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ABSTRACT

Describing corrosion propagation throughout the corrosion process, prior to the extraction and assessment of
reinforcement bars, is challenging. In this paper, a framework is proposed for describing corrosion propagation
from corrosion-induced variations in deflection for reinforced concrete beams, based on the experimental results
of beams simultaneously subjected to either an imposed relative displacement or cyclic loading along with
accelerated corrosion through impressed current. Strain measurements from distributed optical fiber sensors
were used to calculate the deflection and crack distribution over time. Given the characterization of the initial
current density, the framework allowed for the calculation of corrosion development based only on the measured
corrosion-induced deflections. The framework was verified, as revealed by the strong agreement between the pit
volume loss obtained from 3D scanning of the reinforcement bars and the losses calculated using Faraday’s law.
Moreover, a second mechanism contributing to corrosion-induced variations in deflection, in addition to the
reduced stiffness due to pitting corrosion, was observed for the case with cyclic loading and attributed to bond
degradation. Furthermore, for load cycles with similar load level, it was shown that the increase in deflection
occurred only when there were intermediate load cycles with a higher load level, suggesting that the assumed
bond degradation occurs only when the load surpasses a previous threshold.

1. Introduction

which the long-term serviceability performance of naturally corroded
RC beams has been investigated is that by Zhang et al. [4], where the

Today, reinforced concrete (RC) stands as the predominant con-
struction material for infrastructure, with significant challenges arising
from aging structures, ongoing degradation and the increasing level of
traffic loads. Replacing all deficient structures is neither economically
nor environmentally feasible. Therefore, it is essential to extend their
service life through proper maintenance and condition assessment tools.

Reinforcement corrosion is, among the various deterioration mech-
anisms of RC, the most widespread and costly one [1]. The initiation of
corrosion usually occurs when the protective passive layer on the surface
of the reinforcement bar is broken, either due to carbonation or chloride
ion ingress. Consequently, there is a reduction of both cross-sectional
area and steel-concrete bond [2,3].

The effect of corrosion on the structural behavior of RC has received
significant attention in the recent decades. One of the few studies in

authors conducted a comprehensive long-term experimental study on
the impact of corrosion on the serviceability performance of RC beams
subjected to constant loads in three-point bending. Their findings, based
on beams exposed to a chloride environment for 14-23 years under
service loading, revealed that in the early cracking stage with localized
pitting corrosion, bond loss was the primary factor influencing beam
deflection. The loss of cross-sectional area became a significant factor
only in a later stage when the corrosion was generalized and the bond
had already been lost.

In contrast to natural corrosion, accelerated corrosion tests provide a
means to reduce testing times and rapidly acquire information on ma-
terial deterioration [5]. When initiating corrosion through an impressed
current, the loss of steel can be estimated using Faraday’s law. However,
prior studies have indicated a variance, with experimental results of
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mass loss determined through the gravimetric method proving lower
than the theoretically calculated values based on Faraday’s law [6,7].

Extensive research has been conducted to study the serviceability
performance of RC structures subjected to accelerated corrosion. The
impact of simultaneous reinforcement corrosion and sustained loading
on the structural performance was studied by Du et al. [8]. RC beams
were subjected to service loads in three-point bending and all beams,
except one, were simultaneously exposed to accelerated corrosion
through impressed current. The results revealed a more rapid increase in
the time-dependent deflections for the corroded beams compared to the
non-corroded reference beam. Furthermore, in a subsequent
load-deformation test, an anticipated ductile failure was replaced by a
less ductile or even brittle failure for the corroded specimen.

Stein et al. [9] conducted a study on the combined effects of corro-
sion and cyclic loading in RC beams under four-point bending. Low and
high levels of corrosion, with 3-5 % and 8-11 % mass loss, respectively,
were achieved by accelerated corrosion using impressed current. The
results indicated that the average vertical displacement increased less
with the number of cycles for the beams with a low corrosion level, in
contrast to the uncorroded reference beams, possibly due to enhanced
bond resulting from increased radial pressure caused by the corrosion
products. However, larger displacements were observed in the beams
with a high level of corrosion in comparison to both the uncorroded
beams and those with a lower corrosion level.

The bond behavior between reinforcing steel and the surrounding
concrete, for members subjected to cyclic loading and corrosion, has
been investigated in several studies. Fang et al. [10] carried out pull-out
tests to study the bond stress-slip response for different corrosion levels
and loading histories. The findings indicated that the bond strength
increased with the level of corrosion up to a maximum point, beyond
which higher corrosion levels led to a substantial reduction in bond
strength. In another study by Oh et al. [11], three different levels of bond
stress, each subjected to a varying number of load cycles, were consid-
ered to investigate bond-slip behavior in pull-out tests. The outcomes
revealed that the bond strength and slip at the peak bond stress were not
significantly influenced by cyclic loading in the absence of bond failure.
However, the slip and residual slip increased with the number of load
cycles. Moreover, the increase of bond stress after cyclic loading became
sharper as the number of repeated cycles increased and approached the
ultimate bond stress under monotonic loading. The effects of corroded
stirrups on the bond behavior of the tensile reinforcement were studied
by Zhou et al. [12]. 57 specimens with corrosion levels ranging between
0-20 % were tested in either monotonic pull-out loading tests or con-
stant or varied amplitude cyclic loading tests. Comparisons to other
experimental studies with similar test setups showed that the bond
strength is affected similarly, though less severely, by stirrup corrosion
compared to rebar corrosion.

