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Abstract

Mimicking natural deterioration in accelerated tests is challenging; a highly relevant alternative option is to use deteri-
orated specimens from decommissioned structures. This paper describes a methodology to select and design tests of
the bond and anchorage between reinforcement and concrete in such specimens, with the aim of providing general
information, needed when developing methods for assessing structures in general. The methodology includes the
following steps: (1) choice of existing structure for samples, (2) choice of test method, (3) design of test setup, and (4)
design of test programme. Each step is discussed in detail and comments are made on considerations and challenges
arising specifically due to the use of specimens from existing structures. As the scatter of test results is typically large, a
suitable test method should enable a large number of tests by being robust, quick and affordable. It is recommmended
to keep track of the position of the specimens in the original structure, to document cracks, and to take samples also
of uncorroded bars. These can then be used for reference in quantifying the corrosion level of corroded bars. This
methodology is exemplified in the design of three test series on edge beams from two bridges; two series resulted

in beam test setups and one in direct pull-out tests. The methodology described strongly highlights that careful
investigations are required to design experiments which generate reliable data. Acquiring data from decommissioned
structures will improve our understanding of the structural behaviour of existing structures and thus enable improved

assessment methods.

Keywords: bond, concrete, reinforcement, experiments, existing structures, corrosion

1 Introduction

Existing structures represent enormous investment.
Accordingly, their deterioration poses a major challenge
and is receiving greater attention. Corroded steel rein-
forcement is the most common cause of deterioration
in reinforced concrete (Bell 2004) and is often combined
with other deterioration mechanisms, such as freez-
ing—thawing cycles. Wang (Wang et al. 2010) analysed
the impacts of climate change and showed that the dete-
rioration of concrete structures is anticipated to worsen.
Moreover, the demand for load-carrying capacity (such
as bridges) often intensifies over time as traffic loads
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and indicate if changes were made.

increase. Thus, there is a growing need for reliable meth-
ods of assessing the load-carrying capacity of existing,
deteriorated structures. Corroding reinforcement affects
the structure in two ways: (1) volume expansion that may
crack and spall the concrete cover, affecting the bond
between reinforcement and concrete, and (2) area reduc-
tion and ductility changes in the reinforcement bars.
Both reduce the safety of the structure, so it is important
to understand and control them. This paper focuses on
the bond between reinforcement and concrete.

Existing bond models of corroded reinforcement have
been developed based on experiments on artificially
corroded specimens. However, deterioration by natu-
ral corrosion does not have the same effects on struc-
tural behaviour as deterioration from artificial corrosion.
Experimental evidence found in the literature shows that
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common methods of accelerated induced corrosion (such
as admixed chloride, impressed current and wet/drying
techniques) may change the morphology of the corrosion
products to differing extents (Vera et al. 2009). Probably,
the most influential factor is the corrosion rate (Andrade
et al. 2002). Another study shows the electrochemistry in
naturally induced corrosion differs from accelerated cor-
rosion (Austin et al. 2004). Further, the structural effects
are not the same. Saifullah and Clark (1994) showed spu-
rious bond deterioration for specimens subjected to high
impressed currents. Another study pointed out the cor-
rosion rate as one of the important parameters influenc-
ing the results in bond tests (Seether 2011). Reducing the
time from years to days is strong justification for using
accelerated induced corrosion in lab tests. However,
great care should be taken when interpreting results and
extrapolating them to field conditions.

It is common to study the influence of one deteriora-
tion mechanism at a time; however, several recent inves-
tigations point at a strong interaction between corrosion
and freeze—thaw cycles (Kuosa et al. 2014; Zhang et al.
2017). To conclude, the most realistic conditions are
achieved when using specimens from decommissioned
structures. However, only a few test series have been con-
ducted investigating the bond in naturally deteriorated
specimens. Horrigmoe et al. (2007) used cubic speci-
mens with a corroded bar inside, from Ullasund Bridge
in Norway. However, before testing, the specimens have
been cast in new concrete. This provided additional con-
finement and thus no corrosion effects on the bond were
observed in the test results. Edge beams from Stallbacka
Bridge in Sweden were tested by two of the authors in
four-point bending, studying the effect of corrosion on
the end anchorage in two test series, (Lundgren et al.
2015a; Tahershamsi et al. 2014). Furthermore, in ongo-
ing but unpublished work, specimens from a bridge in
Gullspéng in Sweden were tested. This paper compiles
the lessons learned from working on this topic. It struc-
tures them into a methodology for selecting and design-
ing tests of bond and anchorage between reinforcement
and concrete, using specimens from decommissioned
structures. Each step in the process (especially the variety
of possible test methods) is discussed in detail and rec-
ommendations made. Finally, the methodology is exem-
plified in design of three test series, including ribbed and
smooth bars.

2 Methodology

The methodology suggested in this paper, for design-
ing tests of the bond and anchorage between reinforce-
ment and concrete in specimens from existing structures,
includes the following steps:
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1. Choice of existing structure for sampling.
2. Choice of test method.

3. Design of test setup.

4. Design of test programme.

The procedure is iterative (often the case with design),
such that results from a later step may influence an ear-
lier step. Each step is discussed in detail in the following
sections. Finally, there are some comments and notes on
the special considerations and challenges relating to the
use of specimens from existing structures.

2.1 Choice of Existing Structure for Samples

There are two possible situations in which samples are
taken from an existing structure: (1) tests to provide
input for assessing the structure in question and (2) a
search for more general information, needed when devel-
oping models and methods for assessing structures in
general. In the second case, the structure (or part of it)
is most likely decommissioned. This paper focuses on
the second case. Well-established connections between
researchers and infrastructure owners/managers are
vital when it comes to finding specimens from naturally
deteriorated structures for research tests. Opportuni-
ties often arise at relatively short notice and matching
the necessary research funding can be a challenge. In our
experience, this is best handled via ongoing active dia-
logue. The following aspects should be considered when
considering different opportunities:

+ Permission to take specimens. This may be due to
demolition or closure of an entire structure for major
repairs (such as replacing edge beams on bridges).

