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In this paper, an analytical approach developed for the structural
assessment of corrosion-damaged reinforced concrete (RC) struc-
tures is presented. The proposed method, suited for finite element
analysis, is compatible with smeared rotating crack models and
accounts for uniform and pitting corrosion. Modeling corrosion
damage involves accounting for the reduction of the cross-sec-
tional area of reinforcement, bond strength degradation between
the reinforcement and concrete, deterioration of the reinforcement
mechanical properties, and cracking of concrete in the vicinity of
the corroded reinforcement. Numerical models and techniques for
simulating corrosion damage were incorporated within the algo-
rithms of a nonlinear finite element analysis program. Validation
studies successfully reproduced the responses of published exper-
iments on corroded RC beams. Stochastic simulations were also
performed, demonstrating the sensitivity of response quantities to
changes in various input parameters. The statistics of the response
quantities can also be used for reliability analysis by employing
methods such as the first-order reliability method.

Keywords: corrosion; finite element analysis; pitting corrosion; reinforced
concrete; stochastic analysis; uniform corrosion.

INTRODUCTION

Reinforced concrete (RC) was and continues to be a
widely used material in the construction industry. Generally,
it is a durable, economical, and versatile material capable
of withstanding severe environments. However, increas-
ingly throughout North America, aging infrastructure is
developing signs of distress linked to degradation mecha-
nisms that had not been anticipated in the design phase. The
2019 Canadian Infrastructure Report Card' and the 2017
ASCE Infrastructure Report Card® offer comprehensive
pictures of the state of public infrastructure in Canada and
the United States, respectively. Among the various deterio-
ration mechanisms that can afflict RC structures, corrosion
of the embedded steel reinforcement is widely recognized
as the major cause of degradation. Structural assessment
of the deteriorated infrastructure has a central role in the
decision-making process on potential repair or replacement
strategies. As such, in recent years, considerable research
has been devoted toward the development of deterioration
models, most of them focused on the ingress of deleterious
factors within the concrete cover, thus attempting to predict
the corrosion rate.* Concomitantly, studies such as those
carried out by Yu et al.,* Wang and Liu,’ Bhargava et al.,’ and
Cairns et al.” explored the structural implications of corro-
sion: reduction of the reinforcing bar diameter, concrete
cracking, degradation of bond strength, and deterioration of
the mechanical properties of corroded reinforcement.
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Notwithstanding the progress in understanding the under-
lying principles of corrosion and its consequences, there is
a need for practical, overarching analytical approaches to
assist engineers with the performance assessment of corro-
sion-damaged structures. The most versatile tool for perfor-
mance assessment remains finite element (FE) analysis, as it
enables the simulation of complex geometries and general
types of loading. Among the major factors limiting the use
of FE analysis for non-research applications are extensive
requirements for the definition of material properties and the
calibration of analysis parameters. The work presented in
this paper addresses this major research gap by presenting a
robust nonlinear FE analysis approach for the assessment of
RC elements suffering from reinforcement corrosion.

RESEARCH SIGNIFICANCE

The work presented herein includes the development of
a numerical procedure on the macroscale modeling of RC
elements suffering from corrosion, compatible with FE
analysis frameworks. The proposed procedure encompasses
the effects of uniform and pitting corrosion and addresses the
inherently substantial uncertainty introduced by corrosion
with a stochastic modeling strategy. The validation studies
produced results in good agreement with the experimentally
measured responses. Considering the numerous aging and
defective RC structures within the built environment, it is
essential for engineers to have an adequate tool to enable
reliable structural assessment.

ANALYTICAL APPROACH

Background

The proposed analytical procedure for modeling corro-
sion-damaged RC structures is compatible with smeared
rotating crack conceptual models for concrete. It was incor-
porated within the algorithms of the nonlinear FE analysis
program, VecTor2,%° suited for analyzing two-dimensional
(2-D) elements. The program employs an incremental total-
load, iterative secant-stiffness formulation with the consti-
tutive, compatibility, and equilibrium relationships formu-
lated in terms of the average stresses and average strains. In
addition, the local conditions at cracks are explicitly consid-
ered. The rotating crack model for concrete is based on the
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Modified Compression Field Theory!® and the Disturbed
Stress Field Model.!! Mechanisms such as compression
softening, confinement, tension stiffening, tension softening,
and shear slip along crack interfaces are some of the behav-
ioral mechanisms considered.