Given the significant impact of corrosion on structural performance
and the large associated costs, conducting condition assessments to
assess corrosion-induced damage is crucial. However, current condition
assessment strategies rely on labor-intensive and time-consuming on-
site inspections. The information obtained from such inspections is often
limited and subjective, resulting in a poor correlation between the data
and the actual state of degradation. This discrepancy leads to significant
uncertainties. Therefore, the development of assessment methods and
monitoring systems capable of providing an accurate description of the
structure’s condition could enable early detection of structural
degradation.

Distributed optical fiber sensors (DOFS) present several advantages
over conventional structural health monitoring systems, including
compact size, electromagnetic field immunity, remarkable sensitivity
and corrosion resistance. Significant technological advancements in
recent years have expanded the field, demonstrating the feasibility of
employing DOFS for monitoring performance indicators (PI), such as
deflection, crack position and crack widths, as evidenced by previous
studies [13,14]. The same authors also successfully provided detailed
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heat maps for the global and principal strain fields in D-regions of a wall
element by applying DOFS in a multilayer configuration [15].

Bado et al. [16] investigated the bond stress and slip between the
concrete and steel bars by gluing DOFS to grooves carved longitudinally
into the reinforcement bars, in both cracked and uncracked RC tensile
members. In comparison with the predictions from Model Code 2010,
the DOFS measurements consistently indicated higher bond stresses for
similar slips.

In a study by Fan et al. [17], the volume of the corrosion products in
concrete members was evaluated using strain measurements obtained
from sensors deployed in a helical pattern on the steel bars. The corro-
sion process of the steel bar displayed three stages according to the DOFS
strains, consistent with the electrochemical test data measuring the open
circuit potential.

Despite promising results regarding the monitoring of PI by DOFS,
studies correlating these measurements with corrosion-induced damage
are scarce. This paper reports the results of an experimental investiga-
tion of the correlations between localized pitting corrosion and deflec-
tion measured by DOFS and aims to propose a framework for describing
corrosion propagation from corrosion-induced variations in deflection.
The framework provides a novel approach to describe how the volume
loss due to pitting corrosion develops throughout the corrosion process
based on deflections obtained from DOFS readings, and to the authors’
knowledge DOFS measurements have not yet been used for that purpose.

2. Experimental program

The tests of the four beams presented in this paper are part of larger
experimental program that involves six large-scale RC beams, devised to
explore the potential of DOFS in evaluating the performance of RC
beams subjected to long-term loading and deterioration. After the initial
pre-cracking, four beams were divided into two groups, with one group
subjected to an imposed relative displacement and the other to cyclic
loading, while simultaneously undergoing accelerated corrosion
through impressed current. The most important aspects of the experi-
ment are described below and further details regarding the test setup
and results from the long-term loading prior to the corrosion phase can
be found in [14].

2.1. Geometry and reinforcement layout

The study comprised RC beam specimens with a rectangular cross-
section of 200 x 250 mm and a length of 3 m. Three @16 mm bars at
the bottom and two @10 mm bars at the top were utilized as longitudinal
reinforcement. Additionally, on each side of the beams, six @8 mm
stirrups with a spacing of 200 mm were provided. All reinforcement was
made of normal ductility carbon-steel (B500B) with a nominal yield
strength of 500 MPa. To enhance anchorage, the bottom bar ends were
bent upward. Furthermore, as part of the accelerated corrosion pro-
cedure, impressed current was applied, requiring the bars at one end to
protrude from the concrete surface to facilitate electrical connectivity.
The reinforcement layout and beam geometry are illustrated in Fig. 1.

The beams were cast using a concrete mix with a water-to-cement
ratio of 0.45, which included sulfate-resistant Portland cement with
moderate heat development and low C3A content. Prior to the pre-
cracking, the beams were stored in an indoor environment for 15
days. Subsequently, they were kept within the same indoor environment
for an additional six months before the initiation of the long-term
loading. Tests carried out in accordance with EN 12390-3:2009 [18],
on three 150 mm cubes yielded an average concrete compressive
strength of 68.2 MPa (CoV = 5.6 %) at 28 days.

2.2. Test setup and instrumentation

The beams underwent loading using a four-point bending setup. To
induce cracking prior to the long-term loading, the beams were
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Fig. 1. Reinforcement layout, DOFS configuration and geometry of the beam specimen (all measurements in mm).

subjected to two load cycles of 60 kN, corresponding to approximately
30 % of the anticipated ultimate capacity.

During the long-term loading, the beams were clamped together and
divided into two groups according to the setup illustrated in Fig. 2a. The
tensile reinforcement of the bottom beam was facing upwards by turning
the beam upside down, while the top beam was subsequently placed on
support plates, resting upon the bottom beam, at a distance of 2700 mm.
Clamping devices were attached to introduce the load at two points,
spaced 900 mm apart. The eccentricity of the system supports, due to
limitations of the test setup location, did not impact the boundary
conditions at the steel roller and load cell.

