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Structural Effects of Reinforcement Corrosion in Concrete Structures
MOHAMMAD TAHERSHAMSI

Department of Civil and Environmental Engineering
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Chalmers University of Technology

ABSTRACT

Reinforcement corrosion is a common cause of deterioration in reinforced concrete.
The corrosion mechanism involved and the consequent structural behaviour of
deteriorated reinforced concrete members have been studied by several researchers.
Nevertheless, the knowledge obtained is primarily based on experimental investigations
of artificially corroded specimens whereas natural corrosion may affect structural
behaviour differently. This thesis aims to deepen the understanding of the structural
effects of natural corrosion deterioration with a focus on the remaining anchorage
capacity between deformed bars and concrete, as well as the investigation of possible
links between visual inspection data and structural damage.

Tests on the anchorage capacity of naturally corroded reinforcement were carried out.
The specimens were taken from the concrete edge beams of a 32-year old bridge that
had been exposed to the outdoor environment. The tests were carried out using an
indirectly supported four-point bending test. The overall structural behaviour of the
specimens was examined through measurements of loads, vertical deflections and end-
slip of the tensile rebars. The failure mode consisted of a splitting-induced pull-out
failure in all tests. It was observed that the specimens with cracking and cover spalling
had an average of 6 and 9 %, respectively, lower load-carrying capacity compared with
the un-cracked ones.

Two methods were used to quantify the corrosion level: gravimetric measurements and
advanced 3D optical scanning. The correlations between the measured corrosion levels,
splitting crack widths and the anchorage capacity of the corroded specimens were
investigated, and the results were compared with artificial corrosion tests from
literature. For the same crack widths, the specimens in this study had much less
corrosion level and slightly higher bond capacity compared to other studies found in
literature with artificially induced corrosion. Furthermore, it was also investigated how
well analyses on different levels can describe the structural behaviour - from advanced
modelling to a simplified approach that can be used in practice. In the most advanced
approach, three-dimensional non-linear finite element (3D NLFE) analyses employing
previously developed bond and corrosion models were carried out. This approach
yielded results that were most consistent with the experimental observations; however,
the analyses were computationally expensive. In the most simplified approach, a
constant bond stress was assumed together with the available anchorage length
measured, which underestimated the capacities. Thus, the simplified method applied
was the most efficient analysis with results on the safe side.

Ultimately, this study contributes to the knowledge on how the structural effects of
reinforcement corrosion in existing structures can be assessed. The results indicate that
using the available knowledge of artificial corrosion to formulate a damage indicator in
the form of crack widths would yield estimations of the structural capacity on the safe
side. The present study was based on a limited amount of experiments. Thus, more
experiments on real structures are needed.

Keywords: Bond properties, anchorage, structural behaviour, natural corrosion,
reinforced concrete structures, experiments, load-carrying capacity, pitting, damage
assessment, inspection, 3D optical scanning, FE analysis, modelling.
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SAMMANFATTNING

Armeringskorrosion a en vanlig orsak till nedbrytning av armerade
betongkonstruktioner. Korrosionsmekanismen och det mekaniska verkningssattet hos
korrosionsskadade konstruktionsdelar har undersokts av flera forskare. Radande
kunskapslage ar framst baserat pa experiment med konstgjorda korrosionsangrepp, men
naturlig korrosion kan leda till ett annat verkningssatt. Detta arbete syftar till att
fordjupa forstaelsen av det mekaniska beteendet hos naturligt korrosionsskadade
betongkonstruktioner. Framsta fokus ligger pa bestamning av aterstaende
forankringskapacitet mellan skadade armeringsjarn och betong samt pa att undersoka
mdjliga samband mellan visuell besiktning och konstruktionsteknisk skada.

Forankringskapaciteten hos naturligt korroderade armeringsstanger provades.
Provkropparna togs fran kantbalkarna fran en 32 ar gammal bro och har saledes varit
utsatta for en utomhusmilj6. De provades i fyr-punkts bdjning med upphéngda andstod.
Det generella verkningssattet hos provkropparna undersoktes genom att last,
nedbdjning samt dragarmeringens &andglidning mattes. Brottmoden bestod av
spjalkinducerat utdragsbrott i alla forsoken. Provkroppar med uppspruckna respektive
avspjalkade tackskikt uppvisade 6 respektive 9 % lagre barférmaga an de med
ospruckna tackskikt.

Tva metoder anvandes for att kvantifiera korrosionsgraden, gravimetri och avancerad
optisk  3D-skanning.  Korrelationen  mellan  uppmatta  korrosionsnivaer,
spjalksprickbredd samt foérankringskapacitet undersoktes och jamférdes med
forsoksresultat fran artificiellt korroderade provkroppar i litteraturen. For samma
spjalksprickbredd hade provkropparna i denna studie mycket mindre korrosionsniva
och nagot storre vidhaftningskapacitet jamfort med andra studier i litteraturen med
artificiell korrosion. Vidare undersoktes hur val analyser pa olika nivaer kan beskriva
det mekaniska verkningssattet — fran avancerad modellering till en forenklad
ingenjorsméssig metod. | den mest avancerade ansatsen anvandes tredimensionell icke-
linjar finit elementanalys dar tidigare utvecklade berédkningsmodeller anvandes for
korrosion- och vidhéftningsbeteendet. Detta tillvdgagangssatt gav de resultat som
stdimde bést Overens med experimentella observationer, men analyserna var
berdkningsmaéssigt krédvande. | den mest férenklade ansatsen antogs en konstant
vidhaftningsspanning 6ver den uppmatta forankringslangden, vilket underskattade
kapaciteten. Denna enkla metod var den mest tidseffektiva och gav resultat pa saker
sida.

Detta arbete fordjupar kunskapen om hur det mekaniska verkningssattet hos befintliga
betongkonstruktioner med korroderad armering kan bedémas. Resultaten indikerar att
en skadeindikator baserad pa sprickbredd skulle leda till uppskattningar av barférmagan
som ar pa séaker sida, om resultat fran forsok med artificiell korrosion anvands for att
kalibrera modeller. Den utférda studien baserades pa ett begransat antal experiment.
Dérfor kréavs fler forsok med naturligt nedbrutna konstruktioner.

Nyckelord: Vidhaftning, férankring, mekaniskt verkningssatt, naturlig korrosion,
armerade  betongkonstruktioner,  experiment,  barformaga,  punktkorrosion,
skadebeddmning, inspektion, optisk 3D skanning, FE analys, modellering.
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1 Introduction

1.1 Background

In recent years, demands on extending the service life and increased traffic loads have
heightened the interest in the durability and structural assessment of existing
infrastructures, in particular owing to economic considerations. Meanwhile, ageing and
deterioration due to aggressive environment have been occurring in many existing
reinforced concrete (RC) structures, e.g. bridges, parking garages and off-shore
structures. The deterioration may affect both serviceability and ultimate load-carrying
capacity. Consequently, understanding the actual behaviour of an impaired structure
and a realistic estimation of its remaining service life are of great importance to
responsible authorities, stakeholders, engineers and researchers.