The addition of corrosion-modeling capabilities involved
the implementation of numerical models for the corrosion
rate, cover cracking, bond strength degradation, and dete-
rioration of the mechanical properties of corrosion-dam-
aged reinforcement, as detailed in the subsequent sections.
An important aspect of the program’s applicability for the
analysis of corrosion-affected elements is the minimal need
for calibration. The default behavioral models described are
suitable for the majority of analyses as they have been exten-
sively verified against a broad range of structures.

Corrosion rate

The corrosion rate is the parameter that reflects the prog-
ress of corrosion-induced damage, giving a quantitative
description of corrosion propagation. It is typically described
as the loss of metal per unit of surface area per unit of time
(mm/year) or as current density (1 pA/cm?). The proposed
formulation requires the corrosion rate expressed in mm/
year, as well as the age in days of the RC element, as an
input for corrosion analysis.

For a reliable assessment of corrosion-damaged RC
elements, the corrosion rate is one of the most influential
input parameters.'> The reduction in the diameter of the
reinforcement, the bond strength, the area of the pits formed
over the reinforcing bars, and the extent of cover cracking
are all influenced by the corrosion attack penetration, which
is directly proportional to the corrosion rate. Approaches for
predicting the corrosion rate range from empirical-based
models® to solely mathematical models,'* and from time-in-
variant models' to time-variant ones. !

Assuming homogenous corrosion, Andrade et al.”
employed Faraday’s law and empirical data to calculate the
conversion from current density (1 pA/cm?) to loss of metal
per unit of surface area per unit of time (mm/year), as per

Eq. (1)
1.0 pA/cm® = 0.0116 mm/year (D

Therefore, the following relationship was derived to express
the residual diameter of a corroded bar, dy(t), as a function
of the current density

d,(t)=d,,—0.0232.i, ./(mm) (2)
where dy is the initial bar diameter, mm; ico,r is the corrosion
current density, pA/cm?; and t is the period of active corro-
sion, years.

Equations (1) and (2) were implemented within the
program VecTor2 to calculate the residual bar diameter for
reinforcement affected by uniform corrosion. Consideration
was also given to time-variant corrosion-rate approaches
such as the Liu and Weyers'® model. The “Corrosion rate”
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section in the Appendix” shows a comparison between the
Liu and Weyers'® model, the time-invariant model described
by Eq. (1) and (2), and experimental results from studies
conducted by Rodriguez et al.'® and El Maaddawy and
Soudki.!” The time-invariant model matched the experi-
mental results more accurately than the Liu and Weyers!'®
model; therefore, it was adopted in the proposed formulation.

The formulation suggested by Stewart and Al-Harthy?°
was employed to calculate the reduced steel cross-sectional
area in the case of pitting corrosion. A pitting factor, R,
defined as the ratio of the maximum pit depth to the corro-
sion penetration calculated based on the uniform corrosion,
is used to define the degree of pitting, as per Eq. (3). For the
analysis of pitting corrosion, the pitting factor R, the mean
corrosion rate (mm/years), and the time since corrosion initi-
ation in days are required as input data.

R=p/P,, 3

where R is the pitting factor; p is the maximum pit depth,
mm; Pgag = 0.0116 - g - t is the corrosion penetration
calculated based on the uniform corrosion; ¢y is the current
density, pA/cm?; and t is the time since corrosion initiation
in years.

The cross-sectional area of the pit is expressed in Eq. (4),
based on the pit configuration shown in the Appendix (Fig.
A.3).

D,
A+A4 <=
1 2 p \/E
2 4)
4, = ﬂfo —A+4, %SpSDO (mm”®
DZ
71'40 pzD,

where

2
4,=05|0,p"~b2—| 0, =2arcsin| 2| 6, = 2arcsin| 2
D, D, 2p

Dy is the initial bar diameter, mm.

Cover cracking

The service life of a corroding RC structure is typically
divided into three stages. In the beginning, the high alka-
linity of hydration products results in the formation of a
protective layer of iron hydroxide around the reinforcement.
In the first stage, the chloride or carbon dioxide content of
the concrete cover reaches a threshold value at which the
alkalinity of the concrete pore solution reduces to the point
where the protective iron hydroxide layer is destabilized,
exposing the surface of the reinforcement to corrosion. Once

“The Appendix is available at www.concrete.org/publications in PDF format,
appended to the online version of the published paper. It is also available in hard copy
from ACI headquarters for a fee equal to the cost of reproduction plus handling at the
time of the request.
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sufficient oxygen and moisture are present, the first stage
ends, and the reinforcement starts to corrode. The second
stage can be simulated by employing Fick’s law of diffusion.
The solid iron is transformed into ferrous or ferric ions accu-
mulating in the pores of the interfacial zone of the steel-con-
crete, referred to as the diffusion zone. Thus, no stresses
develop in the cover concrete during this stage. Once the
diffusion zone is filled with corrosion products, the third
stage begins. During this stage, tensile stresses develop in the
cover concrete due to corrosion of the reinforcement. Radial
cracks form and propagate in the concrete surrounding the
reinforcement until a serviceability limit state, such as the
spalling or delamination of the cover concrete, occurs.>*?2

