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The aging of reinforced concrete infrastructure in developed countries imposes an
urgent need for methods to reliably asses the condition of these structures. Corrosion
of the embedded reinforcing steel is the most frequent cause for degradation. While it
is well known that the ability of a structure to withstand corrosion depends strongly on
factors such as the materials used or the age, it is common practice to rely on
threshold values stipulated in standards or textbooks. These threshold values for
corrosion initiation (Ccrit) are independent of the actual properties of a certain
structure, which clearly limits the accuracy of condition assessments and service life
predictions. The practice of using tabulated values can be traced to the lack of reliable
methods to determine Ccrit on-site and in the laboratory.

Here, an experimental protocol to determine Ccrit for individual engineering structures
or structural members is presented. The approach includes taking a number of
reinforced concrete samples from structures and subsequent laboratory corrosion
testing. The main advantage lies in ensuring real conditions concerning parameters
that are well known to greatly influence Ccrit, such as the steel-concrete interface,
which cannot be representatively mimicked in laboratory-produced samples. At the
same time, the accelerated corrosion test in the laboratory permits determining Ccrit
prior to corrosion initiation on the tested structure, which is a major advantage over all
common condition assessment methods that only permit estimating the conditions for
corrosion after initiation, i.e. when the structure is already damaged.

The protocol yields the statistical distribution of Ccrit for the tested structure. This
serves as basis for probabilistic prediction models for the remaining time to corrosion,
which is needed for the planning of maintenance. The suggested method has the
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SHORT ABSTRACT:

We propose a method to measure a parameter that is highly relevant for corrosion assessments
or predictions of reinforced concrete structures, with the main advantage of permitting testing
of samples from engineering structures. This ensures real conditions at the steel-concrete
interface, which are crucial to avoid artifacts of laboratory-made samples.

LONG ABSTRACT:

The aging of reinforced concrete infrastructure in developed countries imposes an urgent need
for methods to reliably assess the condition of these structures. Corrosion of the embedded
reinforcing steel is the most frequent cause for degradation. While it is well known that the
ability of a structure to withstand corrosion depends strongly on factors such as the materials
used or the age, it is common practice to rely on threshold values stipulated in standards or
textbooks. These threshold values for corrosion initiation (Ceit) are independent of the actual
properties of a certain structure, which clearly limits the accuracy of condition assessments and
service life predictions. The practice of using tabulated values can be traced to the lack of
reliable methods to determine Cqit on-site and in the laboratory.

Here, an experimental protocol to determine Ccit for individual engineering structures or
structural members is presented. A number of reinforced concrete samples are taken from
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structures and laboratory corrosion testing is performed. The main advantage of this method is
that it ensures real conditions concerning parameters that are well known to greatly influence
Cuit, such as the steel-concrete interface, which cannot be representatively mimicked in
laboratory-produced samples. At the same time, the accelerated corrosion test in the
laboratory permits the reliable determination of Ceit prior to corrosion initiation on the tested
structure; this is a major advantage over all common condition assessment methods that only
permit estimating the conditions for corrosion after initiation, i.e., when the structure is already
damaged.

The protocol yields the statistical distribution of Ccit for the tested structure. This serves as a
basis for probabilistic prediction models for the remaining time to corrosion, which is needed
for maintenance planning. This method can potentially be used in material testing of civil
infrastructures, similar to established methods used for mechanical testing.

INTRODUCTION:

Corrosion of steel in concrete, triggered by the penetration of chlorides through the concrete, is
the most frequent cause of the premature degradation of reinforced and pre-stressed concrete
structures, and thus presents one of the most important challenges in civil engineering*.
Industrialized countries typically have a large inventory of aging concrete infrastructures, built
in the second half of the last century, and thus with a history of several decades of exposure to
marine climate or deicing salts used on roads. Being able to reliably assess the condition of
these structures, i.e., the risk for corrosion, forms the basis for planning maintenance work and
for infrastructure management, in general.

The established approach in engineering for managing chloride-induced steel corrosion in
concrete is based on a chloride threshold value (also termed critical chloride content, Cerit)>>®.
According to this concept, corrosion initiation is thought to occur as soon as the chloride
concentration in the concrete at the steel surface exceeds the Cquit threshold. Thus, assessing
the condition of existing structures and estimating the remaining service life typically rely on
determining the chloride content at different depths in the concrete, particularly at the depth
of the embedded reinforcing steel. A number of reliable and standardized methods exist to
measure this chloride concentration in samples of concrete”®. Comparing the results to Cerit
provides the basis for the assessment of corrosion risk, and planning the type and the extent of
repair measures. However, this approach requires knowledge of Cerit.

Different international standards and recommendations, as well as text books, stipulate values
for Corit>%11. These are typically around 0.4% chloride by weight of cement, based on long-term
experience or early studies'?!3, However, it is well known that the actual resistance against Ceit
of a certain structure or structural member is strongly influenced by the materials used, by the
age of the structure, and by exposure history and conditions®®. Thus, it is generally accepted
that experience from one structure should only be applied to other structures with caution.

