment and strengthening meth-
ods has been made during this time span. In addition, today we also have stronger calculation tools and
a better understanding of our existing bridges and their behavior — at least for RC bridges where existing
assessment and repair/strengthening methods is quite well understood. However, this is not the case with
our existing prestressed concrete bridges, despite the fact that these bridges are critical for transportation
and communication in our modern society. One large challenge with prestressed bridges is the possibil-
ity to assess the inner parts, i.e. ducts, anchorage and tendons, without creating damages. In the literature,
challenges and problems with prestressed concrete bridges has been shown. However, very few prob-
lems have been reported in Sweden, even though we have the same type of post-tensioning systems
installed. In addition our codes before the 70-ties allowed calcium chloride in the grout, and not until
the 80-ties thicker ducts was raised due to changed standards. This means that we potentially could have
problems we prestressed bridges built before 1980-ties. In Sweden we have approximately 2000 pre-
stressed concrete bridges and 400 of these are built before 1980. It is then of utmost importance that
these bridges are investigated more thoroughly. Most likely they are in good quality, but that has most
commonly been verified in visual inspections.

1.2 Objectives

International experience shows that today there are problems with prestressed concrete structures. We
do not have detailed knowledge regarding the depth of the problems since the bars, strands and wires
are protected by grout and also cast into the structure they are not easily visible for inspection. Add to
this that state of the are inspection methods (NDT or visual) are not accurate enough.

The overall objective regarding assessment of prestressed concrete structures is to work more proac-
tive so that the society can handle the situation in advance and handle undesired events without cata-
strophic and/or disturbing effect on society. At the same time work adaptive so future possible unde-
sired events are better considered.

The objective with this study is to investigate the Swedish situation in a wider perspective. This is
done by an initial study including compilation of post-stressed bridges and existing post-tensioning
systems. It will also investigate problems seen today as well as how today’s condition assessment is
done in Sweden. In this project the objectives are to decide

e the seriousness of the problem
¢ and, the extent of the problem



However, this has not been possible within this limited project, and in Chapter 9 we will discuss activi-
ties for the future actions.

1.3 Outline of a structure for future investigations

For prestressed concrete bridges the most important problems are summarized in Figure 1.1 together
with a proposed way of dealing with them through a joint research project. This report can be seen as
an initial State-of-Art in order to map the need for knowledge in the different main areas:

- Corrosion of strands wires and bars. This is a major problem as the reinforcement cannot easily
be observed and the prestressing of the concrete prevent it to crack so the structure may look
more sound than what it is

- Behavior in Serviceability and Ultimate Limit States (SLS) and (ULS). We need to learn what
the load-deflection diagram looks like for different levels of deterioration and how the stiff-
ness of the structures is changed.

- Monitor and inspection methods. There is a lot of development going on and the most relevant
and promising methods ought to be tested.

With a good background from these three kinds of investigations it would be possible to engage in
studies of the following three areas:

- Safety, Reliability and Robustness. How safe is an existing structure? Reliability based methods
can be used to find out the robustness of an existing structure

- Full scale tests to Calibrate Condition and Life Cycle Assessment methods. When an interesting
type of an old bridge is going to be demolished there is a good opportunity to check its real
condition by a full-scale test. This gives a chance to calibrate existing code models and numer-
ical methods.

- Repair and Strengthening methods ought to be developed and tested on structures.

Finally the results should be summarized to Maintenance Strategies for prestressed concrete bridges.

Planning
Initial study

'

4 N\
Corrosion of Behaviour in Monitoring &
strands, wires Serviceability & Ultimate Inspection
and bars Limit States Methods

.

$
-

Safety, Full Scale Tests to Repair &
Reliability & Calibrate Condition & Strengthening
Robustness Life Cycle Assessments Methods

.

¥

Maintenance
Strategies

Figure 1.1. Outline of a possible way to structure investigations in different areas which need to be ex-
plored for prestressed concrete structures. This report can be seen as an initial State-of-Art in order to
map the need for such investigations



1.4 Limitations

This state of the art has been a preliminary study regarding the research needs of prestressed concrete
bridges. However, during the work the study has grown, partly based on the interest of the authors but
also depending on the complicated nature of the topic studied. Nevertheless, with bounded resources the
study is limited in its description. For example we have not in detail investigated any of the Swedish
bridges, nor have we investigated the methods described in the report in laboratory tests or in field and,
in addition, despite the vast amount of literature studied, more detailed analyses is needed. In particular
studies of bridges built before the 80-ties.

1.5  Report structure

Chapter 1 gives a short introduction to the report and why it is important to further investigate pre-
stressed concrete bridges. In Chapter 1 we also present briefly a suggestion to a concept for further
studies and discuss the limitations with the study. In Chapter 2 we give a historical overview regarding
prestressed concrete bridges, their development, how prestressing works and their development over
time including changes in Swedish codes. Chapter 3 deals with deterioration processes in reinforced
concrete in general and in prestressed bridges in particular. Chapter 4 discusses prestressed concrete
bridges in Sweden, statistics and developments. In Chapter 5 general assessment procedures for concrete
structures is presented and in Chapter 6 a detailed description of NDT methods and their pro- and cons
are presented. Chapter 7 gives an insight of strengthening possibilities of prestressed bridges. In Chapter
8 we present proposals for future actions and finally in Chapter 9 we discuss some social economic
consequences if not measures are taken.






2 Development of prestressed concrete structures

2.1 Early development

Ever since concrete was started to be used by the Romans some 2000 years ago, the positive influence
of externally applied compressive stresses have been utilized to avoid cracking. Early examples are
arches and domes with mainly compressive stresses, which were balanced by forces from the abutments,
see Figure 2.1. The structures were not only made of concrete but — more often — of stones and brick.

sy

Figure 2.1. Load-bearing principle for an arch with mainly compressive stresses, www.wikimedia.org
and Nilsson (2014).

After the Roman Empire collapsed, use of concrete became rare until the technology was redeveloped
in the mid-18th century.

A great step forward in the modern use of concrete was Smeaton's Tower, built by the British engineer
John Smeaton in Devon, England, between 1756 and 1759. It pioneered the use of hydraulic lime in
concrete, using pebbles and powdered brick as aggregate, Davis (1924).

A industrialized method for producing cement was developed in England and patented by Joseph
Aspdin in 1824. It is a fine powder, produced by heating limestone and clay minerals in a kiln to form
clinker, grinding the clinker, and adding 2 to 3 percent of gypsum. Aspdin chose the name Portland
cement for the product for its similarity to Portland stone, which was quarried on the Isle of Portland
in Dorset, England. His son William continued developments into the 1840s, earning him recognition
for the development of "modern” Portland cement, Davis (1924).

Reinforced concrete was invented in 1849 by the French gardener Joseph Monier. He began making
concrete pots and tubs, but these were not stable enough. In order to strengthen the concrete contain-
ers, he experimented with embedded iron mesh and later on also built a small boat and a bridge. The
first house with reinforced concrete was built by Francois Coignet in 1853, Haegermann et al (1964).

Prestressed concrete may in some way be considered as a new material, the difference compared with
reinforced concrete being that the reinforcement in the latter is passive, i.e. it comes under load when
outside forces act on the structure, while in prestressed concrete the reinforcement is active, i.e. it is
tensioned before the loads of the structure will be receiving act (own weight, dead weight and traffic
loads), compressing the concrete so it never has tensions or, if it does, they will be small, Troyano
(2003). Tensioning of the reinforcement may be performed before concreting the elements, i.e. pre-
tensioning them, or put them under load after concreting the item, i.e. post-tensioning them. The termi-
nology used by the Euro codes will be used here.
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The process of prestressing consists in applying forces to the concrete structure by stressing ten-
dons relative to the concrete member. “Prestress” is used globally to name all the permanent ef-
fects of the prestressing process, which comprise internal forces in the sections and deformations of
the structure. (Eurocode 2, EN 1992-1-1:2005, section 1.5.2.4).

The prestress is applied by tendons made of high-strength steel (wires, strands or bars). Tendons
may be embedded in the concrete. They may be pre-tensioned and bonded or post-tensioned and
bonded or unbonded. Tendons may also be external to the structure with points of contact occur-
ring at deviators and anchorages. (Eurocode 2, EN 1992-1-1:2005, section 2.3.1.4). Couplers may
be used to join the tendons.

The action of a post-tensioned concrete beam is illustrated in Figure 2.2.

The basic idea of prestressed concrete - to tension the reinforcement and compress the concrete in order
to prevent cracking and to reduce deformations - appeared with more or less clarity almost at the same
time as reinforcement for concrete was started to be developed around 1850.

Tendon Without load
without tension

S|

With load
without tension

- —r
Without load

with tension

A A

Figure 2.2 Principle for the behavior under load of a concrete beam without and with post-tensioned
reinforcement, based on (Phoenix7777 - https://commons.wikimedia.org )

At the beginning of the 1860s, Armand Considére, a French builder, built a quay of granite blocks in-
terlocked by vertical prestressed bars in Finisterre in France. The bars were anchored by their thread and
a nut, a system that has been used in all attempts at prestressing bars and is still used in present-day bar
systems, Troyano (2003).

In 1888 Peter H Jackson registered a patent in the US on prestressing of a concrete floor using bars
anchored with nuts or wedges, Sanabra-Loewe & Capella-Lloera (2014), see Figure 2.3.
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Figure 2.3. Prestressed concrete floor by P. H. Jackson, U.S. Patent 375999 (1888), Sanabra-Loewe &
Capella-Lloera (2014),

Many patents for prestressed reinforcements followed, although they were not much used. One of the
fundamental problems was concrete shortening through shrinkage and creep. These deformations gave
rise to the loss of the stress in the reinforcement and, therefore, prestressing lost all its effectiveness.

2.2 Introduction of high strength steel

Eugéne Freyssinet in France started to use high-strength cold-drawn alloyed steel with a yield stress fy
> 800 MPa (as compared to fy =~ 250 MPa for ordinary reinforcement). The higher steel stress could
compensate the losses due to shrinkage and creep. He registered a patent in France 1928 and in other
countries shortly afterwards, Freyssinet (1950), Lacroix (2004), Troyano (2003), Shushkewich (2012).
He later introduced the Freyssinet system comprising a conical wedge anchor for 12-wire tendons, Go-
dart (2014), Troyano (2003), see Figure 2.4. Freyssinet also summarized the idea of prestressing in the
foreword to a book by Yves Guyon (1951): “This idea is of an extreme simplicity in its foundation, even
if it is not in the execution.”

Figure 2.4. Freyssinet anchor circa 1935 with twelve 7 mm diameter wires. From Troyano (2003).

2.3 After World War 11 to 1960

During World War 11 and thereafter, it became necessary to reconstruct in a prompt manner many of the
main bridges that were destroyed by war activities. Gustave Magnel of Ghent, Belgium, and Yves Guyon
of Paris, France, extensively developed and used the concept of prestressing for the design and construc-
tion of numerous bridges in western and central Europe, Magnel (1948), Guyon (1951). The Magnel
system used wedges to anchor the prestressing wires. They differed from the original Freyssinet wedges
in that they were flat in shape, accommodating the prestressing of two wires at a time. P. W. Abeles in
England introduced and developed the concept of partial prestressing between the 1930s and 1960s, see
e.g. Abeles & Bardhan-Roy (1981).



Fritz Leonhardt in Stuttgart designed several bridges and other structures and published a first version
of a text book in 1955, which was much use in Sweden, Leonhardt (1964). He has also published on
aesthetics of bridges, Leonhardt (1984). Ulrich Finsterwalder, developed the cantilever method of
construction using bars (Dywidag) that were successively connected to each other and pre-
stressed as cantilevers on both sides of a column (“freivorbau”). His Bendorf Bridge over the Rhine
at Koblenz, Germany, was completed in 1965 with thin piers and a centre span of 202 metres,
Figure 2.5. The double cantilevering method saved money through the absence of scaffolding in
the water and also by allowing for reduced girder depth and consequent reduction of material
where the ends of the deck meet in the centre. The resulting girder has the appearance of a very
shallow arch, elegant in profile

Figure 2.5. Free cantilevering bridge with a span of 202 m from 1962 by Ulrich Finsterwalder. Rhine
near Bendorf and Koblenz Photo by Holger Weinandt 2014, Wikipedia.

In 1952 the International Federation for Prestressing (FIP, Fédération Internationale de la Précontrainte)
was inaugurated at an international meeting held in Cambridge, England. In 1953 the European Com-
mittee for Concrete (CEB, Comité Européen du Béton) was founded, on an initiative of French contrac-
tors, by André Balency-Béarn (France), Louis Baes (Belgium), Emile Nennig (Luxembourg), Hubert
Risch (Germany), Euardo Torroja (Spain) and Georg Wastlund (Sweden). Both organizations start4e
to arrange conferences and publishing reports.

In 1953 the first codes for prestressed bridges were published in France, Godart (2014).

In Sweden the old concrete code from 1949 was still valid, SOU 1949:64 (1949).

2.4 From 1960 to 1980

During these decades the rules were refined with more detailed rules on material properties as steel
relaxation and friction, injection grout properties, and that concrete compressive stresses were to be
above zero (full prestressing). Accelerators as calcium chloride (CaCl,) was forbidden for concrete and
grout and steel properties were improved to reduce sensitivity for corrosion and fatigue.

In Sweden a handbook on design of prestressed concrete was published by Lorentsen (1963) as well as
chapters in general handbooks, Miillersdorf (1961), BYGG 9 (1966).
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2.5 From 1980 to 2010

The codes were further developed under influence of the first CEB-FIP Model Code (1978) and its
successor CEB-FIP Model Code (1990).

Calculations started to be performed in the Serviceability Limit State (SLS) and the Ultimate Limit State
(ULS) with use of partial safety factors y.

V. Mikhailov of Russia, and T. Y. Lin of the United States contributed to the art and science of the
design of prestressed concrete. Lin’s load-balancing method deserves particular mention in this regard,
as it considerably simplified the design process, particularly in continuous structures, see e.g. Lin &
Burn (1981). An influential American text book was published by Michael Collins and Denis Mitchell
in Toronto, Collins & Mitchell (1991). In Europe, Christian Menn in Switzerland also wrote well known
text book, Menn (1990). These twentieth-century developments have contributed to the extensive use
of prestressing throughout the world.

In 1998 the International Federation for Structural Concrete (fib) was formed by merger of the Euro-
International Committee for Concrete (CEB) and the International Federation for Pre-stressing (FIP).
fib has published a third version of the international model code, fib Model Code (2010) and has a web
page with all of its and its predecessor’s publication at https://www.fib-international.org.

During this period common Eurocodes were developed. The work has now resulted in 10 Eurocodes:
ECO to EC 9 (2005-2007), see Johnson (2009) for a critical overview of the process.

Swedish textbooks on prestressed bridges were published by Petersson & Sundquist (1997, 2001) and
Engstrom (2011). Hakan Sundquist also published a short history of teaching and research in bridge
building at the Royal Institute of Technology in Stockholm, KTH, Sundquist (2016). A lot of infor-
mation and references regarding the early development of bridge building in Sweden is given in Larsson
(1997) and Ahlberg & Spade (2001).

Today, prestressed concrete is used in buildings, underground structures, TV towers, floating storage
and offshore structures, power stations, nuclear reactor vessels, and numerous types of bridge systems
including segmental and cable-stayed bridges. The success in the development and construction of all
these landmark structures has been due in no small measure to the advances in the technology of mate-
rials, particularly prestressing steel, and the accumulated knowledge in estimating the short- and long-
term losses in the prestressing forces.

2.6 Swedish codes

A summary of the development of the Swedish codes is given in Table 2.1. Earlier summaries are given
in Bygginnovation (2010) and TRV Taglast (2010).

Before 1960 the old concrete code from 1949 was still valid, SOU 1949:64 (1949). For bridges there
were rules issued by the road and rail authorities (Kungliga Vag- och Vattenbyggnadsstyrelsen, KVVS,
and Kungliga Jarnvagsstyrelsen also called Statens Jarnvagar, SJ)

In the 1960ies a new series of codes for concrete was published B5 (1965), B6 (1968) and B7 (1968).
They were still based on allowable stresses.

In 1976 a new version was issued on the rules for bridges, VV (1976). It has formed the basis for many
later editions and modern traffic loads were introduced.

The first codes for concrete structures with limit states and partial coefficients were published in the
1970ies: BBK (1979) and BBK 94 (1994). They were followed by revised editions of handbooks, BHB-
K (1990), BHB-M (1994) and were also introduced in VV (1988) together higher demands on durability,
crack widths and design for fatigue. This was a major change in the way structures were designed.
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In 2002 classes for environmental exposure were introduced which resulted in higher demands on dura-
bility, concrete qualities and increased amount of surface reinforcement, BRO 2002 (2002). The risk for
concrete cracking due to temperature effects during the hardening process should be calculated and
actions during construction should be documented. The section on maintenance in earlier version was
moved to a separate code, ATB Bro-UH (2002).

In BRO 2004 (2004), the revised concrete code BBK 04 (2004) was introduced with new rules for design
for shear and fatigue in closer agreement with the Euro codes, which kept improving. The status of the
codes was changed to Handbooks. The Swedish version of the Eurocode 2-1-1 for concrete was issued
in 2008 and the version for concrete bridges in English in 2005, SS-EN 1992-2:2005.

Table 2.1 Development of Swedish Codes for Concrete Structures and Prestressed Concrete Bridges

Time | Concrete Structures Road Bridges Rail Bridges
1945- | Design based on allowable | Rules from the Royal Board | Rules from the Royal
1960 | stresses of the Roads and Waterways | Board of the Railroads
SOU 1949:64 (1949) (KVVS) (S9)
SJ Bro (1955)
1961- | B5 (1965), B6(1968), KVVS (1961, 1965)
1980 | B7(1968) VV (1969) Bronorm 69

VV (1976) Bronorm 76
Base for modern traffic loads

VV (1988) Bronorm 88

1981- | Serviceability and Ultimate | BRO 94 (1994) Jarnvéagsbronorm (1992)
2010 Limit States, SLS & ULS BRO 97 (1997) BV BRO (1995 - 2006)
ATB Bro-UH 2002 (2002). SS-EN 1992-2:2005
Eurocode 2, General rules TK Bro (2009) (2005)
?ZSO(I)ES’;I 1992-1-1:2005 TR Bro (2009)
SS-EN 1992-2:2005 (2005)
2011- | BBK 04 (2004) Almost annual revisions of Rules and Advice for Design,
Capacity assessment and Inspection, see e.g.
Further development of TRV Design Rules (2016)
Eurocodes

TRV Design Advice (2016)

TRV Capacity Rules (2016)

TRV Capacity Advice (2017)
TRV Inspection Rules (2018)
TRV Inspection Advice (2018)
Further development of Eurocodes

In Table 2.2 the development of design loads is summarized.
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Table 2.2 Traffic Loads on Bridges, von Olnhausen (1991), Coric et al. (2018).

Building year Axle load, kN Bogie load,  Gross load, kN  Iron Ore Railway Line,
kN Axle load, kN

Before 1931 20-60 - 40-120 140

1931-37 28-75 - 36-100 140

1937-44 45-80 100 70-150 140

1944-77 196* - 330-650 250

1977-88 210* 420*Y Ca 720* 250

1988-2009 210* 420*2 Ca 720* 300

2009- 270* 540%2 Ca 760* 325 (2018)

Notes: *includes dynamic amplification. Distance between bogies V2.5 m 1.5 m
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3 Corrosion and other deterioration processes — examples of failures

3.1 General

Many of the prestressed concrete bridges designed after the Second World War, now have come to an
age where their condition and safety have to be checked. Most of them are in good shape and show quite
a high capacity when tested to failure. In Kiruna, in Northern Sweden, a 55-year-old bridge was going
to be torn down due to ground settlements caused by mining. The bridge was before its demolition tested
to failure and obtained a ductile bending-shear failure at a load more than twice the one predicted with
the Euro codes, Bagge (2017), Bagge et al. (2017, 2018a, b), Elfgren et al. (2015). It will be further
discussed in Appendix B.

However, besides ordinary concrete deterioration there is also a severe risk for corrosion and/or fatigue
of the post-stressing reinforcement. There have been accidents, which have shown critical points in
design and construction. A few of them are presented below but first a short introduction to corrosion
will be given.

The corrosion of structural steel is an electrochemical process that requires the simultaneous presence
of moisture and oxygen. Essentially, the iron in the steel is oxidised to produce rust, which occupies
approximately six times the volume of the original material. The rate at which the corrosion process
progresses depends on a number of factors, but principally on the 'micro-climate’ immediately surround-
ing the structure, Sederholm (2006), Steel Construction (2019). The corrosion of steel can be considered
as an electrochemical process that occurs in stages, see Figure 3.1. Initial attack occurs at anodic areas
on the surface, where ferrous ions go into solution. Electrons are released from the anode and move
through the metallic structure to the adjacent cathodic sites on the surface, where they combine with
oxygen and water to form hydroxyl ions. These react with the ferrous ions from the anode to produce
ferrous hydroxide, which itself is further oxidised in air to produce hydrated ferric oxide (i.e. red rust).

Anode
Fe,O,.nH,0

(rust)

‘\L

nH,O (water) % .- o
S 20H7/4H- O:ioxygen
fe from the air)

Cathode
Fe (iron metal)

Figure 3.1 Corrosion principle. At the anode the iron loses electrons: Fe — Fe?* + 2e” and at the cathode
the oxygen absorbs the electrons: O, + 4e" + 2H.O — 40OH". The ferrous ions then react with the hy-
droxyl ions: Fe** + 20H" — Fe(OH). and the ferrous hydroxide forms together with oxygen hydrated
ferric oxide (rust): 4Fe(OH);+ O, — 2Fe;03 + 4H,0. From Total Materia (2011)

A graphical representation of the thermodynamically stable regions of an aqueous electrochemical sys-
tem for different potential and pH combinations for iron is illustrated in Figure 3.2 in a so called Pour-
baix diagram, Pourbaix (1973), Berrocal (2017). In it three different thermodynamic corrosion regions
can be identified: an immunity region, a passivity region and an active corrosion region From the dia-
gram in Figure 3.2 it can be observed that at very low potentials, the steel is in the immunity region,
which means that corrosion is not thermodynamically favored. When potentials increase, for very high
pH values, as is the case with the pore solution of concrete, the steel is in the passivity region. This
means that under high alkalinity conditions, a very thin, dense and stable iron-oxide film is formed on
the surface of the steel. This film, often referred to as the passive layer, greatly reduces the ion mobility
between the steel and surrounding concrete; thus, the rate of corrosion drastically drops and becomes
negligible.
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Therefore, under most conditions, well designed and executed reinforced concrete structures will present
good durability as the concrete provides protection against corrosion of the reinforcing steel, Berrocal
(2017). However, for lower pH values and higher potentials corrosion takes place.
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Figure 3.2. Corrosivity for iron, Fe, in water at 25°C for different potential and pH combinations.
Pourbaix (1973), Berrocal (2017).