For the set of beams subjected to an imposed relative displacement,
threaded bolts were screwed into the clamping devices, cf. Detail B in
Fig. 2a, and tightened to impose a sustained relative displacement be-
tween the two beams. To ensure a symmetric load distribution, three
load cells were placed, two at the loading points, and the third at one of
the supports. The variation in load resulting from changes in the beam
stiffness, either due to creep or corrosion, was not adjusted during the
test, thereby keeping a constant relative displacement between the
beams throughout the test.

In the case of cyclic loading, a hydraulic cylinder was placed between
each clamping device and the loading plates of the top beam, cf. Detail A
in Fig. 2a. The loading procedure followed a square wave signal, with
random variations of both the amplitude and duration within a specified
range, according to Fig. 2b. The maximum load per cycle ranged from 10
to 36 kN for each cylinder, with pulse durations spanning from 1 to 6 h.
Conversely, a load of 6 kN and an interval of 1 h were kept constant
between pulses.

After subjecting the beams to an imposed relative displacement and
cyclic loading for a duration of 96 days, an impressed current was
applied to the bottom beam to initiate the corrosion process. The
accelerated corrosion configuration, as illustrated in Fig. 2c, was spe-
cifically selected to create a non-uniform distribution of corrosion.
Utilizing a DC power source, the applied current was controlled
throughout the entire test duration. The tensile reinforcement bars were
electrically connected with each other and to the positive terminal of the
power source. Placed on the tensile surface between the loading points, a
copper mesh served as the external cathode, which was connected to the
negative terminal of the power source. To maintain the electrolytic
connection between the reinforcement and the external cathode, cloth
pieces covering the copper mesh were regularly wetted. Every half hour,
a chloride solution of 0.5 % NaCl (by weight) was pumped for five

minutes from a pool beneath the beam. A current of 0.1 A was initially
applied for five weeks, followed by two weeks of no current and ulti-
mately resumed for an additional two weeks. Localized pitting corrosion
was anticipated due to the presence of bending cracks in combination
with the externally placed cathode, as the cracks would provide paths of
least resistance. Therefore, pitting corrosion was expected at the inter-
section of the reinforcement and the cracks.

Strain variations along the beams were continuously monitored with
DOFS. For each beam, a single DOFS was deployed in a multilayer
configuration along the beam’s length, strategically positioned at five
different locations of the beam’s cross-section according to Fig. 1 and
fixed in place with electric tape. A robust cable, BRUsens V9, from
Solifos was used. The cable is composed by an external polyamide
cladding of 3.2 mm in diameter, a steel stube with a diameter of 0.9 mm
and a multi-layer buffer, which helps the strain transfer, surrounding the
250 pm single mode optical fiber.

The Optical Distributed Sensor Interrogator (OdiSI) 6000 series from
Luna Inc. was used for data acquisition. The sample rate was set at one
measurement every 10 min, while the highest spatial resolution avail-
able at the time between the measuring points provided by the inter-
rogator was chosen, namely 2.6 mm. However, a cubic Hermite
polynomial interpolation, with a spatial resolution of 10 mm, was
applied on the raw data before the analysis of the results to reduce the
data volume while maintaining accuracy.

In addition, Digital Image Correlation (DIC) was employed to mea-
sure deformations, strain fields and the development of crack widths on
one of the lateral sides. This involved periodic image capture using two
Fujifilm X-T30 digital cameras. The resulting images had a resolution of
26 megapixels, measuring 6240 x 4160 pixels, with each image
covering a region of the central part of the beams of approximately
1.2 x 0.8 m, providing a spatial coverage of 0.19 mm/pixel. For the
beams subjected to cyclic loading, images were captured every 15 min,
while for the beams subjected to an imposed relative displacement,
images were taken every two hours. Subsequently, the images under-
went processing and analysis using the formerly open-source software
GOM Correlate.

2.3. Characterization of the resulting rebar corrosion
Upon completion of the accelerated corrosion test, the corroded

beams were detached from the testing rig, after which the concrete cover
on the tensile side was removed, revealing the reinforcement bars.



D. Dackman et al. Engineering Structures 317 (2024) 118593

(a) Loading setup

Section of Detail A Setup for cyclic loading Setup for imposed deflection
Section of Detail B
“1_-Load cell < — = -
| Detail A_
—Enerpac - Threaded—T
hydraulic Detail B bar @20

|

cylinder
Load cell— |
~t——Loading
plate | Loading—
/ plate
Beam 3 _/) Beam 6
:%*77 Load cell Steel roller f**'%
Beam 4 . i 5 : Beam 5
—~————System support | "-Speckle
100 mm timber + | pattern
200 mm concrete for DIC
250 250
-
900 900 900
- —— -——
150 2700 150
(b) Load cycles
Forcejp
F.,.
H, T
d High cycles
10 kN < F; <36 kN
1 hour < Aty < 6 hour
F,.
H,
4 Low cycles
F, =6 kN
F, | At =1 hour
: : : T >
I t t i ime
AtH,i Aty AtH,j
(c) Corrosion setup
e DC power source
Perforated hose Speckle
Cloth Bats ota] [
External cathode \_ for DIC 0, ,° ) Impressed current
(copper mesh) RN R WO L) ] e e e o B - | |+ —_—p
] I 3 7 7
fi § g ’ 5 € By

‘ | Water pump o= ‘ I

Fig. 2. (a) Long-term loading setup; (b) Definition of the loading procedure for the cyclically loaded beams; (c) Accelerated corrosion setup utilizing impressed
current (all measurements are in mm) (after [14,19]).
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Focusing on the central part of the beams affected by corrosion, one-
meter segments of the rebar were cut out using a water-cooled circu-
lar saw. The residual corrosion products were then removed through a
sandblasting process, as described in [20].