Despite this, it is common engineering practice to use tabulated Ccit values, independent of the
actual structure. This can be explained by the huge scatter of Ceit in the literature and by the



lack of reliable methods to determine Cerit on-site and in the laboratory®. The approach of using
tabulated threshold values in durability assessments is in contrast to structural considerations
in condition assessments of aging concrete structures. In the latter case, there exist a number
of standardized test methods to determine mechanical properties, such as the strength of the
materials in the structure (concrete, reinforcing steel), to be used in the calculations of the
structural behavior.

In this work, an experimental protocol to determine Cuit on samples taken from engineering
structures is presented. The approach is based on drilling cores of reinforced concrete in parts
of concrete structures where corrosion has not yet initiated. These samples are transferred to
the laboratory where they are subjected to an accelerated corrosion test in order to study the
conditions for corrosion initiation. The main advantage of the proposed method is that the
samples stem from structures and thus exhibit real conditions concerning a number of
parameters that are well known to greatly influence Ccit and which cannot be representatively
mimicked in laboratory-produced samples. This includes the type and the age of the concrete
(young laboratory concrete versus mature site-produced concrete), the type and surface
condition of the reinforcing steel used at the time of construction, and in general the properties
of the steel-concrete interface'®. Together with the accuracy of laboratory measurement
methods, this approach permits the reliable determination of Ccit for specific structures or
structural members.

Application of the suggested protocol in engineering practice will — compared with the
common practice of using a constant value for Ceit — enhance the accuracy of condition
assessments and the predictive power of models to analyze the remaining service life. The
expected strong increase in repair works of our built infrastructure over the coming decades?'?
poses an urgent need for such an improvement in engineering of corroding infrastructures.

PROTOCOL:
1. Sampling on the Engineering Structure
1.1. Select test areas in the concrete structure by taking into account the note below.

Note: A test area is the area from which several samples will be taken. A test area should be
located within one structural member (presumably from one concrete batch), and exhibit
homogeneous exposure to the environment (for instance, avoid significant differences in
sampling height in columns or walls). Thus, several test areas may be selected within one
engineering structure. As an additional requirement, the test area needs to be free of corrosion
damage. This can be verified based on the results of established inspection methods, including
non-destructive testing such as potential mapping'®*. Note that chloride penetration may
already have occurred in the structural member under consideration. This does not affect the
validity of the test method described here, but may influence the time needed for the corrosion
testing in the laboratory.



1.2. Within each test area on the structure, choose locations of sampling (sampling locations).
Choose sampling locations that are free from honeycombs, cracks, spalling, or other signs of
locally poor concrete cover quality or deterioration.

1.2.1. Locate the reinforcing steel bars in the concrete by means of a non-destructive, handheld
scanning device commonly known as “reinforcing steel detector”®. Move the steel detector
both in horizontal and vertical directions over the concrete surface within the test area and
mark (using chalk) each reinforcing steel bar temporarily on the concrete surface (grid shape).

1.2.2. Select locations for core-drilling of cores with a diameter of at least 150 mm; Mark and
label them on the concrete surface (using chalk). Avoid sampling intersections of reinforcing
bars within the core. Select the locations in such a way that the reinforcing steel bar will be as
centrally located as possible within the core.

Note: Make sure to select those steel bars that are of interest for the assessment of the
structure (usually the layer with the lowest cover depth); it is particularly important to
distinguish between vertically and horizontally oriented bars as this has an influence on the
corrosion performance®.

1.2.3. To account for the variability inherent to Ceit, and to be able to provide statistical data,
select a minimum of 5 (ideally 10) locations for sampling within a test area.

1.2.4. Consider structural implications with respect to the number and position of cores drilled
from the structure in order to avoid any critical weakening of the structure caused by the
sampling.

1.2.5. Document the position of all samples within the structural member accurately before
sampling (photographs, sketches showing distances to edges, etc.)

Note: This may also include documentation of on-site measured parameters at the
corresponding locations such as electrochemical steel potentials!®'8, cover depth
measurements?®, or other non-destructive test results such as concrete resistivity.

1.3. Drill the concrete cores (minimum diameter of 150 mm) containing the segment of
reinforcing steel according to common procedures and standards?®.

1.3.1. To avoid damaging the steel-concrete interface, perform the core-drilling carefully
(water-cooled drilling, sharp drilling tools, etc.) Adjust the depth of core-drilling depending on
the concrete quality and on the cover depth of the reinforcing steel.

Note: As a rule of thumb, the length of the core should be at least 2—3 times the cover depth.
This normally permits breaking the core out of the structure without damaging the steel-
concrete interface.



1.3.2. Remove the liquid water from the concrete core surface. Clearly label the core with a
water-proof chalk marker.

1.3.3. Wrap the core in a diffusion tight foil to preserve the moisture conditions during
transport to the laboratory.

2. Sample Preparation in the Laboratory

Note: Apply these steps to each sample (core) taken from the structure in order to prepare
them for laboratory corrosion testing. This serves to accelerate the corrosion test (reducing
concrete cover), while preserving the conditions in the core and providing protection from
unwanted end-effects (e.g., crevice corrosion).