The rate of corrosion will be augmented if the steel is subjected to tensile stresses. This is called stress
corrosion and can lead to sudden failure of normally ductile metals subjected to a tensile stress, espe-
cially at elevated temperatures. The tensile stresses will lead to the growth of crack formation in a cor-
rosive environment. This is called stress corrosion cracking, SCC, and has been a problem for early
qualities of pipes and prestressing steels, FIP (1980), Davis (2000), Nurnberger (2002), Roth (2004),
CEPA (2007).

Another problem is hydrogen embrittlement which is the process by which hydride-forming metal
alloys such as titanium, vanadium, zirconium, tantalum, and niobium become brittle and fracture due to
the introduction and subsequent diffusion of hydrogen into the metal. When assisted by a concentration
gradient where there is significantly more hydrogen outside the metal than inside, hydrogen diffusion
can occur even at normal temperatures. These individual hydrogen atoms within the metal gradually
recombine to form hydrogen molecules, creating pressure from within the metal. This pressure can in-
crease to levels where the metal has reduced ductility, toughness, and tensile strength, up to the point
where it cracks open (hydrogen-induced cracking, or HIC), Ghasemi (2011), Recio et al. (2013).

Corrosion also reduces the fatigue capacity of a metal, so called corrosion fatigue, Davis (2000), Kiihn
et al (2008). ACI 222.2R-14 (2014).

Prestressing steel is often more sensitive to corrosion than reinforcement steel bars. This is because the
diameter of the tendons is mostly relatively small and high-grade steel is more susceptible to corrosion
compared to ordinary reinforcement steel. Even a small uniform corrosive layer or a corroded spot can
substantially reduce the cross-sectional area of the steel. The exposition of unprotected steels to the
environments, even for a few months, can produce a reduction of mechanical properties but also in the
fatigue life. If unbonded tendons are used, they must be protected by anti-corrosive material such as
asphalt, grease, oil or a combination of grease and plastic tubing, Nordin (2005)
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3.2 Fatigue in cable couplers in 1977.

The use of cable couplers in construction joints of prestressed concrete bridges in order to transfer the
prestressing force is a normal practice. In a study in Germany, damage was observed in some 1200 out
of 2200 examined bridges, many in the form of a zone of cracking close to the coupling sections. Among
other things, these cracks gave rise to an increased stress range in the tendons and a fatigue failure of a
construction joint with a cable coupler was observed in a ten-year-old bridge in Heerdter Dreieck in
Dusseldorf in 1977, see Figure 3.3, fib Bull 26 (2003). Two separate prestressed concrete bridges
formed a flyover at the Heerdter crossing. The bridge decks were cast in place as continuous single-
hollow-core girders. As the longitudinal prestressing, single smooth tendons made of 26mm diameter
bar of steel grade St 850/1050 (yield stress fy = 850 MPa, ultimate strength f, = 1050 MPa) were used.
At section joints the tendons were coupled with threaded connections using sleeve couplers.

In 1976 on one of the bridges fly overs (built in 1956), increased crack widths were clearly

visible in the bottonl plate at several coupling joints in the curved region. Fine cracks (w < 0,2

mm), which had been detected earlier increased in widths up to 2 mm. Gamma-ray inspection
confirmed that brittle fracture of the tendons in the lowest parts of the web was the reason for the cracks,
Pfohl (1979), Kordina (1981),

bars

I I T I Y

| n

coupling joint

En |T —-3—4/‘ T

fracture in
—— prestressing
steel

—— fracture
of concrete

inner curve outer curve

Figure 3.3. Location of Dywidag ¢$26 mm prestressing tendons and adaptors and development of frac-
ture in the area of the coupling joint in Heerdter Dreieck.in Dusseldorf 1977. fib Bull 26 (2003).

A study of fatigue of cable couplers was subsequently initiated by the Swedish Road Administration,
see Figure 3.4, Emborg et al. (1981), Emborg (1988). It was found that beams with couplers only could
carry 10 to 15 % of number of load cycles for a beam without couplers. The following proposals were
made:

(a) improve the design of the coupling units to avoid stress concentrations,
(b) avoid concrete tensile strains in the coupling area by better analysis, and

(c) introduce non-tensioned reinforcement in the coupling area to reduce cracking.
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Figure 3.4. Cable couplers of standard type tested in fatigue: (a) VSL 3¢13 mm; (b) BBRV 6¢12 mm;
(c) Freyssinet 6613 mm (here used with only 3 strands). The arrows indicate fatigue failure. From Em-
borg (1988).

3.3 Corrosion failure of precast prestressed bridges in 1985 and 2014

A 32-year-old bridge collapsed 1985 in Ynys-y-Gwas, Wales, due to corrosion in the pretensioned ca-
bles. The bridge consisted of nine 18,3 m long prefab beams each one consisting of 8 elements (2,41m),
see Figures 3.5 and 3.6. Prestressed concrete bridges were then prevented in the UK until 1992, Wood-
ward & Williams (1988), Woodward (1989).

Another failure took place in Sicily in 2014, when a 30 years old bridge with a single span of 30 m
carried by prefabricated prestressed I-beams collapsed due to chloride induced corrosion of the strands,
Collapse was determined by the breakage of the tendons and the wires inside the tendons appeared
completely rusted, Figure 3.7., Anania et al (2018).
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FIGURE 1 Cross section of Ynys-y-Gwas bridge (1953-85),

Figure 3.5. Cross-section of bridge in Wales which collapsed in 1985. Woodward (1989)
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Figure 3.6. Collapse of bridge in Wales 1985. Woodward (1989).

Figure 3.7. Mid-span fracture of prefabricated prestressed beams in Sicily in 2014, Anania et al (2018).

3.4 Collapse of cables encased in prestressed concrete in 2018

The failure of one of the three towers of the 40-year-old bridge over Polcevera River in Genoa, Italy, in
August 2018 has been much discussed, Figure 3.8. The cause seems to be corrosion combined with
fatigue of a bearing cable stay supposed to be protected by a cover of prestressed concrete, Figure 3.9.
However, the concrete had cracked and the cable stays in the other two towers had been strengthened
already in the 1990ies, Camomilla (1995), Malerba (2010), Calvi et al. (2018).
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Figure 3.8. The Polcevera bridge in Genoa, Italy, from 1967, designed by Ricardo Morandi, partly col-
lapsed on August 14, 2018. A cable stay broke in the tower to the left in the picture, probably due to
corrosion and fatigue caused by cracks in the prestressed concrete supposed to protect it, see Figure 3.9.
Photo by Davide Papalini, https://commons.wikimedia.org/w/index.php?curid=11542499

—— 11— 16 cables with 16 strands
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0O 9 O.O O.O @ | — 28 post tensioned cables

® ® with 4 strands $12,5 mm
°0%0bo% ¢

e O00000 o
® o ¢ o ©

Figure 3.9. Detail of the concrete encased cable stays (0,98 x 1,22 m) in the Morandi (Polcevera) bridge
in Italy. The outer small red circles mark 28 post-tensioned cables consisting of 4 strands ¢12,5 mm in
#35 mm ducts. Each strand consists of 7 wires ¢4 mm. The cables were used to apply a compressive
stress of originally oz = - 8.7 MPa on the concrete. However, at maximum live load it turned into a
tensile stress of oc = 1.6 MPa, enough to crack the concrete and start corrosion in the cables. Creep and
shrinkage of the concrete widened the cracks during the years. The ¢35 mm ducts are quite narrow
making it hard to inject them to protect the cables. This may have resulted in voids facilitating the cor-
rosion. Modified from Calvi et al. (2018).
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3.5 General deterioration of concrete

General information on concrete and concrete deterioration is presented in e.g. BHB-K (1980), BHB-M
(1994, 2018)) and fib Model Code (2010).

Cracks in concrete can be caused by drying shrinkage, thermal expansion, freeze thaw cycling and
chemical reactions. It can also be caused by mechanical processes such as fatigue or overloading. A
surface crack can be a significant indication of defects in the structure that might lead to failure or loss
of structural integrity. Related to cracks, delamination can be discussed, which often are corrosion-in-
duced and appears as horizontally cracked layers often 5-15 cm below the concrete surface. Eventually
delamination can cause spalling severely reducing the durability of the structure. In this case detection
of corrosion would be helpful to prolong the service life. (Al-Neshawy, et al., 2016)

One common defect for post-tensioned concrete bridges is lack of grout in the post-tensioned ducts. If
the tendon duct lacks grout it might initiate corrosion, leading to a “brittle” failure mode. It is therefore
crucial to identify possible un-grouted sections. By finding the tendon ducts and possible voids, for
example by an appropriate NDT (Non-Destructive Testing) method, and then drilling down, an endo-
scope can be used to find possible corrosion in these voids (International atomic energy agency, 2002),
see Chapter 6.

The process with time can be divided in three phases, an initial phase, a more or less steadily progressing
phase and a final accelerating failure phase, see e.g. SB-D3.4 (2007), SB-ICA (2007), SB-LRA (2007).

In Al-Neshawy, et al. (2016) three major deterioration phases during the service life of concrete struc-
tures are established. Figure 3.10 shows these phases with some additional information.
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Figure 3.10 General deterioration phases for a concrete structure, based on Al-Neshawy et. al.,(2016)
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The first phase occurs after construction, the structure already starts to deteriorate, but before any cor-
rosion initiation. The second phase is the period between corrosion initiation and crack formation and
the third phase is given by the period after crack formation and the final structural failure of the structure.

During the three phases, in general, different methods of non-destructive testing is used. For the first
phase, the methods should be able to evaluate the execution details of the construction, such as its quality
and homogeneity. If defects are discovered during this phase, it might be possible to avoid large repair
costs during the latter part of a structures service life. NDT-methods used for this phase should detect
honeycombs, measuring carbonation depth, chloride content, concrete cover and concrete quality.

The second phase is about monitoring the structure during operation. Visual inspections can only detect
defects visible from the surface and the inside of the structure is difficult to assess. NDT-methods should
hence give information about the inside of the structure, such as detection of cavities and air voids.

The third phase requires methods that can assess the cracking of the structure, delamination, corrosion
and reinforcement placing. (Al-Neshawy, et al., 2016)
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4 Prestressed bridges in Sweden

4.1 Behaviour and problems with prestressed bridges in general

The global behavior of post-stressed bridges is an important question. This is also pointed out in the
concept in chapter 1. In the SLS post-stressed bridges acts linear. This is shown when real bridges have
been tested and is an important input for future work with post-stressed bridges. Examples of this is
presented in appendix A. Also real tests show that most bridges types have a quite large hidden capacity.
The question to be answered is what happens with the behaviour when corrosion causes loss of com-
pressive forces? Therefore to check the behavior is one way to take control over the situation.

The behavior also varies with different types of bridges. Therefore, this study looks at the most common
and important bridge types in Sweden. Only a few types have been looked at due to the limited material
we have had available.

Important construction improvements were introduced in the end of the seventies. This was also the
situation in Sweden and reflected in Swedish codes and documents from the time. Example of this is
that chlorides were abandoned, clearer rules regarding grouting and better ducts were introduced. How-
ever, negligence and mistakes in production fade out after some years and not directly. Due to this we
recommend to investigate bridges built before 1980 in a first step.

Only four post-tensioning systems was allowed in Sweden at this time. These allowed post-tensioning
systems were also the most common in Europe. Thus, international reports and papers have been a very
relevant input to this study.

4.2  Prestressed bridges in Sweden

Generally Swedish bridges are built with good quality. They are also well maintained. All bridges are
documented in a bridge management system named BaTMan. Due to this it is quite easy to get a rough
picture of the situation.

Trafikverket only pays attention to prestressed bridges when visible cracks or damages have been seen
during normal inspections. Very few in-depth inspections have been carried out.

Since it is a huge work to go through all documents in BaTMan, a first step was to look at all prestressed
bridges and sort out the most common bridge types. From these main types, representative examples
were chosen. It was also important to choose bridges with different post-tensioning systems.

These bridges was than studied more in detail see appendix C. See also limitations in previous chapter.

4.3  Bridge statistics from Trafikverket

The Swedish prestressed bridge stock is reported by Trafikverket, in the bridge management system
BaTMan, see Table 4.1 and 4.2. Thera are totally 1686 prestressed bridges. These bridges represent the
majority of prestressed bridges in Sweden. There are still more prestressed bridges managed by other
owners, for example Stockholm municipality and other cities. So totally a rough estimation gives ap-
proximately 2000.
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Table 4.1 Prestressed bridges managed by Trafikverket (BaTMan)

Total length, Total length, av- Length total
Number .
median [m] erage, [m] [km]
Road Bridges 1364 62 96 131
Rail Bridges 308 59 111 34
Pedestrian Bridges 14 45 50 0.7

Table 4.2 Age distribution of prestressed bridges managed by Trafikverket, (BaTMan)

Opening year | -1929 | 30-39 | 40-49 | 50-59 | 60-69 | 70-79 | 80-89 | 90-99 | 2000-
Road Bridges 4 3 3 23 131 173 143 279 605
Rail Bridges 28 7 1 5 26 39 31 93 78
Pedestrian

Bridges 1 2 S 6
Total 32 10 4 28 158 214 174 377 689

Table 4.2 maybe misleading since the post-tensioning technique was developed after the Second World
War. The Swedish bridge management system is organized based on the substructure and not the super-
structure. This means that old substructures have a new superstructure built on the old abutments. This
is especially common for railway bridges since old stone abutments often are of very good quality and
the replacement can be carried out in a short timeslot. By doing this you also carry out bridge replace-
ment more cost efficient since you don’t have to construct a new line. In Figure 4.1 the data from Table
4.2 is shown for clarity in a bar chart.
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Figure 4.1 Age distribution and number of prestressed concrete bridges in the bridge stock of

Trafikve

rket (BaTMan)
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Age is also important since the codes and the equipment in the beginning (50-70) had teething troubles.
For example, chlorides in grouting was forbidden from 1968 and the old ducts was replaced by thicker
ducts about 1978. Another important factor is that negligence and mistakes in production sometimes
start to occur after some years and not directly. This means that there is a not negligible risk that quite
a large number of bridges can have corrosion problems.

A first step was to look at all prestressed bridges and sort out the most common post-stressed bridge
types. From these main types, some representative examples were chosen, see appendix C. These bridges
were than studied in more detail with focus on used post-stressing system. All chosen bridges were built
before 1980. See limitations in previous chapter.

4.4  Bridge Types

The most common prestressed bridge types in Sweden are given in in Table 4.3 below.

Table 4.3 Number of different bridge types (BaTMan)

Bridge type Number
Beam Bridges 1050
Box girder Bridges 350
Slab Bridges 200
Trough Bridges 80

In BaTMan, a lot of bridges are not correctly defined, so the numbers above are somewhat approximate
but they give a rough estimation, which is sufficient for this report. In appendix A some examples of
bridge types except slab bridges have been looked at.

4.4.1 Beam bridges:

The most important result from the failure tests in Kiruna is that a normal prestressed beam bridge
showed a ductile failure and a linear behaviour far over the design load. The test also showed good
conformity with used FEM-programs. The Kiruna Bridge represents a normal, well-maintained Swedish
bridge.

The bridge in Marma does not show any sign of problems caused by post-tensioning from the last in-
spection done October 2015.

Furtherer investigations have to be carried out in order to see how general this statement is for beam
bridges.

4.4.2 Box girder bridges:

Three brides were examined. The first was the Abisko Bridge, a railway bridge on the Iron Ore Line
Luled — Gallivare - Kiruna - Narvik. Here cracks were found. These cracks were not severe but an
understanding of their causes would be desirable

Cracks in post-tensioned bridges must be better understood. Assessment calculations parallel to moni-
toring campaigns are recommended.

The second bridge was the Olands Bridge. Here we looked at the result from the test-load in 1972 which
showed a clear linear behavior in the Serviceability Limit Stage, SLS.
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Also a special cable inspection has been carried out using endoscope and a thermograph-camera. The
value of this should be studied.

The third bridge was Angeredsbron in Gothenburg. Here two different post-tensioning systems were
used. The bridge was test-loaded in 1978 and it showed a clearly linear behavior for loads within 60%
of the design load. There were some problems with the post-tensioning during construction but only
some minor remarks were made in the inspection documents, so a more in-depth inspection should be
carried

4.4.3 Trough bridges:

Two bridges were examined. The first was a railway bridge over E18 in Enkdping. According to the
inspection and other material, there are several cracks that can be related to the post-tensioning system.

The second bridge was in Ornskéldsvik and was demolished in 2005. A report, Sederhoim (2006), also
summarized in SB D7-3 (2008), showed corrosion problems on wires and a high content of chlorides.
This shows that more tests on post-tensioned cables should be carried out.

4.5  Used post-tensioning systems in Sweden

Table 4.4 below shows the allowed post-tensioning systems in Bronorm (1978). They correspond quite
well with Brobyggnadsanvisningar (1968).

There are just the four systems: BBRV, Freyssinet, VSL and Dywidag that were allowed at this time.
However, the size of the units must fit to the dimension of the bridge. This meant in praxis that only
few units were used. These most common prestressing units are marked in red in the table. This fact will
facilitate the coming work. In the beginning bars and strands was dominating with systems like
Dywidag, BBRV and Freyssinet. Today wires are dominating with a market share of about 75%.

Table 4.4 Data for different prestressing systems

System Prestressing unit Steel Load Dim. for Minimum Minimum dis- Move- Inner Distance Concrete compres-
quality at fail- anchor distance folr tance from ment at diame- betweer_1 sive strength at pre-
fo./f; ure pll)elne or anchorage edge to centezr anchor- ter for support in stressing, minimum
lock of anchorage’ age duct form
[MPa] [kN] [mm] [mm] [mm] [mm] [mm] [m] [MPa]
BBRV Wires 12 ¢ 6 1520/1770 600 140x140 190 (160) 100 1,0 30 <08 28
Wires 22 ¢ 6 1520/1770 1100 200x200 250 (220) 135 1,0 40 <1,0 28
Wires 32 ¢ 6 1520/1770 1600 220x220 305 (270) 165 1,0 50 <12 28
Wires 44 ¢ 6 1520/1770 2200 260x260 350 190 1,0 60 1,2-15 28
Freyssinet | Wires12¢ 5 1470/1670 390 ¢ 100 155 (120) 90 3,0 30 <08 28
Wires 12 ¢ 5 1470/1670 745 ¢ 120 215 (150) 110 50 40 <10 32
Wires 12 ¢ 5 1320/1570 940 ¢ 150 240 (180) 125 6,0 42 <1,0 32
Tendon 12 ¢ 12.7° 1670/1860 2200 260x270 350 190 8,0 60 1,2-15 28
VSL Tendon 3 ¢ 13 1560/1830 550 140x140 190 (160) 100 4,0 41 <1,0 28
Tendon 7 ¢ 13 1560/1830 1285 210x210 290 (250) 155 4,0 50 <12 28
Tendon 12 ¢ 13 1560/1830 2200 240x270 350 190 4,0 60 12-15 28
Tendon 3 ¢ %2’ Dy* 1670/1860 625 140x140 190 (160) 100 4,0 41 <1,0 28
Tendon 7 ¢ %’’Dy* 1670/1860 1460 210x210 300 (260) 160 4,0 50 <12 28
Dywidag Bar1¢ 265 830/1030 520 130x130 180 (160) 90 0,5 32 1,8-2,5 28
Bar 1 ¢ 32 830/1030 785 ¢ 170 220 (210) 110 0,5 38 1,8-25

1. The value in () is valid for anchorage in one layer or most two anchorage in several layers
2. Assume that for respectively system demands are fulfilled

3. Due to ASTM-A 416-68 Grade 270

4. Dyform due to British Ropes Limited internal standard

5. This data is also valid for the known as the SH-system ¢ 26

In the literature from Germany (Haveresch 2000) and France (Godart 2014) it is shown that some parts
are more critical. This means that these parts shall be looked at in more in detail. Examples on this are
marked with red in figure 4.2. Components of the systems have earlier been discussed in Chapter 3.
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Figure 4.2. Example of critical points in wires in a post-stressed beam with anchors, ducts, drains and
ventilation (VSL 1975)

4.6  Investigation approach

In order to answer the question how serious and extended the problem is, a structured approach is a
necessity, e.g. in the following way:

o Sort the bridges into bridge types since the different types act in a similarl way in SLS and ULS.
Only quite a few types are used.

o From literature and codes it is clear that the bridges built before 1980 are the most critical ones..
As a first step these bridges should be looked into

o There are three (or four) post-tensioning systems being used in Sweden and among them, there
are just a few different varieties . This means that the work can be concentrated to the critical
parts of these few post-tensioning components.

¢ In order to enhance the knowledge about the status of prestressed bridges, monitoring and inspec-
tion technigques ought to be tested on such bridges that are planned to be decommissioned, re-
placed or destroyed.
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5  Safety and condition assessment of prestressed bridges

5.1  Safety

Today’s methods for safety estimates are often based on codes, which are written for the design of new
structures, e.g. the Eurocodes, ECO — EC9 (2000-2009). Now work is going on to implement, revise
and harmonize them, see e.g. EC Handbook 1-4 (2004, 2005) and JRC Bridge Examples (2012).