The assessment of the local corrosion level along the length of the
rebar involved 3D scanning of the clean reinforcement bar segments
utilizing a portable Handy Scan 700™ laser scanner from Creaform. The
outcome was presented in the form of a 3D point cloud, with an accuracy
of 30 um and a maximum spatial resolution of 0.05 mm.

Following the surface interpolation of the 3D point cloud according
to [2], a description of the varying cross-sectional area along the length
of the bar was provided by integrating the area enclosed by the surface
points. Combined with a reconstructed uncorroded reinforcement bar,
the local corrosion level u [%] was defined according to Eq. (1):

AO - Acorr .

n= T 100 1

where Ag is the uncorroded cross-sectional area and A, is the corroded
cross-sectional area.

The total volume loss was obtained by integration of the local
sectional loss over the bar length according to Eq. (2):

Lpar
Crotscan = / (AO (X) —Acorr (X) )dx 2
0

where Ly, is the extracted bar length.

Moreover, the calculation of the average corrosion level was con-
ducted over the mean crack spacing. The identification of localized
pitting regions, induced by the chosen accelerated corrosion setup, was
then defined according to [19], where the pit length was defined as the
distance at which the local corrosion level exceeded the average
corrosion level. Subsequently, the pit corrosion volume Cpj;scqn could be
determined by integration of the local sectional loss over the pit length
according to Eq. (3):

Tpit "Xpit_end;
i=1

X )
pit_start;

O(X) 7Acorr(x) )dX (3)

Cpitscan =

where ny; is the total number of pits and Ly = Xpir end —Xpit_stare is the pit
length.

3. Framework for describing corrosion propagation from
corrosion-induced variations in deflection

The aim of this study was to establish a correlation between the
variation in corrosion-induced deflections over time and the total
ongoing corrosion damage. The loss of steel over time was estimated
using Faraday’s law following the methodology presented in [21].

The calculation of the final corroded steel volume involved the
application of an underlying hypothesis and two assumptions. The un-
derlying hypothesis is that the attribution of any observed variation in
deflection is solely due to corrosion at the pits in the cracks, which en-
tails proportionality between deflections and the corrosion losses. The
first assumption is that there is an initial stage, before longitudinal
cracking occurs, where all corrosion is concentrated at the cracks. The
second assumption is the existence of an influence region around the pit
that governs variations in the deflections, i.e. an effective pit length at
each crack, which furthermore does not change over time.

When a constant impressed current is applied to initiate corrosion,
the mass loss of steel Am can be estimated with Faraday’s law, according
to Eq. (4):

Mt

Am = —
zF

G

where M is the atomic weight of iron, I is the current, t is time of applied
current, z is the valency of Fe and F is the Faraday’s constant.
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However, due to the discrepancy between theoretical and actual
steel losses, as described in [6,7] with the actual losses ranging between
57 % and 67 % of the theoretical losses, an effective impressed current
Iy was calculated employing Faraday’s law and the total measured
volume loss obtained from the 3D scanning, as stated in Eq. (5):

Clot scan Clot,scan Clot scan
Iy = ol=——el=—1 (5)
Ctot.Famday a PFz

where Ciotscan is the total corrosion volume for all three bars obtained
from the 3D laser scanning, Cio raradey iS the total corrosion volume ac-
cording to Eq. (4) and p is the density of iron.

Based on the first assumption, the current density at the initiation of
the corrosion process, i1, can be calculated according to Eq. (6), as all the
current is assumed to go through the pits at the affected cracks.

W= 6)
Spit ¢”2Lpit

where Sy is the surface area subjected to corrosion, ¢ is the diameter of

the steel bar before corrosion and _ Ly; is the sum of all the individual

pit lengths, calculated in this work according to [19] and further

described in section 2.3, and assuming that this length is invariant over

time as described in the second assumption.

In order to evaluate the total corrosion damage from the initial
current density and the corrosion-induced deflections measured by the
DOFS, the deflection-time curve was discretized into smaller stages that
can be approximated linearly. Therefore, based on the underlying hy-
pothesis, the computation of current densities at later stages ij(k;(t)),
when the slope of the deflection curve changes, could then be conducted
according to Eq. (7):

i) = i) @

where k; is the slope of the incremental midspan deflection measured by
the DOFS at the initiation of the corrosion process and k;(t) is the slope in
later stages. This allows for the calculation of the total loss of steel
volume in the pits Cyys through Faraday’s law according to Eq. (8):

/Ot i; (ks (¢) )de 8)