The work presented in this paper is focused on the third
stage. Corrosion-induced cracking is treated as an initial
strain generated in the elements in the vicinity of a corroded
reinforcing bar. The first and second stages are not included
for the following reasons:

1. The duration of the first and second stages can be treated
as a time shift in the service life of a corroded RC member.

2. There is significant disagreement in the literature
regarding the reported volumes of the porous zone around
the reinforcement.

3. The first stage is typically bypassed in the acceler-
ated corrosion tests by adding a chlorine compound to the
concrete mixture exceeding the minimum threshold value
required for steel depassivation.

Two models available in the literature were imple-
mented within the proposed formulation: Pantazopoulou
and Papoulia®! and Wang and Liu.> The Appendix section
“Cover cracking models implementation” details the imple-
mentation of these two models.

Bond strength

Bond stresses between steel and concrete are transferred
by adhesion and friction and by bearing of the deforma-
tions of the reinforcing bar on the concrete. Adhesion and
friction are severely reduced when the corrosion products
accumulate around a reinforcing bar. Moreover, cracking of
the cover reduces the confining action of the concrete. As
a result, the bond and anchorage between the concrete and
the reinforcement deteriorate. Pullout tests on corroded bars
have shown that the bond strength increases slightly before
cracking of the concrete cover.?® This is attributed to an
increase in the pressure applied to the concrete by corrosion
products, which adds to the confining action provided by
the concrete. However, once the concrete reaches its tensile
strength, the bond strength reduces greatly. Quantifying the
bond strength between the reinforcement and the concrete is
essential for the assessment of the residual strength of corro-
sion-damaged RC structural members.b

Four empirical bond strength reduction models for
corroded deformed bars were chosen from the available
literature and implemented within VecTor2: Val et al.,*
Chung et al.,”> Feng et al.,’® and El Maaddawy et al.?” The
models are summarized in the Appendix section “Bond
strength models implementation.” All the models provide a
reduction factor for the bond strength of a corroded rein-
forcing bar. The bond models in VecTor2 were updated to
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include the bond strength reduction factor, R. The default
bond stress-slip model in VecTor2 is the Eligehausen model
and consists of a multilinear bond stress-slip relationship
described by an ascending nonlinear branch, followed by a
constant bond stress plateau, a linearly declining phase, and
a residual stress phase.’ The analyses presented in this paper
used the Eligehausen model for the bond stress-slip relation-
ship in conjunction with the bond strength reduction models
investigated.

The implemented bond strength reduction models were
verified against pullout tests performed by Al-Sulaimani et
al.* The Feng et al.?® model gave the most accurate predic-
tions; however, due to the large variability associated with
bond strength, the more conservative models provided by
Val et al.?* and Chung et al.?® are recommended for use. The
results are given in the Appendix section “Bond strength
models implementation” and Fig. A.11.

Mechanical properties of corrosion-damaged
reinforcement

Reinforcing bars subjected to local or pitting corro-
sion may suffer a loss of strength or ductility. The conse-
quences of uniform corrosion were addressed by reducing
the cross-sectional area of the corroded bar, reducing the
bond strength, and calculating the corresponding strains in
the concrete elements in the vicinity of the reinforcing bar.
However, the nature of the pitting attack is substantially
different from that of uniform corrosion. The oxidation prod-
ucts of pitting corrosion are less expansive to the extent that
no signs of longitudinal cracking might become visible prior
to significant section loss.”

In the proposed formulation, the mechanical properties of
a corroded truss element subjected to pitting corrosion were
updated using the Cairns et al.” model

f,=(1=0,-0,,,) f,,(MPa) (5)
fl‘ = (1 - (xu : Qcorr )fuo (MPa) (6)
8'4 = (1_a1 'Qcorr)guo (7)

where fy, f, and g, are the yield strength, ultimate strength,
and ultimate strain of a noncorroded bar; f,, f,, and g, are
the yield strength, ultimate strength, and ultimate strain of
a corroded bar; Qo is the cross-section loss expressed as a
percentage of the original cross section; and ay, oy, and a, are
the empirical coefficients.