The philosophy for safety considerations are illustrated in Figure 5.1 where frequency functions are
given for resistance fr(r), load action fs(s) (from French sollicitation) and the safety margin fu(m), being
the difference (M) between the resistance (R) and the load action (S). Notation and Figure 3.1 are from
an excellent introduction to the safety concept by Schneider & Vrouwenvelder (2017). In Figure 3.1 an
example is given of e.g. a bridge deck with a mean value of the bending moment capacity yr =15 MNm,
a mean value of the load action ps=9 MNm, giving the mean value of the safety margin to um = pr -
us = 15 - 9 = 6 MNm. If the frequency functions are assumed to be normally distributed with an area
under the functions to be 1 (MNm) we may calculate the probability of failure. We need to know the
standard variations ¢ of the resistance and the load. If we assume them to be or = 2 for the resistance
and os = 3 for the load action we will obtain that the standard variation for the margin will be om= (cgr?
+05%)%°% = (22 + 3%)%% = (13)%5 = 3,61. We may then calculate how many (B) standard variations owm that
separate the mean value um from m = 0, thatis p=pm/om=6/ 3,61 = 1,66.

fr(r) I~ Os OR =\ R
fs(s) S
0 OM | s HR £
fv(m) L B oM }
Pr M
| m
o Bom Ling

Figure 5.1. Frequency functions fr(r), fs(s) and fu(m) for resistance (R), load effect (French: sollicita-
tion) (S) and safety margin (M = R — S) as functions of the resistance (r), the load (s) and the margin
(m). For the bending capacity of a bridge slab we may assume the mean value of the resistance to be g
=15 (MNm), of the load to be pus = 9 and then the margin will be um = pr - ps = 15 - 9 = 6. We further
assume the standard variations to be or = 2, s = 3 and then, if the frequencies are supposed to be
normally distributed with the areas under the curves to be 1, then om= (or?+ 652)%° = (22 + 3%)%5 = (13)°°
= 3,61. The safety margin can be expressed as the number [ of standard variations from pmto or m =0,
that is um = B+ owm. In our case we will have the reliability factor = pum/ om=6/3,61 = 1,66. For a
normal distribution this means that the probability of failure (the area under the fm(m)-curve to the left
of m =0) will be pr= 0,049 or 4,9 % . Modified from Schneider & Vrouwenvelder (2017).

From a table for normal distributions we will find that for a reliability factor B = 1,66, the safety will be
p: = 0,049 or 4,9 % which is about one failure out of 20 bridge decks, which is mostly too low a safety
to be tolerated. The probability as a function of f is given in Table 5.1
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Table 5.1. Reliability factors B and corresponding probabilities ps

B |0 1 1,3 2 2,3 3 3,1 3,7

pr| 0,5 0,1587 0,1 0,02275 0,01 0,00135 0,001 0,0001

p |4 4,2 4,7 5 52 6 7 8

pr | 3,167E-5 | E-5 E-6 2,867E-7 | E-7 9,866E-10 | 1,280E-12 | 6,221E-16

When building a new structure there are uncertainties regarding geometry, material properties, construc-
tion quality and loads. These uncertainties can be balanced by a reasonable safety margin in partial
coefficients (y), special load factors for railways (o) and reliability indices (5). The partial coefficients
are safety factors used for loads and material properties, the a-factor adjusts for rail traffic that is heavier
or lighter than normal traffic and the reliability indices indicate the internationally accepted probability
of failure. The (a-factor) is used to meet todays planned situation and future needs. Typical partial co-
efficients in the Eurocodes for permanent loads are ys = 1.35 and for live loads yo = 1.50. For structural
material properties, typical values of the partial coefficients are y. = 1.50 for concrete and ys = 1.10 for
structural steel, see e.g. EC Handbook 1 (2004). The rail traffic a-factors may vary between 0.75 and
1.46 with o = 1.33 recommended on lines for freight traffic and international lines, UIC 702 (2003). A
probability of failure of 1 in 100 hundred, pr = 0.01, corresponds to a reliability index 8 = 2.3, a proba-
bility pr = 10 corresponds to A= 4.2, a probability pr = 10°° corresponds to = 4.7 and a probability ps
= 107 corresponds to 8 = 5.2 see Table 3.1, EC Handbook 2 (2005) and Schneider & Vrouwenvelder
(2017).

The Eurocodes indicate target reliability indices in relation to three classes of consequences (high, nor-
mal and low) and two reference periods T (1 and 50 years). For a failure with low consequences (e.g. a
greenhouse) during a period of T = 1 year the recommended reliability index is B = 4,2 corresponding
to a failure probability of Ps=0.00001 (1 in 100 000) and for T = 50 years the recommended reliability
index is B = 3.3 corresponding to a failure probability of P; = 0.0005 (5 in 10 000). For a failure with
high consequences (e.g. a bridge) during a period of T = 1 year the recommended reliability index is f8
= 5.2 corresponding to a failure probability of Ps= 107 (1 in 10 millions). If the period is increased to T
= 50 years, this increases the failure probability to Ps = 5- 10 (5 in 1 000 000) with g =4.3 or for T =
100 years, this increases the failure probability to Ps= 10" (1 in 100 000) with p = 4.2.

As a comparison, the risk of death for a person during one year varies with where the person is living
and what he/she is occupied with and it changes during the lifetime. In Sweden the death probability
during one year (T=1) for a 1 year old child is Ps=0.00012 (1.2 in 10000); for a 40 year old person it is
Ps = 0,001 (1 in 1000); for a 60 year old person it is Ps = 0.01 (I in 100); and for a 100 year old person
itis Pr=0.36 (1 in 3). The death rate due to accidents and suicide is about P = 0.001, SCB (2007). The
acceptable individual risk of death during a year due to an accident caused by a structural failure is in
JRC Assessment (2015) proposed to be P = 10 which is about 1 % of the general risk for death due to
accident and suicide given above for Sweden. An assessment of existing structures may be necessary
when the reliability of a structure is questioned, alterations to the structural system are needed, or by
requirements from authorities. This assessment can be performed by applying the same rules as for
design of new structures. This will, however, in many cases show insufficient reliability. As pointed out
in Vrouwenvelder and Scholten (2010), the safety assessment of an existing structure differs from that
of a new one in several aspects. The main differences are:

e Increasing the safety level is usually more costly for an existing structure than during the
design phase of a new.

e The remaining lifetime of an existing structure is typically less than the expected lifetime
of new structures, thus the exceedance probability of certain load levels might be different.

e For an existing structure, inspections and measurements may be used to reduce uncertain-
ties.
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When assessing the capacity of an existing structure many of the uncertainties that are present when
building a new structure can be resolved. The codes for assessment therefore do not need to have the
same high partial coefficients y , a-factors or reliability indices B, see e.g. SB-LRF (2007), ML-D1.2
(2013) and JRC Assessment (2015). In addition, standard dynamic amplification factors for the influ-
ence of dynamic loads may be reduced after a study of a structure. Thus, there is a need for special codes
for assessment and upgrading of existing structures.

An early example of such codes was the Swedish BV Barighet (1996). Example of applications of the
reliability methods are given in Nilsson et al. (1999), Enochsson et al. (2002) The code has been updated
several times and is presently divided in two parts, one with requirements TRV Capacity Rules (2017)
and one with recommendations TRV Capacity Advice (2017). According to TRV Capacity Rules (2017)
for assessment of bridges the p-value for T = 1 year may be reduced from 5,2 (1 in 10 000 000) to 4,7.
(1in 1 000 000).

5.2 Condition assessment in general

Concrete structures constitute a great value of today’s society. They form a great part of the infrastruc-
ture, underpinning the social, industrial and economic well-being for the community. However, concrete
structures are deteriorating due to aggressive actions such as corrosion, frost, abrasion, chemical action
etc. Decisions how to maintenance, repair, strengthen of replace are required over its lifespan. To make
this most efficient from a client and cost perspective guiding principles should be followed. In figure
5.1 general principles for maintenance, repair and strengthening of concrete structures is presented (1SO
16311-1, 2014). Figure 5.2 consist of four important parts. Part 1: General principles which relates to
the performance of the structure, where performance refer to structural safety (load carrying capacity),
serviceability, appearance (aesthetics) or mitigation of for example falling debris due to lack of mainte-
nance. In figure 5.3 the performance of a structure over time is presented in more detail.

MAINTENANCE, REPAIR AND UPGRADING OF CONCRETE STRUCTURES

Part 1: General principles
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Figure 5.2 General principles for maintenance, repair and upgrading, based on (1SO 16311-1, 2014)

The structure always has an initial performance and often safety sets the lowest performance/require-
ment on the structure. In figure 5.2 it has been assumed that an assessment is carried out and that this
assessment shows a faster degradation curve than anticipated at the design stage. There could then be
different strategies for repair.
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In scenario A, a minor repair is carried out, either as a short term repair or at two different intervals
prolonging the structures life to its original planned life span. In scenario B, a large repair is carried out,
lifting the performance to its original level and giving the structure a longer life span and finally in
scenario C, the performance is improved as well as the lift of the structure.
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Figure 5.3 Performance of structure, based on (1SO 16311-1, 2014)

Part 2 in figure 5.2 cover assessment of existing structures, see figure 5.4 (ISO 16311-2, 2014). Assess-
ment of a concrete structure identifies and defines areas of distress, and verifies structural performance
based on the evaluated condition of the structure. The objectives of the assessment of an existing struc-
ture regarding operation and future performance shall be specified together with the client. The objec-
tives should be based on e.g.; risk and safety aspects and chosen safety level; continued function, per-
formance and capacity level and the client individual requirements on performance. A scenario is a
change in the structural performance. This should be specified before the assessment begins based on
lifespan (actual and expected). A scenario can be; corrosion, mechanical damage, chemical or physical
actions. These scenarios are then verified or excluded during the assessment. The scenarios should be
continuously controlled to meet; critical situations for the structure considering structural integrity and
performance; amendments in the primary assessment that could not have been foreseen but arose during
the actual assessment; the client individual requirements on performance. The goal with the preliminary
assessment is to provide information about the condition of the structure and the causes and conse-
guences of the degradation; find out the foundation of the overall condition; provide possible conse-
guences with regard to future safety and performance; if necessary, provide immediate measures and
suggestions for a detailed assessment. The goal with the detailed assessment is in principal the same as
for the preliminary assessment, but should comprise a more comprehensive study of the background
information about the condition of the structure, for example non-destructive testing, and clarify the
causes and consequences of the degradation (process). The investigation should be more detailed and
should also contain material testing and an extensive structural analysis and verification of load effect
and load carrying capacity. The results of the assessment is the reported and from the findings, decisions
regarding future measures should be taken.
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Figure 5.4 General flowchart for assessment of existing structures, based on (ISO 16311-2, 2014, 1SO
13822)

Assessment methods
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Figure 5.5 General classification of assessment methods, based on (Honfi et. al, 2018)
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In general, the assessment methods can be classified into inspection and monitoring, see figure 5.5.
Inspection cover visual inspection, non-destructive testing with appropriate systems and methods for the
concrete structure studied, see chapter 6, and also destructive testing, which depends in the depth of the
investigation. Action monitoring is described as the assessment of a structure’s response in time and
space due to a known load and/or studying the load itself. Performance monitoring, on the other hand,
allows an assessment of wheather a structural component meets the performance requirements under a
known or any load (Honfi etl al, 2018). Stress monitoring is typically used directly in a structural as-
sessment without any intermediate interpretation using a structural model. A SHM (Structural health
monitoring) systems objective is to monitor the in-situ behaviour of a structure accurately and efficiently
over time, ta assess its performance under various service loads, to detect damage or deterioration, and
to determine the health or condition of the structure. The SHM system should be able to provide, on
demand, reliable information pertaining to the safety and integrity of a structure. The information can
then be incorporated into bridge maintenance and management strategies, and to improve design guide-
lines.

Judgement and decision should be based on all accessible information gathered from existing documen-
tations, inspections, tests and structural analysis. The condition of the structure is assessed and classified
according to the condition level and corresponding consequence level. The probability for the conse-
quences should be determined and the conclusion from this evaluation will then give an estimate of the
risk associated with the consequence from the damage/degradation, see also figure 5.6. In order to assess
the performance of the structure and possible consequences fiver performance levels and five conse-
guence levels are suggested (ISO 16311-2, 2014). The different levels of performance is explained in
table 5.2.

Performance level

A

............................... Initial performance
Level 0 | Good performance

Level1 | Minor signs on degradation
S S S, EPPE PP ISP IS SppEIp Loss Dfperformance

Level2 | poderate signs on degradation No/little maintenance

L e T e LD /

Level 3

Level 4

»
»

Lifespan time

Figure 5.6 Principle illustration of the condition levels, depending on time, based on (ISO 16311-2,
2014)
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Table 5.2 Performance levels related to figure 5.4, based on (ISO 16311-2, 2014)

Performance level Explanation

Level O - No signs of degradation No visual signs on degradation. But, a larger part of the
initiation phase, e.g. depending on carbonation or chlo-
ride intrusion, have already begun.

Level 1 - Minor signs of degradation Minor visual signs on degradation. This level only gives
the condition at the time for inspection and says nothing
about the rate of degradation

Level 2 — Moderate sigh of degradation | Moderate visual signs on degradation. This level pro-
vides only the condition at the time for inspection and
says nothing about the rate of degradation.

Level 3 — Serious signs of degradation Visible signs on serious degradation. Falling parts can be
dangerous, but the loss of service or safety for the struc-
ture is minimal

Level 4 — Potential dangerous and unsafe | Clear signs on degradation, the consequences signifi-
cantly reduce the safety. Immediate action needs to be
taken

To classify the consequences of the observed condition for a structure, or a structural part, in a uniform
way, the concept of consequence levels is introduced. It is defined as the expression of the seriousness
of the consequences of an object related to a defined reference level. The following types of conse-
guences might be evaluated:

Safety (e.g. fire, traffic, load carrying capacity, person, falling parts)

e Cost (e.g. investments, labour costs during suspension, accessibility during shutdown, mainte-
nance costs etc.)

Aesthetics (e.g. colour, surface structure, cracks, discoloration etc.)

Health and environment (e.g. noise, vibrations, pollution, dust etc.)

It is suggested that the following consequence levels are introduced, se table 5.3.

Table 5.3 Consequence levels, based on (ISO 16311-2, 2014)

Consequence level Explanation

Level 0 - No consequences Performed evaluation shows that there are no conse-
quences.

Level 1 — Small consequences The evaluation shows that the consequences are small

Level 2 — Medium consequences The evaluation of the situation shows that the conse-
quences are moderate

Level 3 — Large consequences The evaluation of the situation shows that large conse-
guences are found

Level 4 — Hazardous conseguences The evaluation shows that the structure is unsafe and that
the consequences are potentially dangerous.

If the performance or consequences is not acceptable interventions has to be taken. This could for ex-
ample be maintenance, repair or upgrading. In some situations monitoring to follow and control the
degradation process or actual loads is suggested. In extreme situation the structure has to be demolished
and replaced. The intervention depends on the cause for the defect or deterioration process. Common
causes are presented in figure 5.6, (ISO 16311-3, 2014).
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| Common Causes of Defects & Deterioration |

| Concrete | | Reinforcement Corrosion |
. o Cement content and type
: ?g{lgfl'e”" o WIC ratio
| Mechanical | o Impact | Carbonation | o Curing

o Rainfall
o Temperature
o Relative humidity

o Overload
o Movement (e.g. seitlement)

o Alkali-silica-reaction

o Aggressive agents (e.g
sulphates, salts, soft water etc.)

o Biological action

At mixing

o Chloride salts

| Corrosive Contaminants | From external environment
o Sea water

o Road salts

| Chemical |

o Freeze/thaw | Stray Current |
o Thermal effects
o Salt crystallization
o Shrinkage

o Erosion |
o Wear

o Radiation exposure
o Differential permeability | Stress-Corrosion Cracking |

Physical Dissimilar Metals |

Figure 5.6 Common causes of defects and deterioration of concrete structures, based on (1ISO 16311-3,
2014)

Determining the suitability of different remedies and methods for a particular condition can only be
assessed after a thorough evaluation of the component or structure and reconciling maintenance, repair
and upgrading design principles that include, but are not limited to:

a) Do not harm the structure of member
b) Adopt proven techniques and products with a documented record of success in similar projects
c) Harmonize prevention, maintenance, repair and upgrading strategies with budgets and planning

Finally execution should follow routines and codes and standards for different methods chosen, see
(1SO-16311-4, 2014)

5.3  Assessment of concrete bridges in general

Additional work is needed regarding recommendations for load testing, proof load levels, test set up and
calibration of numerical models. Above all, more tests to failure of different bridge types are suggested
to give a better base for reliable assessment of existing bridges in order to improve quality control, a
cost efficient bridge management and a sustainable usage of the existing bridge stock.

Assessment of the load-carrying capacity of existing bridges is an important task, though it can be com-
plicated. Assessment can be used to check if a bridge is still fit or if the allowable loads must be reduced
or if the bridge has to be strengthened. In the 1990ies of the Swedish railway authorities wanted to
increase the allowable axle load from 25 ton to 30 ton on the 500 km long iron ore line in northern
Sweden. The goal was to be able to carry heavier wagons with more iron ore and thus reducing trans-
portation costs. At this point not enough knowledge exited to do this in a controlled manner. Preliminary
assessments showed that the concrete fatigue capacity of many of the bridges would be jeopardized.
However, the senior authors of this report were convinced that the codes were conservative in this re-
spect, so they organized the testing of a decommissioned bridge. The results were very positive and the
allowable axle load could be raised after minor improvements (Paulsson et al.1996, 1997). The experi-
ence initiated a European Research Project “Sustainable Bridges” 2003 —2007 (Olofsson et al. 2005,
Sustainable Bridges 2007). And since then several bridges have been investigated and some tested to
failure, see (Bagge, 2018)
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The results from the tests may help to make more accurate assessments of similar existing bridges. Full
scale tests may bring up necessary information on the real structural behaviour, detect weak points in
the structure and provide knowledge on how to model the bridge in a correct way.

Load testing of interesting bridges before they are demolished have been done to some extent in the
past, see e.g. Bolle (2010), Lantsoght et al. (2017), Bagge et al. (2018a) and Elfgren et al. (2018). It
has also been successfully used in some European projects as Sustainable Bridges (2007) for a two-
span concrete trough bridge, SB-D7.3 (2008), Puurula (2012), Puurula et al. (2014, 2015) and in
MAINLINE (2014) for a steel truss bridge, ML-D1.3 (2015), Haggstrom (2016), Haggstrom et al.
(2017)

Load tests are a relatively easy way to get precise information about the behaviour of a bridge and also
to provide useful information about different bridge types and their typical behaviour. Tests need to be
designed carefully to achieve useful results and the results need be analysed and published in order to
get a full insight of its implications.

A survey of 30 concrete bridges tested to failure worldwide, (Bagge et al. 2017b), come to the conclusion
that the final failure often was hard to predict; it was due to shear instead of flexure in ¥ of the cases;
boundary conditions were not always understood correctly; and bridges usually had a higher capacity
than what was predicted, (Plos et al. 1990, 1995, Taljsten, 1994).

The assessment procedure of a bridge can effectively be carried out in three levels according to Figure.
5.8. The procedure is based on (Schneider 1964, 2017, Sustainable Bridges 2007, UIC Code 778-4 2009,
ISO 16311-2 2014 and Paulsson et al. 2016). Further refinements in Phase 3 have been proposed by
(Plos et al. 2016) and (Bagge 2017) and examples are given in e.g. (Wang et al. 2016).

One example of a new set of standards for assessment of existing structures is the Swiss code SIA 269
(2011). Bruhwiler (2014, 2015) gives a description of the positive experiences with it. He highlights
major principles and approaches, in particular those related to a stepwise procedure, and by updating of
action effects through monitoring, updating of structural resistance and novel technologies of interven-
tion, such as strengthening. It is often beneficial to use site-specific live loads and dynamic amplification
factors, see e.g. ML-D1.4 (2012) and Casas (2015). In the Swiss codes the recommended reliability
index for a reference period of T = 1 year varies from g = 3.1 for a minor consequence of a failure to
P = 4.7 for a serious consequence, JRC Assessment (2015). This is lower than the factor = 5.2 given
above for new bridges. Work has also started on a Eurocode for assessment of existing structures; see
JRC Assessment (2015).

Redundancy and Robustness should also be considered in an assessment. Structures are usually de-
signed with redundant parts, ensuring that if one part fails, the entire structure will not collapse. A struc-
ture without redundancy is called fracture-critical, meaning that a single broken component can cause
the collapse of the entire structure. A bridge that failed due to lack of redundancy is the Morandi Bridge
in Genoa in section 3.4. The robustness of a system is its capacity to function also with accidental or
exceptional events. Recommendations are given in fib Model Code (2010), section 7.9 and in EC1, Part
1-7(2006)
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Figure 5.8 Flow chart for the assessment procedure of a bridge with three phases. Based on (Schneider
1994, 2017, Sustainable Bridges 2007, UIC Code 778-4, 2009, ISO 16311-2,2014 and Paulsson et
al.2016).

5.4  Current Swedish practice

Trafikverket uses their own system, called BaTMan, to manage their stock of bridges. They collect and
store various data about the bridges required to make decision about their maintenance at operational,
tactical and strategic levels (Hallberg and Racutanu, 2007).

Trafikverket have a own bridge management system, BaTMan. The management data in BaTMan in-
cludes administrative data, photos and technical data of the object, load capacity data, and all inspection
records. For some objects, construction drawings can also be found. Based on the bridge inspection the
physical and functional condition of both the structural elements and the entire bridge is determined and
a condition class (CC) is assigned by the bridge inspector. The CC spans from 0 to 3, see Table 5.4, and
describes to what extent structural members fulfil the functional requirements at the time of inspection.

Table 5.4 Condition classes (CC), system used in Trafikverkets management system BaTMan

CC-class | Assessment Follow-up
3 Defective function Immediate action is needed
2 Defective function expected within 3 years Action is needed within 3 years
1 Defective function expected within 10 years | Action is needed within 10 years
0 Defective function expected beyond 10 years | No action is needed within 10 years

The parts related to inspection and monitoring in the Swedish regulation for assessment of existing
bridges (Trafikverket, 2016) are briefly summarized below (Honfi et. al., 2018).
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e The regulation supports destructive sample testing for material properties of concrete,
steel and aluminum. Methods are prescribed for evaluation of characteristic values. For
some structures as, e.g. unreinforced concrete, material testing must be performed. For
steel bridges build before 1970 the chemical composition must be determined to evaluate
the material toughness.

e Testing of geotechnical properties is supported. It should be noted though, that assess-
ments are often limited to the superstructure.