2.1. Adjust the concrete cover on both the front and back side of the drilled core.

2.1.1. Reduce the concrete cover at the front side (which is the originally exposed side) by
water-cooled diamond cutting in order to obtain a final concrete cover thickness of the sample
in the range of 15-20 mm (Figure 1a-b).

2.1.2. Make sure that the concrete cover thickness is uniform at the side to be exposed.
Measure the concrete cover at both ends of the reinforcing steel bar (i.e., at the lateral face of
the core) with a caliper. If needed, use cutting or polishing tools to eliminate any differences in
cover thickness exceeding 1 mm.

2.1.3. Measure the thickness of the concrete behind the reinforcing steel with a caliper or a
ruler at the lateral face of the core and ensure that it is ~ 30-50 mm (Figure 1b). If needed, cut
the core with water-cooled diamond cutting.

Note: No polishing is required on this side.

2.2. Establish a cable connection and protect the reinforcing steel bar ends from false
corrosion initiation during the exposure testing by the following procedure Figure 1c.

2.2.1. Use a coring drill with an inner diameter slightly larger (by 2—4 mm) than the diameter of
the reinforcing steel bar to remove the concrete directly around the steel at each bar end over
a length of maximum 10 mm. Scratch remnants of cement paste adhering to the steel surface
with help of adequate tools (metallic spatula, small chisel, etc.)

2.2.2. Drill a small hole in one of the ends of the steel bars and use a metallic self-tapping screw
to fix a cable lug (connected to a copper cable) to the steel bar. Make sure that the cable lug is
firmly pressed against the reinforcing steel.

Note: The diameter of the screw should be slightly larger (e.g., by 0.1-0.2 mm) than the one of
the hole drilled in the steel to guarantee a tight and solid connection.



2.2.3. Place the screw thread within the reinforcing steel, and ensure that it does not protrude
the reinforcing steel part at any place as this will likely affect the electrochemical
measurements and the corrosion behavior.

Note: This can be ensured by using short screws and by paying attention to the direction of
drilling the hole (parallel to the axis of the steel). It is easier to drill parallel to the axis of the
steel bar if the cut face of the steel bar is perpendicular to the bar axis. It is thus important that
the reinforcing bars are centrally located within the core, otherwise the cut steel face is not
perpendicular to the steel bar axis.

2.2.4. Do not use soldering, spot welding, or similar techniques to establish the electrical cable
connection because the heating may influence the steel or the steel-concrete interface in the
sample.

2.2.5. Fill the gap created around both steel bar ends with a dense cement paste/mortar/grout
by carefully pouring the slurry into the holes. Also coat the screw and lug of the cable
connection.

2.2.5.1. Use a polymer-modified cement-based product for this in order to ensure good
adherence and end protection.

Note: There exists a range of commercial products marketed as repair mortars or similar (see
Table of Materials). It is important that the product does not contain a corrosion inhibitor or
any other substances affecting the electrochemical behavior of the steel.

2.2.5.2. Make sure this cement paste/mortar/grout is applied and cured properly, i.e.,
according to the supplier’s instructions.

2.3. Apply an epoxy-coating to limit the exposed surface area.

2.3.1. Prior to applying the coating, allow the concrete surface a few days of drying at room
temperature and indoor climate. Avoid aggressive (e.g., in the oven) or long (more than a 1-2
weeks) drying of the core as this may change the microstructure of the concrete (cracking), and
thus influence the test results.

2.3.2. Coat the lateral surface of the core with an epoxy resin. Also coat the reinforcing steel
bar ends and the cable connection (screw, cable lug, etc.) (Figure 1c—d).

2.3.3. With the same epoxy resin, also coat the end parts of the exposed concrete surface at
the side of the core, which was previously closest to the structural concrete surface (Figure 1d).

Leave an exposed (uncoated) length along the steel bar on this side of 60-80 mm.

2.3.4. Leave the upper concrete face uncoated (i.e., the side opposite to the exposed side,



compare Figure 1d).

Note: The epoxy resin used should be suitable for application on concrete (stable in alkaline
conditions, easy to spread, e.g., with a brush, etc.)

2.3.5. Apply the coating, so that it forms a diffusion tight barrier towards the later exposure to
the chloride containing solution. Ensure that the coating thickness is at least 2 mm. Check that
no pores and holes are visible in the coating. If needed, apply several layers of the resin.

2.3.6. The protocol can be paused here; wrap the sample again in a diffusion tight foil.

3. Corrosion Test

3.1. Prepare the setup for exposure to solution.

3.1.1. Place all the samples in a tank, with the sample side exhibiting 15-20 mm concrete cover
thickness facing downwards. Mount the samples on small spacers to permit exposure of the
solution to the samples from their underside (Figure 2).

3.1.2. Choose a tank with dimensions permitting a distance between the concrete samples and
between the samples and the tank walls of at least 4 cm; the height of the tank is ideally in the
range 15-30 cm.

3.2. Prepare the instrumentation for data logging.

3.2.1. Place a reference electrode in the exposure solution (Figure 2).

Note: For a reference electrode, any type of stable reference electrode suitable for immersion
in the exposure solution can be used (for instance an Ag/AgCl/KClsat reference electrode).
Special measures may be needed to avoid contamination of the exposure solution by the
electrolyte of the reference electrode and vice versa.