_ MS,;
pFz

pits

where t is the time of applied current. It must be noted that if the initial
current density is calculated using the surface area of the pits, as stated
in Eq. (6), Spi; cancels out in Eq. (8) indicating that it is not necessary for
determining the total volume loss. This means that the total volume of
corrosion is independent of the area of steel assumed to be corroded but
solely dependent on the applied current, which is typically unknown.
However, it is relevant to highlight that the presented method requires
an estimation of the effective pit length in order to transform corrosion-
induced deflection values into corrosion rates that allow for the esti-
mation of corrosion damages. Hence, if the initial corrosion rate is ob-
tained by another method that does not rely on the actual knowledge of
the corrosion distribution, e.g. 3D scanning results, an assumption of the
pit length would be needed. Therefore, additional methods outside the
scope of this work, are necessary to define the validity of such initial
estimation. As an example of such methods, field measurements of the
current densities at the affected cracks together with non-linear finite
element analyses (NLFEA) iteratively combined could lead to a robust
process to validate such estimation of the effective pit length until
agreement between DOFS-calculated and NLFEA deflections is meet.
However, the goal of the presented work is not to delve into such pro-
cesses but to demonstrate that given an accurate estimation of such
parameter, which in this work is done by the use of 3D scanning
methods, the relation between corrosion-induced deflections and total
corrosion damage is unequivocally defined by Egs. (7) and (8), and only
the corrosion at these regions is responsible to corrosion-induced
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deflections.

Following the methodology outlined in [14], the deflection was
obtained through double integration of the curvature y(x), computed
from the measured strains by DOFS according to Eq. (9):

 Epor(X) — Ergp(X)
(%) = ”%

9

where p0¢(x) and gp(x) are the measured strains at the bottom and top
reinforcement respectively and z is the vertical distance between the
position of the DOFS.

4. Results and discussion

4.1. Validation of the framework for the case with imposed relative
displacement

The correlation between localized pitting corrosion and increased
deflection for the case with imposed relative displacement was studied
in [21] and is summarized in this section as a validation of the frame-
work presented in Section 3. Given that a constant relative displacement
was enforced between the beams and considering that loading was
applied approximately at an age of 1.5 years, creep deformations were
expected to be small and similar for both beams as they were subjected
to the same environmental conditions and same load levels. Therefore, it
could be claimed that underlying hypothesis remained valid during the
test and therefore, the measured variations in deflection were only due
to the pitting corrosion, i.e. corrosion-induced deflections.

The total corrosion volume from the 3D scanning, Ciotscan
12124 mm®, was used to calculate the effective impressed current I
0.072 A according to Eq. (5), and the initial current density i; was
subsequently computed according to Eq. (6). The incremental deflection

(a) Midspan deflection (DOFS) - imposed deflection
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0 10 20 30 40 50 60 70
Time, [days]
c) Current densi
300 T T ( T T y T :
250 1
i1= 205
_200°F 1
N
§
< 150 + 1
“ 100}
i,=42
50 2 i,=27
i3=0 ﬁ
0 10 20 30 40 50 60 70
Time, [days]

Engineering Structures 317 (2024) 118593

curve obtained from the DOFS measurements could then be used to
calculate the later current densities according to Eq. (7). Subsequently,
Eq. (8) was applied to calculate the volume loss due to corrosion in the
pits at several times during the tests, namely whenever a clear change of
stiffness was observed in the load-incremental deflection diagram. The
results from these calculations are presented in Fig. 3, with the shaded
region indicating the two-week period during which the impressed
current ceased. In Fig. 3a, the incremental midspan deflection measured
by the DOFS is presented, with the corresponding idealized deflection
curve and slopes shown in Fig. 3b. The current densities at different
stages are displayed in Fig. 3c and Fig. 3d shows the calculated volume
losses in the pits throughout the accelerated corrosion test. The final
calculated value of Cypir = 4989 mm?, resulted in a 2 % higher corro-
sion level than the measured value obtained from the 3D scanning,
Cpitscan = 4893 mm>.

The deflections measured by the DOFS combined with the findings
from [19], where the development of longitudinal cracks for the same
beam was investigated, revealed that the slope of the deflection curve
decreased when the first longitudinal crack appeared, namely at 14.8
days. This observation aligns with the assumption assuming the applied
current, and thus all corrosion, concentrates at the pits during the initial
phase of the corrosion process. The presence of longitudinal cracks en-
ables the dispersion of the impressed current along the reinforcement
bar, thereby reducing the current density and consequently the rate of
pitting corrosion. With the applied current held constant, the overall
deterioration rate remains constant as well. However, the increase of
deflection is governed by the volume loss in the pits, as indicated by the
reduction in slopes when the current density decreases. Furthermore,
the incremental deflection ceased during the two weeks without
impressed current, verifying the hypothesis stating that any observed
variation in deflection can be ascribed to corrosion.

B3 (b) Idealized deflection curve with slopes
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Fig. 3. (a) Midspan deflection measured by the DOFS for the beam subjected to an imposed relative displacement; (b) An idealized curve of the deflection with the
slopes of each stage; (c¢) Current densities for the different stages. (d) Total corrosion in the pits calculated with Faraday’s law.
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4.2. Investigation of the framework’s application for the case with cyclic
loading

In this section the application of the framework for the case with
cyclic loading is studied. In contrast to the imposed relative displace-
ment case, the corrosion-induced deflection is not explicitly given by the
DOFS measurements, and a more thorough investigation of the deflec-
tion variations is necessary.