» Dimensions related to loads such as the thickness of the paving, can be measured render-
ing a reduction of the partial safety factor for that load.

* Fatigue assessment based on measured response is supported. Strain measurements are
prescribed and a minimum duration of one week is recommended.

The verifications build on a deterministic (semi-probabilistic) format using partial safety factors. Reli-
ability-based assessments are allowed but not supported by any guidance. Therefore, internationally
recognised documents for the probabilistic assessment of existing structures might be applied, such as
ISO 2394 General principles on reliability of structures (ISO, 2015) and 1SO 13822 Bases for design
of structures — Assessment of existing structures (1SO, 2010)

5.5  Assessment of prestressed concrete bridges

For prestressed concrete bridges, defects are not always visible and it is important to start investigation
methodically from the bridges with the highest priority rankings for traffic but also for hidden defects.
A thorough desk study and planning is crucial. It is impractical and uneconomic to expose all hidden
components for inspection and many competing factors must be considered before undertaking any in-
vestigation. The questions that must be asked are:

Is the component critical to the safety of the structure?

What are the consequences of failure of the component?

Can the component be exposed safely?

Will exposing the component result in damage to the structure?

Will exposing the component result in damage to it?

Will exposing the component lead to long-term durability issues with the structure?
It is economic to expose the component?

What impact would the investigation have on the operation of the structure?

In addition, a bridge owner might have specific constraints that are not listed here and must be consid-
ered at assessment. Hidden defects investigation could either be undertaken as special investigation or
worked into the normal inspection regime. The former should be considered where the risk of failure of
a hidden component with significant consequences is likely to occur before the next inspection (normal).
Where it is not possible to inspect all hidden components within the required cycle or normal inspections
those of greatest risk should be prioritised. In figure 5.9 hazard scenarios for prestressing steel for a
typical box girder bridge is shown. Possible defects in the figure is given by a number which is explained
below (Matt, 2000)
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Failure of external barriers Failure of tendon corrosion protection system

1 Defective wearing course (e.g.cracks) 9 Partly or fully open grouting in- and outlets
2 Missing or defect waterproofing membrane 10 Leaking, damaged metallic ducts mechanically
or by corrosion
3 Defective drainage intakes and pipes 11 Cracked and porous pocket concrete
4 Wrongly placed outlets for the drainage of 12 Grout voids at tendon high, couplings and an-
wearing course and waterproofing chorage.
> Leaking expansion joints Possible no voids in low point as indicated in
the sketch
6 Cracked and leaking construction or element
joints
7 Inserts (e.g. for electricity)
8 Defective concrete cover

RN

77!!'
w

Figure 5.9 Hazard scenarios for prestressed steel in a typical box girder bridge. Indication of potentially
weak points where water (possible with chlorides) can gain access to the tendons and cause corrosion
(Matt, 2000).

However, for other bridge types there might also be other hazard scenarios. This has not been investi-
gated in this report but are suggested in future studies. In general for each type of prestressing structure
with its particular protection concept, water, possible chloride-contaminated, can potentially reach the
prestressing steel. The key-question is: where does aggressive water get in contact with the structure and
how does it flow off?

In addition, a thorough visual inspection of the concrete surfaces provides information on potential lo-
cations of damage of the unstressed steel and stressed reinforcement. The visual indicators might in-
clude:
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water flow

discoloration (e.g. rust strains)
spalling, delamination

cracks

honey-combing

concrete deterioration by freeze-thaw
joint leakage

etc.

5.6 Life Cycle Cost Analysis (LCCA)

Life Cycle Cost Analysis (LCCA) for bridges is exemplified in the publications from the EC project
MAINLINE (2014). A Life Cycle Assessment Tool (LCAT) was there developed for metallic bridges,
ML-D5.7 (2014). For concrete bridges tools have been developed in ETSI (2012). It would be useful
to develop a similar tool for prestressed concrete bridges. Some discussion is also given in Bagge et al.
(2016) and regarding key performance indicators for bridges in COST TU 1406 (2016-2018).

The cost for society of the failure of a major prestressed concrete bridge is rather high. There is not only
the cost of a new bridge which probably will be in the range of 50 - 500 MSEK (approximately 5 — 50
MEuros). To this comes the cost for leading traffic on a different route. This may be of the same order.
The cost for the replacement of the Morandi bridge in Italy is estimated to be in the range of 150 — 200
MEuros.
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6 Monitoring and inspection techniques for prestressed bridges

6.1 General

Tendons or ducts to be inspected in post-tensioned systems are typically embedded in concrete making
it difficult to evaluate the true condition of the system by visual inspection alone. SHM (Structural
Health Monitoring) and in combination with NDE (Non Destructive Methods) can serve to identify
detrimental conditions at an earlier stage in order to mitigate reduced bridge safety and load capacity,
costly rehabilitation actions and traffic disruptions.

The deterioration conditions that are of interest are strand defects that results in a loss of metallic area
of the tendon which may be due to corrosion, section loss, or breakage of the strands, compromised
grout such as unhydrated, over-hydrated or gassed grout, voids in the grout and water infiltrations into
the tendons/ducts.

Five categories developed by (Webb et. al., 2015), are shown in table 6.1 and describe different ways in
which monitoring data can be used to provide different types of information. The table also gives a
description of what each type of deployment seeks to achieve. As was noted by (Webb et. al., 2015)
many SHM (Structural Health Monitoring) deployments have aspects that can fit into more than one of
the categories, namely: sensor deployment studies, anomaly detection model validation, threshold check
and damage detection

Table 6.1 Categories of SHM systems, (Webb etl al., 2015)

Category | System Description

1 Sensor deployment studies Demonstration of the ability of a sensor to measure a
parameter of interest and of a communication
system to transmit the data to the operators.

2 Anomaly detection Detection of change in a parameter with time, for ex-
ample many systems strive to detect natural fre-
guency of vibration and notice changes that may rep-
resent a change in stiffness. However, changes can
be due to many causes, such as condition, tempera-
ture, humidity and live loading.

3 Model validation A system that aims to compare measured values with
predictions from a structural model to quantify
whether or not the structure is behaving as expected.
The caveat is that structural responses are relative
easy to detect, whereas input loads are difficult to

quantify.

4 Threshold check Comparison of measurements with a threshold level,
derived at least in part, from a model of structural be-
havior, beyond which action should be taken.

5 Damage detection Detailed investigation to detect the type, location, ex-
tent and rate of damage or deterioration at one or
more locations.

When installing a monitoring system or/ad implementing an SHM strategy the following 7 questions
should be asked, Why?, Where?, Who?, What?, When?, How? and Which?, see also figure 6.1,
(Vardanega et. al., 2018). These questions are aiming to give answers to safety, performance, cost, who
is going to use the information and if the system is going to be used on an new or existing structure but
also answers to what system is going to be used to get most out of the investigation.
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Primary factors
Why? Safety? Performance? Cost?
v The primary concern of all stakeholders is that the bridge is safe,
performs as required and does so at a reasonable cost

=

Geographical location?

Where? (Are you concerned primarily with natural hazards (e.g., an earth-
) quake, landslides etc.) or long-term condition and performance
(e.g., residual life of a concrete bridge)?

Who is the information for?

Authorities? Owners? Users, e.g. travelling public? Researchers?
Operators? Contractors? Designers?

IR

New structure or existing structure?

What? The entire system requirements differ between new build or retro-
fitting of existing assets

Stage in the structure’s lifecycle

Design? Construction? Operation? End of life?

Wired system? Wireless systems? Hybrid systems?

Most appropriate sensor (or data collection technology) consider-
ing accuracy, resolution and robustness

s T =

Figure 6.1 Main considerations when examining whether or not to employ a structural health monitoring
system, from (Vardanega et. al., 2018)

6.2  Monitoring and inspection

When evaluating existing concrete structures, knowledge about inner structure is essential. Particularly,
the diagnosis of concrete comprises several parameters and factors, estimations of thickness, location of
reinforcing bars and metallic ducts, estimation of bar size, location of voids, effects of water, chloride
content and delamination or cracking. And also corrosion and corrosion rates. In this section, the focus
is placed on monitoring and inspection techniques for prestressed concrete bridges and methods to detect
faults within the post-tensioning system itself. The authors are aware of that this is a simplified approach
since there are many parts of a prestressed bridge that can deteriorate and that can be in need of inspec-
tion. The authors are also aware of other monitoring techniques that can be useful for assessing building
structures, such as FOS (Fibre Optic Sensors), DIC (Digital Image Correlation) and also the use of
advance drone technology. However, to our current knowledge none of these technologies can so far
detect tendons cast into concrete only global and surface behaviour. Despite this, these technologies in
combination with the ones discussed below can be a way forward to increase the knowledge about our
existing structures.
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Post-tensioned tendons, in prestressed concrete bridges, are structural elements essential for the safety,
serviceability and durability of these structures. Consequently, it would be desirable to assess their be-
haviour in existing structures. Such checks to detect possible defects or damages, such as grout voids or
tendon corrosion, or even residual prestressing force, should preferably be done by non-destructive test-
ing or at least low-destructive techniques and with minimum of disturbance to the service.

During the last decades, there has been a continuous increase in the use of non-destructive testing (NDT)
applied to many aspects related to the civil engineering field. This is principally due to the fact that most
NDT methods work remotely, that is, without direct contact, and provide a primary image of the object
under study. Some others, even those requiring direct contact with the structure, improve the models
built remotely by adding information on non-visible areas. Particularly, NDT, has significantly benefit-
ted the procedures for inspection and also, successfully solved some of the limitations of traditional
methods such as lack of objectiveness, loss of safety during infrastructure inspection and also low rates
of productivity. Due to the nature of reinforced and prestressed concrete, a number of components
critical to structural performance are contained within the mass of the concrete, and so are hidden. Typ-
ical components such as reinforcement bars or internal post-tensioning cannot be readily inspected. In
this instance, the structure’s external condition and/or behaviour may indicate the need for intrusive
investigation, although this is invariable expensive and can also be disruptive. Any problems with pre-
stressing tendons do not necessarily display visual signs in the same way as reinforcement, such as rust
stains, delamination or/and spalling. Internal inspections are difficult and intrusive, and potentially dam-
aging. For these reasons appropriate types of NDT methods may be useful. Intrusive methods is also
possible via endoscope, or techniques to measure the residual force. Although great care is needed to
avoid damage to prestressing elements and to re-sealing. In general, there are five factors that needs to
be investigated in prestressed concrete structures by the monitoring and inspection techniques; these
are;

Position of reinforcement, strands and cable ducts

The thickness of the concrete structure

Voids and honeycombing

Voids in prestressing cables

Corrosion in reinforcement and in post-tensioned tendons and anchorage

There is a number of monitoring techniques that can be used to assess/inspect post-tensioned tendons in
concrete, these can be divided into:

e Manual methods
0 Visual inspection (VI)
Acoustic methods
o0 Impact Echo (IE)
o Ultrasonic Pulse Echo (UPE)
0 Spectral Analysis of Surface Waves (SASW)
0 Acoustic Emission (AE)
Radiographic methods
o0 Radiography
Electromagnetic methods
0 Ground Penetrating Radar (GPR)
o0 Radar Tomography (RT)
o Infrared Tomography (IT)
o Cover Meter (CM)
Magnetic Methods
0 Magnetic Flux Leakage (MFL)
0 MMFM-Permanent magnet
o MMFM-Solenoid
Electrochemical methods
o Electrochemical Impedance Spectroscopy (EIS)
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And also partly

e Intrusive methods
o Endoscope (ES)
0 Residual Prestressing Force (RPF)
o Potential Mapping (PM)

In appendix C a comprehensive summary of the different methods described above is presented. Table
6.2 summarises the different methods and their applicability to post-tensioned systems. Here also pro
and cons are discussed.

Table 6.2  Summary of some NDT and Intrusive methods in relation to their use for prestressed con-
crete bridges (based on Sederholm, 2006)

Method Localisation of | Detecting post- | Detecting | Quantifying
voids in con- tensioning sys- | corrosion | damages in
crete tem tendons

Manual Methods

Visual Inspection No No No | No

Acoustic Methods

Impact Echo Yes Yes No Yest
Ultrasonic Pulse Echo Yes Yes No Yes!
Spectral Analysis of Sur- | Y€s Yes No Yes!
face Waves
Acoustic Emission No Yes No Yes?
Radiographic Methods
Radiography Yes Yes Yes! Yes!
Electromagnetic Methods
Ground Penetrating Radar | Y€S Yes Yes' Yes
Infrared Tomography Yes No No No
Cover Meter No Yes' Yes® No
Magnetic Methods
Magnetic Flux Leakage No No® Yes Yes
MMFM-Permanent magnet | NO No® Yes No
MMFM-Solenoid No No® Yes No
Electrochemical Methods
Electrochemical Impedance | No No? Yes® No
Spectroscopy
Intrusive Methods
Endoscope No No Yes Yes
Residual Prestressing Force | No No No Yes
Potential Mapping No No Yes No

!Large damages — large uncertainty, 2Over time, 3Not internal ducts. “Depending on depth, *With add on
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6.3  Remaining Prestressing Force (RPF)

6.3.1 General — Shrinkage, Creep and Relaxation

When assessing prestressed concrete bridges, it is essential to take the current condition of the prestress-
ing system into account. For instance, the quality of reinforcement protection (e.g. grout), steel corrosion
and residual prestress force are all aspects that are crucial and require special attention (SB-LRA 2007).
The residual prestress force influences the structural response both at the service-load and ultimate-load
levels. By preventing cracks or limiting their formation, prestressing also reduces environmental expo-
sure and, consequently, has a favourable impact on structures in harsh environments. However, there
are often many uncertainties associated with the residual prestress force, especially after a longer time
in service and, therefore, it can be useful to calibrate theoretically-based methods using experimental
data from the assessed structure Bagge( 2017), (Habel et al. (2002)

The main causes for the reduction of the prestressing force with time is shrinkage and creep in the
concrete and relaxation in the steel. These phenomena are presented at depth in e.g. BHB-M (1994,
2017) and fib Model Code (2010), The shrinkage of the concrete is caused by water drying out of the
concrete during the hardening process. Outdoors at about 75% relative humidity the shrinkage strain &n
is assumed to be below &nh = 0,025 %. The creep is a long-time deformation caused by load. It is usually
determined by a creep factor ¢ giving the increase of the elastic strain & = o/E. calculated as the stress
o divided by the modulus of elasticity of the concrete Ec. The creep factor outdoors at 75 % relative
humidity is usually assumed to be of the order of ¢ = 2, i. e. the deformation of a specimen will double
due to creep. The values of the shrinkage strain &n and the creep factor ¢ depend on the strength of the
concrete, how old it is when the load is applied, temperature and humidity. Recommended values for
design are given in e.g. EC2 (2005) and fib Model Code (2010).

The relaxation for steel is defined as x = 1 — o/ov , ois the stress after a certain time and oy is the initial
stress. If tests results are lacking, a value of 0,12 after 50 years and a value of 0,15 after 100 years are
recommended in some design rules. More detailed values are given in EC2 (2005) and fib Model Code
(2010). An example of a tested relaxation for a prestressing cable is given in Figure 6.2 BHM-I (2017).

= 10
=
o
©
x
©
o
o
1 -_-_-__._-E——
0,1
0,01 0,1 1 10 100 1000

Tim

Figure 6.2. Relaxation of a ¢12,9 mm cable prestressed at 20°C to 70 % of the ultimate strength (here
1860 MPa). BHM-I (2017).
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6.3.2 Long-time deformations — Failure of Koror bridge 1996

In 1996 a 249 m long span failed of the 19-year-old Koror prestressed cantilever box-girder arch bridge
in Palau in Micronesia, see Figure 6.4. The span was at the time the longest in the world of its type. The
bridge had shown large mid-span deflections of about 1,5 m - three times of what was expected. The
bridge was strengthened by making it continuous in the mid-point, by installing extra prestressing cables
inside the box and by exchanging the concrete deck cover to black asphalt, Tang (2014). Three months
later it collapsed.

Figure 6.4 The 249 m span of the prestressed Koror bridge (and the ferry it replaced) before failure in
1996 due to creep and relaxation, Tang (2014).

The failure began in the top slab near the Babeldaob main pier, where the slab might have buckled or
been crushed under high compression, see Figure 6.5. When the top slab failed, the compression origi-
nally carried by the top slab concrete was transferred to the upper portion of the web and caused the
webs to either buckle or crush in a longitudinal direction. Failure of the web plates caused the two
parts of the webs to move against each other. This released the prestressing force in all internal and
external longitudinal tendons at this location. This destroyed some deviators and increased shear force
in the bottom slab.

After the webs failed, the entire shear force had to be carried by the bottom slab alone which was not
possible. Thus, the bottom slab failed under shear. The girder here was then only supported by the bot-
tom slab, thus changing from a monolithic connection to a simply supported condition with very little
bending moment. The other end of the Babeldaob cantilever was supported by the mid-span mono-
lithic connection. Thus, the Babeldaob cantilever became a simply supported beam. A large portion of
the weight of this half of the bridge was now shifted to the Koror cantilever through the monolithic
connection. at the mid-span. Because the bending moment of the girder near Babeldaob was fully re-
leased, the bending moment at the Koror side increased by about 100%. By adding the dynamic effect
of this sudden failure, the actual bending moment in the girder at the Koror main pier became much
higher and also the Koror side failed, Tang (2014).
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Figure 6.5. Failure of the Babeldaob side of the Koror bridge in Figure 6.4, Tang (2014). The failure
was initiated by buckling or crushing of the top slab due to too high compression stresses partly
caused by a high temperature.in the black asphalt.

The failure stirred up much interest and started discussions about long-time deformations, see e.g. Ba-
zant et al. (2010, 2011), Tang (2014) and Wan-Wandereer et al. (2014). The models by the American
Concrete Institute, ACI 209 (1982), Bazant’s model B3, Bazant et al. (1995), and the fib Model Code
(2010) were scrutinized and a new model for long-time deformations was proposed, Bazant et el.
(2015).

Based on the investigations the following recommendations were made (Tang, 2014):

1.Increase the amount of prestress: Increasing prestressing can have two beneficial effects: firstly, it
will reduce the elastic deflection, and consequently, the long-term creep deflection no matter what the
creep coefficient may be; and secondly, it reduces the possibility of high-tensile stress caused by un-
certainty in the estimation of prestress loss. However, note that excessive prestressing is also not ad-
visable because this may cause congestion and a higher compressive stress and thus higher creep de-
formation, which, in turn, also increases prestress loss.

2. Use higher-strength steel for the tendons: In the Koror bridge Dywidag bars were used with 0,6 f, =
630 MPa as design stress after initial losses. Before repair the prestress was reduced by approximately
50%. Because many new bridges are using seven wire strands for post-tensioning nowadays, this sug-
gestion may not be relevant. Still, it may be useful to keep in mind as an option.

3. Provide an additional camber to the bridge: In addition to the theoretically calculated value,
providing an additional upward camber is more visually appealing. A bridge that bends upward looks
better than a bridge that droops downwards.

4. Assure the applicability of the existing structural details: When we perform a repair of an

existing bridge, we are usually changing the stress in the structure. Therefore, we must carefully re-
view the original details to understand whether they are suitable for the modified stress conditions. It
would be most ideal to redesign the bridge and compare the new design to the old design to identify
discrepancies or issues.

5. Consider the history of the original bridge: A repair design must carefully consider the history

of the existing structure. Obviously, any bridge would only require repair if it has been distressed in
some way.
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6.3.3 Residual forces in nuclear reactor containments

The question of the remaining prestressing force is also important for nuclear reactor containments.
Here the prestress is a requirement for upholding the function of the structure, that is to prevent dan-
gerous nuclear radiation from leaking out of a containment. The question has been studied by e.g. An-
dersson (2007, 2016) and Lundgvist (2012). Examples of long-term measurements on cables are
shown in Figure 6.6. After 20 to 25 years the remaining force is often 90 to 95 % of the original one.
However, there are also forces as low as 80% of the original force.
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Figure 6.6. Remaining prestressing in relation to the original force for Swedish nuclear reactor contain-
ments. The left figure refers to vertical cables and the right to horizontal ones. The vertical axes give the
relative remaining force and the vertical axes the time in years. From Andersson (2017).

6.3.4 Test methods

Several methods can be used to determine the remaining force:both non-destructive and destructive
tests. Examples of non-destructive and destructive methods are given in figure 6.7, Bagge et al. (2017).
In fact, the non-destructive methods described often cause minor, local damage and the impact on the
structure can be negligible if repaired properly. The principles of these are briefly summarised below.

DESTRUCTIVE METHODS
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Figure 6.7. Methods to determine residual prestress force P in concrete members experimentally: (a)
crack moment method, (b) decompression-load method, (c) strand cutting method; (d) exposed strand
method, (e) drilled hole method and (f) saw-cut method, Bagge et al.(2017).
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- Crack moment method: The prestress force is calculated based on the external load
required to cause the first crack and the tensile properties of the concrete.

- Decompression-load method: The prestress force is calculated from the external load
leading to reopening of existing cracks and, thus, eliminating the uncertainties associated
with the tensile properties which are present in the crack moment method.

- Strand-cutting method: The prestress force is calculated from the development of
strains measured when an exposed strand is cut.

- Exposed strand method: The prestress force is derived based on calibrated data and the
response of an exposed and laterally loaded strand.

- Drilled hole method: The prestress force is calculated from the development of strains
measured around a hole drilled adjacent to the prestressed reinforcement.

- Saw-cut method: The prestress force is calculated from the response of a concrete block
when introducing saw-cuts adjacent to the prestress reinforcement to isolate the block
from the acting forces.

When assessing existing bridges, the destructive methods are not always suitable and non-destructive
methods are preferable. However, destructive methods can be valuable for examination of other methods
when permanent damage to the structure is acceptable.