+ Depending on the focus of the intended research the
following should be considered relevant: age, cement
and concrete type, rebar type and layout, amount of
transverse reinforcement, exposure, main deteriora-
tion mechanisms and so on.

+ Available information on the structure, such as
detailed drawings, previous material tests, and so on.

+ Requirement for a large number of similar speci-
mens with varying corrosion levels, from uncorroded
parts, to intermediate corrosion causing longitudinal
splitting cracks, to spalling of concrete cover due to
severe corrosion.

+ The geometry of the specimens should suit either a
bending test of a beam resulting in anchorage failure,
or a pull-out test of bond response.

+ Specimens should be easily accessible, for inspection
before removal and for cutting and handling.

In our work so far, we have taken edge beams from
bridges. However, we have considered several other
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possibilities. Edge beams are a good choice as they are
easy to access and, in the case of long bridges, a large
number of specimens can be obtained. Further, they are
frequently replaced, as the average service life for edge
beams on European roads in Sweden is currently only
30—40 years (Veganzones Mufoz et al. 2016). Piles sup-
porting harbour quays have potential suitability as test
objects. During reconstruction, a large number of speci-
mens may be available and their marine environment is
highly relevant. One example of structures considered
but not chosen was deteriorated columns in a park-
ing garage. These might have been valuable to study but
could not be exchanged in a way that allowed specimens
to be taken.

2.2 Choice of Test Method

2.2.1 General Requirements and Overview of Possible Test
Setups

The next step is to choose a test method. Important

requirements include the ability to:

+ Study the anchorage failure for specimens at various
levels of corrosion damage, in a single test setup.

+ Capture anchorage failure without disturbing the
natural damage to specimens.

+ Carry out a large number of tests, because the scat-
ter of test results are expected to be large. Thus, it is
preferable to have a test setup which is robust, quick
and affordable to prepare and carry out.

+ Clearly define boundary conditions, making it easier
to compare experimental results with, say, finite ele-
ment analyses.

Several test setups are commonly used in the literature
to test bond and anchorage. These can be divided into
different groups: pull-out tests, beam-end tests and beam
tests. An overview is shown in Table 1 and each setup is
discussed in detail in the following sections.

2.2.2 Pull-Out Tests
Pull-out tests are a simple and an inexpensive way to
test local bond behaviour. However, they have two main
disadvantages: (1) unlike real situations, the concrete is
compressed while the bar is under tension, and (2) due
to friction at the bearing end, they have greater resistance
to splitting than is common in real situations (Cairns
and Plizzari 2003). These samples can still provide useful
information, if their disadvantages are considered during
evaluation, e.g. through combination with 3D finite ele-
ment analyses as in Lundgren (2005).

Relatively short embedment lengths are commonly
used, e.g. 5 times the bar diameter (RILEM/CEB/FIP
1978), allowing the bond stress to be assumed constant.
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This simplifies evaluation and also implies smaller speci-
mens. However, the end effect, the so-called “cone fail-
ure” (consisting of local cracking of concrete near the
loaded end radiating about 45° from the bar), influences
the evaluated bond stress. This effect becomes more
pronounced for shorter embedment lengths (Cairns
and Plizzari 2003). When specimens are produced in
laboratory for pull-out tests, this problem is commonly
avoided by having a bond-free zone close to the pulling
action (Lundgren 2000; Lin et al. 2017). However, this is
not viable for specimens taken from existing structures;
this limits the accuracy of the bonded zone’s length.
Still, this effect can be taken into account by document-
ing the cracking at the end zone after the tests. Thus, the
embedment length of the tests can be stated as rather
well-defined.

When pull-out specimens are produced in the labora-
tory, the bar is simply left protruding. This is not so easy
to do for specimens from existing structures, as they
are typically cut from a larger structure. There is a risk
of damaging the bond if the concrete is removed by, say,
hydrodemolition. Thus, pull-out tests include the chal-
lenge of grabbing the bars. For single bars, this can be
done by drilling into and tapping the bar, then inserting
a threaded rod. This was tried in the example described
in Sect. 3.2.2. For bundled bars, pulling several bars in the
bundle with the same deformation appears more com-
plex. However, this challenge is also true of specimens
cast with protruding bars.

One way to avoid the problem of grabbing the bar may
be to use indirect pull-out tests. This means drilling a
core through the whole specimen, applying tensile load-
ing and clamping onto the other side, as indicated in the
figure in Table 1. To the authors’ knowledge, this test
setup has not been tried. It has the potential benefit that
the force in the bars can be calculated with reasonable
accuracy. However, there is a risk of asymmetry which
can cause bending and rotation. Furthermore, the clamp-
ing can be difficult to manage and somewhat major mod-
ifications to the specimens are required.

2.2.3 Beam-End Test
ACI Commitee 408 (2003) states that splice and beam-
end specimens best replicate the stress state in concrete
when testing the bond capacity of flexural members. A
major advantage is that each bar can be loaded individu-
ally and the forces in the bars measured directly. Like the
pull-out test, the beam-end test involves the difficulty of
gripping the reinforcement bars. However, this can be
overcome in a manner similar to that described for pull-
out tests.