A noticeable scatter was observed in the reported values
of the empirical coefficients oy, oy, and ;. Nonetheless, for
pitting corrosion, the coefficients suggested by Du?® were
incorporated in VecTor2. As such, for Qg ranging from 0 to
18%, a,=0.015, a,= 0.015, and a; = 0.039.

DETERMINISTIC MODELING OF CORRODED RC
BEAMS
The accuracy of the corrosion damage models imple-
mented in VecTor2 and the analytical procedure was verified
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by analyzing the beam elements with corroded reinforce-
ment tested in the literature. Two types of analyses were
performed: deterministic and stochastic. The spatial vari-
ability of cross-sectional loss due to corrosion was not
considered in the deterministic analyses, whereas in the
stochastic simulations, such variability was incorporated in
the FE models by using Monte Carlo sampling. This section
discusses the deterministic analyses.

The default VecTor2 behavioral models were used. For
additional information on the behavioral models, the reader
is referred to Wong et al.’ For each specimen, the cylinder
compressive strength, tensile strength, and initial tangent
modulus of the concrete, as well as the yield strength, ulti-
mate strength, and modulus of elasticity of the reinforce-
ment steel, were specified according to the values reported.
In cases where one or more of these material properties
were not reported, reasonable assumptions, mentioned in the
following sections, were made. VecTor2 default values were
used for other material properties.

Table 1—Mechanical properties of concrete and
reinforcement: Azad et al.?° beams

Beam Concrete | 10 mm reinforcing bar | 12 mm reinforcing bar
series f.’, MPa fy, MPa f,, MPa fy, MPa f,, MPa
BT1 45.8 520 551 590 700
BT2 36.3 520 551 590 700
BT3 46.5 520 551 590 700
BT4 46.1 520 551 590 700

Note: 1 MPa = 145 psi; 1 mm = 0.04 in.

P P
p———  350mm —i— 200mm i— 350mm ———f

Azad et al.

Azad et al.? tested 28 RC beams to investigate the effects
of varying degrees of reinforcement corrosion on the flex-
ural behavior of RC beams. The variables of the tests were
the bar diameter, clear cover to the tension reinforcement,
corrosion current density, and duration of the tests. The
mechanical properties of the concrete and the reinforcement
are given in Table 1. The beams were 1100 mm long and had
a 150 mm square cross section. Double-legged 6 mm diam-
eter stirrups, spaced 90 mm apart, were provided in each
beam. Two 8 mm diameter deformed bars with a 36 mm
clear cover were placed at the top of the beams as compres-
sion reinforcement. The tension reinforcement consisted of
two 10 or 12 mm diameter bars as detailed in the Appendix
section “Azad et al. beam specimens details.” The geometry
of a typical test specimen is depicted in Fig. 1(a). Corrosion
of the reinforcement occurred in accelerated conditions.

FE models of the beams were created using FormWorks,
the preprocessor program for VecTor2. Except for the mate-
rial properties summarized in Table 1, the remaining input
parameters were left as the default VecTor2 values. The rein-
forcement layout, together with the mesh and support condi-
tions, are shown in Fig. 1(b). The FE mesh had dimensions
of 10 x 10 mm for every region. The stirrups in the out-of-
plane direction were modeled as smeared reinforcement.
In-plane tension, compression, and transverse reinforcement
were modeled with 311 truss elements. The bond between
the concrete and the corroded truss elements was modeled
with link elements over the entire length of the tension
reinforcement.

The loss of cross-sectional area of the reinforcement was
calculated based on the applied corrosion current density,

—150mm—s
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_

J=150mm—
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F

(a) Geometry of Azad et al”’ beams (Note: 1 mm = 0.04 in.)

Fig. 1—Azad et al.?® typical specimens: geometry and finite element model.
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Fig. 2—Typical corrosion-induced crack pattern for Azad et al.?° beam.
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Fig. 3—Experimental versus analytical load-deflection responses for Azad et al.?® specimens. (Note: 1 kN = 225 Ibf; 1 mm =

0.041in.)

using Eq. (2). The Feng et al.?® and Pantazopoulou and
Papoulia?! models were used to calculate the bond strength
reduction factor and the cracking of the cover concrete,
respectively. A typical corrosion-induced crack pattern is
shown in Fig. 2. The increase in the volume of the corroded
bars generated tensile stresses up to 163 MPa in the trans-
verse reinforcement.