Saw-cut method

Due to its expected applicability to full-scale bridge members reinforced with post-tensioned tendons,
the saw-cut method was further investigated.. The method was developed by Kukay (2008) and experi-
mental studies examining such methods showed acceptably accurate estimates of the residual prestress
force. However, the experiments were carried out on simply supported beams with pre-tensioned strands
with constant eccentricity, both rectangular beams produced in the laboratory and I-shaped girders taken
from a bridge under reconstruction (Kukay et al. 2010; Kukay 2008), and there have been no additional
studies on more complex structural members.

The principle of the method is to measure the development of longitudinal strain at the surface (top or
bottom) of a member when a block of concrete is isolated from the loads acting on it. The isolation is
carried out gradually by introducing transverse saw-cuts on each side of the position of measured strains
and the concrete block is regarded as isolated when increasing the depth of saw-cuts does not cause
further changes in the strains at the measured surface. Based on the current action effects (i.e. associated
with prestress force, restraint force, dead load and external applied load), Navier’s formula can be used
to quantify the residual prestress force at the position of the isolated concrete block. The axial stresses
in the section is given by Equation (6:1):

M
a:%+ PE3IPY+MIRV+MIGY+ IQy (6:1))

where o is the longitudinal concrete stress at the surface, P is the prestress force, A is the cross-sectional
area, ep is the eccentricity of the prestress force, y is the distance to the neutral axis from the monitored
surface, | is the cross-sectional second moment of inertia, Mg is the secondary moments due to restraint
forces, Mg is the moment due to permanent loads and Mg is the moment due to variable loads. In the
case of a statically indeterminate structure and the presence of a secondary moment, the procedure for
determining the prestress force is iterative, in contrast to the original formulation of the method assum-
ing a statically determinate structure (i.e. Mg excluded).
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The original version of the saw-cut method requires full isolation of the concrete block, which is not
always possible when assessing existing structures. For instance, non-prestressed reinforcement can be
located too close to the concrete surface, thus limiting the possible depth of the saw-cuts to avoid per-
manent damage. In such situations the experimental test can be simulated using FE analysis. Thus, the
residual prestress force can be quantified based on the response observed in the test, rather than the
strain measured at full isolation. The development of the strains, as a function of the saw-cut depth, is
followed and compared between the experiment and the simulation, while the modelled prestress force
is iteratively updated until there is a consistent response. The saw-cutting can be simulated in a FE model
by gradually removing FE elements corresponding to the saw-cuts in the experiments, see figure 6.8.
Therefore, using this method, it is possible to avoid damage to the structure which might be difficult to
repair.
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Figure 6.8 A part of an FE model for simulation of the strain distribution as saw-cuts are introduced
transversally at the base of a concrete beam (Bagge et al. 2017).

Decompression-load method

As with the saw-cut method, Navier’s formula as shown in Equation (6:1) can be used to quantify the
residual prestress force. By measuring either the opening of an existing crack or the concrete strains
beside it, the load at which the crack reopens (i.e. no normal stress in the crack) can be determined.
Initially, for loading when the crack remains closed, a linear and rather stiff load-displacement (or load-
strain) response is present. As the crack reopens, the behaviour drastically changes and the stiffness
reduces. This change in the response is used to identify the decompression-load for calculating the cor-
responding prestress force.

When using the decompression-load method, the depth of the compression zone of the cracked concrete
is one parameter that has a significant impact on the outcome. At the same time, the compression depth
of the actual section can be uncertain due to nonlinear strain distributions and the lack of reliable meas-
urements, for example see (Nilimaa et. al., 2015)

6.3.5 Remaining prestressing forces in bridges

Results from the test on the Kiruna Bridge show that the remaining force varies between some 60 to 90
%, Bagge (2017). Comparisons between results from and FE calculations are given in Figure 6.9.
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Figure 6.9. Load-displacement behaviour at crack opening according to test at the Kiruna bridge and
FE analyses at indicated level of prestress losses, Bagge et al. (2017).

The influence of freezing and thawing on the prestressing force has been studied in laboratory tests by
Chao et al (2015) and Qin et al (2017. When using mathematical models to predict the prestress losses
due to freeze-thaw-cycles, it was found that they were relatively small when the concrete was slightly
damaged. However, they increased rapidly when the freeze-thaw-cycles were repeated. Losses of
about 55 were obtained.
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7 Repair and strengthening techniques

7.1 General

Concrete is a building material with a high compressive strength and a poor tensile strength. A structure
without any form of reinforcement will crack and fail when subjected to a relatively small tensile load.
The failure occurs in most cases suddenly and in a brittle manner. To increase a structure load carrying
capacity and ductility it needs to be reinforced. This is mostly done by reinforcing with steel bars that
are placed in the structure before the concrete is cast. Since a concrete structure usually has a very long
life the demands on the structure will normally change over time. The structures may have to carry larger
future loads or meet new standards. In extreme cases, a structure may need to be repaired due to acci-
dents. Another more reason includes errors made during the design or construction phase so that the
structure needs to be strengthened before it can be used.

Over the past decade, the issue of deteriorating infrastructure has become a topic of critical importance
in Europe, and to an equal extent in the United States and Japan. For example, the deterioration of decks,
superstructure elements and columns of bridges can be traced to reasons ranging from ageing and envi-
ronmentally induced degradation to poor initial construction and lack of maintenance. As an overall
result, a significant portion of our infrastructure is currently either structurally or functionally deficient.
Beyond the costs and visible consequences associated with continuous retrofit and repair of such struc-
tural components are the real consequences related to losses in production and overall economies related
to time and resources caused by delays and detours. As we move into the twenty-first century, the
renewal of our lifelines becomes a critical issue. As discussed in Chapter 6 to keep a structure at the
same performance level it needs to be maintained at predestined time intervals. If lack of maintenance
has lowered the performance level of the structure, need for repair up to the original performance level
may be required. In cases when higher performance levels are needed, upgrading can be necessary.
Performance level means load carrying capacity, durability, function or aesthetic appearance. Upgrading
refers to strengthening, improved durability, and change of function all related to safety. In this chapter
we will discuss strengthening of structures in general but with focus on methods for prestressed concrete
bridges.

7.2 Repair and strengthening of structures

7.2.1 General

When a concrete structure or member exhibits inadequate strength, behaviour or stability, it may be
feasible to modify the structure using various stabilisation and strengthening techniques. The different
between stabilisation and strengthening are somewhat clouded and, in some cases, are used synony-
mously. Stabilisation can be defined as the process of halting a particular unwanted situation from pro-
gressing. For example, settlement of structure can be stabilized by grouting to halt further movement.

Strengthening is normally referred to as the process of adding capacity to a member or structure, for
example adding extra reinforcement of FRP laminates to the soffit of a beam structure. In some cases,
the process involves a combination of halting an unwanted situations and, at the same time, adding
capacity. A structure may have to be strengthening for many reasons for example to enhance its capacity
in:

tension

shear
flexure/bending
compression

Or its stability. Sometimes also strengthening in torsion is needed, this is covered here by the combina-
tion of flexure and shear.
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Evaluate, see Fig. 5.4
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Figure 7.1 General repair and strengthen strategy for concrete structures, based on (Emmons, 1993)

7.2.2 Enlargement

Enlargement is the placement of additional concrete and most often reinforcing steel on an existing
structural member. Beams, slabs, columns and walls. If necessary can be enlarged to add stiffness or
load carrying capacity. In most cases the enlargement is attached mechanically or by bonding to the

existing concrete to create a monolithic member.

7.2.3 Composite construction

Composite construction is a method wherein materials other that concrete are placed in concert with an
existing concrete member to add stiffness or load carrying capacity. Steel of FRP-materials are the most
used materials used in this technique. These materials can be fabricated to meet almost any configuration
requirement. Load transfer in the composite member is accomplished by the used of adhesives, grouts

and mechanical anchorage systems.
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7.2.4 Post-Tensioning

Post-tensioning is a technique used to prestressed reinforced concrete. The tensioning provides the mem-
ber with an immediate and active load-carrying capability. Placement of the tension components can be
achieved either internally within the member or externally to the member. Tension components are gen-
erally steel plates, FRP laminates, rods, tendons or strands. Tension is imparted to the components by
jacking or stressing the component. Post-tensioning enhances a member ability to relieve overstressed
conditions in tension, shear, bending and torsion. The post-tensioning technique can also be used to
eliminate unwanted displacements in members and to turn discontinuous members into continuous
members.

7.2.5 Stress Reduction

Stress reduction is a technique that reduces stress in a member or structure. Some of the more common
methods of stress reduction include cutting new expansion joints, jacking displaced structures, and in-
stalling isolation bearings. Other more radical techniques involve the removal of parts of the structure.

7.2.6 Internal Grouting

Internal grouting is the placement of a flowable material into an unwanted discontinuity, such as a crack
within the concrete member, the flowable material upon reaching the discontinuity will solidify and
assume necessary structural properties. Internal grouting is used to repair fractured honeycombed or
voided concrete placements. The most common materials used for internal courting are polymers and
cement based materials.

7.2.7 External Grouting

External grouting is the placement of a pumpable material outside the structure, generally within the
surrounding foundation or soils or at the interface between the structure and the soil. The grouting ma-
terials can be used either to provide necessary load transfer between the structure and soil, or to displace
unwanted settlement. Most materials used for external grouting include cement-based mixtures.

In table 7.1 an overview of the stabilisation and strengthening techniques is given and how well they
might apply to prestressed concrete bridges in general.

Table 7.1 Stabilisation and strengthening techniques, see also figure 7.1

Technique Description Applicable to
prestressed concrete
Enlargements Stiffness or load carrying capacity. Passive In some sections, in
strengthening. combination with ex-
ternal post-tensioning
Composite construction Stiffness or load carrying capacity. Passive or | Yes, could be used
active strengthening. Could be difficult to ob- | separate or in combi-
tain active strengthening. nation with other
methods
Post-Tensioning Active system to increase the load carrying ca- | Yes, could be used
pacity. both for flexure and
shear strengthening.
Stress Reduction To reveal stress. Also systems for span shorten- | Maybe in special situa-
ing. tions and small
bridges.
Internal Grouting Injection with polymer or cement based mate- | To increase stiffness,
rial. improve integrity. Not
direct for strengthen-
ing.
External Grouting Grouting for larger cavities or for stabilisation | Not for the main struc-
of foundation. ture.
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7.3  Passive and Active Design

Strengthening and stabilisation techniques are generally considered to be either passive or active, de-
pending how loads act on the additional components used to strengthen or stabilise the structure. Tech-
niques in which strengthening do not participate in stress sharing until additional loads (live and/or dead)
are applied or/and until additional deformations occurs are called passive. There are many situations in
which additional deformations is not acceptable: the strengthening must immediately participate in the
stress sharing. These strengthening’s are called active. Active systems require either prestressing the
repaired elements or temporarily removing the loads (both live and dead) from the existing elements or
a combination of the two. Active systems can be compared to elastic suspenders used to hold up pants.
If the suspenders are placed in tension immediately (active), the pants will stay in their vertical position.
On the other hand (passive) if the suspenders are placed loose or without tension, the pants will fall
vertically until sufficient tension occurs in the suspenders to resist the weight of the pants.

Passive systems work well when live load changes are anticipated. For example, upgrading a bridge to
sustain heavier loads may require only a passive system. However, if a member is overstressed, the only
choice may be to use an active repair technique that will immediately reduce the stress by sharing the
loads, thus, eliminating the overstressed condition.

Concrete Beam Strengthened with Bonded CFRP Laminates

Concrete Beam Strengthened with Post-Tensioned Steel Rod

i T

Figure 7.2 Passive and active strengthening

7.4 Repair and Strengthening of prestressed concrete bridges

7.4.1 General

Prestressed concrete bridge members can be subjected to accidental damage because of vehicle impact,
mishandling, or fire. Methods currently used or potentially available for repair of such members need to
be identified and evaluated for various levels of damage. In addition deterioration of concrete and steel
over time can affect the overall performance severely. Furthermore, need of higher axle loads and in-
crease traffic volumes might also imply strengthening of prestressed members or the whole structure.

Methods for repair and strengthening of prestressed concrete bridges is depends on the underlying
causes; the type of deterioration process, impact, strengthening need, what component of the structure
that needs to be rehabilitated and type of bridge structure etc.. In many situation a combination of
measures are needed. As mentioned in Chapter 6 it is important that the cause to repair and strengthening
are clear, i.e. level of damage and type of damage, for example shear problems need most likely other
strengthening methods than flexural or anchorage problems. Normally repair is done to restore the orig-
inal performance level and is related to the service limit state (SLS). However, strengthening/upgrading
refers to improving the performance level and is most often related to load carrying capacity in the
ultimate limit state (ULS). Repair and strengthening can also be carried out for fatigue and for deflec-
tions and crack widths. However, this is not discussed in this section. It is important to make the re-
pair/strengthening measure based on a classification scheme.
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A classification that might be used is the one presented in Chapter 5 and in table 5.2, here shown gain
as table 7.1, where performance level is related to grade of degradation. Level 0-3 can be referred to the
SLS and level 4 to the ULS.

Table 7.1 Performance levels related to figure 5.4, based on (1ISO 16311-2, 2014)

Performance level Explanation

Level O - No signs of degradation No visual signs on degradation. But, a larger part of the
initiation phase, e.g. depending on carbonation or chlo-
ride intrusion, have already begun.

Level 1 - Minor signs of degradation Minor visual signs on degradation. This level only gives
the condition at the time for inspection and says nothing
about the rate of degradation

Level 2 — Moderate sigh of degradation | Moderate visual signs on degradation. This level pro-
vides only the condition at the time for inspection and
says nothing about the rate of degradation.

Level 3 — Serious signs of degradation Visible signs on serious degradation. Falling parts can be
dangerous, but the loss of service or safety for the struc-
ture is minimal

Level 4 — Potential dangerous and unsafe | Clear signs on degradation, the consequences signifi-
cantly reduce the safety. Immediate action needs to be
taken

7.4.2 Repair

Minor and moderate damages can be repaired via patching and with the focus to prolong the service life
of the structure. However, to place a decision-making process on a rational basis and to facilitate appro-
priate engineering solutions for the repair of prestressed concrete bridges is it also necessary to assemble
and evaluate information on the effect of repair methods on the service life, safety performance, and
maintenance of the structure. Decisions on method of repair must also consider cost, user convenience,
and esthetics. The materials, quality controls and execution should also fulfil codes and standards, e.g.,
EN 1504. In addition the durability of structure components should be, as nearly as possible, equal to
the durability of the original construction. This has to be verified by reference projects, research and/or
data from material suppliers. However, in many situations the durability of a repair is strongly related
to the skills of the workmanship. It is therefore important that the contractor can show experience from
similar repair works. However, in this report traditional repair methods will not be any further discussed
even though strengthening normally precedes strengthening measures.

In cases where it is needed to restore the original performance of a prestressed structure due to for
example tendon breakage or corrosion in the post-tensioning systems this is normally considered as a
repair measure, but is here discussed under the strengthening section.

7.4.3 Strengthening

Strengthening of structures increase the performance level. Despite this, strengthening methods dis-
cussed in this section might be used for repair as well as for strengthening measures. Strengthening
methods could also be divvied in passive and active strengthening systems as earlier discussed.

From the literature, there is a number of studies where different strengthening techniques has been ap-
plied to prestressed concrete members. A very comprehensive and detailed work has been presented by
(Schnellenbach et. al., 2016) where different strengthening methodologies for old prestressed bridges
are discussed. Other comprehensive reports are (NCHRP, 1980,1985), (Harris et. al., 2009, 2012) and
for external prestressing, (Nordin, 2005). The main strengthening methods that have been found for
prestressed concrete bridges are discussed below.
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External post-tensioning

External post-tensioning is affected using steel rods, strands or bars anchored by corbels or brackets
(typically referred to as ‘bolsters’) which are cast or mounted onto the girder; typically on the girder’s
side (although occasionally on the soffit). The steel rods, strands or bars are then tensioned by jacking
against the bolster or preload. Design of external post-tensioned repair systems is relatively straight
forward using a simple plane sections analysis (recognizing that the post-tensioning bar is unbonded).
The attachment/interface of the bolsters, however, requires significant attention. These elements are
‘disturbed regions’ subject to large concentrated compression forces. Additionally, sufficient shear ca-
pacity along the interface between the bolster and existing beam must be provided to transfer the post-
tensioning force. Effective shear transfer often requires the bolsters themselves to be post-tensioned
(transversely) to the girder to affect adequate “friction’ forces along the interface. Finally, the design of
the bolsters and interface must consider the moments induced by the eccentric post-tensioning forces.

An ideal tendon material should not only have high-strength but it also has to remain in elastic range
until relatively high stresses are reached. Furthermore, it has to show sufficient ductility and good bond-
ing properties, low relaxation and high resistance to fatigue and corrosion.

External prestressing, both for new and existing structures, has proven to be an effective technique.
Picard et al. (1995) listed the following advantages:

e Concreting of new structures is improved as there are no or few tendons and bars in the section

o Dimensions of the concrete section can be reduced due to less space needed for internal rein-
forcement.

o Profiles of external tendons are simpler and easier to check during and after installation.

e Grouting is improved because of a better visual control of the operation.

e External tendons can be removed and replaced if the corrosion protection of the external tendons
allows for the release of the prestressing force.

e Friction losses are significantly reduced because external tendons are linked to the structure only
at the deviation and anchorage zones.

e The main construction operations, concreting and prestressing, are more independent of one
another; therefore the influence of workmanship on the overall quality of the structure is re-
duced.

It is also important to understand the weaknesses of the technique. The following disadvantages
should be kept in mind, (Picard et al. 1995):

o External tendons are more easily accessible than internal ones and, consequently, are more
vulnerable to sabotage and fire.

e External tendons are subjected to vibrations and, therefore, their free length should be limited.

e Deviation and anchorage zones are cumbrous additions to the cross section. These elements
must be designed to support large longitudinal and transverse forces.

e Inthe deviation zones, high transverse pressure acts on the prestressing steel. The saddles inside
the deviation zones should be precisely installed to reduce friction as much as possible and to
avoid damage to the prestressing steel.

¢ In the case of internal grouted tendons, the long-term failure of anchor heads has limited conse-
guences because prestressing may be transferred to the structure by bond. In the case of external
tendons, the behavior of anchor heads is much more critical. Therefore, anchor heads should be
carefully protected against corrosion.

e Atultimate limit states, the contribution of external tendons to flexural strength is reduced com-
pared to internal grouted tendons. The stress variation between the cracking load and ultimate
load cannot be evaluated at the critical section only, as is done for internal bonded tendons.

e Atultimate limit states, failure with little warning due to insufficient ductility is a major concern
for externally prestressed structures.

e The actual eccentricities of external tendons are generally smaller compared to internal tendons.
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As the tendons are placed outside the structure the connection to the structure are at deviators and an-
chorage. Between those points the tendons are free to move relative to the section of the structure. If
deviators are not used the second-order effects due to changing tendon eccentricity, see figure 7.3, lead
to a lower load carrying capacity, (Tan and Ng 1997). The use of deviators along the span of the struc-
ture can effectively reduce those effects, tests conducted by Tan and Ng (1997) showed that a single
deviator at the section of maximum deflection resulted in satisfactory service and ultimate load behav-
ior.
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Figure 7.3 Second order effects without deviators, (Tan and Ng, 1997)

External post-tensioning can be used for new structures as well as for existing structures when strength-
ening is needed. The application is not restricted to concrete structures. Any material with reasonable
compression capability can be strengthened with external tendons. The technique has been used for
various types of structures such as:

Bridge superstructures

Girders in buildings

Roof structures

Circular structures like silos, reservoirs and chimneys

In figure 7.4 and 7.5, examples of external post-tensioning of a concrete bridge are shown.

Figure 7.4 External post-tensioning applied to concrete box-girder bridges Photos from a French bridge
on high speed line to Marseilles left and a Hungarian bridge on the new freight line through Slovenia to
the Mediterranean (Photos by B. Paulsson)
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Figure 7.5 Photos from the new railway bridge in Porto shows preparation for extra external post-ten-
sioning, (Nova ponte ferroviaria sobre o Rio Douro no Porto)

For strengthening purposes external post-tensioning for beam bridges is today well known after many
years of experience, see also case studies in appendix C.

Strand splicing
Strand splices are designed to reconnect severed strands (Harris et. al., 2009). Methods of reintroducing

prestress force into the spliced strand are preloading, strand heating and torqueing the splice; the latter
is most common, essentially making the splice a turnbuckle of sorts. Strand heating is a method whereby
the strand is heated, the strand splice is secured to the strand and as the strand is allowed to cool, it
shrinks, thus introducing tension back into the strand. Strand heating of conventional high-strength pre-
stressing strand is not believed to be a terribly rational method of affecting any reasonable prestrain:
either a) a long length of strand must be heated; or b) a short length of strand must be heated to a high
temperature. The former is impractical in a bridge girder and the latter will affect the material properties
of the strand. Strand heating is not recommended. Commercially available strand splices have couplers
connected to reverse threaded anchors; as the coupler is turned, both anchors are drawn toward each
other, inducing a prestress in the attached strand, see figure 7.6. Strand splicing are normally not used
for internal post tensioning systems.

Figure 7.6 Strand splice, (Harris et. al., 2009)

Steel jacketing
Steel jacketing is the use of steel plates to encase the girder to restore girder strength. With this repair

technique, post-tensioning force can only be introduced by preloading. Generally, this method of repair
will also require shear heads, studs or through bars to affect shear transfer between the steel jacket and
substrate beam. Steel jacketing is felt to be a very cumbersome technique. In most applications, field
welds will be necessary to ‘close’ the jacket (since the jacket cannot be ‘slipped over’ end of beam in
most applications). Additionally, the jacket will need to be grouted in order to make up for dimensional
discrepancies along the beam length. In figure 7.7 External steel jacketing for strengthening in shear is
shown, here we can also notice that the steel plates are anchored in the compressive zone (Schnellen-
bach-Held et. al., 2016).
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Figure 7.7 Shear strengthening of a concrete bridge in Germay (Rose rans Kerkeni, 2010)

External non post-tensioned CFRP Technique

In this method, CFRP materials are applied to the concrete member as tension reinforcement. The CFRP
is applied using a structural adhesive and is not stressed in any way prior to application. Thus the CFRP
is composite with the substrate concrete only in resisting loads applied following CFRP application. For
this reason, non-PT retrofits are typically only used to affect the ultimate capacity of the prestressed
concrete member. Typically, the critical limit state of such externally bonded retrofit measures is asso-
ciated with failure of the CFRP- concrete interface. In figure 7.8 passive CFRP strengthening of a road
bridge outside Karlstad in Sweden.