Furthermore, the beam-end test has well-defined
available anchorage length and represents the
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Table 1 Overview of possible test setups.
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Test setup

Advantages

Disadvantages

Direct pull-out

Indirect pull-out

X

Beam-end
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Beam tests, general (all advantages and
disadvantages hold for all sub-groups of
beam tests)

Beam test, suspended supports

b

® ®

Beam test, direct support

b

3 3

Beam test, narrow direct support

!
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Beams with spliced reinforcement

b

Simple test setup

Force in the bar is known

Well-defined embedment length, unless a cone
failure occurs

Force in the bars can be calculated with reason-
able accuracy

Forces in bars are known
Well-defined embedment length, unless inclined
cracking occurs

Relevant as they closely approximate real applica-
tion
Gripping of bars is avoided

Experience exists, (Lundgren et al. 2015a; Taher-
shamsi et al. 2014)

Specimens with spalled concrete cover can be
tested

Simple and straightforward

Available anchorage length rather well-defined.
Inclined shear cracks expected towards direct
supports

Simple and straightforward
Limits the effect of support pressure

Simple and straightforward
Relevant, as they closely approximate real applica-
tion

Compressed concrete while the bar is in tension

Friction at the bearing end

Cone failure near the loaded end needs to be
considered when evaluating results

Challenge of grabbing bars

Risk of asymmetry can cause bending and rotation
Clamping can be difficult to manage
Specimens need a lot of modifications

Challenge of grabbing bars

Bond capacity or embedment length needs to be
small enough to avoid bars yielding

Effect of support pressure

Requires thorough design to obtain anchorage
failure instead of other failure modes. E.g. choice
of three or four-point bending, spans etc.

For symmetrical test setups, the side that will fail is
not known in advance, which increases need for
instrumentation

Forces in bars need to be calculated

Likely requires strengthening to withstand hanging
support reactions

Relatively complicated setup

Inclined shear cracks will interact with spalling
cracks. Thus, the available anchorage length
might not be well-defined

Effect of support pressure
Support area may need repair

Risk of tilting

Balancing the anchored force may entail having a
stirrup just outside the support area

Support area may need repair

Can be difficult to locate splices, or splices may not
be suitably positioned

structural behaviour better than in the pull-out test.
Two possible test specimens may be considered, with
straight or inclined surfaces (from the horizontal sup-
port to the tensile reinforcement bars), see figure in
Table 1. The specimen with a straight cut is easier to
produce from existing specimens. However, the risks of
inclined cracking or rupture of the reinforcement bars

need to be considered. The specimen with an inclined
surface benefits from a better-defined available anchor-
age length, as it avoids inclined cracking (Chana 1990;
Zandi et al. 2011). However, complicated cutting is
required for specimens taken from real structures. To
the authors’ knowledge, no such tests have been con-
ducted on specimens from existing structures.
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Another challenge with beam-end tests is the sup-
port pressure acting on the anchorage zone, which sub-
stantially increases the anchorage capacity (Magnusson
2000). Beam-end specimens are therefore commonly
produced with a bond-free zone above the support
(Zandi et al. 2011). However, this is not easy to accom-
plish for specimens from existing structures and seems
almost impossible without disturbing the bonded zone.
There is further discussion regarding the supports in
the next section (regarding beam tests). The challenges
and possible solutions are very largely similar for beam-
end tests.

2.2.4 Beam Tests

Designing beam tests to investigate bond and anchorage
can be challenging, as anchorage failure is often com-
bined with other failure modes, such as shear, crushing
of concrete, or yielding of bars. Thus, the choice of spans
and test setup (in the form of three or four-point bend-
ing, for example) can be adjusted to obtain the intended
failure mode. Furthermore, for symmetrical test setups,
the side that will fail is not known in advance, which
increases the need for instrumentation. These challenges
hold for all sub-groups of beam tests. On the other hand,
beam tests are relevant as they closely approximate real
application. As with beam-end tests, when new speci-
mens are produced, it is common to have bond-free
zones above the supports. This avoids support pres-
sure in the anchorage zone, as recommended in RILEM
(1970). However, as with beam-end tests, this seems
impossible to accomplish for specimens taken from exist-
ing structures without disturbing the bonded zone. Vari-
ous ways to handle the support pressure are discussed
in the following, concluding with beams with spliced
reinforcement.

2.2.4.1 Beam Tests with Indirect Supports, Testing End
Anchorage Without Support Pressure One way to avoid
support pressure is to have beams indirectly supported by
suspension hangers, see example in Sect. 3.1 or (Lundgren
et al. 2015a; Tahershamsi et al. 2014) for more details. A
major advantage is that parts with spalled cover can be left
as they are. However, a disadvantage of the test-setup is
that it will likely require the specimens to be strengthened
to withstand hanging support reactions. Furthermore,
inclined shear cracks will interact with spalling cracks.
Thus, it can be difficult to clearly define the available
anchorage length.

2.2.4.2 Beam Tests with Direct Supports, Testing End
Anchorage with Support Pressure Directly supported
beam tests will likely result in well-defined available
anchorage length, because inclined shear cracks often
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propagate to the edge of a direct support. However, the
support pressure will influence the anchorage behaviour
considerably. With external transverse pressure acting in
the anchorage region, bond stiffness and strength both
increase (Lundgren and Magnusson 2001). The major
influence of corrosion on bond is a reduction in confine-
ment due to cracking and eventually spalling. It is there-
fore inappropriate to use a test setup which compensates
for this, because support pressure is not always present
in real anchorage situations (in, say, splices or cut-off
regions). Finally, for severely damaged members with
cover spalling, a test configuration with direct supports is
not possible without repairing the specimens to get a flat
surface for the supports. However, a repair is not a proper
solution, as it greatly influences the anchorage capacity.

2.2.4.3 Beam Tests with Narrow Direct Supports, Testing
End Anchorage with Limited Support Pressure To limit
the effect of support pressure, narrow supports between
the reinforcement bars can be used, see figure in Table 1.
Thus, direct support pressure on the anchored bars is
avoided, but the beams can still be directly supported.
This affords the benefits of easier test execution with no
need for strengthening, making the test setup simple
and straightforward. Still, to avoid a bursting failure, it is
important for the anchored force to be balanced by a stir-
rup just outside the support, towards the free end of the
beam. This requirement for a stirrup just outside the sup-
port restricts where stirrups can be placed in the remain-
der of the beam. It is often preferable to have at least one
stirrup in the shear span. However, depending on stirrup
spacing and planned shear span, it may not be possible
to combine these. Furthermore, if narrow supports are to
be used on both sides, the need for stirrups just outside
each support will set certain requirements for the chosen
spans. It may not be possible to keep the spans constant
between different beams. Finally, the use of narrow sup-
ports entails a risk of tilting which needs to be considered
and the support areas may need repair.