The corrosion of embedded reinforcement in concrete is considered to be one of the
main causes of the deterioration of many existing RC structures; see Almusallam et al.
(1996); Azad et al. (2007); Bertolini (2008); Cabrera (1996); Lundgren (2007) and
Sistonen et al. (2008). Corrosion causes high costs in developed countries; as an
example, the average annual cost to repair and replace conventional reinforced and
prestressed concrete highway bridges specifically owing to corrosion damage was
already fifteen years ago in the US more than $ 6.3 billion; see Koch et al. (2002) and
Yunovich et al. (2001). Corrosion may affect the structural performance and integrity
of reinforced concrete components to a considerable degree over the long run, CEB-fib
(2000). The corrosion of steel bars embedded in concrete may lead to several
undesirable consequences, such as potentially severe damage resulting in the loss of a
cross-sectional area of steel, which would reduce both the capacity and ductility of the
reinforcement; see Almusallam (2001); Du et al. (2005a) and Fernandez et al. (2015).
Furthermore, by occupying a higher volume than the original steel, the corrosion
products affect the surrounding concrete, thereby increasing the mechanical pressure
around the reinforcement. Crack propagation and cover delamination are the two most
common physical signs of this phenomenon according to Al-Sulaimani et al. (1990);
Dang et al. (2013); Sather (2010) and Val et al. (1998). The volume expansion of rust
not only causes splitting stresses but also affects steel-concrete bond properties, for an
overview see Al-Sulaimani et al. (1990); Lundgren (2007) and Seether (2010). These
effects must be specifically taken into consideration in structural assessments when
corrosion takes place in anchorage zones; see Imbsen et al. (1987).

Over the past few decades, many research studies have been conducted focusing on
tests of damaged reinforced concrete specimens subjected to artificial corrosion attack.
The loss of stiffness during the service life, see Cairns et al. (2005), and the decrease of
load-carrying capacity and ductility in the ultimate limit state, see Val et al. (2009);
Zandi Hanjari et al. (2011); Azad (2007); Cairns et al. (1999); Dang et al. (2014);
Fernandez et al. (2016); Law et al. (2008); Sether (2011); Zandi Hanjari (2010) and
Zhu et al. (2015), were the main findings of these studies. Saifullah et al. (1994) showed
that the current density applied to accelerated corrosion tests may notably influence
bond strength. The comparisons of test results with low and high corrosion rates showed
deviant behaviour of the local bond, see Seether (2010), differences attributed to the
chemistry of corrosion products, their ability to escape through cracks or penetrate the

CHALMERS, Civil and Environmental Engineering



cement matrix, as well as concrete creep CEB-fib (2000). While much effort has been
devoted to testing artificially corroded reinforced concrete, relatively little attention has
been devoted to the problem of assessing the residual strength of corroded structures in
natural environments. Accordingly, there was a strong need for experiments involving
naturally corroded specimens in order to gain an understanding of the true behaviour of
corroded structures, as well as valuing the validity of different assessment methods
developed and calibrated based upon the test results of accelerated-corrosion tests.

Most of the above-mentioned research studies have been mainly focusing on the
relationship between the degree of corrosion of steel reinforcement bars and the load-
carrying capacity of corresponding RC elements. Several empirical, analytical and
numerical models have been developed to correlate corrosion level to load-carrying
capacity, e.g. Coronelli (2002); Wang et al. (2004); Berra et al. (2003); Lee et al. (2002);
Bhargava et al. (2008); Lundgren (2005); Biondini et al. (2014). However, since
corrosion levels cannot be easily measured in existing structures, these models do not
yet have any direct practical application. Given the fact that cracking, as the first sign
of deterioration in RC structures, is mostly detected through visual inspection,
simplified models are needed to correlate cracking to structural strength. A few studies
have investigated the correlation between corrosion attack and splitting crack opening
on artificially corroded specimens; see Andrade et al. (2016) and Yu et al. (2015). In
this study, it was of interest to focus on this issue by using samples of naturally corroded
steel reinforcement bars in order to extend existing knowledge.

1.2 Aim and objectives

The major aim of this study was to increase the knowledge of the bond and anchorage
behaviour in naturally corroded reinforced concrete structures, as well as investigating
the possible links between visual inspection data and structural damage. More
specifically, the aim was to study the bond behaviour of naturally corroded ribbed bars
in anchorage regions both experimentally and numerically to assess the anchorage
capacity of corroded reinforcement in reinforced concrete members. Within this overall
aim of the study, there are some specific objectives which relate to the different stages
of the research project:

e Testing and compiling data of naturally corroded reinforced concrete specimens
to assess bond behaviour and anchorage capacity

e Investigating different methods to determine the corrosion level of corroded
reinforcement bars

e Investigating possible correlations between measured crack width, corrosion
level and anchorage capacity

e Comparing naturally corroded test results with available artificial corrosion tests

e Comparing different levels of available analysis methods with each other and
with the tests of naturally corroded beams in order to assess the structural
behaviour of corroded structures

1.3 Method and scientific approach

The scientific approach of this study has been primarily based on experiments and
corresponding observations. Two series of experiments have been carried out to study
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the effect of natural corrosion on the remaining load-carrying capacity of damaged
concrete structures. The edge beams of a composite bridge deck were chosen as test
specimens. The experiments were conducted by means of an indirectly supported four-
point bending test set-up specifically designed to enable the study of anchorage
behaviour. Corrosion levels of the reinforcement bars were measured using two
methods, gravimetric weight loss and 3D scanning. The visible damages on specimens,
such as crack width and spalling, were thoroughly documented before tests. Measured
crack widths, corrosion levels and capacities were correlated to each other accordingly.
A literature study was conducted to identify the effects of reinforcement corrosion in
reinforced concrete members and to make comparisons between natural and artificial
corrosion. Four different analysis methods were used to study the effects of natural
corrosion on the structural behaviour of damaged RC beams.

1.4 Scope and limitations

The limitations of the study can be summarised as follows:

e Asthe test specimens were taken from a real-life structure, it became impossible
to be in total control of the design and construction of the test specimens.

e The anchorage of ribbed bars at the end regions alone was studied.

e Due to the lack of information where the splices in the specimens were located,
their influence could not be considered when cutting the test specimens.
However, the reinforcement bars were taken out of the beams after the structural
testing and the location of splices were documented and used in the 3D FE
analyses.

e To determine the corrosion level, the gravimetric measurement method was
used to measure the remaining weight of the cleaned reinforcement bars from
some specimens. Due to the lack of information regarding the original reference
steel bars, the corrosion levels were calculated using the average weight of the
non-corroded reinforcement bars from the reference specimens as reference.

e To determine the corrosion level by the optical 3D scanning method, an
uncorroded zone of the bar had to be identified and its average cross-sectional
area used as reference separately for each specimen.

e The presence of horizontal or subsurface corrosion could neither be measured
nor detected by 3D optical measurement.

e Due to indications of freezing damage in concrete, the tensile strength used as
input in the FE analyses was calculated from the compressive strength by a
proposed equation for frost-damaged concrete. It should be mentioned that a
few material tests of tensile strength were carried out on some concrete samples.
However, they were not considered representative for all specimens.

1.5 Research significance

The original contributions of this study are summarised as follows:

e Experiments of naturally corroded specimens from the field were carried out;
more specifically, bond and anchorage behaviours of naturally corroded ribbed
bars in two test series were studied.
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e The results compiled of specimens taken from a bridge with reinforcement
corroded in a natural environment are to the author’s knowledge rare if not
unique.

e The anchorage capacities of the tested specimens exposed to a naturally
corrosive environment were compared with selected artificially corroded test
specimens from the literature. Correlations between crack width, corrosion level
and anchorage capacity were investigated and compared to tests results in the
literature.

e Different levels of analyses from 3D nonlinear finite element analyses to simple
engineering approaches were compared to each other and to the tests of naturally
corroded beams.

1.6 Outline of thesis

The thesis consists of an introductory part and four appended papers. In Chapter 1, the
aim, objectives and scope of the study together with a general description of its
scientific methods and original contributions are provided. Chapter 2 presents a general
background on the mechanisms of corrosion damage and the bond behaviour of
corroded structures. In Chapter 3, the experimental work carried out in this thesis is
briefly described; for more details, see Papers I, Il and IlI. Chapter 4 deals with
advanced and simplified methods to assess the remaining capacity of naturally corroded
beams; for more details, see Paper IV. Conclusions and suggestions for future research
are outlined in Chapter 5.
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2 Load-carrying capacity of corroded RC structures

2.1 Mechanism of corrosion damage

Many environmental factors can influence the durability of reinforced concrete.
Corrosive agents, e.g. de-icing or seawater salts, are the most common causes of
deterioration in RC structures. The reinforcement embedded in the alkaline
environment is protected by a passive layer. The steel passivity can, however, be broken
down by a loss of alkalinity due to chloride attack or carbonation of concrete; this
phenomenon leads to an increased vulnerability of steel reinforcement to corrosion,
Domone et al. (2010).