3.2.2. Connect all samples to an automated data logger, which can individually measure the
potentials of the reinforcing steel bars vs. the common reference electrode (Figure 2). Use a

data logger with an input impedance higher than 107 Ohm.

3.2.3. Set the measuring interval of the data logger to at least 4 measurements per day for each
sample; preferentially, use an interval of 1 h for each sample.

3.3. Start exposure to chloride-free solution.
Note: The beginning of exposure to solution corresponds to time to=t = 0, for each sample.

3.3.1. Fill the tank with tap water (pH within 6.5-8.0, chloride-free, drinking water quality).



Make sure that the water level is such that all lower sides of the core samples are in contact
with solution, but that they are not totally immersed (i.e., with the upper sample face above
the water level). Maintain contact between the reference electrode and exposure solution
(Figure 2).

3.3.2. Immediately start data logging, i.e., measuring the potentials of all samples vs. the
reference electrode.

3.3.3. Monitor the potentials for over 1-2 weeks and consider that the potentials are expected
to reach stable values, in a range indicating steel passivity.

Note: Typically, this is around —100 to +200 mV vs. Ag/AgCl/KClsat'.

3.3.4. In some cases, the samples assume potentials clearly more negative than -100;
immediately inspect the samples in more detail (see section 5). Perform this step also if the
potential varies markedly during exposure to the chloride-free solution.

3.4. Start exposure to chlorides.

3.4.1. After 1-2 weeks in chloride-free solution, replace the exposure solution with a prepared
solution of 3.5% NaCl by weight. Use deionized water to prepare this chloride solution. Use a
volume of the chloride solution equal to the initial chloride-free solution (same depth of
immersion). Close the exposure tank with a lid (recommended) to limit evaporation of the
solution and related changes in chloride concentration.

3.4.2. During chloride exposure, regularly (at least once per 2 weeks) check the water level with
respect to the samples. If needed, add deionized water. Limit renewing the entire exposure
solution to a minimum because this promotes leaching of the concrete.

3.4.3. Continue monitoring the potentials of the samples and regularly (at each twice a week)
check the corrosion state of each sample by evaluating the recorded evolution of potentials
over time of each sample and by considering the criterion for corrosion initiation defined in
section 3.5.

3.4.4. After 60 days, increase the NaCl concentration in the solution to 7% by weight. After 120
days, increase the NaCl concentration in the solution to 10% by weight. After this, maintain the
chloride concentration at this level.

3.5. Evaluate the monitored potentials over time in order to detect corrosion initiation.

Note: During exposure, the samples typically exhibit relatively stable potentials within
approximately +/- 30 mV of the initial values of exposure to chloride-free water. This potential
range will be referred to as “passive level” herein (Figure 3). It may be different for each
individual sample.



3.5.1. When evaluating the recorded steel potentials during exposure, use the following
criterion for corrosion initiation to check the corrosion state of each specimen. The following
two conditions need to be fulfilled for corrosion initiation (Figure 3):

3.5.1.1. Check if the potential decreases by more than 150 mV from the passive level within a
time period of 5 days or shorter.

3.5.1.2. During the following 10 days, check if the potential remains stabled on the achieved
negative level, decreases further, or recovers by a maximum of 50 mV.

Note: For more background information about this criterion for the detection of corrosion
initiation see the Discussion.

3.5.2. Once this criterion for corrosion initiation is satisfied, immediately remove the sample
from the exposure solution and proceed as described in section 4. Document the time to
corrosion initiation (tin) of this sample (Figure 3). Continue the exposure test with the
remaining samples.

3.5.3. If the potential decrease from the passive level is less than 150 mV, observe the sample
closely over the coming exposure time. If the potential decreases further and achieves a stable
level, consider this as a change in corrosion state.

3.5.3.1. Pay special attention to such samples by checking the corrosion state with alternative
measurements (e.g., measuring the linear polarization resistance??) or by finally analyzing them
as described in section 4. If the time of corrosion initiation cannot clearly be ascribed, reject the
sample.

3.5.4. If the potential drop is pronounced (exceeding 150 mV within a few days), but followed
by an increase in potential over the following days towards the initial passive level (Figure 3),
leave the sample in the exposure solution for further monitoring.

3.5.5. Pay special attention to situations where all potentials of the samples exposed in the
same exposure tank undergo simultaneous changes in potential. If this occurs, immediately
check the reference electrode, and fix it or replace it with a new one if needed.

Note: Exchanging the solution or increasing the chloride concentration typically leads to shifts
in potential. This may be related to establishing different diffusion potentials at both the
junctions of the exposure solution/reference electrode or exposure solution/concrete sample?.
These changes affect all samples exposed in the same tank similarly. They do not indicate
changes in the corrosion state.

Note: If the reference electrode is unstable or leaks into the solution, it will exhibit a drift. As a
consequence, all monitored steel potentials will show the same trend over time. This does not



indicate changes in the corrosion state.
4. Sample Analysis after Corrosion Initiation
4.1. Split the sample to remove the steel bar.