A monotonic nodal displacement with increments of
1.0 mm was applied to the FE models at the locations shown
in Fig. 1. The experimental load-displacement curves were
provided for only six out of the 24 corroded beams by Azad
et al.?® Load-deflection responses predicted by VecTor2,
along with the experimental ones, are shown in Fig. 3 for
these six beams. Generally, the responses were captured
well by the FE analyses in terms of the ultimate load and
displacement capacity. The analytical stiffnesses of the
beams, however, were slightly overestimated compared with
the experimental results. This may be due to the overestima-
tion of the concrete modulus of elasticity (taken as 3320Vf,’
+ 6900 MPa) or the modulus of elasticity of the reinforce-
ment (estimated as 200,000 MPa). These assumptions were
necessary as data was not reported.

Summarized in Table 2 are the experimental ultimate
loads, Py est; the analytical ultimate loads, Py vector2; and the
ratios of the analytical-to-experimental ultimate loads for
all the specimens. The FE analyses accurately predicted the
specimens’ capacity, with the ratios of the analytical-to-ex-
perimental ultimate loads having a mean of 1.05 and a coef-
ficient of variation (COV) of 17.4%.

The analytical results were found to be highly sensitive to
the choice of the bond strength reduction model. Shown in
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Fig. 4 are the load-deflection analytical responses calculated
for beam specimen BT1-2-4 with each of the implemented
bond strength reduction models. The El Maaddawy et al.?’
model predicted the smallest reduction in the bond strength
among the four models, with a 46% reduction. Tensile
stresses higher than the yield strength of the tension rein-
forcement were developed over a significant length of the
beam. As a result, the FE model had a ductile response with a
clearly defined yield plateau. The Chung et al.> and Feng et
al.26 models predicted 79% and 82% reductions in the bond
strength, respectively. The Val et al.?* model predicted a 90%
bond strength reduction, resulting in bond breakdown at an
early stage of the loading. Debonding of the reinforcement
was found to be an influential mechanism for the response of
flexural-critical specimens. For the Azad et al.?’ beams, the
analyses employing the Feng et al.?® and Chung et al.* bond
strength reduction models reproduced the experimental
results more accurately. However, the disparate values of
the bond strength reduction factors emphasize the need for
further research to better characterize the degree of bond
degradation in RC members affected by corrosion.

The cover cracking models did not have a significant
influence on the overall response of the beams. The Wang
and Liu® model predicted smaller tensile strains induced in
the concrete surrounding the corroded bars compared with
the values calculated by the Pantazopoulou and Papoulia?!
model. Nevertheless, this discrepancy did not translate into a
notable difference in the calculated analytical responses. The
concrete elements severely affected by corrosion were the
ones located below the tension reinforcement. During the
monotonic loading phase, these elements were subjected to
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Table 2—Experimental versus calculated ultimate loads of Azad et al.?° beams

Beam Putest, KN PuveeTorz, KN PuveeTora/Putest Beam Putests KN PuveeTor2s KN PuveeTor2/Putest
BTI-C 66.51 63.16 0.95 BT3-C 67.20 55.94 0.83
BT1-2-4 61.02 58.30 0.96 BT3-2-4 62.40 51.60 0.83
BT1-3-4 58.00 54.22 0.93 BT3-3-4 58.23 49.36 0.85
BT1-2-6 59.77 54.22 091 BT3-2-6 56.46 49.36 0.87
BT1-3-6 52.29 51.03 0.98 BT3-3-6 53.03 46.54 0.88
BT1-2-8 44.69 50.93 1.14 BT3-2-8 52.11 47.40 0.91
BT1-3-8 37.03 46.12 1.25 BT3-3-8 37.71 43.33 1.15
BT2-C 84.57 86.90 1.03 BT4-C 75.03 83.88 1.12
BT2-2-4 7291 64.52 0.88 BT4-2-4 68.74 73.07 1.06
BT2-3-4 68.40 64.26 0.94 BT4-3-4 62.46 70.19 1.12
BT2-2-6 59.60 61.80 1.04 BT4-2-6 57.26 70.19 1.23
BT2-3-6 60.29 59.56 0.99 BT4-3-6 51.31 67.70 1.32
BT2-2-8 50.74 59.67 1.18 BT4-2-8 51.43 69.79 1.36
BT2-3-8 48.51 59.90 1.03 BT4-3-8 43.26 64.03 1.48
Mean 1.05
cov 17.4%

Note: 1 kN =225 Ibf.

80
Experiment

60 /-—-. Maaddawy et al
_ .
E Feng et al.
S

40
s
‘3 hung et al.

20 Val et al!

0

0O S5 10 15 20 25 30
Mid-span deflection (mm)

Fig. 4—Bond strength reduction model influence on analyt-
ical response of BT1-2-4 beam. (Note: 1 kN = 225 Ibf;
1mm=0.041in.)

the highest tensile strains in the beam. Whether corrosion had
occurred or not, they would experience high levels of strain
during the loading protocol. Thus, except for a serviceability
limit state, cracking of the concrete cover is not expected
to significantly influence the capacity of a corroded flexur-
al-critical member.