Corrosion causes damage both to the steel reinforcement and the surrounding concrete.
When corrosion takes place, corroded bars lose their original shape, Du et al. (2005a,
2005b), and the ribs of deformed bars will eventually diminish; see CEB-fib (2000) and
Paper I11. The physicochemical reaction of corrosion leads to major changes in RC
members. For instance, corrosion of steel bars produces rust materials which occupy a
larger volume than the original steel. The volume expansion thereby creates splitting
stresses acting on the concrete leading to cracking. Consequently, the cracks result in
spalling of the concrete cover. Ultimately, such damage may intensify the corrosion
rate. Meanwhile, the cross-sectional area of the reinforcement bars reduces its
mechanical properties; cover cracking and spalling affect the bond mechanism, i.e. the
interaction between the steel reinforcement and surrounding concrete; see Lundgren
(2005). The corrosion mechanism and its consequences have been studied by Cairns et
al. (1999) as seen in Figure 1. Load-carrying capacity and ductility in the ultimate state,
Coronelli et al. (2004); Zandi Hanjari et al. (2011), as well as stiffness distribution and
deflection in the service state, Val et al. (2009), may be influenced by the corrosion
effects on the bond mechanism. The mechanical properties of corroded bars and the
corrosion effects on the bond mechanism are discussed in the following sections.

Corrosion
Volumetric
Corrosion Y expansion
mechanism | Loss of bar | Weak Interfacial l
i layer
sequences section v Disengagement
\_¢ ‘7 of ribs
Local General BOND Cover cracking => loss
of integrity of cover
. Ductility Anchorage Composite | | Loss of concret
rrosion ’ . . .
Corrosio Strength Strength capacity interaction cross section
consequences | | I | |
l Reduction of load carrying capacity| |Further reductions in
corrosion resistance

Figure 1. Sequences and consequences of corrosion on reinforcements, reproduced from
(Cairns et al. 1999).
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2.2 Mechanical properties of corroded steel bars

The effects of corrosion on the mechanical properties of reinforcement have been
studied by many researchers, e.g. Apostolopoulos et al. (2007, 2008); Apostolopoulos
(2007); Apostolopoulos et al. (2006); and Zhang et al. (2012). According to CEB-fib
(2000), corrosion may be classified into two categories: general and local. General
corrosion occurs when the corrosion is uniformly distributed along the reinforcement,
so-called generalised corrosion, whereas localized corrosion forms local pits along the
steel bar, named pitting corrosion. Generalized corrosion is commonly claimed to be
caused by carbonation, whereas pitting corrosion is invariably associated with chloride
contamination (CEB-fib 2000). Both pitting and generalised corrosion have important
effects on the degradation of the mechanical properties of steel bars (Apostolopoulos et
al. 2008).

In the case of pitting, the ultimate strain is severely reduced by corrosion. It is sufficient
with only 10 % of non-uniform corrosion to reduce the ductility of bars embedded in
the concrete to below the minimum requirement specified in design codes for use in
high ductility situations (Du et al. 2005a). Furthermore, Almusallam (2001) concluded
that the stress-strain characteristics of corroded reinforcements indicate a decrease in
the ductility with an increase in the corrosion level. Other steel parameters, such as
yielding and ultimate stresses, are significantly reduced by corrosion (Apostolopoulos
et al. 2006; Du et al. 2005a, 2005b; Fernandez et al. 2015).

Different effects may occur due to the formation of the pits on a reinforcement bar
subjected to tension; local bending on the pitted cross-section due to a displacement of
the centre of gravity, as well as stress localization on the tip of the pit, may explain the
important drop in the main mechanical properties of the steel bar (Fernandez et al.
2016). The formation of large and localized strains due to such phenomena is also an
important consequence; since the length of corrosion pit is short, the average strain in
the entire bar becomes lower than the strain at a local pit (Stewart et al. 2008), causing
the corroded bars to fail at deformations much smaller than that of the original bar; thus,
corrosion causes the reinforcement to behave in a brittle manner (Coronelli et al. 2004;
Du et al. 2005a).

2.3 Bond between corroded reinforcement and concrete

The bond between reinforcement and concrete is the most important parameter
providing the composite action in RC members. The load transfer is always achieved
by means of transferring bond stresses in the interaction zone. Studies of the bonding
forces for reinforcing bars have indicated that the bonding mechanism is made up of
three components: (1) chemical adhesion, (2) friction and (3) the mechanical interaction
between concrete and steel (Lutz et al. 1967; Tepfers 1979). Thus, bond strength
initially originates from weak chemical bonds between steel and hardened cement; this
resistance is, however, usually broken at low stress levels. The loss of chemical bond
leads to the occurrence of radial micro cracks in the concrete; see Figure 2.
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Transverse cracks

Longitudinal cracks ~ 1

Figure 2. Longitudinal and transverse cracks caused by bond stresses, as modified by
Magnusson (2000) based on Vanderwalle (1992).

In the case of slipping, bond resistance acts in the form of friction, especially in plain
bars. For ribbed bars, bond strength initially comes from friction and thereafter from
the mechanical interlocking between ribs and surrounding concrete. The bond stress in
ribbed bars can act in two directions, axial and normal bond stresses along the
reinforcement; see Figure 3. In general, bond characteristics are dependent on many
parameters, including concrete strength, positioning and type of main reinforcement
bars, confinement by concrete cover and the amount of transverse reinforcement (CEB-
fib 2000).

Longitudinal bond stress

Normal splitting stress
—>
Stress on reinforcing bar Stress on surrounding concrete

Figure 3. Bond between a ribbed bar and the surrounding concrete by mechanical
interlocking, as modified from Magnusson (2000).

Two different ways to model the effect of corrosion on bond were applied in this thesis,
as described in Paper 1V; by actually either modelling the rebars with solid finite
elements, the swelling action of the corrosion products and the interaction between the
rebars and the concrete with a friction model, or by modifying the local bond-slip
response of corroded reinforcement bars by using simplified uniaxial relations.
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2.4 Mechanical behaviour of corroded RC structures

The mechanical behaviour of RC structures, such as load-carrying capacity, stiffness
and force redistribution, is affected by the corrosion of reinforcement; see Figure 4. The
reduction of the cross-sectional area of the rebars leads to decreased shear and moment
capacities, as well as decreased stiffness in the structure. A change in rebar ductility
directly influences the possibility of force and moment redistribution and limits the
load-carrying capacity of a statically indeterminate structure, and may also severely
reduce the capacity of a structure under seismic loads. Moreover, corrosion causes
volume expansion of rebars which may cause the surrounding concrete to crack and
spall off as previously discussed in Section 2.1. The detached parts decrease the
concrete cross-section and concrete cover. On the compressive side of a concrete
element, spalling of the cover decreases the internal lever arm, which in turn decreases
the bending capacity.

Furthermore, reduced confinement influences the interaction between the
reinforcement and the concrete affecting the anchorage capacity; see Section 2.3.
Cracked concrete surrounding corroded reinforcements and stirrups influences the
anchorage and shear capacity of a beam. If the concrete in this region has been cracked
by corrosion, it has reached its maximum tensile strength. Thus, any further tensile
stress induced by mechanical loading contributes to opening larger cracks. Cracked
concrete not only affects actual shear and anchorage capacities but also reduces the
load-carrying capacity of a structure over the longer term by giving less protection to
reinforcement and by allowing an aggressive environment direct access to the
reinforcement. Moreover, the cracks, depending on their direction, may also change
stiffness, thereby altering the force distribution in the structure.
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Figure 4. Effects of corrosion on load-carrying capacity, stiffness and force redistribution of
a concrete element.