Figure 7.8 Passive strengthening with CFRP laminates, (Photo B. Téljsten)

External prestressed or post tensioned CFRP technique

Prestressed or post-tensioned (the terms are used inconsistently in the literature) CFRP repairs require
affecting a tensile stress in the CFRP. Under stress, the CFRP is attached to the prestressed member.
There are three approaches to installing PCFRP systems. The following terminology is adopted,;

Prestressed CFRP: The CFRP is drawn into tension using external reaction hardware and is applied to
the concrete substrate while under stress. The stress in maintained using the external reaction until the
bonding adhesive is cured. The reacting stress is released and the “prestress™ is transferred to the sub-
strate concrete. This method of prestressing is potentially susceptible to large losses at stress transfer
and long term losses due to creep of the adhesive system. Additionally, details (such as FRP U-wraps)
must be provided to mitigate debonding at the termination of the CFRP strips or plates. Prestressed
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CFRP systems are analogous to prestressed concrete systems where the stress is transferred by bond to
the structural member.

Unbonded post-tensioned CFRP: The CFRP is drawn into tension using the member being repaired to
provide the reaction. The stress is transferred to the member by mechanical anchorage. Typically a hy-
draulic or mechanical stressing system will be used to apply the tension after which it will be “locked
off™ at the stressing anchorage. This method of posttensioning is susceptible to losses during the “lock-
ing off™ procedure. Depending on the anchorage method, long term losses due to creep in the anchorage
is a consideration. Such systems must be designed with sufficient clearance between the CFRP and
substrate concrete to mitigate the potential for fretting. Unbonded post-tensioned systems are analogous
to conventional unbonded post tensioning systems.

Bonded post-tensioned CFRP: The CFRP is stressed and anchored in the same fashion as unbounded
systems. Following anchorage, the CFRP is bonded to the concrete substrate resulting in a composite
system with respect to loads applied following CFRP anchorage. Since the adhesive system is not under
stress due to the post-tension force, adhesive creep is not a significant consideration with this system.
The bonding of the CFRP may help to mitigate creep losses associated with the anchorage. Bonded post-
tensioned systems are analogous to conventional bonded post tensioning systems.

In figure 7.9 a laboratory test of a active CFRP system is shown. The concrete beam is strengthen with
external CFRP tendons (Bennitz, 2011)
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Figure 7.9 Active strengthening with CFRP rods, (Bennitz, 2011)

The result from this test show that you can obtain as high strengthening effect as for external steel
tendons, however, the CFRP systems are linear elastic which means that the failure has to be controlled
via the anchorage system.

In table 7.2 a summary of selection criteria’s has been made considering the strengthening methods
describe above.

Table 7.2 Strengthening selection criteria’s, based on (Shanafelt and Horn, 1980).

Damace Assessment Factor Repair/Strengthening Method

g External PT | Steel Jacket CFRP CFRP PT
Behavior at ultimate load Excellent Excellent Excellent Excellent
Overload Excellent Excellent Excellent Excellent
Fatigue Excellent Excellent Excellent Excellent
Adding strength to non-damage girders Excellent Excellent Excellent Excellent
Preload required No Probably Probably No
Restore of loss concrete Excellent Excellent Excellent Excellent
Speed Good Good Excellent Good
Durability Excellent Good Good Good
Cost Low High Medium Medium
Aesthetics Fair Fair Excellent Fair
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However, every repair/strengthen object is unique and a detailed evaluation for the specific project
should always be carried out.

7.5  Design consideration for bridges with external tendons

In general traditional codes and standard can be used for repair and strengthening with external tendons
of steel or CFRP if considerations is taken to the existing load on the structure, see (Nordin, 2005, Ng,
2003) and figure 7.10. There is a difference in the ductility behaviour between beams with prestressed
CFRP tendons compared to steel tendons. In general, a conventional prestressed concrete beam with
steel tendons will deform elastically until cracking, and then the member deflections will progressively
increase as the tendon yields. FRP prestressed beams deform elastically until cracking and then continue
to deform under increasing load until the tendons rupture or the concrete crushes.
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Figure 7.10 Strain and stress distribution at critical section of externally prestressed beam at ultimate
limit state, (Ng, 2003)

In figure 7.10 the ultimate moment can be determined using the following equation:
(7:1) My = Ag o (d sy —KBiC)+ A (dy —kBie) + ATy (dg — ki)

Where kpic is the depth of centroid of the concrete compression zone. For a rectangular section or a T-
section with B;c <h, (hris the flange thickness) k=0.5. For B,c <h then k has to be determined from

the centroid of the force in the concrete compression zone. For unbonded tendons refers to e.g. (Naaman
et. al., 2002). For CFRP the material parameters for the external steel is replaced with a strain based
design criteria, see (Taljsten et. al., 2016).
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8 Proposal for future actions

8.1 General

As has been shown earlier in this report, there has over the years been a considerable work carried out
in many different parts in Europe to increase the safety and efficiency of prestressed concrete bridges.
Some examples are. FIP(1980), fib-IABSE (2001), fib Bull 26 (2003), fib Bull 33 (2005), fib-Bull 62
(2012), fib Model Code (2010), Godart (2014), BAST (2012), BAST (2016), Harris et al. (2012),
Hurlebaus (2017), HTRL 3/246 (2003),_ ASTRA 12210 (2007), ASTRA 82015 (2011), BA 86/06
(2017).

In order to propose a way for Trafikverket to continue with the work regarding prestressed concrete
bridges, some examples of possible future actions are described in this chapter. The proposals do not
cover everything but highlights the findings from the work presented in this report, based on case studies
and an extensive literature study.

In our opinion an international cooperation is the best long term way to go forward of the following
reasons

e Alot of research in the area has been carried out in several countries. If we use this we will have
a better platform to start from.

e The problems that have occurred up to now are rare. An international study gives a better and
broader input both to risk analyses and on how to find solutions.

e The costs will be significantly lower since it will be shared among several participants.

e Implementation will go faster since different demonstrators can be done in parallel.

8.2 Short term

8.2.1 EU-project;

Support an initiative for an EU-project. This has already started by establishing contacts with ECTP
(European Contractors Technology Platform) and possible partners in Europe. ECTP is probably the
most suitable Technology Platform to use in order to contact EC. Next activity is proposed to be to
contact EC and to create a core team.

8.2.2 A deeper study concerning the bridges managed by Trafikverket

In this study we have tried to answer how comprehensive the problem is and also how serious the prob-
lem is in Sweden. It has been done by some case studies and by input from reports. We can from this
knowledge conclude that problems exist. In order to get a more precise knowledge, a more extensive
study is recommended for post-stressed bridges built before 1980. This choice is also supported by the
international literature. The study should also look at used post-tensioning systems and possible sensi-
tive parts.

8.2.3 A preliminary guideline on how to do inspect Post-stressed bridges

Based on reports studied, it is possible to compile a preliminary guideline on how enhanced inspections
can be performed. This can be based mainly on French, German, Swiss and UK experiences.

8.2.4 Investigations of post-stressed bridges

Today the knowledge is poor on the status of the post-stressed bridges managed by Trafikverket. It
would be of help to have an increased knowledge on how useful and accurate different monitoring and
inspection technique are. These two areas can looked into by an investigation of post-stressed bridges.
Thus, we propose that post-stressed bridges that are planned be replaced, should be investigated guided
by the findings in this report.
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8.3 Longterm

A proposal for long-term international studies was already outlined in Figure 1.1, also summarized in
the next Chapter 9. It is preferable that projects that may start, fits into such a concept. The concept
includes implementation to ensure market uptake and not only the produce of shelf warmers.

A future asset management system must take care of the aging post-stressed bridges better than what is
done at present. Input can come from the investigations proposed above p. But it must be implemented
and used in practice by Trafikverket.
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9

9.1

Overall

Conclusions and further studies

Conclusions

Our society is dependent on a well-functioning and safe infrastructure. Most long and important
concrete bridges are prestressed bridges and they must be kept under control and in good con-
dition in order not to mal-function or even collapse due to corrosion in the prestressing cables.
This corrosion is often hard to detect as it appears inside the structure and cannot be detected
with the naked eye.

If a problem occurs it is important to have plans for how to handle the situation without unnec-
essary traffic disturbances.

This report aims to identify how extensive and serious the problems are with prestressed con-
crete bridges and to propose actions to mitigate them

From this study:

9.2

In the late seventieths a lot of progress was made regarding materials and construction. But
bridges built before 1980 may have problems. Trafikverket in Sweden has about 400 such
bridges. The seriousness of their problems should be evaluated.

No single nondestructive monitoring or inspection techniques can alone give enough infor-
mation for decisions since the overall accuracy is not sufficient.

Today there are on the market strengthening and repair methods that are cost-effective and en-
vironmentally friendly. They are promising but have to be further evaluated.

Better knowledge of the status of post tensioning cables is important as well as how accurate
and well monitoring and inspection technique work. Investigation of bridges that are planned to
be replaced is a cost-effective way to go forward.

Further studies

In order to meet the long term demands we propose further studies in order to:

better understand the behavior of prestressed bridges
protect, detect and mitigate corrosion of prestressing reinforcement
elaborate nondestructive monitoring and inspection methods.

augment methods for risk analyses and for the study of the reliability and the robustness of
prestressed concrete bridges

develop methods for Condition Assessment and for Life Cycle Cost Assessment (LCCA) to
optimize maintenance strategies. The methods ought to be calibrated by full scale tests of
bridges decided to be demolished

advance repair and strengthening methods

promote proactive and adaptive maintenance strategies that supports a sustainable society

Such studies could preferably be carried out in an international research project
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Appendix A: Case Studies

This appendix is not fully structured due to varying availability of information from different bridges.
Most information is from BatMan but also from old reports from Bjérn Paulsson. Therefore every in-
vestigated bridge starts with general information. After that the used post-tensioning system is noted
followed by special information that can be of interest. Finally conclusions is drawn.

Bridge/Location

It was a road bridge in Kiruna and opened in 1959 and demolished in2014.

Type

Beam bridge on three girders

Length/Spans

122 m with five spans of 18.0 + 20.5 + 29.35 + 27.15 + 26.5 meters and
consists of three longitudinal post-stressed girders connected with a rein-
forced concrete slab common way to build post-stressed continuous beam
bridges.

The remarkable is that they started with the central part. It was post-stressed
from each end. This was then followed by the outer segments post-stressed
from the abutments.

Post-Tensioned  sys-
tem

BBRV 32 g 6 probably steel quality 150/175 kp/mm?. According to the
drawings passive and active anchorages was used. Also couplers was used.
No investigations was carried out concerning corrosion on the strands and
chloride content in the grout. The ducts that was used are unknown.

Designer

Sven Hultquist Konsulterande Ingenjorsbyra, Stockholm

Contractor

Not known

The bridge war tested to failure in 2014. This is well reported in (Bagge,
2017). The test showed that this “Beam Bridge” acted linear far over max-
imal dimensioned load and showed a ductile behaviour in Ultimate Limit
Stage (ULS). See figure AB1.1.

This behaviour is not expressed in literature since very few failure tests to
collapse have taken palace on this bridge-type. It gives input to the main
hypotheses in the future work that a normally maintained beam bridge acts
in this way.

Fenlure soushem girder T, A s

Load [MN]
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Maximum —
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Deflection [rm]

Figure Al is taken from (Bagge, 2017) and shows load/deflection of the
failure test.
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Bridge/Location

A road bridge over Dalélven in Marma opened in 1977

Type

Beam bridge on two girders

Length/Spans

304 meters. The eight spans are 31.8 + 40 + 40 + 40 + 40 + 40 + 40 + 31.8
meters. It was traditionally built in 7 casting phases which was the common
way to build continuous beam bridges.

It consists of two longitudinal post-stressed beams connected with a rein-
forced concrete slab.

Dimensioned accord-

VV Bronormer 1969

ing to

Post-Tensioned sys- | BBRV 44 g 6 with steel quality 150/175 kp/mm?and with a break load of

tem 218 Mp. According to the drawings passive and active anchorages was
used. The ducts that was used are unknown.

Designer ELU Konsult AB

Contractor BPA Orebro

Assessment infor- | Notes from the last inspection done October 2015 does not show any dam-

mation ages that can be related to problems with post-stressing system. Below you

can see to other damag_e_s. (I;than, 2018)

Picture on the bridge (BaTMan 2018)

Pictures of damages (BaTMan 2018)
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Bridge/Location

Abisko Bridge: A railway bridge on the Oreline in the north of Sweden going
over Abiskojokka opened for traffic in 1978.

Type

Box girder bridge

Length/Spans

94.4 meters. The tree spans are 30 + 35 + 21 meters.
The bridge is a traditional box girder.

Dimensioned ac-

It is dimensioned with trainload typ F and VV:s Bronormer 76.

cording to

Post-Tensioned BBRV 44g6 with steel quality 155/180 kp/mm?.
system

Designer Erik Lysedal AB

Contractor Véagverket

Assessment  in- | Bridge

formation :

Picture of Abisko bridge (WSP report in BaTMan)
In 2011 the following cracks were found on the inside of the box above the pillar.

e ———
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I
Figure A2 showes the cracks
Due to planned tests of increased axleload to 32.5 tonnes a special inspection
took place in 2016. In this inspection a lot of cracks were found. See below.
Most cracks were in the range of 0.1-0.25 mm. Only two were larger one 0.3
mm and one 0.4 mm.

Figure A3 showes all cracks and how they were documented both with locations
and on photos.

In order to see what axleload the bridge could resist a bearing capacity calcula-
tion was performed in 2016. The calculations included SLS, ULS and fatigue.
No special investigation concerning background of cracks was done.

In 2019 monitoring will take place in order to evaluate if cracks are propagating
or if it is ordinary creep/temperature cracks.

Cracks in post-tensioned bridges must be better understood. Therefore parallel
calculations to the monitoring campaign is recommended.
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Bridge/Location

Olandsbridge is a road bridge with a total length of 6072 m and opened for
traffic in 1972. It connects the island Oland with Swedish mainland. The high
bridge part consists of 7 cantilever spans of 130 meters. The other part is
strengthened with traditional reinforcement. It is the 7 cantilever T’s. See picture

below.
I 1 T N S
& . L. o - 2, El & =
Type Box girder bridge
Length/Spans The high bridge is 910 meters with six 130 meter spans.

The high bridge part was built with cantilever technique in seventeen phases
ended with casting of a crossbeam. In all phases post-stressing bars was stressed.
This was stat-of-the-art when it was built 1968-1972.

Dimensioned ac-
cording to

KVVs Bronormer 1965

Post-Tensioned
system

Dywidag bars was used. Bars of 826 mm with steel quality 80/105 kp/mm? and
ducts with steel thickness of 0.2 mm was used. The used post-tensioning system
is well described in 4 drawings.

From 1968 chlorides was forbidden in grout according to Brobyggnadsan-
visningar.

Designer AB Skanska Cementgjuteriet
Contractor AB Skanska Cementgjuteriet
Assessment  in- | The bridge was test-loaded in 1972 with as much loads as possible on three files.
formation The values from the test load showed a clear linear behavior and good agreement

with calculations done with small adjustment of the modulus of elasticity.

100 m

-f""‘-_._._._‘_-_h'\-"-"_'—‘_-_h_-
| 130m

SR -
Pilardd Pilar 27

Loadtest

Figure A4 shows the parts that was load tested in 1972, (Paulsson, 1972)
Table Al shows values from the test loading. (Paulsson, 1972)

Load tests on Olandsbron
Load possession middle of pillar 28 to 29 with
joint
Calculated value Measured value
Section (mm) (mm)
27.50 -64 -59
27.75 -43 -41
28.00 0 0
28.25 54 48
28.50 130 117
28.75 54 48
29.00 0 0
29.25 -43 -42
29.50 -64 -62
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Special cable inspection: Several normal inspection reports have been carried
out during the years. In 2008 a special inspection of post-tensioned bars was
carried out. The quality and the conclusions of this report can be questioned.
The inspection was done by using endoscope and thermograph-camera.

The endoscope was done in 18 points and in 5 points the bar duct was laid bare.
From this simple investigation the consultant draw the conclusion that the con-
dition was good and that there will be no problems the next 25 years.

The investigation with the thermograph-camera was not optimal due to present
temperature situation when the measuring was performed so the result from this
is doubtful.

A picture above is from the special inspection showed a bar that had no grout-
ing and some corrosion.
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Bridge/Location

Angeredsbridge is a road bridge with a total length of 902 m and opened for
traffic in 1979. It goes over two main roads, a railway line and the river Géta
Alv.

A picture of the bridge is shown on the front-page.

— ;?T_%___I r 5

i L
Type Beam bridge
Length/Spans 902 metres. The bridge consists of 7 cantilever parts and 8 spans with 68 + 129

+ 129 + 129 + 129 + 129 + 122 + 66 meters individual length.

The bridge was built with cantilever technique in fourteen phases ended with
casting of a crossbeam or a connecting part. In all phases post-stressing cables
was stressed. In the end the connected part was stressed together with cables.
The bars in the webs was stressed when it was possible due to weather and when
it was feasible.

Dimensioned ac-
cording to

VV Bronormer 1976

Post-Tensioned
system

On the Angeredbridge two different post-tensioning system was used.

For the main system VSL 12 13 159/187 kp/mm? was used. The ducts was 0.5
mm.

In order to take care of shear forces 45° Dywidag @26 bars were used in the
webs. The steel quality 80/105 kp/mm? and ducts with steel thickness of 0.2 mm
was used.

Designer AB Skanska Cementgjuteriet

Contractor AB Skanska Cementgjuteriet

Assessment  in- | The bridge was test-loaded in 1978. Below you can see an example of the result.
formation 72m

| S

Pilar 3 Load possession 2 Pilar 4
129 m
T2m
PLLLLLLLIELLLELY]

_.,,_‘_i'_,..-r-‘

Pilar 5

PiIé: Load possession 5
‘ 1Zém
Figire A5 shows the possession of the loading (Paulsson 2018)
Table A.2 The table is extracted from original calculations (Paulsson 2018)
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Load tests on Angeredsbron Gothenburg
Load posision 2 with a joint pilar3to 4
Section |Calculated value (mm)|Measured value (mm)

3.125 -11 -8
3.250 -28 -23

3.375 -50
3.500 -76 -66
3.625 -52 -39
3.750 -30 -26
3.875 -13 -10
Load posision 5 with no joint pilar 4 to 5
4.125 -10 -7
4,250 -21 -18
4.375 -34 -28
4.500 -39 -36
4.625 -36
4.750 -24
4.875 -10

The bridge test-loaded with as much loads as possible. It meant about 60% of
dimensioning load. The values from the test load showed a clear linear behavior
and good agreement with calculations done with small adjustment of modulus
of elasticity. Also horizontal movements as well as stresses in crucial sections
was measured. All measurement showed that the bridge acted according to cal-
culations.

From the inspections carried out there are several observation that can be related
to problems with post-tensioning.

During construction there was two problems with post-tensioning. One was with
cracks near cable anchorages. This is also commented in the inspection. See be-
low.

| A 5
L ‘] e BT MR L T

D&?

P R w il L
Figure A6 From drawings (BaTMan 2018)
The second problem was that grouting of the Dywidag post-tensioning using the
thin ducts used in the webs could not be carried out in winter time. Therefore in-
leaking water expanded due to freezing and created internal cracks on several
places. The cracks was repaired with epoxy and samples was bored out to prove

that adhesion was sufficient. See below in red.
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Figure A7 From drawings (BaTMan 2018)
Next inspection is proposed to take place in 2019. On this occasion do an ex-
tended inspection also including cracks on critical parts.
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Bridge/Location

A railway bridge over E18, Enkdping opened in 1977 km 75+007

Type

Trough bridge

Length/Spans

73 meters. The four spans are 14 + 22.5 + 22.5 + 14 meters. All cables was
stressed at the same time.

Dimensioned accord-

VV Bronormer 1976

ing to

Post-Tensioned sys- | BBRV 44g6 with steel quality 155/180 kp/mm? was used. It had a break

tem load of 218 Mp. Cable ducts 67/60 according to specification for tendons.
There was severe problems with friction so some cables had to be replaced

Designer ELU Konsult AB

Contractor SIAB

Assessment infor- | According to inspection 2014 there are several cracks that can related to the

mation post-tensioning system.

Bridge/Location A railway bridge in Ornskéldsvik opened in 1955 and demolished in
2005

Type Most probably it was a trough bridge

Length/Spans Not known

Dimensioned accord- | Not known

ing to

Post-Tensioned  sys- | Freyssinet post-tensioning system 127 vires.

tem

Designer Not known

Contractor Not known

Assessment infor- | A special investigation was carried out by the Swedish Corrosion Institute

mation

KIMAB on 6 virs. 3 had small corrp_sion and tree had no corrosion.

L AN o
vl .o o

Pictures from the bridge showing cables (KIMAB 2006)
From the visual inspection the vires were found not corroded. When look-
ing more closely by experts corrosion was found. Therefore 6 vires was
chosen and tested. The figure below clearly shows that the vires with cor-
rosion have a brittle fracture while the other have ductile fracture. This be-
haviour corresponds well to Mechanical Behaviour Dowling 1999.
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Figure A8 result of tests done by KIMAB 2006
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Also content of chlorides was measured and showed high values. See more

(KIMAB 2006)

Today too few corrosion tests on post-tensioned cables is carried out. Often
non experts on corrosion take wrong decisions and underestimates the prob-
lem with only visual inspection. Experts on corrosion must therefore be

more engaged.
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Appendix B: Monitoring Techniques

B.1 Manual Methods

B.1.1 Visual inspection (V1)

Visual inspection is typically applied to detect contamination, material loss, deterioration, displacements
and cracks. VI can be easily applied by inspectors during regular (normal) inspections and is often com-
bined with simple NDT methods such as e.g. cover meter. This method is limited in the sense that it
solely provides surface observations and a crack measurement accuracy limited to 0.1 mm. Furthermore,
this method is very dependent on the experience and knowledge from the observer. The results from the
inspection is also dependent on the accessibility to the structure, and the weather and light conditions.
Nevertheless, in general a visual inspection can be fast and economical and to our experience all assess-
ments always start with a visual inspection before more advanced methods is introduced.