El Maaddawy et al.

El Maaddawy et al.’* studied the effect of sustained loading
and simultaneous corrosion on the flexural behavior of RC
beams. The beams were identical in size, each measuring

174

Table 3—Mechanical properties of reinforcing
bars: El Maaddawy et al.®° beams

— Bartype | D,mm | f, MPa | f,, MPa

Tensile reinforcement Deformed 16 450 585
Compression reinforcement Smooth 8 340 500
Stirrups Smooth 8 340 500

Note: 1 MPa = 145 psi; | mm = 0.04 in.

152 x 254 x 3200 mm, and had similar material properties.
The only design variable was the corrosion time. Two No. 15
Grade 60 bars and two 8§ mm diameter smooth bars were
used as tension and compression reinforcement, respec-
tively. Stirrups were double-legged 8 mm diameter smooth
bars, spaced 80 mm apart in the shear span and 333 mm in
the constant moment region. For each beam, 2.25% chloride
by weight of cement was added to the concrete in the lower
middle area over a 1400 mm length and a 100 mm height.
Thus, only the portion of the tension reinforcement within
the salted zone was expected to corrode. The remaining
length of the tension bars and the whole length of the
compression and transverse reinforcement were protected
against corrosion by epoxy coating. The mechanical prop-
erties of the reinforcement are given in Table 3. The average
cylinder compressive strengths of the salted and unsalted
concrete were 40 and 41 MPa, respectively.

A direct electrical current with an intensity of 215 mA,
equivalent to a current density of 150 uA/cm?, was used
to accelerate the corrosion of the tension bars. One of the
beams was used as the control specimen, with no corrosion.
The remaining eight beams were divided into two groups:
group CN, kept unloaded during the accelerated corrosion
period, and group CS, corroded under a sustained loading
that caused a midspan moment equal to 60% of the yield
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Fig. 5—Experimental versus analytical load-deflection responses for El Maaddawy et al.*® specimens. (Note: 1 kN = 225 Ibf;

1 mm=0.04in.)

moment. After 50, 110, 210, and 310 days of accelerated
corrosion, the flexural strengths of the beams were examined
under four-point bending tests. The beams with sustained
loading initially experienced a higher rate of corrosion,
resulting in a greater reduction in strength, compared with
the beams with no sustained loading. However, the reduction
in strength was independent of the sustained loading at high
degrees of corrosion.

The FE model was developed with corroded steel assigned
as the material type of the middle 1400 mm length of the
tension reinforcement. Normal steel was used as the material
type for the rest of the reinforcing bars. The stirrups in the
out-of-plane direction were smeared uniformly throughout
the length of the beams. Only the CN group of beams were
considered for the analytical study as the difference in the
average mass loss of the corroded reinforcement of the CN
and CS beams was deemed negligible. The FE models were
loaded with a monotonically increasing nodal displacement
with increments of 1.0 mm up to failure.

The analytical load-deflection responses are compared
with the experimental responses in Fig. 5. The initial stiff-
ness, ultimate strength, and load that caused the yielding
of the tension reinforcement were all captured well by the
FE analyses. Larger experimental ultimate deflections were
measured for the specimens that experienced 50 and 110 days
of corrosion. This may be attributable to the reduction of
the tension reinforcement cross-sectional area, resulting in a
smaller flexural stiffness. On the other hand, the decreased
ductility of the CN-210 and CN-310 beams might be due to
the prevailing effect of pitting corrosion in a longer period of
corrosion exposure. Overall, the ratios of the analytical-to-
experimental ultimate loads had a mean ratio of 1.06 with a
COV of 1.67%.
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The corrosion-induced cracks reported in the experiments
are compared with the cracks simulated for the CN-310
beam in Fig. 6. The analytical models predicted the width
of the longitudinal cracks caused by corrosion with reason-
able accuracy. The fluctuations in the width of the corrosion
cracks, observed in the VecTor2 model, were a result of the
confining action of the stirrups.

Du et al.