4.1.1. Upon withdrawal of a sample from the exposure solution, split (as in step 4.1.2) the
concrete core for further analyses and for visual examination of the steel surface and of the
concrete at the steel-concrete interface.

4.1.2. Cut the concrete core from its rear side (the one not exposed to the solution) with a
water-cooled diamond cutting blade (Figure 4). Make sure that the section is perpendicular to
the rear surface and aligned parallel to the reinforcing steel bar. To avoid damaging the steel
bar make sure that the depth of cutting is lower (by approximately 10 mm) than the concrete
cover thickness on this side.

4.1.3. Insert a chisel or a similar tool and split the concrete core into two halves; this will divide
the concrete around the steel bar.

4.1.4. Gently remove the reinforcing steel bar from the concrete; this leaves the two halves of
the concrete sample with the imprints of the steel bar (Figure 5a).

4.2. Visually examine the steel-concrete interface.

4.2.1. Immediately document (photographs, drawings, etc.) the visual appearance of the steel-
concrete interface by examining both the steel surface and the steel bar imprints in the
concrete. Pay attention to the following.

4.2.2. Document the location and morphology of corrosion.

Note: The site(s) of corrosion initiation can usually be easily identified by precipitated corrosion
products (Figure 5a). Mark the number and position of these spots. The color of the corrosion
products is also of interest. Typically, upon splitting, they are dark/black/greenish. When
exposed to air, they become brown/red.

4.2.3. Check the specimen for false corrosion initiation, i.e., corrosion that has initiated at or
close to the steel bar ends. If this is the case, reject the sample and note that no Ccit can be
determined.

Note: Corrosion that initiates during the test at or close to the steel bar ends, i.e., within 15 mm
of the steel bar ends, is considered false corrosion initiation. This may be due to crevice
situations, insufficient steel bar end protection measures (e.g., poor grout filling or porous
epoxy coating), or because the metallic screw for the cable connection protrudes the steel bar
(sections 2.2 and 2.3).



4.2.4. Document voids or pores in the concrete. Take note of whether the location of voids or
pores coincides with the location(s) of corrosion initiation.

4.2.5. Document any distinctive features such as cracks, honeycombs, coarse aggregates,
foreign matter, tie wires, spacers, etc., in the concrete and their position with respect to the
location(s) of corrosion initiation.

4.3. Measure the carbonation depth.

4.3.1. Immediately after documentation, spray the split concrete surfaces with phenolphthalein
solution and determine the carbonation depth?4,

Note: It is crucial to note whether the carbonation depth reached the steel surface, and if not,
what the distance of the carbonation depth to the steel bar. This must be reported together
with the results.

4.4. Perform chloride analyses and determine Cit.

4.4.1. On both halves of the concrete core, remove the parts that were epoxy-coated by means
of water-cooled diamond cutting (Figure 6a).

4.4.2. From the obtained prisms, remove the concrete in the cover zone by means of water-
cooled diamond cutting down to 2 mm to the steel bar (Figure 6b). Dry the concrete at 105 °C
overnight.

4.4.3. Subsequently, grind the concrete and collect the grinding powder; the thickness of this
grinding step is 4 mm (Figure 6c). This yields, from each half of the concrete core, a sample of
concrete powder at the depth of the steel bar +/- 2 mm.

4.4.4. Dry the obtained concrete powder samples at 105 °C to a constant weight. Analyze the
acid-soluble chloride concentration in the dried concrete powder according to standards’®.
Compute the average of the two values.

Note: The result is the chloride content as a percentage by weight of the concrete.

4.4.5. If the cement content of the concrete in the specific sample used for chloride analysis can
be determined (e.g., by means of suitable methods?>?’), convert the chloride content to
percentage by weight of cement.

4.4.6. Document the result of the chloride analysis, which is the critical chloride content Cit for
the specific sample. Make sure to indicate if the value is expressed in terms of percentage by
weight of concrete or by weight of cement.



4.5. Document the results as a test report for each sample.

4.5.1. Report all documented effects from the visual inspection (section 4.2) together with the
test results (recorded potentials over time, time to corrosion initiation, carbonation depth, and
Ccrit)-

5. Handling Special Situations

5.1. If negative potentials prior to chloride exposure are observed, i.e., if the steel potential
becomes clearly negative during the initial exposure to chloride-free solution (section 3.3), give
special consideration to the following.

5.1.1. Consider an event of false corrosion initiation.

5.1.1.1. Verify false corrosion initiation by removing the steel bar ends by cutting at each steel
bar end the concrete from the sample (water-cooled diamond cutting). Remove up to ~ 20 mm
concrete at each side.

5.1.1.2. Measure again the potential of the steel by placing a reference electrode with the help
of a wetted sponge on the exposed concrete surface and by electrically contacting the cut face
of the steel bar.

5.1.1.3. If the potential is still comparatively negative, reject the sample.

5.1.1.4. If the potential is in the range of the passive levels of the other samples of the same
series, consider re-using the sample to determine Ceit. In this case, proceed to step 2.2 of the
protocol. When reporting the results, indicate that this sample was smaller (shorter exposed
steel bar length) than the other ones.