3 Experiments on specimens from Stallbacka Bridge

In this study, experiments were conducted to investigate the load-carrying capacity of
existing naturally corroded specimens. The aim was to better understand the effects of
natural corrosion on cracking and bond strength in the anchorage regions, as well as to
investigate possible correlations between visual inspection data and structural damage.
The structural behaviour of corrosion-induced damage in the form of corrosion-induced
cracking and cover spalling were studied. The experiments were carried out in two test
series:

e The first test series comprised eight specimens from the southern edge beams
of the Stallbacka Bridge. The results from the structural tests, corrosion level
measurements and concrete and steel material tests were evaluated and
presented in detail in Paper 1.

e The second test series consisted of thirteen tests of naturally corroded
reinforcements from the northern edge beams of the same bridge. The test
results were evaluated and compared with some artificially corroded specimens
from the literature (Paper II).

The bundled reinforcements located in the anchorage regions where the specimens
failed were extracted, and the results used to investigate the correlations between
measured crack width, corrosion level and anchorage capacity (Paper II1).

3.1 Test specimens and test set-up design

A total of 21 test specimens were taken from the edge beams of the Stallbacka Bridge.
The specimens revealed different extents of corrosion-induced damage; consequently,
a simple classification system based on the visible surface damage was introduced; see
Figure 5. The classification consisted of three classes of damage: Reference, with no
visible surface cracking; Medium damaged with splitting cracks but no spalling; and
Highly damaged with both cracking and spalling of the concrete cover. All damage was
thoroughly documented in the laboratory for all specimens and for the second test
series, documentation was also executed at the bridge site.
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(a) Reference specimen,
no visible surface damages

(b) Medium damaged specimen,
splitting cracking

e

(c) Highly damaged specimen,
spalling of concrete cover

Figure 5. Categorization of the specimens based on different extents of corrosion induced
damage.

The test configuration was designed to ensure anchorage failure for beams with various
corrosion damage levels; details are given in Paper I and in Berg et al. (2011). After
considering various potential test set-ups, a four-point bending test with indirect
suspension hanger supports was selected similar to the test used by Magnusson (2000),
as illustrated in Figure 6. The test set-up was considered to be the best choice having
the least interference with the natural damage of the specimens and without any lateral
pressure from the supports in the anchorage zones. The test set-up designed was used
in both test series. However, in the second test series, some minor modifications were
made to the support and end-slip measurement systems. More details of specimen
specifications, test set-up design and improvements are provided in Papers I and I1.
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Figure 6. Four-point bending test with indirect supports.

3.2 Anchorage capacity

The experiments were successfully executed in two test series in such a way that
comparable results were obtained. All 21 specimens showed similar behaviour in terms
of crack development and failure mode. A splitting-induced pull-out became the failure
mode in all tests. In both test series, the damaged specimens with only splitting cracks
(M) and cover spalling (H) showed around 6 and 9 % lower load-carrying capacity,
respectively, in comparison with the undamaged specimens; see Table 1.

Table 1. Maximum failure loads (kN) obtained in the experiments; the load values are the
averages of the loads in each of the two hydraulic jacks.

Beam 1 2 3 4 5 6 7 8 9 10 11 12
R 270.1 2812 - 240.1 - 322.0

M 2349 2438 250.2 2630 2809 - 2433 326.8 2342 2649 2632 259.9
H 2554 2251 2444 - 307.6 2349 2553

The concrete compressive strength in damaged specimens, f., was slightly lower
compared with that of the Reference specimens; the samples from damaged specimens
in both test series showed an average of 13 % reduction in strength (refer to Papers I
and II). An example of the results for one of the Highly damaged tests, specimen H7,
Is depicted in Figure 7. In this case, the first shear cracks appeared at the 125 kN load
level. By further increasing the load, the bond between the reinforcement and the
concrete was activated in the anchorage zones and the end slips gradually increased
from a load level of 150 KN. When the failure load was approaching, splitting cracks
occurred around the main bars on the side of the beam which later failed. It can be noted
that the bars in one bundle generally slipped together and in some tests, there were some
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differences between the two bundles; see Figure 7(b). The main bundled bars on the
side with only splitting cracks in specimen H7 (Bundle 1) showed a more brittle failure,
whereas the post-peak slips of the bars in Bundle 2 on the side featuring cover spalling
were quite substantial; see Figures 7 and 8.
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Figure 7. Overview of results from test H7: (a) Average load in the hydraulic jacks versus
deflection at mid-span; (b) Average load from the hydraulic jacks versus the end slips in each
of the bundled bars; (c) Average bond stress versus average free-end slip; (d) Enlarged figure
of (c).

The average bond stress along the bundled bars was calculated from the applied load,
the measured available anchorage length and the circumference of the bundled bars; for
details see Paper 1. It should be mentioned that the available anchorage length was
considered to be the average of the available anchorage length measured for the back
and front sides of the failed region of the beams. The available anchorage length was
almost constant with an average value of 300 mm in the first test series whereas it varied
between 250 to 500 mm in the second test series. The free-end slips of the two bundled
bars were quite similar up to the maximum failure load. Therefore, the calculated
average bond stress versus the measured average free-end slip was found to be a
representative comparison; see Figure 7(c and d).

Figure 8. (a) Spalling along the main bundled bars (Bun. 2) in beam H7. (b) Splitting-induced
crack failure on the front-side in beam H7.
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When looking at the results of both test series together provided in Table 2, the
calculated average bond stress in the anchorage zone was about 20 % lower in the beams
with corrosion cracks compared with the Reference specimens, whereas it was 12 %
lower in the beams with cover spalling; more information is provided in Papers I and I1.

Table 2. Maximum average bond stress (in MPa) in the experiments.

Beam 1 2 3 4 5 6 7 8 9 10 11 12

R 9.8 938 - 9.4 - 7.2 - - - - - -
M 79 94 74 62 66 - 79 93 69 80 52 52
H 85 80 98 - 69 60 87 - - - - -

A comparison of beams within each category revealed that the specimens with
relatively lower stiffness in the load versus deformation graphs showed a more stable
increase of slip just before the maximum load, as well as slightly larger slips at post-
peak behaviour. For instance, Figure 9 shows that in specimens H6 and H7, the post-
peak behaviour was more stable with slip values increasing up to 2.5 mm. For specimen
H5, in which failure took place on the side without cover-spalling, the anchorage of the
main bars failed in a more brittle way.
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Figure 9. (a) Average load in the hydraulic jacks versus deflection at mid-span. (b) Average
bond stress versus the average free-end slip for the Highly damaged specimens from the
second test series.

3.3 Links between crack width, corrosion level and bond

Before any destructive experiment, all visible cracks were marked and measured in the
laboratory. The crack widths were measured on three sides of each RC specimen, in the
shear and anchorage zones.

After structural testing of the beams, the tensile reinforcement bars were extracted from
the concrete members. The end parts of the bars where the anchorage failure had taken
place were cut into 580+0.5 mm long pieces and cleaned. The corrosion level of the
extracted reinforcement bars was measured using the weight loss method. The corrosion
level obtained from the gravimetric measurement varied from 0.0 to 9.6 %. These
measurements had standard deviations of ¢ = £ 0.51 % and ¢ = = 0.75 % estimated
from the uncorroded bars with straight and skewed ribs, respectively. Furthermore, the
corrosion level was obtained using an optical 3D scanning technique. The post-
processing method to estimate the corrosion level along the rebars is shown in Figure
10.
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Figure 10. Overview of the method to obtain corrosion level variation along a bar,
specimen H7. (a) The scanned geometry. (b) The contour plot of the corrosion penetration
along the bar surface in a polar coordinate system. (c) The cross-sectional area at some
sections. (d) The cross-sectional area along the bar is calculated and plotted in blue. As it
was a ribbed bar, this cross-sectional area varies along the bar; this effect was eliminated by
a smoothing fit using cubic splines, resulting in the red line. Uncorroded zone/s of the bar is
identified and its average cross-sectional area is used as reference, in this example around
coordinates 125 and 410 mm. () Normalized cross-sectional area. (f) The corrosion level
variation along the bar.