Du et al.! carried out an experimental program to study
the effects of steel corrosion on the failure mode of RC
beams. Nineteen RC beams in four groups—very under-re-
inforced, under-reinforced, balanced, and over-reinforced
beams—were constructed and tested to failure. The vari-
ables of the tests were the area and the type of the tension
reinforcement, the location of the corroded reinforcement,
and the degree of corrosion. The mechanical properties of
the reinforcing bars are given in Table 4. All the beams had
the same dimensions of 150 x 200 x 2100 mm. They were
reinforced with 0.56 or 0.87% compression reinforcement,
8 mm diameter stirrups spaced at 150 mm, and 0.87, 1.6,
3.5, or 6.2% tension reinforcement, as summarized in the
Appendix section “Du et al. beam specimen details.” Sodium
chloride was added to the concrete mixture used in casting
the middle 600 mm portion of the beams. The reinforcing
bars were corroded by applying a direct current. The current
was applied only to the compression, tension, or transverse
reinforcement of each specimen located in the salted region,
as detailed in the Appendix section “Du et al. beam spec-
imen details.” However, the high electrical conductivity of
the chloride-saturated concrete resulted in the corrosion of
all the reinforcing bars located in the salted zone. There were
no signs of corrosion in the bars located in the unsaturated
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Table 4—Mechanical properties of reinforcing
bars: Du et al.>' beams

Type Smooth Deformed
No. R12 TO8 | TI12 T16 T32
Diameter mm 12.5 791 | 12.01 | 15.92 | 31.61

Yield strength MPa 385 526 | 489 529 498
Ultimate strength | MPa 539 619 595 627 604
Elastic modulus GPa 199 203 | 202 201 211
Yield strain x 107 1.9 2.6 2.4 2.6 2.5

Hardening strain | x 1073 25 22 20 19 17

Ultimate strain x 1073 203 82 132 116 123

Note: 1 MPa = 145 psi; I mm = 0.04 in.

regions. The cross-sectional loss due to corrosion ranged
from 2.4 to 11.5% for the tension bars, 6.6 to 13.5% for the
compression bars, and 23 to 68% for the stirrups.

The beams were tested to failure under four-point bending
with a constant moment span of 300 mm and simply
supported conditions. Corrosion caused the over-reinforced
beams to fail in a less brittle manner due to either a reduc-
tion of the reinforcement cross-sectional area or cracks
development within the compression zone of the beams due
to corrosion of the compression bars. The under-reinforced
beams failed in a less ductile manner because of the reduced
ductility of the reinforcement due to pitting corrosion and
degradation of the bond between the reinforcement and the
concrete. Only 10% corrosion was enough to transform
the failure mode of the very under-reinforced beams from
ductile to extremely brittle, failing due to the rupture of the
corroded tension bars.

The cylinder compressive strength of the concrete was
assumed to be 80% of the cube strength. Other concrete
material properties were not reported; thus, they were left
as the default VecTor2 values. The reinforcing bars were
modeled with discrete truss elements. The corroding portion
of the reinforcement of each beam was modeled as corroded
reinforcement steel material type. A total of 1339 rectan-
gular elements and 315 truss elements were used to model
each beam. The corroded reinforcement was connected to
the concrete elements using link elements.

176

The load-deflection responses of the beams are shown
in Fig. 7. The very under-reinforced control beam, T280,
was modeled twice, assuming perfect and imperfect bonds
between the tension reinforcement and the concrete, signifi-
cantly influencing the ultimate displacement and failure
mode. Both analyses captured the peak load well; however,
the imperfect bond model resulted in a pronounced reduc-
tion in the ultimate displacement caused by premature bond
failure of the tension reinforcement. The experimental
response of the T280 beam shows a clearly defined yield
plateau, while the analytical results assume the imperfect
bond did not reach the yielding of the tension reinforce-
ment. Nevertheless, the remaining control specimens were
modeled assuming the imperfect bond. For each specimen,
the load-deflection curve up to failure was predicted reason-
ably well by the FE analyses, as shown in Fig. 7.

The corroded beams were modeled using the Feng et al.?®
and Pantazopoulou and Papoulia®! models. Some discrep-
ancies in the stiffness and ultimate displacement can be
observed in the predicted load-deflection responses. Almost
every beam failed by crushing of the concrete. As a result of
bond failure, the tension reinforcement of the very under-re-
inforced beams did not yield. In contrast, the tension rein-
forcement of the under-reinforced and balanced beams
reached the yield stress, with negligible slip occurring after
yielding. The balanced beam with corroded compression
reinforcement, C124, failed by concrete crushing in an early
stage of loading mainly due to the reduction of the compres-
sion reinforcement area and loss of the composite action.
The response of the over-reinforced beams was also accu-
rately estimated by the FE analysis.