5.1.2. If false corrosion initiation can be excluded, check if the concrete at the steel depth was
already carbonated and consider determining the chloride concentration at the steel depth. If
carbonation or a very high chloride concentration explains the initiation of corrosion upon
wetting, document this in the report of the test and note that no Cuit can be determined in this
case.

Note: This can occur if the concrete at the steel depth was already carbonated and/or
contained a sufficient amount of chloride to promote corrosion upon wetting. This may be the
case when samples were taken from a structure in a dry period, i.e., when no active corrosion
was occurring in the structure and thus, no corrosion could be detected by means of the
inspection methods described in section 1.

REPRESENTATIVE RESULTS:
Figure 7 displays typical steel potentials monitored during chloride exposure in the laboratory.
Both examples show that the potential may drop significantly within a very short time, but that



the corrosion process may not yet stably propagate, which becomes apparent through an
increase of the potential towards its initial passive level. In this protocol, the time of corrosion
initiation, i.e., the time at which exposure is stopped and Cgit is determined, is defined by a
marked potential drop followed by 10 days of negative potentials (see section 3.5.2 and the
Discussion for more details).

It is common that it may take several months until stable corrosion initiation occurs. This also
depends on the initial chloride content already present in the concrete when the samples are
taken from the structures. In some cases of the experiments so far conducted, it took more
than 1 year until corrosion initiated.

Figure 8 shows an example of C.it measured in 11 samples taken from a more than 40 years old
road tunnel in the Swiss alps. All these samples were taken from within an area of 1-2 m?, thus
presumably identically produced and exposed. In this example, the chloride content at the steel
surface at the time of sampling was negligible. Additionally, the carbonation front was still far
from the steel surface.

Figure 9 shows two examples where the steel potential decreased strongly upon exposure to
the chloride-free solution. In one of these specific cases, it was during the subsequent
(destructive) examination of the sample found that the concrete at the steel depth was already
carbonated. Upon arrival of water at the steel surface, the corrosion process thus immediately
started. In the other case, false corrosion initiation occurred at one of the steel bar ends.

FIGURE AND TABLE LEGENDS:

Figure 1. Schematic drawing of the sample taken from a structure and treated in the
laboratory: (a) concrete core with an embedded piece of reinforcing steel; (b) reducing the
concrete cover on the exposed side and on the back side by water-cooled diamond cutting; (c)
steel bar end protection by means of removing some concrete around the steel and replacing it
with a dense cement paste/mortar and subsequent epoxy coating; and (d) epoxy-coating on
lateral faces and on end zones of the exposed concrete surface.

Figure 2. Schematic drawing of the setup for the corrosion test in the laboratory. This shows
the placement of the samples in the exposure tank. Spacers are used to ensure contact to
exposure solution from the bottom sample surface. All samples are connected to a data logger,
measuring the potential of each sample vs. a reference electrode placed in the exposure
solution.

Figure 3. Schematic drawing of possible time-evolutions of the steel potential that illustrates
the criterion for corrosion initiation. At point 1, a potential drop by less than 150 mV from the
initial “passive level” occurs; at point 2, a potential drop by at least 150 mV occurs, which is
followed by repassivation; at point 3, a potential drop of at least 150 mV occurs (within a max.
of 5 days) and the achieved negative potential level is sustained over 10 days. At tin, withdraw
the sample from the exposure solution.



Figure 4. Schematic drawing illustrating the cutting and splitting of the concrete sample after
detection of corrosion initiation. First, a “trench” is cut from the rear side, in parallel to the
steel bar. By inserting a chisel or a similar tool, the trench can be used to split the sample as
indicated by the arrows.

Figure 5. Photographs illustrating sample analysis after corrosion initiation. (a) The two halves
of the sample after splitting, and (b) a rust spot is visible at the steel surface after corrosion
initiation. Photographs from different samples.

Figure 6. Schematic drawing illustrating the sampling for the chloride analysis after corrosion
initiation: (a) removal of epoxy-coated parts of the split concrete core (purple = cutting planes);
(b) removal of the concrete cover down to 2 mm from the steel surface (purple = cutting plane);
(c) grinding over a depth interval of +/-2 mm of the steel bar cover depth (red = sampled
volume).

Figure 7. Representative examples of measured potential vs. time curves. The typically
pronounced potential drops that may be followed by a potential increase (repassivation) until
stable corrosion initiation according to the suggested criterion finally initiates. (a) Shows a case
where the potential stabilizes on the negative level, and (b) is an example where the potential
continues decreasing over the studied period of 10 days.

Figure 8. Example of Ccrit measured in 11 samples taken from within a small concrete area in a
more than 40 years old road tunnel in the Swiss alps.

Figure 9. Examples of marked potential decreases immediately upon exposure in chloride-
free solution. In one case, the concrete at the steel depth was already carbonated, thus upon
arrival of water at the steel surface, the corrosion process immediately started, leading to a
sharp decrease in potential. In the other case, false corrosion initiation occurred at one of the
steel bar ends, which here led to a more gradual potential decrease.