2.24.4 Beams with Spliced Reinforcement, Testing
Anchorage of Bars in Splices  Test setups involving beams
with spliced reinforcement are highly relevant. Such tests
are relatively simple and straightforward to carry out,
because the beams can be directly supported. The main
challenge is finding specimens with splices at suitable
positions, or locating the splices at all.

2.3 Test Setup Design

Even for early-stage estimates, there is a need for mate-
rial data and sensitivity studies on its influence. Gener-
ally, some basic material information is available from
drawings and sometimes from previous material tests
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Choice of test method,
e.g. pull-out or type of beam test

]

Design of test setup, choice of geometry,
such as length and spans.
Hand calculations used to obtain
intended failure mode

¥

Detailed design of test setup,
using finite element modelling,
choice of support detailing
and loading arrangements,
plus effect of any notches

Possible
modification
Possible
modification

Possible
modification

Fig. 1 A suitable test setup is designed iteratively.

Pilot tests of test setup |

too. If certain material data is found to be important in
controlling the type of failure mode, then ideally it should
be characterised in material tests before determining the
final test setup.

Once the test method is chosen, the test setup is
designed iteratively, see Fig. 1. Suitable measures of
geometry (such as length and spans) are first estimated
using hand calculations. The main aim is to find suit-
able loading arrangements which will likely result in
the intended failure mode. As the main parameters of
the specimens are given (such as specimen dimensions,
reinforcement layout and so on), the process is typically
rather different than would be the case when design-
ing new test specimens. Thus, with stricter bounda-
ries regarding available specimens, a greater degree of
creativity is required (in terms of investigating which
parameters may be chosen).

After completing the initial test setup design (using
a geometrical configuration which hand calculations
indicate would result in the anticipated failure mode),
ideally nonlinear finite element (FE) analyses are con-
ducted to further study the influence of various param-
eters. Alongside varying length and spans, FE analyses
also allow the details of support and loading arrange-
ments and the effect of any notches to be studied.
Finally, it is strongly recommended that pilot tests be
conducted before the full test programme is planned
and executed.

2.4 Design of Test Programme

A well-designed test programme includes tests for
various types of anticipated damage. Commonly, the
specimens are categorised based on visible damage. In
our experience (especially in the test series described
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in Sect. 3.1), it is preferable to keep the categorisation
simple. Thus, having few groups with clear distinctions
is preferable to having many groups. This will naturally
cause some scatter within each damage group. How-
ever, in our experience, as the specimens will be dissim-
ilar anyway, the simplicity of categorisation and larger
number of specimens in each group will be beneficial.
Furthermore, due to the large variation in test speci-
mens and stochastic nature of corrosion (plus the vari-
ation in bond, even for sound specimens designed and
produced to be similar), a large number of specimens in
each category is needed. If possible, a minimum of six
specimens in each category is therefore recommended.

2.5 Special Considerations and Challenges

Notes are given below on the particular considerations
needed and challenges arising from the use of specimens
from existing structures.

+ Documenting cracks in specimens (such as crack
locations, patterns and widths) is strongly recom-
mended. This needs to be done both on site and in
the laboratory before testing. Crack location can be
documented using crack IDs, giving crack locations
relative to the structural member, crack patterns
using photographs and crack widths at several loca-
tions along a crack using a crack width gauge/ruler or
microscope. More advanced tools can also be helpful
(such as laser scanning of an entire test object).

« It is important to keep track of the position of the
specimens in the original structure, to later under-
stand damage patterns due to differing exposure to
sun, wind, salt, and so on. Colour marks tend to wash
out with time, even when permanent colour is used.
Specimens should therefore be piled up in a consist-
ent manner whenever stored.

+ Investigate the availability of information about his-
torical development of damage, in inspection docu-
ments for example.

+ Ensure specimens are treated with caution during
transport, storage and handling. Specimens will often
need to be stored before testing and their environ-
ment during this time will have an influence. In par-
ticular, if specimens are taken from a structure which
has been outside for a number of years, it may be
wise not to bring them indoors for some time. The
drier indoor climate may dry out the concrete, caus-
ing substantial opening of existing cracks.

+ The structure will often be cut into larger pieces at
the site. Before cutting these into test specimens,
the exact position of the reinforcement needs to be
known (especially splices, hooks and stirrups), plus
the position of any cast joints, so that cutting can be
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planned. Original drawings are often unreliable when
it concerns exact reinforcement positions. Visual
inspection can be combined with non-destructive
inspection methods such as radar scan detection sys-
tems. These allow rebars to be located in relatively
thick concrete (up to about 30 cm). However, large
quantities of steel or thick concrete parts can com-
promise the accuracy of such methods. A simple test
setup and accurate post-testing inspection can mini-
mise the influence of geometrical uncertainties on
the final outcomes.

« After structural testing, the bars are brought out to
quantify their level of damage. It is often a major
challenge to quantify their corrosion level, as the
bar weight prior to casting is typically unknown. It is
therefore recommended to sample uncorroded bars
and use these as reference. Furthermore, sandblasting
is recommended for rust removal, as it was proved
being an optimal cleaning method for naturally cor-
roded bars when compared to metallic brushing and
acid immersion (Fernandez et al. 2018). After sand-
blasting (using a cleaning procedure following the
ASTM (2011) recommendations), the corrosion level
is quantified using gravimetric method or 3D optical
scanning technique (Tahershamsi et al. 2017).