B.2 Acoustic methods

B.2.1 Impact-Echo (IE)

The IE method involves hitting the surface of the area of interest with a small impactor or impulse
hammer and identifying the reflected wave energy with a displacement or accelerometer receiver
mounted on the surface near the impact point. The reflections of the stress wave from internal defects,
material interfaces, or other anomalies are captured by transducers on the testing surface. Because the
impact generates a high energy pulse and can penetrate deep into concrete, the IE method is particularly
promising for identifying defects in concrete structures. It produces a better signal to noise ratio than
other ultrasonic techniques because of its low attenuation in composite materials such as concrete.In
figure B.1, a transducer records the surface displacements caused by multiple reflections of the waves
versus time. These displacement signals are subsequently transformed into the frequency domain.

Impact Transducer

‘¥

h 4
Data acquisition
_—

system and computer

Waveform Spectrum

Voltage

Amplitude

Py

Time Frequency

Figure B.1 Simplified diagram of the IE-method (from www.ndt.net)

Dominant frequencies are assigned to depth values by applying the so-called IE formula, whereby the
wave speed must be determined for each concrete through calibration at a position of known thickness
or by measuring on a core.

98



YL
(6.1) d = >

where v is the P-wave velocity and f is the measured frequency.

Minimum detectable target size varies according to the depth of the target. It is a very effective test
method for a depth from 0.1 m up to about 1.2 m. This method is typically used for thickness determi-
nation, localisation of delamination, voids, inhomogeneities, as well as hollows in tendon ducts. In table
B.1 capabilities and limitations of the IE technique is summarised.

Table B.1 Capabilities and limitations of the IE technique

Defects IE cannot locate strand defects in internal or external ducts. IE can locate
voids and water infiltration in internal metal ducts with moderate accu-
racy, and compromised grout and water infiltration in internal nonmetal
ducts with low to moderate accuracy. IE can also locate compromised
grout, voids, and water infiltration in external HDPE (high-density poly-
ethylene) ducts with moderate accuracy

Duct location Applicable to both internal and external ducts

Duct type Applicable to both metal and nonmetal ducts

Effect of concrete cover The effect of concrete cover is dependent on the impact. Very thick con-
crete cover may prevent successful measurement.

Effect of layered ducts Layered ducts do not yield meaningful results due to the large reflections
from the near duct

Effect of reinforcement Presence of steel highly reflects acoustic waves, thereby negatively af-

congestion fecting investigation using IE.

Effect on corrosion No possibility to detect corrosion

Accessibility requirement | For non-automated scanning systems, accessibility required is typically a
0.5 x 0.5 area. The area required for an automated scanning system is
dependent on the system. Testing within the anchorage region is gener-
ally not possible using IE due to the physical structure of the region and
the highly reflective metal used in the anchorages

B.2.2 Ultrasonic Pulse Echo (UPE)

This acoustical technique consists of the transmission (T) of ultrasonic-pulses into concrete which are
reflected by material defects or by interfaces between regions of different densities and/or elastic moduli.
A receiver (R) coupled to the surface monitors the reflected waves. Point measurements are combined
to visualise the reflection. It is worth noting that the propagation of ultrasonic waves is limited by layers
containing air, e.g. concrete with large amount of air pores and by very dense reinforcing bars. This
method is used for the inspection of the inner structure of structural elements made of reinforced and
prestressed concrete, rebar and tendon locations, compaction faults and voids, see a principal sketch in
Figure B.2. In the UPE method it has to be noted that a single measurement allows no conclusion about
the position of a single rebar or duct. Only measurements along a measurement grid with a constant
measuring point distance allow carrying out a reconstruction calculation with a subsequent imaging of
individual reinforcement bars or ducts. Compared to the radar method, the resolution here is often coarse
due to the diffusion of signals at the aggregate. In table B.2 capabilities and limitations of the IE tech-
nique is summarised.
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Figure B.2 Simplified diagram of the UPE-method (from www.ndt.net, zfp.cbm.bgu.tum.de)

Table B.2 Capabilities and limitations of the UPE technique

Defects

UPE can locate grout defects in internal non-metal and metal ducts with
low to moderate accuracy. UPE does not detect strand or grout defects
within the ducts in the anchorage regions.

Duct location

Applicable to internal ducts.

Duct type

This method is applicable to both metal and non-metal internal ducts.

Effect of concrete cover

Typical concrete cover is not an issue for UPE inspection.

Effect of layered ducts

Ducts behind other ducts can be discerned using UPE. The position of
the two transducers can be varied such that direct, semi-direct, and indi-
rect tests can be performed, which aids in mapping out the volume of the
defect.

Effect of reinforcement
congestion

Surrounding reinforcement will strongly affect any investigation since
the presence of steel highly reflects acoustic waves. This makes any ob-
ject directly beneath the reinforcement undiscernible and areas in be-
tween reinforcement visible. Densely spaced reinforcement will there-
fore hide any investigation beyond the bars’ location

Effect on corrosion

No possible to detect corrosion

Accessibility requirement

For UPE devices, the area required for scanning is about 300 mm. on
both sides of the structure. UPE technique can be used for anchorage de-
fects. Conventional UPE testing requires access to two surfaces, prefera-
bly two parallel surfaces such as the top and bottom surfaces of a slab or
the inside and outside surfaces of a wall. However, this test can be per-
formed using the indirect methods, which does not require access to two
surfaces.

B. 2.3 Spectral Analysis of Surface Waves (SASW)

As with Impact Echo, the mechanical energy (in this case the Rayleigh wave) is generated by striking
the concrete surface with, a small hammer or similar impactor. The propagation of the Rayleigh (surface)
waves can be measured at the surface and the velocity of each wavelength component calculated as the
waves pass the two sensors on the surface. In this way, it is possible to create a diagram of Rayleigh
wave velocity versus wavelength. Since the waves are influenced by material at depths proportional to
wavelength (short wavelength: near-surface and long wavelength: far-surface) then we can create a di-
agram of the variation in wave velocity with depth - a so-called dispersion curve.
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The equipment and testing set-up are very similar to that used for Impact Echo. The collection of SASW
data and processing is however more lengthy. Two transducers are used with a maximum separation
approximately equal to the thickness of the concrete under investigation. The use of two transducers in
this way does of course restrict tests to sufficiently large and accessible surfaces.

This method is suitable for rel

atively large planar surfaces. Also the type of investigation is usually that

of layered systems or material (ground, soil, concrete) variations with depth. The ability of the method
to detect and describe relatively small defects/objects is not so good as Impact Echo or Ultrasonic Pulse
Echo. It has the advantage that it can quite accurately measure thickness without the need for calibration,

i.e. wave velocity calibration.

Instrument: Supplied by Olson Instruments, U.S.A. L
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Figure B.3 Simplified diagram of the SASW-method (from www.mdpi.com)

Table B.3 Capabilities and limitations of the SASW technique

Defects

SASW can locate grout defects in internal nonmetal and metal ducts with
low to moderate accuracy. USE does not detect strand defects in internal
ducts. This method has low accuracy in detecting voids and water infil-
tration in anchorage regions

Duct location

Applicable to internal ducts.

Duct type

As long as sufficient bonding between the duct lining and surrounding
grout is maintained (no shrinkage cracks or air gaps present), this method
is applicable to metal and nonmetal internal ducts. However, it requires
calibration based on the duct material.

Effect of concrete cover

SASW devices perform better when the concrete cover is between 50 —
300 mm. Deeper cover may be acceptable provided there is no heavy re-
inforcement congestion.

Effect of layered ducts

Ducts behind other ducts cannot be discerned

Effect of reinforcement
congestion

Surrounding reinforcement will strongly affect investigation since the
presence of steel highly reflects acoustic waves. This makes any object
directly beneath the reinforcement undiscernible and areas in between re-
inforcement visible. Densely spaced reinforcement will limit investiga-
tion beyond the location of the reinforcement bars.

Effect on corrosion

No possible to detect corrosion

Accessibility requirement

Automated scanners with dual probe transducers require approximately
0,5 x 0,5 m clearance around the inspected region. Testing within the an-
chorage regions generally does not provide useful information due to the
large amount of reflective steel used in the anchorages.
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B.2.4 Acoustic Emission (AE)

Acoustic Emission (AE) refers to the generation of transient elastic waves produced by a sudden redis-
tribution of stress in a material. When a structure is subjected to an external stimulus (change in pressure,
load, or temperature), localized sources trigger the release of energy, in the form of stress waves, which
propagate to the surface and are recorded by sensors, see figure B.4.

This acoustical test method involves a series of single sensors (minimum of 4) or an array of sensors
attached to the surface. Ultrasonic signals which are released by cracking are recorded. Information,
such as noise amplitude, energy, duration, and crack type (cracking, delamination, spalling) can be cap-
tured. Active cracks can be identified and localised, before their effect is measurable. The ultrasonic
signal changes the runtime with increasing deterioration of the concrete. There are no signals when
cracks are not active. Filtering of noise due to traffic, existing cracks, etc. is necessary.
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Figure B.4 Simplified function of the AE-method (from www.nde-ed.org)

Acoustic Emission is unlike most other nondestructive testing (NDT) techniques in two regards. The
first difference pertains to the origin of the signal. Instead of supplying energy to the object under ex-
amination, AE simply listens for the energy released by the object. AE tests are often performed on
structures while in operation, as this provides adequate loading for propagating defects and triggering
acoustic emissions.

The second difference is that AE deals with dynamic processes, or changes, in a material. This is par-
ticularly meaningful because only active features (e.g. crack growth) are highlighted. The ability to
discern between developing and stagnant defects is significant. However, it is possible for flaws to go
undetected altogether if the loading is not high enough to cause an acoustic event. Furthermore, AE
testing usually provides an immediate indication relating to the strength or risk of failure of a component.
Other advantages of AET include fast and complete volumetric inspection using multiple sensors, per-
manent sensor mounting for process control, and no need to disassemble and clean a specimen.

Unfortunately, AE systems can only qualitatively gauge how much damage is contained in a structure.
In order to obtain quantitative results about size, depth, and overall acceptability of a part, other NDT
methods (often ultrasonic testing) are necessary.
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Table B.4 Capabilities and limitations of the AE technique

Defects AE cannot discern static defect, but can be used during loading to detect
ongoing defects

Duct location Yes

Duct type N.A.

Effect of concrete cover N.A

Effect of layered ducts N.A

Effect of reinforcement N.A
congestion
Effect on corrosion Cannot detect corrosion, but should be able to detect breakage due to

corrosion over time

Accessibility requirement | Need accessibility for the sensors, and many sensors might be needed for
large structures.

B. 3 Radiographic methods

B.3.1 Radiography

Radiography, or x-ray as it is commonly known, enables us to produce a 2-D image of the concrete and
variations in the density, for example, those caused by reinforcing bars or voids. The technology used
today enables us to produce extremely high-resolution digital images of reinforced concrete up to 1500
mm thick. The x-rays penetrate the concrete and are attenuated by the material to a degree that is de-
pendant on the density and thickness of the object. The amount of radiation that penetrates the object
will determine the brightness/contrast (darkness) of the image. A reinforced concrete structure will pro-
duce an image, which reflects the variations in density in the volume tested, so that rebars appear as
lighter (less dense) images on a darker surface (providing that the concrete is homogeneous). If the
concrete contains pores or voids then these will appear as darker spots/areas on the image.

Concrete Beam

Remote
Dosimeter

Radiation
Beam

Accelerator Unit

Figure B.5 Typical set up for radiography with a Betatron. The power and control units are separate. A
220V, 15 A power supply is needed. The supply should be steady and not fluctuating, for example, due
to the effects of welding or movement of heavy electrical machinery.

In order to define the optimum procedure for a inspection using radiography on concrete structures a
number of parameters have to be decided:
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The necessary energy level or the source

The choice of the right image plate

The choice of the right screens for the image plate
The necessary exposure time

In figure B.6 typical results from using the radiography method is shown. The ducts and the tendons can
clearly been seen and in table B.5 the capabilities and limitations of the method is presented.

Equipment and different positions, by curtsey of Results. The duct and the tendons together with

DEKRA, 2019

steel reinforcement can clearly be noticed in the
photo, by curtsey of DEKRA, 2019

Figure B.6 Example of results from the radiography method.

Table B.5 Capabilities and limitations of the Radiography technique

Defects

Radiography can detect defects in concrete, but high moisture content in-
crease the scatter and the exposure time as much as three. It is easier to
detect a void of a certain size in a homogeneous concrete with small ag-
gregates, than in a non-homogeneous concrete with large aggregates.

Duct location

Yes

Duct type

Yes, in such a way that the metallic duct can clearly been seen, but plas-
tics will not be discern clearly on the screen.

Effect of concrete cover

The method is affected by the concrete cover, where thicker concrete co-
vers demand higher energies

Effect of layered ducts

Ducts behind other ducts can be discerned using radiography. The posi-
tion of the equipment can be varied such that direct, semi-direct, and in-
direct tests can be performed.

Effect of reinforcement
congestion

Congested reinforcing can make it difficult to distinguish a void in an
image. This is of course due to the higher density ratio between an air-
filled void and the concrete/steel combination. A void of a certain size is
easier to detect in un-reinforced concrete than in heavily reinforced con-
crete. However, the different layers of reinforcement can be noticed.

Effect on corrosion

Can detect corrosion, but has to be extensive corroded areas. Can give
notice for possible corrosion at areas of voids etc.

Accessibility requirement

Heavy and complicated equipment, not suitable everywhere, need access
to high voltage. Need special permits and protection due to X-rays. Most
likely applicable for special projects.
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B.4 Electromagnetic methods

B.4.1 Ground Penetrating Radar (GPR)

This method applies electromagnetic waves by sliding an antenna over the concrete surface. It is im-
portant to note that if variation in the dielectric properties of the different materials is low, only a small
amount of energy will be reflected. For example, electromagnetic waves cannot penetrate any metallic
layer. The shape of the constructional elements (e.g. diameter of rebars) or material inhomogeneities are
difficult or not at all possible to estimate. This method is often used for the inspection of the inner
structure of structural elements made of reinforced or post-tensioned concrete and masonry, to detect
and localise inhomogeneities (voids, metal or wood inclusion), thickness of structures which are only
accessible from one side, internal structure of complex elements, as well as to determine the moisture
content and distribution. In figure B.7 an example of the use of GPR is shown. The evaluation of the
results is very dependent on the existing algorithms and user interface. The capabilities and limitation
of the GPR inspection technique is discussed in table B.6.

Table B.6 Capabilities and limitations of the GPR technique

Defects

GPR can detect defects in concrete. GPR cannot detect strand defects in
external HDPE ducts. It can detect voids in external HDPE ducts with
moderate accuracy, however cannot quantify the volume of the void. It
can also detect compromised grout, and water infiltration defects in ex-
ternal HDPE ducts with low accuracy. GPR cannot detect strand or grout
defects in external metal ducts, within the internal metal or plastic ducts,
or the anchorage zones. However, GPR can be used to locate internal
metal and plastic ducts

Duct location

While acceptable predominantly for internal ducts (testing on a concrete
surface), with a proper setup, GPR may be used to identify voids within
external ducts

Duct type

If it is desirable to detect conditions within the duct, GPR is only appli-
cable to nonmetallic ducts. However, if it is desirable to locate the inter-
nal ducts, then GPR is applicable to both metal and nonmetal ducts.

Effect of concrete cover

The effect of concrete cover is dependent on the scanning frequency. For
high frequencies (~500-3000 MHz) penetration depth can typically ex-
ceed 600 mm

Effect of layered ducts

GPR is unable to even locate the far duct due to the large reflections
from the steel strands in the near duct.

Effect of reinforcement
congestion

The presence of steel highly reflects the electromagnetic waves, thereby
strongly affecting GPR’s capability of locating ducts, especially in the
anchorage regions.

Effect on corrosion

Can detect corrosion, but have to have larger areas, large uncertainty

Accessibility requirement

The area required for GPR scanning is device dependent. For ground-
coupled GPR inspection, it is required that the wheels of the device be in
physical contact with the structure to ensure turning of the wheels which
also acts as a distance meter. The creation of a 3D image requires either a
0,5x0,5mor 0,5 x 1,2 m manually accessible testing surface. However,
these requirements could vary if an air-coupled GPR device is used.
Testing within the anchorage region typically does not provide useful in-
formation due to the large volume of the highly reflective reinforcement
cage present in the anchorage zones.
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Figure B.7 Ground penetrating radar, from (https://fhwaapps.fhwa.dot.gov/ndep/DisplayTechnol-
ogy.aspx?tech_id=25, 2019)

B.4.2 Infrared Tomography (IRT)

In this approach, electromagnetic pulse is sent from one side and received on the other. Travel times and
amplitude information are used to reconstruct the hidden structure and to provide velocity and attenua-
tion distribution. The technique is used for poorly compacted concrete, high moisture and chloride con-
tent, voids greater than 100 mm. With proper calibration, IRT is used to quantify the dynamic modulus
of elasticity which can be used to quantify frost damage in RC structures. The primary basis for IRT
inspection lies in the emissivity of individual materials within the object being examined. Depending
on the emissivity of the different materials, each material within the object may release or absorb heat
at different rates, and the differential temperatures during this transition period can provide valuable
information about the object. The uneven cooling or heating of the metal or nonmetal ducts, the sur-
rounding concrete, the good grout, and the various defects, should be identifiable in a temperature
profile. Therefore, it is important to perform IRT during times of the day when atmospheric tempera-
ture gradients are high, thus forcing the object being inspected to heat or cool in order to reach equi-
librium with the surrounding environment. The capabilities and limitations of the IRT inspection tech-
nique are discussed in table B.7.

Figure B.8 IRT Technique using FLIR T640 Infrared Camera and sample of infrared image of external
tendons, from (http://nap.edu/24779)
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Table B.7 Capabilities and limitations of the IRT technique, from (http://nap.edu/24779)

Defects

IRT cannot locate strand defects in external HDPE ducts. IRT has high
accuracy in locating void and water infiltration defects and low accuracy
in detecting compromised grout in external HDPE ducts. However, it
cannot differentiate between these defects. It is also possible to make
rough estimates on the size of the void and water infiltration defects. IRT
does not detect strand or grout defects in external metal ducts, and also
does not locate internal metal or plastic ducts if they are buried deep
within concrete, let alone identify defects. While IRT cannot be used to
locate defects within the ducts embedded in the anchorage zones, it can
detect the void and water infiltration defects in the end caps of the an-
chorage regions with moderate to high accuracy. As in the case of exter-
nal HDPE ducts, IRT cannot differentiate between void and water infil-
tration defects, and it is also possible to make rough estimates on the size
of these defects in the end caps

Duct location

IRT is mainly applicable to external ducts. Applicability of IRT to inter-
nal ducts largely depends on the depth within concrete where the ducts
are located.

Duct type

Applicable only to nonmetallic ducts.

Effect of concrete cover

The effect of concrete cover has a significant effect for investigating and
even locating internal ducts.

Effect of layered ducts

Investigation of layered ducts is not possible with IRT.

Effect of reinforcement
congestion

It is expected that surrounding reinforcement will strongly affect any in-
vestigation using IRT.

Effect on corrosion

N.A

Accessibility requirement

The only requirement for IRT is the ability for the infrared camera to
have a good field of view of the subject being inspected. It is also im-
portant to avoid any uneven heating in the region under investigation.

B.4.3 Cover meter (CM)

A low frequency magnetic field is applied on the surface of the structure; the presence of embedded
reinforcement alters this field, and a measurement of this change provides information on the reinforce-
ment. Covermeter surveys form part of most concrete condition surveys of buildings or structures. Covermeter
surveys can also locate main and secondary reinforcement to determine bar sizes, bar spacing, to determine mini-
mum cover and cover variability across an element. The position of reinforcing steel and pre-stressing strands is
sometimes also required to avoid them during core sampling or other tests which may be affected by their presence

(concrete resistivity).

Figure B.9 Use of cover meter, from (http:// www.proceg.com)
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Table B.8 Capabilities and limitations of the cover meter technique

Defects CM cannot detect defects in concrete
Duct location CM can detect duct location depending on distance to duct
Duct type If it is desirable to detect conditions within the duct, GPR is only appli-

cable to nonmetallic ducts. However, if it is desirable to locate the inter-
nal ducts, then GPR is applicable to both metal and nonmetal ducts.

Effect of concrete cover

The concrete cover affects the accuracy of the method

Effect of layered ducts

CM is unable to even locate the far duct due to the large reflections from
the steel strands in the near duct.

Effect of reinforcement
congestion

In heavy congested reinforcement areas, the size and no. of reinforce-
ment can be difficult do evaluate.

Effect on corrosion

Can detect corrosion, with additional equipment

Accessibility requirement

The equipment is normally hand held and will easily access most areas.
However, for large areas the method can be time consuming.

B.5 Magnetic methods

B.5.1 Magnetic flux leakage (MFL)

In the MFL inspection technique, a strong permanent magnet is used to directly magnetize the ferrous
material (steel) within the ducts. This induces flux paths in the material between the two poles of the
magnet. Where section loss is present, the magnetic field in the material “leaks” from its typical path of
least resistance. A magnetic field detector (comprised of Halleffect sensors) between the poles of the
magnet is sensitive to this change in magnetic field and indicates the leak. The capabilities and limita-
tions of the MFL inspection technique are discussed in table B.9, (http://nap.edu/24779)

Table B.9 Capabilities and limitations of the MFL technique, (http://nap.edu/24779)

Defects

MFL can locate strand defects in both metal and nonmetal external ducts
with moderate to high accuracy. It consistently locates corrosion, section
loss, and breakage with a loss in metallic area greater than 5%. However,
in some cases loss in metallic area as low as 1% may also be detected. It
can be used to estimate the loss of metallic area, although these estimates
may not have high accuracy. MFL cannot detect grout defects in ducts.
The effects from the magnetization of the metallic end pipe embedded
within the anchorage zone, which is also called “end effect,” can make
the interpretation of results challenging.