DISCUSSION:

The most critical steps for the success of the suggested experimental protocol to determine Cerit
are those including the measures taken to prevent false corrosion initiation and other steel bar
end effects. In this regard, a variety of approaches were tested, among which the here reported
protocol was found to yield the best results?®. In further tests, this approach permitted
decreasing the rate of false initiation to below 10%. On the one hand, this is owing to coating
the border area of the exposed concrete surface with epoxy resin, which increases the length of
transport of chlorides through the concrete to the steel bar ends considerably. On the other
hand, replacing the original concrete around the steel bar at its ends with a dense, highly
alkaline cementitious slurry significantly enhances the corrosion resistance in these areas. Such
systems, i.e., coating the steel bar ends with a layer of a polymer-modified cementitious
material, have proven successful also in other studies?®:3°,



Another important aspect is the criterion for corrosion initiation. This criterion is based on
RILEM technical committee TC-235 that aimed to recommend a test method for the
measurement of Ceit in samples manufactured in the laboratory3l. The rationale is that it is well
known that onset of corrosion of unpolarized steel embedded in concrete might take place over
a long period of time rather than a well-defined instant3%3?, Steel may start corroding at
relatively low chloride concentrations but if these are not able to sustain the corrosion process,
repassivation will occur, which becomes apparent by a potential increase back to the initial
passive level. Such depassivation-repassivation events are typically observed in similar
studies3%3334, The chloride concentration measured at a time of stable corrosion is more
relevant for practice than the time at which the very first signs of potential deviations from the
passive level become apparent. With the suggested criterion, Cuit represents the chloride
concentration at which corrosion initiates and also stably propagates.

A limitation of the method is that the samples are relatively small, which may have an influence
on the results®>3¢, In order to counteract this, it is suggested to use a relatively high number of
samples (ideally 10). The level of confidence depends on the statistical distribution of Ccit in the
actual test area. For more details in this regard, refer to reference3®. An additional limitation is
that the moisture conditions in the laboratory exposure may differ from those of an actual
structure. Finally, the detection of corrosion initiation may be difficult in cases where the
potential is generally negative, such as in slag cements or other sulfide containing binders.

To the best of our knowledge, this is the first method of Cuit determination in engineering
structures at a stage prior to corrosion initiation. In contrast to empirical experience from
structures, which is by definition obtained after corrosion initiation, this method can be used to
measure Cerit for specific structures or structural members before corrosion degradation occurs;
the results can thus be used to assess the risk of (future) corrosion and to predict the remaining
time to corrosion initiation (service life modeling). Thus, this method has the potential to be
used in material testing, similar to established methods used for mechanical testing
(compressive strength, etc.)

The method is currently applied to a number of different concrete infrastructures in
Switzerland. This will broaden the severely limited® knowledge about statistical distributions of
Cerit in structures. Moreover, it will reveal the influence of different factors such as the age of
structures, the construction materials used, etc., and thus provide important information for
civil engineers and for decision-makers in infrastructure management.
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cross section at least 0.50 mm?; ideally
copper wire, tin plated

any suitable self-tapping screw,
typically of length 4-5 mm and
diameter around 2.5 mm

suitable to connect screw and cable

two-part polymer modified
cementitious waterproof mortar slurry

epoxy coating

any suitable tank (e.g. rako box) with a
lid; sufficiently large for exposing the
samples

Any stable reference electrode suitable
for continuous immersion in sodium
chloride solution

any device able to monitor the
potentials of all samples vs. the
reference electrode at the specified
interval (input impedance >10E7 Ohm)
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JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.5.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have



1 Alewife Center #200
Cambridge, MA 02140
tel. 617.945.9051
www.jove.com

ove

\HSUALIZEi)‘ \, ERIMEN ,:'

full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author's
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expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing law. This Agreement may be
assigned by JOVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.
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Rebuttal Comments Click here to download Rebuttal Comments response to
comments.docx

Editorial comments and replies by authors

» Protocol Language: Please ensure that ALL text in the protocol section is written in the imperative tense as if

you are telling someone how to do the technique (i.e. “Do this”, “Measure that” etc.) Any text that cannot be
written in the imperative tense may be added as a “Note”, however, notes should be used sparingly and actions
should be described in the imperative tense wherever possible.

1) Some language was edited for clarity, and parts of steps (in sections 1, 2, 3.1, 3.2, 3.3, 3.4) were
made into notes. Please check and edit for appropriate tense in Section 3.5 onwards.

2) Section 3.5 must be re-written for appropriate tense and using step-wise detail as in previous
sections.

- We have checked this and made changes throughout the manuscript in order to
ensure the use of imperative tense.

» Protocol Detail: Please note that your protocol will be used to generate the script for the video, and must
contain everything that you would like shown in the video. Please add more details to the following protocol
steps. There should be enough detail in each step to supplement the actions seen in the video so that viewers
can easily replicate the protocol.

1) 1.1.1: We realize that you have footage for this, however we need the steps described in the text for
the generation of appropriate voice-over. Please describe the actions that you’'d like shown in the video in
the text.

- We have revised this and described the actions better.
2) 1.1.2: What is to be shown here? 1.1.3 should likely be highlighted if 1.1.2 is.
- We have revised this (now section 1.2.2); what should be shown in the video is

when the selected location to drill a core is marked and labeled with chalk on the
concrete surface.