A direct comparison between the two methods presented to assess the corrosion level
is shown in Figure 11. Each bar from every bundle is separately depicted. As seen, the
gravimetric weight loss method resulted in higher corrosion level values than those
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resulting from 3D scanning measurements for almost all bars. The facts that small steel
pieces detached from the original steel rebar during tensile testing and that the weight
of the bars actually decreased due to tensile tests indicate the presence of horizontal or
subsurface corrosion that cannot be measured nor detected by 3D optical measurement.
Therefore, it could also be interesting to introduce other measuring techniques such as
CT scanning to detect the hidden corrosion damage in future studies.
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Figure 11. Corrosion level from gravimetric weight loss method plotted versus corrosion
level from 3D scanning method.

The possible correlation between the corrosion level and longitudinal crack width was
investigated by compiling pairs of data points, such as crack width/corrosion level
obtained from the 3D scanning method, all along all scanned rebars. All these points
were put together in the same data set regardless of the specimen from which they came.
For the results of the 3D scanning, the crack width corresponded to the accumulated
crack with interpolation along the bar length/beam length. The final post-processed data
are represented in Figure 12. In the same figure, the corrosion level from the gravimetric
method versus the crack width is shown as well. In this case, each data point represents
the average corrosion level for each bundle at the length specified to the maximum
accumulated splitting crack width measured along the length of the bar. For details, see
Paper I11.
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Figure 12. Crack width versus corrosion level.

As observed in Figure 12, the scatter is large; no clear pattern for weight measurements
is observed. However, as every specimen only resulted in a single point when the
average corrosion loss was used, the number of measurements was likely not large
enough. On the other hand, the method used for 3D scanning resulted in a much larger
number of measurement points. The data obtained was processed statistically and a
trend could be observed between the corrosion level and the cracked width observed.

The maximum average bond stress was also evaluated in the present study. In Figure
13, it is shown how such bond stress was related to the average corrosion level. The
average corrosion level was evaluated from both the weight loss measurements (for the
full 580+0.5 mm length of the bars), as well as from the 3D scanning results, in this
case the average value along the available anchorage length. For both methods, the
results indicated that an increasing corrosion level caused a decreasing bond capacity.
As can be seen, the scatter was rather extensive.
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Figure 13. Calculated normalized and maximum average bond stress versus corrosion level
for the naturally corroded specimens in this study.

3.4 Comparison to other experimental work

An extensive compilation of artificially corroded test data from the literature was
carried out by Andrade et al. (2016). These data are presented in Figure 14, together
with additional naturally corroded test results from Yu et al. (2015) and the present
study. The values described previously in Figure 12, which were expressed in terms of
corrosion percentage levels, were translated into corrosion penetration/radius values
assuming general corrosion for the purpose of comparing the data with those in the
literature. To give a clear depiction of the literature data and their scatter, the 5 % and
95 % bounds, labelled the lower and upper bounds, respectively, are plotted in the same
figure.
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Figure 14. Comparison between naturally and artificially corroded specimens. Data from
literature compiled by Andrade et al. (2016), all artificially corroded. Tests specimens in
Torres-Acosta et al. (2003); Yu et al. (2015) were naturally corroded.

In Figure 14, both the gravimetric and 3D scanning corrosion level measurements have
been included and compared to the data points from literature. It is clear that the crack
width associated with a specific corrosion penetration was larger for the naturally
corroded specimens than for the artificially corroded members; it was also generally
larger in this study than in other naturally corroded tests found in the literature.

The damage observed in the form of accumulated crack width was also correlated to
the bond strength of the test specimens. For the Medium damaged specimens, the
anchorage failure occurred on the side where the widest splitting crack was located.
These values were plotted against the maximum average bond stress normalized
according to the average value of the Reference specimens; see Figure 15. The results
indicated a decreasing bond capacity with increasing crack width. The results of this
study were compared with tests of artificially corroded specimens carried out by Fischer
etal. (2013); Rodriguez et al. (1994); Zandi Hanjari et al. (2010, 2011). The comparison
indicates that the naturally corroded specimens in this study are different from the
artificially corroded specimens. Accordingly, the bond strength of the naturally
corroded bars was considerably higher than that of artificially corroded specimens. It
was also observed that the residual bond capacities of the naturally corroded specimens
were higher than the limits given in the fib Model Code (2010). Lastly, the scatter in
measured crack widths of the naturally corroded specimens was larger than that of the
artificially corroded specimens.
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Figure 15. Comparison between test results from naturally corroded specimens and results
from artificially corroded tests and fib Model Code (2010) in terms of bond strength,
normalized with respect to the average maximum bond strength obtained from reference
samples, versus maximum crack width of splitting cracks.

The experimental studies selected for comparison slightly differed in terms of corrosion
environment. For instance, the corrosion rate for the specimens taken from the field was
much lower than that of artificially corroded specimens. The rate was estimated to be
approximately 1.2 pA/cm? for the naturally corroded specimens. This value was
estimated based on the maximum average 9.6% weight loss of the reinforcement bars
during 32 years of exposure to a corrosive environment (Paper I11). This estimation was
carried out using the steel corrosion-rate conversion factor given in (Roberge 2008).
This estimated value was lower than the natural corrosion rates of 10-25 pA/cm?
obtained from field measurements in chloride contaminated concrete structures; see
CEB-fib (2000). Conversely, the corrosion rates were much higher in the artificially
corroded tests, varying from 100 to 2000 pA/cm?; see Table 3 and Paper III. The
geometrical parameters of the specimens in the tests also differed as did the test
methods, e.g. the cover thickness was constant in almost all artificially corroded
specimens, whereas it varied in the naturally corroded specimens. In the artificial
corrosion tests, bars of the specimens were pulled out one at a time in the pull-out test
set-ups, whereas for the naturally corroded specimens two bundles were pulled out
simultaneously in a bending test configuration.

The measured available anchorage length in the naturally corroded specimens varied
between 250 to 500 mm whereas in the accelerated corrosion tests, this parameter was
always less than 210 mm. Furthermore, the artificially corroded specimens contained a
higher amount of stirrups and the specimens in the present study had more widely
spaced transverse reinforcement bars than other test series. Despite these differences,
higher bond stresses for the same crack width were obtained in the naturally corroded
tests than in the artificially corroded specimens.
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The normalized maximum average bond stress was also plotted against the average
corrosion level measured and compared to corresponding results from five different test
series of accelerated corroded specimens in the literature. As seen in Figure 16, the

reduction in bond was larger in the present study than in previous studies.
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Figure 16. Comparison between test results from naturally corroded specimens and results
from artificially corroded tests in terms of bond strength normalized with respect to the
average maximum bond strength obtained from reference samples versus average corrosion

levels.

Additional comparisons of the corrosion conditions, specimen dimensions and material
properties of the naturally versus artificially corroded tests are provided in Tables 3 to 5.

Table 3. Comparison between the test conditions and corrosion exposure in natural tests of
the Stallbacka Bridge and artificially corroded tests from the literature.