3 Examples of Designed Test Series
The design of three test series are described below.

3.1 Example with Ribbed Bars

The first example concerns specimens from Stallbacka
Bridge, located outside Trollhdttan in Sweden. The
bridge was built in 1981, with the outermost slabs and
edge beams replaced between 2010 and 2012 (at an age
of about 30 years). The edge beams were chosen for
research because they were naturally corroded and had
different levels of corrosion-induced damage, from no
sign of corrosion to extensive cover cracking resulting in
spalling of the concrete cover. The edge beams were lon-
gitudinally and transversally reinforced with ribbed bars.
The tests and their results were reported in (Lundgren
et al. 2015a; Tahershamsi et al. 2014, 2017). The consid-
erations in designing the test programme are described
below.

The edge beams contained main reinforcement in bun-
dles of two, see Fig. 2. It was therefore considered very
difficult to grab a bar, or bundle, for direct pull-out.
However, the geometry of the edge beams was suit-
able for bending tests. This allowed evaluation of the
anchorage behaviour at a structural level and so beam
tests were chosen. Suspended supports were chosen
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Fig. 2 Detail of edge beam from Stallbacka Bridge. Dimensions are
in mm.

instead of direct supports, for two main reasons: (1) to
avoid support pressure, and (2) the upper surface of the
edge beams was inclined and had more spalling damage
than the lower surface. This was probably due to more
exposure to de-icing salts during its service life. The
upper bars were therefore deemed of more value to the
investigation of bond and anchorage behaviour. How-
ever, having a direct support applied to these bars would
have involved supporting an inclined surface. This was
deemed unsuitable.

Based on these considerations, a beam test setup with
suspended supports was chosen. It was regarded this
would cause the least disturbance to the natural dam-
age to the edge beams, whilst capturing the structural
behaviour. A four-point-bending test setup was chosen,
based on hand calculations.

The four-point-bending test, indirectly supported
with suspension hangers, was designed in detail to
ensure anchorage failure. This was done in a parametric
study using non-linear finite element method, briefly
described below. For more details, see Berg and Johans-
son (2011). Various parameters were investigated: the
location of the suspension hole, the position of the
concentrated loads and the influence of any notches.
Regarding the shear capacity, it was considered impor-
tant to place the load so that its path crossed at least
one stirrup. The reinforcement’s material properties
were chosen based on test results for similar bars. The
concrete strength used was the one given in original
drawings.

In an extensive parametric study, the shear failure or
local failure of the suspension seemed critical, independ-
ent of the test settings. It was therefore concluded that
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the beams needed additional transverse reinforcement.
Internal mounting was considered the most promis-
ing option. In this method, vertical holes are drilled and
reinforcing bars are bonded. The number of reinforcing
steel bars, their location, dimension and steel quality was
determined by running a number of analyses until the
risk of the reinforcing steel yielding was minimised.

Pilot tests were conducted, based on the results of the
parameter study. The first pilot test was conducted on
a specimen with some corrosion cracking but no cover
spalling. The beam was strengthened with 4 ¢16 B500B at
each suspension hole, bonded to the concrete with epoxy.
However, this test resulted in a local failure at the suspen-
sion hole, due to insufficient anchorage of the strength-
ening bars. The transmission length between the critical
crack, (initiating from the suspension hole and propagat-
ing to the adjacent concentrated load and free end) was
too short.

775
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Fig. 3 Details of second test setup with improved anchorage of the
strengthening bars. Dimensions are in mm.
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The experience gained from the first test led to a modi-
fication of the strengthening, shown in Fig. 3. Strength-
ening bars (DYWIDAG) of prestressing steel of 20 mm
diameter were used. The high-yield, fully threaded steel
reinforcing bars were anchored at the top of the beam
with nuts and flat steel plates. The bars were bonded to
the concrete with epoxy. This was also applied between
the flat steel plate and concrete beam, to obtain even
pressure.

Two beams with the improved strengthening method
were tested, one almost undamaged and one with
severe corrosion damage including cover spalling. They
were selected to investigate whether the developed test
method will result in anchorage failure for all corrosion
levels of interest. These pilot tests succeeded well, both
resulting in anchorage failure as intended. Upon loading,
the first cracks were flexural-type and occurred between
the two concentrated loads. With increased load, flexural
and inclined shear cracks developed in the shear spans.
When the cracks propagated towards the supports,
the anchorage became critical. In other words, failure
occurred (as intended) due to insufficient anchorage of
the tensile reinforcement. Photos of the crack patterns
after the tests are shown in Fig. 4.

Following the successful pilot tests, two test series
were conducted using the test setup that had been devel-
oped. The main reason for having two series was that the
bridge was being repaired one side at a time. We there-
fore had the opportunity to take specimens from the
second side about a year after the first. The specimens
were categorised into three groups, based on the ini-
tial visible damage: (1) Reference, no visible damage, (2)
Medium, with spalling cracks and (3) Highly damaged,
with cover spalling. We had initially planned for more
categories, depending on the width of the spalling crack.
Thus, the Medium category was originally divided into

Fig. 4 Pilot tests with improved strengthening method at the suspension holes. Left: specimen without initial damage, after structural testing.
Right: specimen with initial corrosion damage including cover spalling, upon failure.
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more groups. However, this proved too complicated, (a)
because it had to be decided whether the largest spalling
crack determined the category regardless of crack length
and (b) because the crack width increased when speci-
mens were brought inside and exposed to dry air.

The first series examined two Reference, three
Medium, and three Highly damaged specimens (Lund-
gren et al. 2015a). The largest scatter was in Medium; we
realised that the main interest lies in this category. The
Reference category was needed for comparison, while
specimens categorised under Highly damaged would
probably need repair anyhow. However, the Medium cat-
egory can provide useful information on where the lim-
its lie. For that reason, several more Medium specimens
were included in the second test series. This one included
two Reference, eight Medium, and three Highly damaged
specimens (Tahershamsi et al. 2014). Some minor modi-
fications to the slip measurement were made between
first and second series, but essentially, the same test setup
was used.