4.2.1. Results from the 3D scanning

The corrosion volumes obtained from the 3D scanning and the sub-
sequent surface interpolation of the point-cloud, as outlined in Section
2.3, were used to calculate an effective impressed current and subse-
quently the initial current density. The results are presented in Fig. 4,
alongside the principal strain field derived from the DIC and the strains
measured by the DOFS in bar 3 at the maximum load level.

Within the central region of the beam, seven distinct bending cracks
were identified from the strain profile of the front bar, shown in Fig. 4b.
The strains were verified with the results from the DIC in Fig. 4a, in
which the cracks are numbered 1 to 7. Fig. 4c, Fig. 4d, and Fig. 4e
illustrate the maximum corrosion level and pit volume for the front,
middle and back bar respectively.

The experimental setup’s success in inducing a non-uniform distri-
bution with localized pitting corrosion through accelerated corrosion
was validated by the results obtained from the 3D scanning. Further-
more, the pits corresponded well with the positions of the bending
cracks, highlighting their influence on the localized corrosion.

The effective impressed current was calculated using Eq. (5), with a
total corrosion volume of Cypscan = 9709 mm3, as Iy = 0.058 A, in
contrast to the actual applied current of 0.1 A. With the effective
impressed current and the sum of pit lengths, )" L,; = 552 mm, the
initial current density could be computed according to Eq. (6).

In Fig. 5, the pit lengths are depicted as a function of crack spacing
and crack widths, based on the cracks shown in Fig. 4a. The crack
spacing in Fig. 5a is defined as the distance from the midpoints to the
adjacent cracks. In Fig. 5b, the crack widths obtained from the DIC at the
end of the pre-cracking stage, before the corrosion experiment started,
are shown as a function of the pit length. There is no clear correlation
between either the crack width or the crack spacing and the pit length.
However, the results in Fig. 5b indicate that the pit length was limited to
the range of 16-32 mm, which corresponds to 1-2 bar diameters. Since
the pit lengths in this study were obtained from the 3D scanner, which
cannot be utilized in practical engineering situations, a better approach
could be to use an average value, such as 1.5 bar diameters. However,
further investigations are needed to verify the validity of this assump-
tion and propose methods to estimate values of the pit length.

4.2.2. Corrosion-induced variations in deflection

The midspan deflections measured by the DOFS were studied to
calculate the current densities in the later stages. The midspan deflection
of the beam subjected to cyclic loading and accelerated corrosion, as
illustrated in Fig. 6b, exhibits a similar increase in deflection during low-
load level of the cycles, F;, = 6 kN, as observed in the case with imposed
relative displacement. However, at the maximum load, Fy = 36 kN, the
same pattern is not evident. Instead, the deflection is comparable to that
of the uncorroded beam, as depicted in Fig. 6a, where the slight increase
over time might be attributed to creep.

The correlation between the applied load level and the increment in
midspan deflection, due to corrosion, becomes more apparent by the
representation of the load-deflection curves shown in Fig. 7a and Fig. 7b
for the uncorroded and corroded beam, respectively.

In the initial stage of the accelerated corrosion test, the deflections
exhibit a linear correlation with the load level for both beams. However,
with the progression of the corrosion penetration over time, the
deflection increases, an increase that becomes more apparent as the load
level decreases, as illustrated in Fig. 7b.
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Therefore, to calculate the current densities according to Eq. (7),
only the deflections for F;, = 6 kN were considered, corresponding to the
fraction of the load that was permanently applied. Subsequently, the
steel volume loss resulting from pitting corrosion was calculated ac-
cording to Eq. (8). The results are presented in Fig. 8.

In Fig. 8a, midspan deflections during low load cycles, recorded by
the DOFS, are presented with the first load cycle’s deflection subtracted.
Furthermore, deformations attributed to creep have been removed using
results from the uncorroded beam, shown in Fig. 6a. The two-week
period when the impressed current ceased is denoted by the shaded
area. Fig. 8b illustrates an idealized deflection curve, accompanied by
the slopes utilized for determining proportional current densities pre-
sented in Fig. 8c. Finally, Fig. 8d displays the total corrosion in all pits as
a function of time, with a final value of Ciopir = 3450 mm?® at the
conclusion of the accelerated corrosion test. This yielded a calculated
corrosion level 0.5 % higher than the corresponding measured value
obtained from the 3D scanning, Cpitscan = 3433 mm°.

As for the case with imposed relative displacement, the findings
firmly establish a correlation between increased deflection and localized
pitting corrosion during the lower load cycles. While the simultaneous
appearance of longitudinal cracks and reduction in the slope of the
deflection curve has not been explicitly verified in the case of cyclic
loading, the conclusions presented in Section 4.1 suggest that the same
holds true in this scenario.

Further comparison of the cyclic loading and imposed relative
displacement case reveals that the maximum incremental deflection was
nearly five times larger in the case with cyclic loading, 1.65 mm,
compared to 0.34 mm for the imposed relative displacement, as shown
in Fig. 9a. However, in Fig. 9b, the total volume loss in the pits obtained
from the 3D scanning accounted for only 70 % of the corresponding
value for the imposed relative displacement, 3433 mm® and 4893 mm?,
respectively. These findings suggest the existence of another mechanism
contributing to the increased deflection, in addition to the reduced
stiffness due to the pitting corrosion. However, despite the difference in
magnitude, the results suggest the second mechanism is still propor-
tional to the corrosion rate. A possible explanation is that bond degra-
dation is contributing to the increased deflection at lower load levels.