Specimens Test type Initiation of Duration of Corrosion rate
exposure to corrosion
corrosive agents
Naturally Corroded Indirect four-point | Unknown Maximum 32 | ~1.2 uA/cm?
(Stallbacka Bridge bending years (appr. 9.6% weight
test samples) loss in maximum 32
years)
Zandi Hanjari et al. Eccentric pull-out | After 28 days Upto 10 100 pA/cm?
2010 on beam-end (3% of sodium months
specimens chloride was mixed
into concrete)
Al Sulaimani et al. Pull-out test on Unknown Unknown 2000 pA/cm?
1990 cube specimens (Impressed direct
current)
Berra et al. 1997 Bending test After 28 days 30 weeks 50 pA/cm?
(2% chlorides was (Impressed direct
mixed into concrete) current)
Fang et al. 2004 Pull-out test on After 28+3 days Unknown Unknown
cube specimens (5% of sodium (Impressed direct
chloride was mixed current)
into concrete)
Rodriquez et al. Eccentric pull-out | Unknown Several 100 pA/cm?
1994 test on cube months (Impressed direct
specimens current)

CHALMERS, Civil and Environmental Engineering

21



Table 4. Comparison of dimensions and material properties in naturally corroded specimens
of the Stallbacka Bridge with artificially corroded specimens from literature (more details in
Papers I, II and III).

Specimens Specimen Anchorage | Concrete Concrete
dimensions length cover properties
h b la c fe fi E.
(mm) | (mm) | (mm) (mm) (MPa) (MPa) (GPa)
Naturally Corroded | 400 350 250-500 30-70 32-62 3.0-4.1 17.3-27.7
(Stallbacka Bridge
test samples)
Zandi Hanjari et al. | 400 400 210 30 34-38 Not Not
2010 evaluated | evaluated
Al Sulaimanietal. | 150 150 144 35 40 Not Not
1990 evaluated | evaluated
Berra et al. 1997 180 100 140 28-42 36 Not Not
(20 days) | evaluated | evaluated
42
(90 days)
Fang et al. 2004 140 140 80 25 52 Not Not
evaluated | evaluated
Rodriquez et al. 300 300 210 24 40 2.5-4.0 Not
1994 evaluated

Table 5. Comparison of the steel reinforcement dimensions and material properties in
naturally corroded specimens of Stallbacka Bridge to artificially corroded specimens from
literature.

Specimens Stirrups in the Longitudinal bar Number of Steel class
anchorage zone diameter (mm) bars in each
bundle
Naturally Corroded ¢ 10 mm @ 300 mm 16 2 Main bars:
(Stallbacka Bridge test KS 60
samples) Stirrups:
KS 40
Zandi Hanjarietal. 2010 | 4 ¢ 8 mm @ 48 mm 20 - 500 MPa
Al Sulaimani et al. 1990 $6 mm @ 50 mm 12 - 450 MPa
Berra et al. 1997 ¢ 6 mm @ 100 mm + 14 - 440 MPa
skin bars
Fang et al. 2004 ¢ 6 mm @ 40 mm 20 - 521 MPa
Rodriquez et al. 1994 ¢ 6 mm @ 100 mm 16 - 590 MPa

According to CEB-fib (2000), there is a large variation in results of different studies of
artificially corroded specimens with stirrups; the bond strength at cracking ranges from
50 to 120 % for ‘high’ and “low” artificial corrosion rates, respectively, with regard to
their non-corroded specimen strength. For the naturally corroded tests in this study, the
normalized residual bond strength ranged from 57 to 103 % for damaged specimens
based on the average bond strength for Reference specimens. The remaining bond
strength calculated showed a correlation between both measured corrosion levels and
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crack widths in all naturally and artificially corroded specimens. However, the scatter
was large.

The crack widths that may lead to cover spalling could also be correlated to the
structural effects of corrosion damage. Some researchers report crack widths in excess
of 0.6 mm without spalling, whereas Rodriguez et al. (1994) and Torres-Acosta et al.
(2003) observed that the concrete cover did not spall even when cracks reached 2 mm
in width. In the naturally corroded specimens from Stallbacka Bridge, it was observed
that splitting cracks widened up to 2.5 mm with no signs of concrete cover spalling.

The results from this study and previous literature indicate that the corrosion level could
be estimated based on the crack widths measured. In cases when estimations derive
from results of artificially corroded specimens, the corrosion level in the naturally
corroded specimens would be greatly overestimated. This finding agrees with the
research by Andrade et al. (1993) who discovered that for the same corrosion level with
low corrosion rates, larger crack widths would appear on concrete surfaces. However,
this is contrary to results reported by Coronelli et al. (2011) who had indicated that the
slower the corrosion rates, the smaller the crack widths. This finding appears reasonable
as a smaller corrosion rate allows for corrosion products to flow out through cracks,
thereby reducing splitting pressure. Thus, other effects were recognized as possible
explanations for the large crack widths observed in naturally corroded specimens. These
effects included the combined corrosion and freezing, as well as other long-term effects,
such as creep and shrinkage of the concrete.
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4 Analysis of specimens from Stallbacka Bridge

4.1 Overview of analysis levels

In a study provided in Paper IV, four levels of analyses were compared to each other
and to tests of naturally corroded beams. In the most advanced approach, three-
dimensional non-linear finite element (3D NLFE) analyses employing previously
developed full interaction bond and corrosion models were carried out. The following
approach consisted of 3D NLFE analyses with a pre-defined uniaxial bond-slip
relationship between concrete and reinforcement. At the next level, the bond-slip
relation was used together with a measured available anchorage length; the anchorage
capacity was obtained by numerically solving the one-dimensional differential
equation. In the most simplified approach, a constant bond stress was assumed together
with the available anchorage length measured. An overview of these assessment
methods based on four different levels of detailing and accuracy are shown in Figure
17. In the following sections, a brief overview of each analysis level is provided.

‘GE) Engineering Improved assessment

£ 5 approach approach

(]

2 o

(]

3 ] 1] ]
Residual bond | 1D bond-slip 3D FE 3D FE

T »| |capacity and model and analysis with analysis

£ 2| |given available| |given available| [1D bond-slip including bond

= % anchorage anchorage and corrosion

2 length length models

Figure 17. Overview of the four-level assessment approaches predicting the anchorage
capacity of corroded reinforced concrete.

4.1.1 FE analysis including bond and corrosion models (Level 1V)

At the Level IV analysis, 3D NLFE analyses were carried out in which the effect of
corroding steel reinforcement bars in concrete was modelled in detail by applying the
bond and corrosion models initially formulated by Lundgren et al. (2000) and later
modified by Lundgren (2005a). The models could describe the swelling effects of the
corrosion products, thus generating splitting stresses acting on concrete, and the
influence on bond properties. The bond model is a frictional model which uses elasto-
plastic theory to define the relations between stresses and deformations. This model is
suited for detailed 3D finite element analyses in which both the reinforcement and the
concrete are modelled using solid elements. The model is assigned to 2D-interface
elements to describe the relations between traction, o, and the relative displacement, u,
in the interface. The 2D interface elements are generated on a surface between
reinforcement bars and concrete. The physical interpretations of the variables o, 7, u»
and u;, are shown in Figure 18a.
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Figure 18. (a) Physical interpretation of the variables o, 7, u, and «, in the bond model, taken
from Lundgren (2005a). (b) Physical interpretation of the variables in the corrosion model,
modified from Lundgren (2005b).

The corrosion model used in the analyses was developed by Lundgren (2002) and
further calibrated through several experimental results by Lundgren (2005b). The effect
of corrosion was modelled as the volume increase of the corrosion products, vy, In
comparison to the intact steel. The volume of the rust relative to the intact steel was
given as input. The corrosion penetration, x, was given as a function of time. The
corrosion was then modelled in time steps. The physical interpretations of the variables
of the model are presented in Figure 18b.

More details regarding the models have been given in Lundgren (2005a). The input
parameters used for the analysis in Paper IV have been chosen according to the values
provided in Lundgren (2007).