All tests resulted in splitting-induced pull-out failure.
The Medium and Highly damaged specimens showed
around 6 and 9% lower load-carrying capacity, respec-
tively, in comparison with the undamaged specimens.
The average bond stress along the bundled bars was cal-
culated from the applied load, the circumference of the
bundled bars, and the available anchorage length; the
latter was evaluated based on the crack pattern and was
measured from the point where the main bars and the
inclined shear crack intersect to the end cross section;
for details see (Lundgren et al. 2015b). The calculated
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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. Thus, even though the Highly
damaged specimens had the lowest capacity, the Medium
damaged specimens had the lowest evaluated bond
capacity. This was because the Highly damaged speci-
mens had in general shorter available anchorage length;
probably because they were prone to crack closer to the
edge due to the pre-existing damages.

The results were compared to others in literature with
artificially induced corrosion; all with rebars of 16 mm
diameter: (Berra et al. 1997; Rodriguez et al. 1994; Fang
et al. 2004; Zandi et al. 2011; Fischer and Ozbolt 2013). It
was observed that for the same crack widths, the speci-
mens with natural corrosion had slightly higher bond
capacity compared to other studies found in literature
with artificially induced corrosion, see Fig. 5. On the
other hand, for the same corrosion level, it was the oppo-
site; i.e. the specimens with natural corrosion had slightly
lower bond capacity compared to most other studies
found in literature with artificially induced corrosion, see
Fig. 6. These conclusions may seem contradictory, but
are due to that for the same crack widths, the specimens
in this study had much less corrosion level compared to
other studies found in literature with artificially induced
corrosion. This is most likely due to different effects of
artificial corrosion and natural deterioration including
corrosion taking place over a very long period, combined
with e.g. freezing—thawing.
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Fig. 5 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 maximum crack width of splitting cracks.
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3.2 Example with Smooth Bars

The second example aimed at studying the anchorage
capacity of naturally corroded smooth reinforcement
bars. Naturally corroded specimens were obtained from
Gullspéng Bridge, Sweden, which was built in 1935 and
torn down in 2016 due to heavy corrosion. The edge
beams were chosen for research for the following rea-
sons: (1) very limited data on smooth bars is found in the
literature, even though many existing structures contain
smooth bars, (2) the geometric and material properties
are typical of structures of similar age and (3) they have
long been exposed to weather conditions (including rain,
snow, freezing—thawing cycles, wind, de-icing salts and
traffic loads), resulting in varied natural corrosion of the
bars.

The dimensions of the edge beams in the original draw-
ings are shown in Fig. 7. However, the actual geometry
varied in several respects. In particular, the actual stir-
rup spacing and concrete cover showed major variability.
The material properties were affected by the aging of the

structure and so the specification in the original drawings
could not be fully trusted. In a field survey conducted in
1988, the concrete compressive strength was measured at
45 MPa and the yield strength of the smooth reinforce-
ment bars was 252 MPa.

3.2.1 Beam Tests

The general requirements stated in Sect. 2.2.1 were
applied when choosing test setups. It was also consid-
ered important for the setup to allow for testing bottom
as well as top-cast bars, as the casting position strongly
influences the bond of smooth bars. Top-cast bars are
more likely to be surrounded by less dense concrete,
which reduces the bond capacity. Visual inspection of the
specimens made it clear that indirectly supported beam
setups could not be used (although this would have been
desirable to avoid support pressure). The specimens were
considered too deteriorated, with extensive spalling and
cracking. Drilling large holes would have risked the spec-
imens falling to pieces.

Sr——— L¢6/c300mm
OUTER SIDE OF /7= INNER SIDE OF
THE BRIDGE

/N _THE BRIDGE

N

of the cut-off
bridge slab

“\Remaining part

Fig. 7 The geometry of the cross-section (according to the original drawings) and two different cross-sections of the edge beams. The remaining
part of the cut-off bridge slab is clearly visible to the right. Dimensions are in mm.
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Fig. 8 Directly supported four-point-bending test setup. Dimensions are in mm.

The next test setup considered was therefore a directly
supported four-point-bending beam test (Fig. 8). To
directly support the beam while minimising support
pressure on the reinforcement bars, a narrow support
was introduced. This was positioned in between the bars
on one side of the beam where anchorage failure was
expected. The specimen was designed to have a stirrup
(external to the narrow support) to help redistribute the
more highly concentrated, support-generated stresses.
On the other side, where a full-width support was used,
the bar ends were restrained by washers and bolts, to
avoid end slips. The aim was to design a test setup which
could achieve anchorage failure when a major shear crack
opened. Nonlinear 3D FE analysis was adopted as a tool
to investigate the crack pattern (Robuschi et al. 2018). In
these analyses, the bond-slip relationship was assumed
to be constant along the entire bar, with a maximum
bond stress of 1-7 MPa in different analyses. From the
results, it was noted that rebar yielding followed shortly
after bending cracks appeared. Furthermore, the low
bond capacity [which, according to literature, is likely
for smooth bars (Cairns et al. 2006)], low reinforcement
ratio (0.54%) and low reinforcement yield strength, made
it difficult for the beam to redistribute stresses once the
first bending cracks opened. Thus, no shear crack was
observed in the analyses; only bending cracks, either
beneath the loading plates or at mid-span. Finally, the

opening order and positioning of bending cracks cannot
be predicted, as they depend on variations in the mate-
rial and the beams’ geometrical properties. Thus, this test
setup risks a bending crack far from the end of the speci-
men and thus a long available anchorage length. Still,
as the assumed bond capacity carried a high degree of
uncertainty, it was considered possible for a four-point-
bending test setup to work in practice.

As the four-point-bending test setup included the
risks described above, a second test setup was consid-
ered, allowing a shorter anchorage length and better
defined crack pattern. It involved a directly supported,
three-point-bending beam test, with the same asymmet-
ric support conditions (narrow/full) as the first alterna-
tive (Fig. 9). By removing the constant bending-moment
span, a single bending crack was likely to occur beneath
the load plate. Hand calculations and FE analyses were
again used to choose the shear span and investigate the
crack pattern.