4.2.3. Mechanisms behind the corrosion-induced variations in deflection

As discussed in Section 4.2.2, a correlation between the corrosion
development and the increase in deflection is argued for. In this section,
the relation between the cyclic load level and increased deflection is
further studied to explain why there is no increase in deflection for Fy =
36 kN. A deeper discussion of the measured strains is given, focusing on
identifying differences in strain development between corroded and
uncorroded specimens at different load levels, followed by a discussion
of the influence of intermediate higher load cycles on the strain evolu-
tion, to support the hypothesis that bond degradation contributes to the
increased deflection at lower load levels.

To identify contrasting responses in the strain evolution, measured at
the location of the top and bottom reinforcement, the strain along the
bar length and the strain evolution from day 0 to day 67 are illustrated in
Fig. 10 and Fig. 11. Fig. 10 presents the front bar strains in the constant
moment region, subjected to corrosion at the maximum load-level, Fy =
36 kN, for both the corroded and uncorroded beams, while Fig. 11
presents the strains at the minimum load-level, F;, = 6 kN.

For the uncorroded beam, at Fy = 36 kN, the results in Fig. 10a and
Fig. 10c indicate a decrease in both bottom and top strains. The slightly
more pronounced decrease in the bottom strains explains the gradual
increase in deflection over time, as depicted in Fig. 6a and computed by
Eq. (9). A dissimilar pattern is observed in the strains of the corroded
beam, as presented in Fig. 10b. In this case, the strains are distributed
such that the bottom strains, shown in Fig. 10d, increase, while top
strains tend towards more positive values. However, at the first crack,
the bottom strains decrease instead. This deviation could potentially be
attributed to the minimal occurrence of pit corrosion, as depicted by
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Fig. 4. (a) Position of bending cracks measured by DIC; (b) Strains in bar 3 for a load cycle with maximum load, Fy = 36 kN; (¢, d, e) Variation of residual and
original cross-sectional area along the rebars, together with pit volume and maximum corrosion level of each pit.
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(b) Pit length - crack width
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Fig. 5. (a) Pit length as a function of the crack spacing; (b) Pit length as a function of the crack width.
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Fig. 6. (a) Midspan deflection measured by the DOFS for the uncorroded reference beam subjected to cyclic loading; (b) Midspan deflection measured by the DOFS

for the beam subjected to accelerated corrosion and cyclic loading.

Fig. 4c, and may indicate a distribution of curvature towards the con-
stant moment region.

The front bar strains within the constant moment region measured
by the top and bottom DOFS at F;, = 6 kN are presented in Fig. 11, for the
corroded and uncorroded beams, respectively.

As for the strains in the uncorroded beam, the results are similar to
the strains at Fy = 36 kN, with the top strains exhibiting a more sub-
stantial decrease than the bottom strains. In Fig. 11a and Fig. 11c, the
zoomed-in regions illustrate the evolution of midspan strains during the
extended period of loading, with similar scales on the y-axis. It becomes
evident that the increased deflections are attributed to creep, as it is the
concrete in compression that undergoes creep strains.

The evolution of top strains in the corroded beam, shown in Fig. 11b,
resembles those observed at the maximum load level, while the bottom
strains, presented in Fig. 11d, significantly increase compared to
Fig. 10d, explaining the increased deflection at F;, = 6 kN. Furthermore,
the observed flattening of peaks and valleys in the bottom strains sug-
gests a lack of contribution from the concrete between the cracks due to
bond. This is not the case at higher load levels, indicating that bond
degradation occurs only when the load surpasses a previous threshold in

combination with corrosion.

To further investigate the relation between corrosion, possible bond
degradation and strain evolution, two cyclic loading sequences at Fy =
18 kN and Fy = 19 kN, are studied in detail: one case in which three
sequential load levels are at approximately the same load (Fy = 18 kN)
in Fig. 12, and one case in which the sequence of Fy = 19 kN loads is
interrupted by a significantly higher Fy, in Fig. 13.

First, the strains associated with three load cycles, Fy; = 18 kN shown
in Fig. 12a, are studied. The strains in the uncorroded beam, illustrated
in Fig. 12b, experience a slight increase due to a marginal difference in
the load level during the last load cycle. However, in the corroded beam,
the strains shown in Fig. 12¢ do not increase, which would have been the
case in the presence of bond degradation.

Fig. 13 depicts a situation similar to Fig. 12, but with the difference
that it involves two intermediate load cycles with a higher load level.
Load cycles over the period of 59 days and 61 days are illustrated in
Fig. 13a, while the corresponding strains for the load level Fy = 19 kN
are displayed in Fig. 13b and Fig. 13c for the uncorroded and corroded
beams, respectively. For the case with higher loads in between, the
strains in the uncorroded beam experience once more a slight variation
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Fig. 8. (a) Midspan deflection measured by the DOFS for low load cycles, F;, = 6 kN; (b) An idealized curve of the deflection with the slopes of each stage; (¢) Current
densities for the different stages; (d) Total corrosion in the pits calculated with Faraday’s law.

due to marginal differences in the load level during the load cycles.
However, in contrast to the first case a considerable increase in strains is
observed in the corroded beam, compared to the uncorroded beam
subsequent to the higher load cycles. This observation aligns with the
hypothesis that bond degradation occurs only when the load surpasses a

previous level in combination with corrosion.