The 3D NLFE analyses were performed using the commercial DIANA 9.5 software
(Diana 2014) with pre- and post-processor FX+ 3.3.0. The beams modelled had the
same dimensions as the specimens tested accounting for the different geometrical
specifications of each specimen. For instance, the exact positions of the reinforcement
bars as well as the stirrups were taken into account in the models. The beams were
modelled for half the span and loading due to the symmetry of the test set-up and the
boundary conditions were carefully defined to reproduce test conditions; more details
on the boundary conditions assigned are provided in Paper IV. Three-dimensional (3D)
tetrahedral elements (TE12L) were used for the concrete and reinforcement bars. Two-
dimensional (2D) interface elements (IF6L) were positioned between the concrete and
steel elements. The concrete was modelled with the help of a constitutive model based
on non-linear fracture mechanics using a total strain-based smeared-crack model with
a rotating crack approach (Diana 2014). The analyses were performed in three stages:
(1) corrosion, (2) self-weight, and (3) mechanical loading.

4.1.2 FE analysis including 1D bond-slip model (Level I1I)

At the Level 11l analysis, a more simplified FE model was used. Similar finite element
meshes as in the Level IV analyses were adopted. Thus, the basis of the model was the
same as described in Section 4.1.1. The following modifications to the model were
made: (1) the interface elements between the concrete and steel reinforcement bars were
removed; (2) the solid elements that in the Level 1V analyses constituted reinforcement
bars were redefined as concrete; and (3) steel rebars were instead modelled by means
of the embedded reinforcement approach defined in Diana 9.5 (Diana 2014). The
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interaction between the concrete and embedded reinforcement was defined using the
1D bond-slip model suggested by Lundgren et al. (2012).

The 1D bond-slip model was based on the local bond-slip defined in fib Model Code
(1990). The specimen parameters, such as the amount of transversal reinforcement,
concrete cover, diameter of the anchored reinforcement, concrete compressive strength
and the corrosion degree measured were taken into account.

For uncorroded reinforcement, the local bond-slip was obtained from an interpolation
between unconfined and confined cases. The effect of corroded reinforcement was
taken into account in two ways: (1) After cover cracking (due to corrosion), only
confinement from transverse reinforcement was included,; i.e. the concrete cover was
considered not to contribute after cover cracking. (2) Corrosion shifts the local bond-
slip curve along the slip axis; see Figure 19. The shift of the local bond-slip curve
corresponded to an assumption that corrosion caused a damage equivalent to a certain
slip of the reinforcement in concrete.

TA
corroded

(coincident of master
and shifted curves)

uncorroded uncorroded
(shifted curve) - (master curve)

T

' [\ b, spalling

ax ! slip

Figure 19. Overview of a local bond-slip curve for ‘good’ bond conditions; the curve is an
interpolation of confined and unconfined cases as modified from Zandi (2015).

In this study, the model was modified for the case with bundled reinforcement bars.
Different hypotheses could be made to consider the effect of bundles. In this study, a
circular bar with an equivalent area of two single bars was used; i.e. the diameter of
such a bar was used for calculating the cover-to-bar diameter ratio to estimate the
splitting effects; see Figure 20b. Furthermore, the bonded perimeter of the bundle was
calculated as an average value of the upper and lower bounds proposed by Jirsa et al.
(1995); see Figure 20a. The corrosion was described by means of the equivalent
corrosion penetration, i.e. uniform corrosion, which produced the same weight
reduction as measured in the laboratory.

(a) (b)
Figure 20. (a) Overview of the minimum, maximum and average perimeters. (b) The
equivalent area and perimeter for the bundled reinforcement bars.
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4.1.3 Simplified approach using 1D bond slip model (Level II)

For the analyses at Level Il, the same local bond-slip relations as in Section 4.1.2 were
used. This analysis level is intended to be a quick and straightforward method to
calculate the anchorage capacity in corroded RC structures. The local bond-slip relation
together with the available anchorage length measured were used as inputs into the
analysis. The anchorage capacity was obtained by numerically solving the 1D
differential equation along the anchorage length combined with a simple structural
model to calculate the capacity of the specimen, a level of analysis that is further
discussed in Paper IV.

4.1.4 Simple approach for engineering practice (Level I)

Level | presented in Paper IV is a simplified method of predicting the remaining
anchorage capacity in corroded RC structures. This method is well suited as an initial
estimate in conducting engineering assessments of corroded RC specimens as this
method requires very little time. The residual bond capacity from the bond-slip model
provided by Lundgren et al. (2012) is used together with an assumption of a constant
bond stress along the anchorage length. Thus, the remaining anchorage capacity is
calculated as

= Tp,spalling- Pe- lq 1)

where /,, is the measured available anchorage length, p. is the equivalent perimeter of
the bundle defined in Figure 20, and 7, spauiing 1S the residual bond capacity for either the
‘good’ or ‘all other’ bond conditions; see Figure 19. The residual bond capacity for
‘good’ bond condition can be calculated as

Tp,spalling = (0-3 + <M> (ASTW)> ) \/ﬁ! (2)

Pe-Tmax,conf

where f;, and Ay, are the yield strength and cross-sectional area of the stirrups.
Similarly, the bond strength at cover spalling for ‘all other’ bond conditions is
calculated as

Tb,spalling = (0-15 + (M> (ASTW)> ' \/E (3)

Pe-Tmax,conf

The maximum bond strength, zmax,conf, for confined concrete was calculated from Table
6 from the fib Model Code (1990). Equations (2) and (3) are taken from Zandi (2015)
and modified for the bundled reinforcement bars.

Table 6. Maximum confined bond strength for ‘good’ and ‘all other’ bond conditions.
‘Good’ bond conditions ‘All other’ bond conditions

Tmax,conf [MPa] 2.5 fc 0-225](;:(:

In this study, as there was no clear distinction between these two cases provided in fib
Model Code (1990), it was assumed that the bond between concrete and reinforcements
was good enough before the corrosion took place. Thus, the “good” bond conditions
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was assumed for the analyses. The same simple structural model as for Level Il was
used to link the anchorage capacity to the applied load; see Paper IV.

4.2 Results

The results of the maximum applied load from all four approaches and experimental
values are compiled in Figure 21. As expected, the accuracy of the results compared
with the experimental data measured increased from the simple engineering approach
to the more advanced FE modelling. It should be mentioned that in Levels | and Il
analyses, the anchorage length available was an input parameter. In this study, this
parameter was taken as the measured distance from the shear crack crossing the rebars
to the end of the beam, however, it was naturally only possible to measure this
parameter after structural tests had been performed. This input parameter is not always
easy to measure or estimate at assessment.

400.
000 u (IV) FEA 3D
u (1) FEA 1D-BS
350.0 * * (1) 1D-bond

—_ m (1) Residual Cap.
Z 3000 mEXP
=
[
2 250.0
=
2
2. 200.0
(=}
<
£ 1500
£
= 100.0
=

50.0

0.0
R4 R6 M5 M7 H6 H7

Specimens

Figure 21. Comparison of the results from experiments with four analysis approaches in
terms of maximum load. (The capacity of the specimens marked with an asterisk was limited
by yielding of the reinforcement in the Level Il analysis).

The corrosion-induced cracks could only be simulated using the most advanced FE
approach, Level 1V; see Figure 22. The splitting stresses generated from the expansion
of corrosion products or the slip of the bars could not be modelled in Level 111 analysis.
These effects had to be taken indirectly into account in other approaches, which led to

less agreement in the crack pattern, for Level Ill, or in conservative anchorage
capacities, for Level II.
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Figure 22. Comparison of the crack pattern with the available anchorage length of the FE
analyses in Level [l and Level [V (M5): (a) 3D views of the crack patterns in the FE analyses,
(b) front and rear sides of the beam.