Based on the results of these analyses, three pilot tests
were carried out:

o Test 1 was an asymmetrically supported three-point-
bending test (Fig. 9), with bars restrained on one side,
tested upside-down in respect to its original position
on the bridge. This resulted in anchorage failure. As
predicted, a major bending crack opened, followed
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Fig. 9 Directly supported three-point-bending test setup. Dimensions are in mm.
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by yielding of the bars and eventual slippage of the
bars on the narrow support side, one at a time.

+ Test 2 was an asymmetrically supported four-
point-bending test, with bars restrained on the side
with full support, tested upside-down in respect to
its position on the bridge. This presented signs of
anchorage failure on the restrained side. Cracks were
localised to three different locations, underneath
each load plate and at mid-span. However, only the
crack at mid-span and the one close to the full sup-
port continued to open (the latter located at a cast
joint). Opening of these two cracks was followed
by yielding and, at greater deflection, failure of the
beam on the full-support side (where slippage of the
restrained bars bent the washers). Thus, it was con-
cluded that restraining the bars on one side would
likely lead to a high percentage of tests with restraint
failure. For this reason, in the third test, the choice
was made not to use restraints on the side with full
support, but to monitor slips on both sides.

+ Test 3 was an asymmetrically supported four-point-
bending test (Fig. 8). This had no bars restrained and
was tested as positioned on the bridge, resulting in
anchorage failure on the full-support side. This test
was characterised by the development of two cracks
underneath the load plates. The use of digital image
correlation made it possible to observe a third-strain
concentration zone in the mid-span, but a visual
inspection did not show any crack. Yielding of the
bars followed, with the bars on the full-support side
eventually starting to slip one at a time.

Some of the outcomes of the pilot tests were well pre-
dicted by the FE analysis:

+ In all three tests, the reinforcement bars started
yielding shortly after the first bending crack opened.
It was evident that a beam test of these specimens
would have to include the effect of yielding on
anchorage capacity.

+ No shear crack opened in any of the tests. It was con-
cluded that the properties of the edge beams did not
allow for design of a test setup where a shear crack
would define the bars” anchorage length.

In addition, the pilot tests showed that:

+ Restraining the bars on the full-support side did not
prevent anchorage failure when the anchorage length
was significantly smaller on that side (as in the Test 2).

« Full support does not increase the bar confinement
enough to prevent anchorage failure on the full-support
side, when the bars are not restrained (as in Test 3).
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Fig. 10 Example of a resulting load versus mid-span deflection
(Beam 14H). A bending crack appeared at the first peak, and after
yielding of the reinforcement, anchorage failure of the tensile
reinforcement bars took place one at a time; these are marked on the
curve by circles.

Based on these results, the final test setup was designed
as an asymmetrically and directly supported three-point-
bending test. This type of test was considered a safer
choice due to its more predictable crack pattern. The
restraints on the full-support side were excluded, to avoid
the risk of restraint failure in multiple tests. A large test
series (20 beam tests) was successfully carried out. The
tests were characterized by the opening of one or two
bending cracks, followed by yielding of the tensile rein-
forcements. Slippage of the reinforcement took place,
one bar at a time, at higher level of mid span deflection
(see Fig. 10). After the three-point-bending tests, the
rebars were brought out, 3D-scanned to characterise the
corrosion level and yield penetration and then tested in
tension. The anchorage capacity of the unyielded parts
was evaluated based on these results.

3.2.2 Pull-Out Tests
The previous section demonstrated that beam tests on
specimens from Gullspang Bridge could not, by them-
selves, offer a full understanding of the bond capacity
of smooth bars when affected by corrosion. Data on the
local bond-slip (when unaffected by yielding of reinforce-
ment bars) is particularly necessary to fully characterise
the bond. The influence of support pressure, moreover,
needed to be investigated. Therefore, an additional test
programme was designed to allow for comparison.
Considering the alternatives described in Sect. 2.2, a
direct pull-out test was chosen. This was because it has
the advantage of being relatively quick and simple to
carry out, with a known force in the bar. Thus, the edge
beam was cut into slices, as shown in the examples in

Fig. 7. The challenge of grabbing the bars was solved by
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drilling into the rebars, tapping them and attaching a
threaded rod. For this test series, the only analysis made
beforehand involved choosing a sufficiently short embed-
ment length to avoid the bar yielding. In the first pilot
tests, an embedment length of about 50 mm was chosen.
Thus, a 50 mm slice of the edge beam was cut.

Subsequent development of the test method was by
trial and error. In the first pilot tests, the aim was to try
a really simple test setup and gain some initial knowledge
before designing something more suitable. A circular
support plate was applied to the concrete surface, with a
hole centred at the rebar. Thus, the threaded rod attached
to the bar protruded through the support plate and was
loaded using a cylindrical hydraulic jack. The tests high-
lighted the challenge of ensuring that the load was in
exactly the same direction as the bar. The edge beam
was not cut at an exact 90° angle to the beam edges and,
even when it was, the positioning of the bar was not per-
fectly aligned with the edge. In the first pilot tests, there-
fore, rather large and at times asymmetrical cone failure
appeared on the active side. It was thus found to be of the
outmost importance that the bar is pulled out as straight
as possible. All skew angles between bar and cut concrete
surface need to be handled properly. Furthermore, in the
first pilot tests, we only measured the slip on the passive
side. However, it was deemed important to obtain reli-
able slip measurements on the active side too.