5. Conclusions

In this paper, a framework for describing corrosion propagation from

10
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(a) Midspan deflection (DOFS)
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Fig. 9. (a) Comparison of midspan deflection measured by the DOFS for imposed relative displacement and low load cycles, F;, = 6 kN; (b) Comparison of total
corrosion in the pits, calculated with Faraday’s law, for imposed relative displacement and low load cycles, F;, = 6 kN.
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Fig. 11. (a, b) Strains along the top reinforcement bar for load cycles F, = 6 kN, in the uncorroded and corroded beam, respectively; (c, d) Strains along the bottom
reinforcement bar for load cycles F;, = 6 kN in the uncorroded and corroded beam, respectively.

corrosion-induced variations in deflection for RC beams was proposed.
The framework was verified for a beam subjected to an imposed relative
displacement with respect to an uncorroded reference beam, where the
measured variations in deflection could be attributed solely to the loss of
local cross-section in the steel reinforcement. Subsequently, the appli-
cation of the framework to the case of a RC beam simultaneously sub-
jected to pitting corrosion and cyclic loading was investigated. The main
conclusions drawn from this study are the following:

e The proposed framework establishes a direct correlation between the
observed variation rate of corrosion-induced deflections and the
local mass loss rate at the corrosion pits in beams with localized
pitting corrosion.

e The framework was verified at the end of the corrosion process as
revealed by the strong agreement between the pit volume loss ob-
tained from the 3D scanning and the losses calculated using Fara-
day’s law. This held true for the case with imposed relative
displacement and also for the case with cyclic loading when the in-
cremental deflection for the lowest load cycles was considered in the
calculations.

12

e Unlike other methods to estimate corrosion damages, the current
framework allows for a time-based description of the damages, based
solely on the deflection measurements. However, as is typical for
such methods, the accuracy of the framework is highly dependent on
the knowledge of the corrosion rate. Moreover, the pit lengths are
needed when converting global damage to local damage. When this
information is known, e.g. from 3D scanning results, the agreement
was demonstrated to be excellent. Nevertheless, in common cases
where pit lengths cannot be acquired through 3D scanning of the
reinforcement bars, alternative methods are needed to establish such
values.
Furthermore, it is relevant to indicate that the presented method only
requires the estimation of one corrosion rate, preferably prior to the
formation of corrosion-induced longitudinal cracks, in order to
evaluate the corrosion damages during the entire structure’s service
life.
The results from the 3D scanning did not indicate a strong correlation
between crack width and pit length, with pit lengths limited to the
range of 1-2 bar diameters. Further research is needed to establish
better correlations.
e A second mechanism contributing to corrosion-induced variations in
deflection, in addition to the reduced stiffness due to pitting



D. Dackman et al.

Engineering Structures 317 (2024) 118593

(a) Load cycles
T

40 T T T T T T
35 - —
30 -
g 25 -
-g @@@©@©@©@©@©
(@O
9 20 -
@@
15 - .
10 B
& ! ! ! | @ @ | @ ! «@
32.6 32.8 33 33.2 33.4 33.6 33.8 34 34.2 34.4 34.6
Time, [days]
(b) Strains at 18 kN - Beam 3 (uncorroded) 500 (c) Strains at 18 kN - Beam 4 (corroded)
7~ /
550 1 750 1
\ £/
B B
c 500 c 700 + 4
%) \ 15
\ | \
\ \
450 \_/ 1 650 = .
400 i ! ! ! ! 600 i : i i !
1200 1250 1300 1350 1400 1450 1500 1200 1250 1300 1350 1400 1450 1500

Bar length, [mm]

Bar length, [mm]

Fig. 12. (a) Load cycles in the time span between 32.6 days and 34.6 days; (b, ¢) Strains along the bottom reinforcement bar for load cycles Fy = 18 kN, for the

uncorroded and corroded beam respectively.

corrosion, was observed for the case with cyclic loading since the
incremental deflection was five times higher with only 70 % of steel
loss, compared to the beam subjected to an imposed relative
displacement. This was attributed to bond degradation due to the
flattening of peaks and valleys in the strain profiles of the rein-
forcement as the corrosion rate increased.

In the beam subjected to cyclic loading and corrosion, a correlation
existed between the applied load levels and the corrosion-induced
variations in deflection. For load cycles with a similar load level, it
was shown that the increase in deflection occurred only when there
were intermediate load cycles with a higher load level, indicating
that the assumed bond degradation occurs only when the load sur-
passes a previous threshold.

In this study, 3D scanning of the reinforcement bars was used for
validation of the framework. Further research is needed to enable the
application of the framework without relying on the results from the 3D
scanning of reinforcement bars. In this study, these results were used to
determine the initial corrosion rate from the total volume loss together
with the pit lengths. However, if the initial corrosion rate could be
determined with another method, such as non-destructive testing or
numerical modeling, the framework could be applicable to practical
engineering situations as well. Moreover, the framework has only been
verified for beams subjected to accelerated corrosion for a fixed time
period of 67 days. Therefore, further research is needed to study how the
pit lengths develop to verify the assumption that the pit lengths do not

13

change significantly over time as well as for higher corrosion levels.
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