In general, the analyses at Levels III and IV required more input parameters for the
modelling. The modelling procedure and analysis at Level IV were more time-
consuming than those at Level III. In the analyses at Level IV, the external pressure
from supports and splitting effects due to the reinforcement slip were also directly taken
into account. Thus, the analysis results at Level IV were closer to actual conditions of
the experiments than in Level III. The analyses at Levels I and II were quite time-
efficient. However, the results were less in agreement with the experiments and
analyses in the two preceding FE approaches. Thus, the analyses at Levels I and II are
recommended to serve as preliminary evaluations of the residual bond capacity for
engineering purposes. It should be mentioned that the Levell analysis can be
considered as a quick and straightforward method of conducting an initial control as to
whether the anchorage capacity could be sufficient. As such, the method was
trustworthy, as it yielded results on the safe side. In Table 7, a summary of approximate
time consumption and outcome of the analyses of the four different levels is provided.

Table 7. Approximate time consumption and outcome of the analyses

Analysis  Analysis Load End-slip Crack pattern Effect of
level time capacity  behaviour transverse
Induced by Corrosion/slip pressure
mechanical loading induced
v 12-14 hrs 4 v v v v
11 2-3 hrs 4 v v
1 2-3 mins v v
| Few sec. 4
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5 Conclusions

5.1 General conclusions

The aim of this study has been to deepen the understanding of the structural effects of
natural corrosion deterioration with a focus on the remaining anchorage capacity
between deformed bars and concrete, as well as investigating the possible links between
visual inspection data and structural damage. In the initial part of the study, the effects
of natural corrosion damage on bond behaviour and anchorage capacity of
reinforcement in concrete were investigated in an experimental programme. The tests
were focused on the bond behaviour between corroded ribbed rebars and concrete in
the anchorage regions of reinforced concrete beams. Based on the outcome of the
experimental work, the following conclusions were drawn:

e A test set-up was designed for the evaluation of anchorage capacity in RC
specimens taken from existing structures. It worked properly as the expected failure
mode, a splitting-induced pull-out failure, occurred in all experiments.

e The test results for the damaged specimens with only splitting cracks (M) and cover
spalling (H) showed 6 and 9 % reduction in load-carrying capacity, respectively,
in comparison with the Reference specimens.

e The average calculated bond stress in the anchorage zone was reduced by about
20 % for the specimens with only splitting cracks and 12 % for the specimens with
cover spalling in comparison with the average Reference specimens.

e The concrete compressive strength measured was slightly lower in the damaged
specimens in comparison with the Reference specimens; this could have influenced
the damage level.

After the structural tests, the corrosion level was quantified using two different
measuring methods, the gravimetric measurements and advanced optical 3D scanning.
The correlations between the corrosion levels measured, splitting crack widths and
anchorage capacity of the corroded specimens were investigated and the results were
compared to artificial corrosion tests from the literature. The most significant
conclusions of the evaluations and comparisons are listed below:

e Corrosion levels evaluated using the weight loss method yielded values
approximately twice as large as those of 3D scanning. The presence of horizontal
or subsurface corrosion that could not be measured nor detected by 3D optical
measurement was supposedly the reason for the differences. It could be interesting
to introduce other measuring techniques such as CT scanning to detect hidden
corrosion damage.

e The 3D scanning method proved to be advantageous to describe corrosion patterns
on the steel bar surface, as well as the longitudinal variation of the corrosion level;
thereby it was possible to find correlations between measured crack widths and
corrosion levels.

e It was observed that for the same corrosion level, the specimens in this study
featured much larger crack widths than those of tests in the literature.

e The results indicated that the average bond strength of the naturally corroded bars
was related to the maximum crack widths observed. A comparison of these results
against the artificially corroded specimens and the provisions given in the fib
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Model Code (2010) indicated that the naturally corroded tests yielded higher bond
strength.

e Related to the corrosion level, the reduction in bond was larger in the present study
than in other studies found in the literature, all with artificially induced corrosion.
The combined effects of freezing and corrosion offer an explanation, but it should
also be noted that there were stirrups with larger distance in the present study which
definitely offers another possible explanation.

e Comparisons between the test results of naturally and artificially corroded
specimens indicated that by using knowledge of artificial corrosion as a basis for
formulating a damage indicator in the form of crack widths, estimations of the
structural capacity would be on the safe side.

The results obtained from tests of naturally corroded specimens were used to examine
available analysis methods calibrated with artificial corrosion tests. Thus, structural
analyses were carried out on different levels and compared with each other. The
structural assessments ranged from non-linear finite element analysis with three-
dimensional solid models to a simplified approach considering the residual bond
capacity of corroded bars. The main conclusions of these analyses are as the following:

e The 3D NLFE analyses, including bond and corrosion models, yielded results that
were mostly consistent with observations from experiments in terms of remaining
anchorage capacity and crack patterns. However, these analyses were
computationally expensive.

e The 3D NLFE analyses, considering 1D bond-slip relationships, described the
overall structural behaviour reasonably well, although there was some
overestimation of capacity. The use of simple bond-slip relationships between
concrete and steel in complex FE analyses was useful and yielded a good and quick
approximation of true behaviour. However, this modelling technique did not take
the splitting action into account.

e In the analyses where the bond-slip relation was used together with an available
anchorage length measured, the anchorage capacity was obtained by numerically
solving the one-dimensional differential equation along the reinforcement. This
analysis level was useful for estimating the anchorage capacity in damaged
specimens. However, this analysis level overestimated the capacity of undamaged
beams.

e The simplified engineering approach at Level | estimated the capacity considering
residual bond strength. The capacity was underestimated in all categories,
indicating that this level of analysis is safe to use in practice.

e Levels | and Il approaches were the fastest and most efficient analyses. However,
they were strongly dependent upon available data, such as available anchorage
length, which might prove difficult to obtain.

e As results were reasonable, the previous calibrations performed on artificial
corrosion seemed acceptable for use on naturally corroded structures as well.

In this study, a large amount of information from tests and analyses of naturally
corroded specimens were compiled and compared with accelerated corrosion tests from
literature. These compilations can be used as reference points for future studies.
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5.2 Suggestions for future research

Due to the lack of data on naturally corroded reinforcement in concrete structures, it
would be wise to plan experiments on full-scale specimens exposed to natural corrosive
environments in order to clarify the corrosion effects in natural conditions and to study
the differences between natural and accelerated corrosion. It would also be interesting
to extract and test additional naturally corroded reinforcement from existing structures,
both smooth and ribbed bars, to expand the available knowledge of corroded steel bar
properties. The results of such tests might lead to the development of more accurate
assessments of the load-carrying capacity of damaged structures and increase
possibilities for estimating the remaining lifespans of such structures.

Further development of the existing simplified methods are needed to link the visual
inspection results to the structural effects of corroded reinforcement in order to estimate
whether sufficient load-carrying capacity exist in corroded structures. The methods
could be applied into assessments of the residual load-carrying capacity of corroded
structures. The specimens studied in this research project were subjected to the
combined effects of corrosion and freezing. Thus, it would be relevant to also assess
the environmental impacts in regions without freezing and thawing.

The analysis models available have been verified against a limited number of naturally
corroded tests in this study. Thus, further calibration of the models are required with
additional test results from naturally corroded specimens. Further experimental and
numerical studies on the effects of corrosion on the ductility of RC members would also
be useful.

The present study has been limited to investigations of the remaining load-carrying
capacity of RC members from a single existing structure with a rather short service life
in comparison with the expected life of RC structures in the design stage. Thus, the
damage development through the design life is a serious issue which requires further
study. Further experimental and numerical studies are called for to study the effects of
natural corrosion on the shear and punching capacity of existing corroded RC beam and
slab members, as well as the buckling of corroded RC members under compressive
loads.
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