A special rig was therefore designed and produced,
see Fig. 11. This consisted of three legs, two of which
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could be length-adjusted to account for any skew angle
between bar and cut concrete surface. Three displace-
ment transducers were fitted inside the rig, measuring
the relative displacement between the rod and the steel
plate surface. This provided a reliable measurement of
active slip. The passive slip was also measured by glu-
ing a small displacement transducer to the free bar end
and measuring relative to the concrete surface. Further-
more, a method to ensure straight drilling into the bars
was developed: a small indent was drilled at the cen-
tre of both the active and passive sides of the bar and
a rig, positioning the drill in line with the two indents
with screws, was used at drilling. Upon testing, the
rod screwed into the bar on the active side was used to
assure alignment of test rig and bar.

This test methodology ensured straight pulling-out of
the bar and made it possible to obtain stable measure-
ments of load and passive and active slip. Cone failure
was still observed in some of the tests, but with dimen-
sions of only a few millimetres. Thus, the effect on
embedment length could be considered negligible.

A major test programme was designed. The speci-
mens included varying deterioration levels, and top
and bottom-cast bars. It was also decided to vary the
embedment length to distinct values and divide the
specimens into groups. Yielding of bars was to be
avoided. Combined with the results of the pilot tests,
this gave an upper limit of 100 mm embedment length.
The lower limit was set to 50 mm, for feasible cutting of

A LS ‘

Fig. 11 Pull-out test setup, (left) in pilot test and (right) with developed rig.
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concrete slices and drilling (20 mm deep) not to affect
the major part of the length. Based on these arguments,
embedment lengths of 50, 75, and 100 mm were cho-
sen. A large scatter in test results was expected and, as
this setup made tests quick and affordable, a large num-
ber of each combination was chosen. There was a total
of 174 bars, of which 104 were in concrete without vis-
ible damage, 35 had cracks, and 35 had some spalling
of the concrete cover. After the pull-out tests, the bars
were 3D-scanned to characterise their corrosion level.

3.2.3 Comparison Between Beam Tests and Pull-Out Tests

In Fig. 12, an overview of the bond strength results for
bottom-cast bars obtained with the two described test
methodologies is presented. It can be seen that for low
levels of corrosion, bond strength from beam tests are
higher than those obtained from pull-out tests. This
could possibly be due to the support pressure in the
beam test setup. For higher levels of corrosion, there is
no major difference between the results. To conclude,
two different test setups were developed and employed
for the evaluation of the bond strength of smooth bars
subjected to corrosion damages. Even though the results
indicate that the presence of external confinement from
direct supports in the beam tests should be taken into
account for a better evaluation, the two different testing
methods show reasonably good agreement.
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Fig. 12 Average bond strength and corresponding average
corrosion level of bottom cast bars. Each point in the graph
represents the bond strength of the tested bars averaged over an
interval of 0.5% of corrosion.
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4 Conclusions

A methodology to select specimens and design experi-
ments to test bond and anchorage between reinforcement
and concrete in specimens taken from decommissioned
structures was described and discussed. This methodol-
ogy included the following steps:

1. Choice of existing structure for sampling.

2. Different options and requirements were discussed
and it was concluded that edge beams from bridges
are suitable as they are often available and easy to
access. A large number of specimens with varying
corrosion levels can also be obtained.

3. Choice of test method.

4. A suitable test method should be robust, quick and
affordable to prepare and carry out. This allows a
large number of tests, which is preferred as the scat-
ter in results is expected to be large. Furthermore,
the test method should result in anchorage failure in
specimens with various corrosion damage levels in
a single, common test setup. Different possible test
methods and associated advantages and disadvan-
tages were discussed in detail.

5. Design of test setup.

6. A suitable test setup is designed iteratively. First, pre-
liminary geometry is estimated using hand calcula-
tions. Thereafter, it is recommended that nonlinear,
finite element analyses be conducted to further study
parameter effects, detailing of support and loading
arrangements. Finally, it is strongly recommended
that pilot tests be conducted before a full test pro-
gramme is planned and carried out.

7. Design of test programme.

8. A test programme should contain tests of various
levels of expected damage. We recommend divid-
ing the tests into a small number of categories with
straightforward categorisation. A large number of
specimens is needed in each category.

Other general recommendations are to keep track of
the position of specimens in the original structure and
document cracks in them. In other words, crack loca-
tions, patterns and widths. Furthermore, a major chal-
lenge is often quantifying the corrosion level of corroded
bars, as their weight before casting is typically unknown.
It is therefore recommended that samples are taken from
uncorroded bars, for use as reference.

Examples of test series designs included specimens
from two bridges. In the first example, the specimens
were 30 year-old edge beams with ribbed reinforcement
in bundles of two bars. A test programme was designed
for these including four-point-bending tests, indirectly
supported with suspension hangers. Anchorage failure
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after inclined shear cracking was studied, and compared
to results from literature with accelerated corrosion.
The second example included 80 year-old edge beams
with smooth reinforcement bars. Two test programmes
were designed for these. The first had three-point-bend-
ing tests with a narrow direct support on one side and
full-width support on the other. In these, the structural
behaviour and anchorage failure after yielding of bars
were studied. A second test programme of direct pull-out
tests was developed, to get more data on the local bond-
slip without yielding of reinforcement bars. The main
challenge was ensuring the load had exactly the same
direction as the bar. A method of securing straight drill-
ing into the bars and a special loading rig were developed
and used. This could be adjusted to account for any skew
angle between bar and cut concrete surface. A quick and
reliable test method of local bond-slip behaviour was
thus obtained. The results from the two different test set-
ups developed and employed for smooth bars indicate
that even though the presence of external confinement
from direct supports in the beam tests should be taken
into account for a better evaluation, the two different
testing methods show reasonably good agreement.

The above methodology strongly highlights how exist-
ing structures need to be carefully investigated and
understood, if experiments are to be designed that will
generate reliable data. Standard test setups need adapt-
ing to the given geometrical and material properties. On
the other hand, the extra effort is repaid by the capability
to investigate the corrosion effects resulting from natural
exposure conditions; something which cannot be repli-
cated in a laboratory environment. Acquiring data from
decommissioned structures will improve our under-
standing of how existing structures behave and thus
allow improved assessment methods.
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