Duct location

Applicable mostly to external ducts.

congestion

Duct type Applicable to both metal and nonmetal ducts.
Effect of concrete cover N.A
Effect of layered ducts N.A
Effect of reinforcement N.A

Effect on corrosion

The method cannot differentiate between corrosion, section loss, and
breakage

Accessibility requirement

For the investigation of external ducts, a clearance of approximately 300
mm radius is required from the center of the duct. Testing within the an-
chorage region typically does not provide useful information due to the
large volume of the highly reflective reinforcement cage present in the
anchorage zones.
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B.5.2 MMFM-Permanent magnet (MMFMP)

In this method, a magnetizer installed on the sensor head is guided along the free span of the ducts. The
controller unit gathers the data and this data is transmitted to a personal laptop. The permanent magnet
type measurements give the signal search coil measurements (direct signal from the search coil) and the
magnetic flux (integrated signal of the search coil). Since the integrated signal of the search coil corre-
lates with cross-sectional area of the cable, any valleys in these signals indicate a loss of metallic area.
The permanent magnet also gives measurements from the Hall-effect sensors, which detect the MFL
that supplements the detection of defects. The capabilities and limitations of the MMFM-permanent
magnet inspection technique are discussed in table B.10.

Table B.10 Capabilities and limitations of the MMFMP technique, (http://nap.edu/24779)

Defects MMFM-permanent magnet can locate the strand defects in both metal
and nonmetal external ducts with moderate to high accuracy. MMFM-
permanent magnet consistently locates corrosion, section loss, and break-
age with a loss in metallic area greater than 5%. However, in some cases
loss in metallic area as low as 1.5% may also be detected. MMFM per-
manent magnet inspection can be used to obtain estimates in the loss of
metallic area, although these estimates may not be accurate. MMFM-per-
manent magnet does not detect grout defects in ducts

Duct location Applicable to external ducts.

Duct type Applicable to both metal and nonmetal ducts..

Effect of concrete cover N.A

Effect of layered ducts N.A

Effect of reinforcement N.A

congestion

Effect on corrosion The method cannot differentiate between corrosion, section loss, and
breakage

Accessibility requirement | For the investigation of external ducts, a clearance of approximately 300
mm radius is required from the center of the duct.

B.5.2 MMFM-Solenoid (MMFMS)

The solenoid type measurements are used to identify and quantify the loss of metallic area in exter-
nal ducts. Electric current is passed through the wire that is wound around a drum that encases the
tendon. This is then guided along the length of the free span of the external ducts. The controller unit
gathers the data and this data is transmitted to a computer. These measurements, known as the scan
measurements locate the metal defects in the external ducts. In regions of interest the solenoid may
be held stationary at that location and point measurements may be made to quantify the defects in
the tendons.

The capabilities and limitations of the MMFM-solenoid inspection technique are discussed table B.11
((http://nap.edu/24779)
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Table B.11 Capabilities and limitations of the MMFMS technique, (http://nap.edu/24779)

Defects

MMFM-solenoid can locate the strand defects in both metal and non-
metal external ducts with moderate to high accuracy. However, it cannot
differentiate between corrosion, section loss, and breakage.. However, in
some cases loss in metallic area as low as 1.5% may also be detected.
MMFM-solenoid inspection can be used to obtain estimates in the loss of
metallic area, although these estimates may not be accurate. MMFMsole-
noid

does not detect grout defects in ducts.

Duct location

Applicable to external ducts.

Duct type

Applicable to both metal and nonmetal ducts..

congestion

Effect of concrete cover N.A
Effect of layered ducts N.A
Effect of reinforcement N.A

Effect on corrosion

MMFM-solenoid consistently locates corrosion, section loss, and break-
age with a loss in metallic area greater than 5%

Accessibility requirement

For the investigation of external ducts, a clearance of approximately 300
mm radius is required from the center of the duct.

B.6 Electrochemical methods

B.6.1 Electrochemical impedance Spectroscopy (EIS)

EIS is an impedance technique that applies a low-amplitude voltage (alternating current) to the steel
under inspection over a wide range of frequencies. By measuring the changes in phase shift and signal
amplitude, the impedance of the concrete-steel interface can be calculated. As EIS inspection generates
detailed information, sophisticated approaches are required to interpret the data and extract mean-
ingful results. The capabilities and limitations of the EIS inspection technique are discussed in table

B.12.

Table B.12 Capabilities and limitations of the EIS technology, (http://nap.edu/24779)

congestion

Defects EIS cannot detect grout defects.

Duct location EIS is applicable for external ducts.

Duct type It can be used with external HDPE or other non-conductive ducts..
Effect of concrete cover N.A

Effect of layered ducts N.A

Effect of reinforcement N.A

Effect on corrosion

EIS inspection can identify corrosion in external HDPE ducts with moderate
accuracy.

Accessibility requirement

EIS requires physical access to the duct that is being inspected, and the abil-
ity to drill small holes into the external duct. The holes must be sealed after
the EIS testning.
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B.7 Intrusive methods

B.7.1 Endoscope (ES)

This technique, borrowed from medical applications is a slightly destructive method. Holes (approxi-
mately 25 mm in diameter) are drilled. After meticulous cleaning of the hole from dust and loose mate-
rial, the endoscope is introduced into the hole. The core of the endoscope, consisting of optical fibres,
allows for direct observation of the walls of the hole. In addition, pictures can be taken at any depth of
the hole.

Figure B.10 Use of endoscope identifying a crack in concrete, from (http:// www.nishimatsu.co.jp)

The endoscopes can be rigid (endoscope with metallic pole of variable length) or flexible. Depending
on whether the light source is placed at the target extremity (halogen lamp) or at the endoscope’s tip, it
is possible to define it as warm light or cold light tool. The endoscope enables the connection to video
and/or photographic devices for the characterisation of the masonry mass stratigraphy the state of re-
sistant elements and mortar. A variant of this system is the endoscopic video made through a miniatur-
ised camera directly connected to a device recording images. In table B.13 capabilites and limitations
of the ES technology is presented.

Table B.13 Capabilities and limitations of the ES technology

Defects N.A
Duct location N.A
Duct type N.A

Effect of concrete cover N.A

Effect of layered ducts N.A

Effect of reinforcement N.A
congestion

Effect on corrosion ES can verify possible corrosion if the area for corrosion is known.

Accessibility requirement | £ js easy to handle and to use, and can often be used as a complementary to
other methods.
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B.7.2 Residual Prestressing Force (RPF)

When assessing prestressed concrete bridges, it is essential to take the current condition of the prestress-
ing system into account. For instance, the quality of reinforcement protection (e.g. grout), steel corrosion
and residual prestress force are all aspects that are crucial and require special attention (SB-LRA 2007).
The residual prestress force influences the structural response both at the service-load and ultimate-load
levels. By preventing cracks or limiting their formation, prestressing also reduces environmental expo-
sure and, consequently, has a favourable impact on structures in harsh environments. However, there
are often many uncertainties associated with the residual prestress force, especially after a longer time
in service and, therefore, it can be useful to calibrate theoretically-based methods using experimental
data from the assessed structure (Bagge, 2017).

For this purpose, there is a range of methods that can be used, through both non-destructive and destruc-
tive tests. Examples of non-destructive and destructive methods are given in figure B.11. In fact, the
non-destructive methods described often cause minor, local damage and the impact on the structure can
be negligible if then repaired properly. The principles of these are briefly summarised below:

- Exposed strand method: The prestress force is derived based on calibrated data and the
response of an exposed and laterally loaded strand.

- Drilled hole method: The prestress force is calculated from the development of strains
measured around a hole drilled adjacent to the prestressed reinforcement.

- Saw-cut method: The prestress force is calculated from the response of a concrete block
when introducing saw-cuts adjacent to the prestress reinforcement to isolate the block
from the acting forces.

- Crack moment method: The prestress force is calculated based on the external load
required to cause the first crack and the tensile properties of the concrete.

- Decompression-load method: The prestress force is calculated from the external load
leading to reopening of existing cracks and, thus, eliminating the uncertainties associated
with the tensile properties which are present in the crack moment method.

- Strand-cutting method: The prestress force is calculated from the development of
strains measured when an exposed strand is cut.

When assessing existing bridges, the destructive methods are not always suitable and non-destructive
methods are preferable. However, destructive methods can be valuable for examination of other methods
when permanent damage to the structure is acceptable.

Saw-cut method

Due to its expected applicability to full-scale bridge members reinforced with post-tensioned tendons,
the saw-cut method was further investigated in the underlying work to this thesis. The method was
developed by Kukay (2008) and experimental studies examining such methods showed acceptably ac-
curate estimates of the residual prestress force. However, the experiments were carried out on simply
supported beams with pre-tensioned strands with constant eccentricity, both rectangular beams produced
in the laboratory and I-shaped girders taken from a bridge under reconstruction (Kukay et al. 2010;
Kukay 2008), and there have been no additional studies on more complex structural members.

The principle of the method is to measure the development of longitudinal strain at the surface (top or
bottom) of a member when a block of concrete is isolated from the loads acting on it. The isolation is
carried out gradually by introducing transverse saw-cuts on each side of the position of measured strains
and the concrete block is regarded as isolated when increasing the depth of saw-cuts does not cause
further changes in the strains at the measured surface. Based on the current action effects (i.e. associated
with prestress force, restraint force, dead load and external applied load), Navier’s formula can be used
to quantify the residual prestress force at the position of the isolated concrete block. The axial stresses
in the section is given by Equation (B:1):
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Figure B.11: Methods to determine residual prestress force P in concrete members experimentally: (a)
exposed strand method, (b) drilled hole method, (c) saw-cut method, (d) crack moment method, (e)
decompression-load method, and (f) strand cutting method; redrawn from Bagge et al. (2017).

where o is the longitudinal concrete stress at the surface, P is the prestress force, A is the cross-sectional
area, ep is the eccentricity of the prestress force, y is the distance to the neutral axis from the monitored
surface, | is the cross-sectional second moment of inertia, Mg is the secondary moments due to restraint
forces, Mg is the moment due to permanent loads and Mg is the moment due to variable loads. In the
case of a statically indeterminate structure and the presence of a secondary moment, the procedure for
determining the prestress force is iterative, in contrast to the original formulation of the method assum-
ing a statically determinate structure (i.e. Mg excluded).

The original version of the saw-cut method requires full isolation of the concrete block, which is not
always possible when assessing existing structures. For instance, non-prestressed reinforcement can be
located too close to the concrete surface, thus limiting the possible depth of the saw-cuts to avoid per-
manent damage. In such situations the experimental test can be simulated using FE analysis. Thus, the
residual prestress force can be quantified based on the response observed in the test, rather than the
strain measured at full isolation. The development of the strains, as a function of the saw-cut depth, is
followed and compared between the experiment and the simulation, while the modelled prestress force
is iteratively updated until there is a consistent response. The saw-cutting can be simulated in the FE
model by gradually removing FE elements corresponding to the saw-cuts in the experiments, see figure
B.12. Therefore, using this method, it is possible to avoid damage to the structure which might be diffi-
cult to repair.
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Figure B.12 A part of an FE model for simulation of the strain distribution as saw-cuts are introduced
transversally at the base of a concrete beam (Bagge et al. 2017).

Decompression-load method

As with the saw-cut method, Navier’s formula as shown in Equation (B:1) can be used to quantify the
residual prestress force. By measuring either the opening of an existing crack or the concrete strains
beside it, the load at which the crack reopens (i.e. no normal stress in the crack) can be determined.
Initially, for loading when the crack remains closed, a linear and rather stiff load-displacement (or load-
strain) response is present. As the crack reopens, the behaviour drastically changes and the stiffness
reduces. This change in the response is used to identify the decompression-load for calculating the cor-
responding prestress force.

When using the decompression-load method, the depth of the compression zone of the cracked concrete
is one parameter that has a significant impact on the outcome. At the same time, the compression depth
of the actual section can be uncertain due to nonlinear strain distributions and the lack of reliable meas-
urements, for example see (Nilimaa et. al., 2015)

B.7.3 Potential Mapping (PM)

This electrochemical method is used for the determination of defects related to corrosion of reinforce-
ment and chemical attack (sulphate, chloride and ASR). The corrosion potential is essentially measured
as the potential difference (or voltage) against a reference electrode (half-cell). Measurements related to
half-cell potentials are based on the electrical and electrolytic continuity between the rebar in concrete,
reference electrode on the concrete surface and voltmeter, see figure B.13. Limitations of PM are the
conductive cover between reinforcement and surface, membranes, asphalt or other sealing parts. In table
B.13 capabilities and limitations for the PM technique is discussed.
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Figure B.13 Principle and main components of half-cell potential measurements. Reference electrode,
high impedance voltmeter, connection to the rebar. Adopted from RILEM TC 154-EMC, (Elsner, 2003)
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Table B.14 Capabilities and limitations of the GPR technique

Defects The PM method can not detect any defects in concrete or any voids in
ducts.

Duct location N.A

Duct type N.A

Effect of concrete cover N.A

Effect of layered ducts N.A

Effect of reinforcement N:A
congestion

Effect on corrosion Can detect corrosion

Accessibility requirement | Thjs is a intrusive method and one has to be sure where to look for corro-
sion. If this is correctly identified the corrosion level could be detected.
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Appendix C: Strengthening Techniques — Case Studies

Box girder bridges

When designing a new bridge superstructure often internal tendons are chosen almost exclusively. There
are some good examples for using both external tendon in box girder bridges where the external tendons
are placed within the box. The purposes are mainly two. The first is because amount of cables and
reinforcement does not allow good quality concreting. The second is extra reinforcement for future up-
grading.

Figure C.5 Photos from the new railway bridge in Porto shows preparation for extra external post-ten-
sioning, (Nova ponte ferroviaria sobre o Rio Douro no Porto)

' Hl-

Figure C.6 Photos from a French bridge on high speed line to Marseilles left and a Hungarian bridge on
the new freight line through Slovenia to the Mediterranean (Photos by B. Paulsson)

From these examples in Figure C.5 and C.6 you can see that quite small efforts can make external post-
tensioning feasible as a strengthening method for box girder bridges even if they are not prepared when
built. Saddle at suitable points ore fastened like in figure C.4 can be done.

For strengthening purposes external post-tensioning for bridges is today well known after many years
of experience. There are also a great variety of tendon types so there are many possibilities to execute
a strengthening of a bridge.

There are also since a long time good guidelines and comments how to use them since many years. (F
Standfuss 1998)

References
Erléuterungen zur Richtlinie fir Betongbriicken mit externen Spanngliedern. Friedrich Standfuss, Man-
fred Abel und Karl-Heinz Haveresch, Beton und Stahlbetonbau 1998
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Skellefte Alv

el AN A

The two pictures above shows the bridge. (Bjorn Toyra)

2500kN (255ton)

Figure AD,1 The figure shows how the forces was applied to the bridge.

In 1996 Skellefte Alv bridged was strengthened due to increase of axle load from 22.5 tonnes to 25
tonnes. The bridge is a riveted truss bridge built 1911. The bridge has tree spans 24m + 60m + 48 m and
was originally dimensioned for an axleload of 8 tonnes.

The costs for a new bridge was estimated to 40 millon SEK and could not be motivated with the low
traffic (7 crossing trains per day). Therefore an alternative was chosen namely strengthening. Three
problems had to be solved namely;

e Martin steel, brittle and sensitive to cracks
e High compression of whole circumference
e Fatigue

In this case study only the post-tensioning will be described. In figure AD.1 you can see how the forces
was applied on the structure.
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Figure AD.2 shows how the compresses was applied in detail, installation of anchors on the bridge and
how it looks like after injection and sealing.

By pressuring the under-frame rods, the risk for propagating cracks was reduced. The post-tensioning
units was placed in the centre of the rod and stressed to between 71 to 255 tonnes depending on span.
The tension force required to solve brittle fractures was only one tenth of forces mentioned above. The
tensioning forces was don simultaneously on both sides in order to avoid sideway problems. In order to
see the effects of the strengthening test loading was carried out with T44 locomotives. These locomo-
tives were driven over the bridge at different speed. Also a static load was performed. Oscillation and
displacements was measured at 30 chosen places. This was then analysed and shown that the strength-
ening performed well. Below see last inspection report. One worrying part is the 40 bolts that is missing.
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TdMNr2: 312192 Vagnr: Bandel: 143 (Bastutrisk)-Skelleftehamns Gvre Km tal: 33+220
Inspektionsprotokoll

Aktualitetsdatum 2019-01-10
Inspektionsforréttare .
INSPekKHONSAATUII e e e e s e INSPEMHONSEYD o e e e

Nésta inspektionsdatum Nésta iNSpektionStYD e e

skadekod Mitning/ Tillstdnd Fiktiv &tgdrd

Nr Konstr Element Mirl Typ Orsak Metod Varde Tk Aktivitet Mangd Apris kkr Liége

4 310 2 3 120 in 3,0 % 2 [b]5 4,0 m2 9,8 Landfiste, O sidan. Lindrigare pd vast

5 330 > a3 qw T T = s a0 m2 7,7 Bagge landfasten.

1 260 B 40 mm 3 as sem 3 alla

2 360 z 2z i1 o 3z0% 2z 17 1o0m2 - 12,0 Alla, sivalpzon

14 363 T o T T stod 3

3 410 : a3 i 2 os 80,0 m2 7,7 Bagge landfasten.

s 510 > 35 s oser o 1 e so s 0.6 Lager for landfaste, v sidan

s 513 > e 1o T T s a0 10 samtiia
10 650 2 e 10 o = somz 2,8 Spaiter och skarvar hela bron.
16 1205 20 78 0 T s som 0,5 Racke i trs saknas p8 mittstod.
12 1206 s & 10 40a  20- 1 s 2700m - 1,4 Hela racket, stalivis.

Conclusions from Skellefte Alv bridge;

The strengthening worked well
The cost for strengthening was just over 10% of cost for a new bridge

Traffic disturbance was negligible since the work was done in timeslots that was acceptable for
the traffic situation

A beautiful old bridge could be kept for future generations.
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Strengthening of trough bridge in Haparanda by prestressing

The Haparanda Railway Bridge, Fig. D-x, was strengthened in the summer of 2012. The purpose of the
strengthening project was to improve the load bearing capacity of the bridge to reflect an upgrade of the
loads on the railway line. The maximum allowed axle load was increased from 250 to 300kN, and for
this reason, the Haparanda Bridge required a higher transverse shear capacity of the slab. Assessment
calculations indicated a 24% deficit in the shear capacity of the slab in the transverse direction (WSP
Group 2008). The maximum shear capacity of the slab was 150kN/m, and the required shear capacity
was 186kN/m. Thus a minimum shear capacity increase of 36kN/m was required. The strengthening
method used to increase the capacity was internal post-tensioning and the design was performed accord-
ing to Eurocode 2 (CEN 2008).

A horizontal strengthening system consisting of 8 unbonded post tensioning bars were installed
internally at mid-height of the slab and post-tensioned in the transverse direction. The posttensioning
not only increased the shear capacity of the slab by 25%; the flexural capacity was also increased by
13%, existing cracks were reduced in width and further cracking was postponed. The bridge was tested
before and after strengthening, and the results showed that the prestressing completely counteracted the
tensile strains in the main slab-reinforcement under a 215 kN/axle test-train load. The maximum tensile
strains were however small, with magnitudes of only about 20 wum/m for the test-train (23 micro strain
before strengthening and 20 micro strain after strengthening), which implied a higher original capacity
of the bridge than calculatgg;

Figure D-x The Haparanda Railway Bridge (3500-2033-1, km1309+609) was strengthened in the sum-
mer of 2012. Eight transverse prestressing bars were installed at mid-height of the slab (left insert) and
posttensioned to upgrade the axle load capacity of the railway line from 25 to 30 ton.
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External strengthening with post-tensioning — Singapore (SB Project)

Construction Period Start; 2005 |End: 2007
Client Land Transport Authority (LTA), Singapore
Designer Maunsell/COWI

Contractor \/SL Singapore

Strengthening of motorway bridge in Singapore: Woodlands Flyover. A 3 span motorway bridge with
continuous superstructure. The superstructure consists of two solid, prestressed main girders and a mild
steel reinforced bridge deck. To meet the updated requirements stated by the bridge owner:

e to achieve no tensile stresses in SLS as the live load is increased by 20 % compared to the
original design live load

e to achieve sufficient load bearing capacity as the live load is increased by 20 % compared
to the original design live load

The longitudinal girders were strengthened. The stresses in SLS as well as the Load capacity in sections
at mid piers as well as in mid spans were adjusted. The ordinary prestressing system VSL was used with
ordinary prestressing cables, ducts, anchorages and prestressing equipment was used. For each girder
up to six cables were provided and prestressed on each side of the girder. The amount of the additional
prestressing was of the same magnitude as the existing prestressing. Formal tensile stresses in the con-
crete of size 8 MPa was balanced by the external prestressing. The load bearing capacity in critical
sections was increased by approx. 15 %. No traffic management needed as all construction works were
above non traffic areas. The codes used was BS 5400 supplemented by the local (Land Transport Au-
thority, Singapore) Bridge Design Criteria and VSL’s normal guidelines for use of VSL prestressing
systems. The alternatives were addition of a third main girder or using CFRP prestressed bonds at the
underside of the main girders. Drawing and photos of the bridge are shown below.
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Anchor blocks. Plan section. Shear face with drilled in bars and with prestressed transverse bars
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"'-Woodland flyover. 3 span brldge W|th 2main 2 continuous main girders seen from below. Be-

girders and bridge deck slab. fore external prestressing

102012004

Anchor block for two cables. Prestressing of cable at top - "live end". "Dead
Shear face is prestressed by 4 transverse bars end" for cable at bottom.
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