3) 1.1.4: Here you mark sampling locations in the test area, however the test are is selected in 1.1.5,
please check the order to events.

- We have revised this changed the order of things. Now, first the test areas are
selected, and then, within each test area, the sampling locations.

4) 1.2: Mention drill speed.

- Unfortunately, we do not have this information. We have removed the statement
about limiting drill speed.

5) 2.1.1.: How is the diamond cutting done? What would you show if this step was filmed?
- We have revised this. The video should show how the cover (typically around 4 cm

is reduced to 16-20 mm by diamond saw cutting). We can perform this step for the
video team.

6) 2.1.2,2.1.3: How is it measured?

- We have added the needed details about how to measure this.
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7) 3.2.3: How is a measurement made? Is it simply read off the logger?

- This was a misunderstanding and we have clarified this in the revised version. It
refers to the settings of the data logger. For the video, a graph on the computer screen
or exported as a jpg can be shown.

8) 3.3.3 should be highlighted for continuity.

- We agree. Done (now section 3.3.2 in the revised version)

9) 3.4.2.: How is corrosion initiation detected?

- We have revised this and added the needed details. We have also changed the
order of some steps here to make things clearer.

10) 3.5.2: Is it unclear what actions are to be filmed here. How is the potential measured, ?

-> It should be clearer now in the revised version. Essentially, the potentials recorded
by the data logger are evaluated regularly (at least twice a weak), i.e. by looking at
plots of potential vs. time and checking whether or not the defined criterion for
corrosion initiation is satisfied. For the video, we suggest to show an animated version
of Figure 3 to illustrate that the two conditions (drop of potential and remaining at a
negative level) need to be fulfilled.

11) Please use the above examples and add any necessary details to step 3.6 onward as well.

- We have removed this section as well as the later ones, and converted part of the
content into “notes” or moved it to different steps where appropriate.

» Protocol Numbering: Please adjust the numbering of your protocol section to follow JoVE's instructions for
authors, 1. should be followed by 1.1. and then 1.1.1. Please check step 3.5, if necessary and all steps should be
lined up at the left margin with no indentations. There must also be a one-line space between each protocol step.

- We have checked and edited the numbering throughout the manuscript. All steps
are now lined up at the left margin and have a one-line space in between.

 Protocol Highlight: After you have made all of the recommended changes to your protocol (listed above),
please re-evaluate the length of your protocol section. There is a 10-page limit for the protocol text, and a 2.75-
page limit for filmable content (including subheadings and line spaces).

- We have checked this. The limits (10 pages for protocol text and 2.75 pages for
filmable content) are satisfied.

1) The highlighting must include all relevant details that are required to perform the step. For example, if
step 2.5 is highlighted for filming and the details of how to perform the step are given in steps 2.5.1 and
2.5.2, then the sub-steps where the details are provided must be included in the highlighting.

- We have checked this and made changes when needed.



2) Some of your shorter protocol steps can be combined so that individual steps contain 2-3 actions and
maximum of 4 sentences per step.

- We combined some of the steps in the revised version.

3) The highlighted steps should form a cohesive narrative, that is, there must be a logical flow from one
highlighted step to the next. for example: Sections 2.3,3.5 have discontinuity.

- We have checked this and made the needed amendments.

4) Please highlight complete sentences (not parts of sentences). Include sub-headings and spaces when
calculating the final highlighted length.

- Ok.
5) Notes cannot be filmed and should be excluded from highlighting.
- Ok.

6) Please bear in mind that software steps without a graphical user interface/calculations cannot be
filmed.

- Ok.
7) Please ensure that the manuscript title best reflects the filmable content (i.e. the portions you highlight).

—> In our opinion, this is the case.

* Figure/Table Legends::
1) Fig 2,4,9: Please expand the legend to fully describe the figure.

- We have expanded the legends as requested.

* References: Please abbreviate all journal titles.

- We have made the requested changes in this regard.

*« Commercial Language:JoVE is unable to publish manuscripts containing commercial sounding language,
including trademark or registered trademark symbols (TM/R), the mention of company brand names before an
instrument or reagent, and trademark company-specific product names. Examples of commercial sounding
language in your manuscript are SikaTop Seal-107,

1) Please use MS Word'’s find function (Ctrl+F), to locate and replace all commercial sounding language in your
manuscript with generic names that are not company-specific. All commercial products should be sufficiently
referenced in the table of materials/reagents. You may use the generic term followed by “(see table of materials)”
to draw the readers’ attention to specific commercial names.

- We have removed commercial names.

* Please define all abbreviations at first use.



- ok.

« If your figures and tables are original and not published previously or you have already obtained figure
permissions, please ignore this comment. If you are re-using figures from a previous publication, you must obtain
explicit permission to re-use the figure from the previous publisher (this can be in the form of a letter from an
editor or a link to the editorial policies that allows you to re-publish the figure). Please upload the text of the re-
print permission (may be copied and pasted from an email/website) as a Word document to the Editorial
Manager site in the "Supplemental files (as requested by JOVE)" section. Please also cite the figure appropriately
in the figure legend, i.e. "This figure has been modified from [citation]."

-> All figures are original (not previously published).