STOCHASTIC MODELING OF CORRODED RC
BEAMS

In-place inspections of corroded bars revealed significant
irregularity and heterogeneity of the spatial distribution of
cross-sectional loss due to corrosion, whether uniform or
pitting corrosion.” Another example is the beams tested by
Yu et al..* in which the ratio of local cross-section loss to the
average section loss varied from 0.2 to 3.5 at different loca-
tions along the length of the beams. In addition, although
the specimens were subjected to the same corrosive condi-
tions, the average cross-sectional loss of each reinforcing
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Fig. 7—Experimental versus analytical responses for Du et al.3* specimens. (Note: 1 kN = 225 Ibf; 1 mm = 0.04 in.)

bar, measured using the gravimetric method, differed from
the rest. Gonzalez et al.** found that the ratio of maximum
corrosion penetration to the average value varied from 4.0
to 8.0 in naturally corroded concrete specimens. Tuutti*?
suggested that this ratio varies from 4.0 to 10.0 for 5.0 and
10.0 mm diameter reinforcing bars. It is generally accepted
that the corrosion mechanism introduces a notable degree
of uncertainty with respect to the structural assessment of
corrosion-affected RC structures. A viable approach to
address these uncertainties is stochastic FE analysis.

The framework required for stochastic analysis of RC
elements was implemented in VecTor2 by Hunter.’* The
work presented herein extends these capabilities to address
the uncertainties associated with corrosion.

Uniform corrosion

Stochastic modeling of uniform corrosion involves the
definition of a probability distribution function for the
corrosion rate. The corrosion rate can be treated as a single
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random variable, neglecting the spatial variability, or as a
random field with a prescribed covariance matrix, therefore
considering spatial variability. The experimental results of
Yu et al.* were analyzed for the development of statistical
parameters.

Yu et al.* examined the spatial distribution of the rein-
forcing steel cross-sectional loss by testing three identical
beams, Bs02, Bs03, and Bs04, which were exposed to
accelerated natural corrosion for 36, 19, and 27 months,
respectively. The beams were 3000 mm long and had a cross
section of 280 x 150 mm. They were reinforced with two
12 mm deformed bars in tension and two 6 mm deformed
bars in compression. Double-legged 6 mm diameter stir-
rups spaced 220 mm apart were used as the transverse rein-
forcement. The cross-sectional loss of the tension bars was
quantified by measuring the weight loss of 10 mm pieces
of reinforcing bars extracted from each beam. Although the
reinforcing bars of each beam were subjected to the same
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environment, the average and the pattern of cross-sectional
loss were significantly different.

The pattern of cross-sectional loss of each beam is shown
in Fig. A.12 in the Appendix section “Stochastic modeling.”
The coordinates of the points of each graph were extracted,
and the cross-sectional loss was converted into corrosion
current density using Eq. (2). The extracted data can be found
elsewhere.’ The data was assumed to be part of a homoge-
nous isotropic random field, Z, and the graphs in Fig. A.12
were treated as six realizations of this field. A lognormal
probability distribution function was fitted to the values of
the corrosion current density of each realization. The fitted
and the empirical probability density function (PDF) and
cumulative distribution function (CDF) of the front bar of
the Bs02 beam are shown in Fig. 8.

To assess the spatial correlation of the random fields, an
empirical semivariogram was constructed for each real-
ization. Because of the assumption that the realizations
are isotropic, the variance was a function of distance only.
The Appendix section “Stochastic modeling” details the
construction of the semivariograms.

The first series of stochastic simulations was performed
neglecting the spatial variability of the corrosion rate, which
was modeled as a single variable in each simulation. A
lognormal distribution with a mean of 150 uA/cm? and a
COV of 0.30 was used for random sampling of the corrosion
current density. The COV was chosen based on the value
suggested by Val et al.>* and the COVs observed for the Yu
et al.* beams. To determine an appropriate number of simu-
lations, the CN-50 beam was modeled 400, 200, 100, and
50 times. The loading protocol consisted of a monotonically
increasing nodal displacement at the midspan with incre-
ments of 1.0 mm. The mean and COV of the failure loads and
the midspan deflections at the failure load are presented in
Table 5[ From these values, it was concluded that 100 simu-
lations provided sufficient accuracy for estimations of the
statistical parameters. A typical plot of the stochastic simu-
lation results is shown in Fig. 9(a). The average failure load
was in good agreement with the experimentally measured
one; however, there was large variability in the predicted
midspan deflection at failure.
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Table 5—Stochastic simulation results for CN-50
beam

— No. of simulations | 400 | 200 100 50

Mean 742 | 73.9 | 75.0 | 73.9

Failure load, kN Variance 3.3 3.3 3.3 1.9

COV, % 2.5 2.4 2.4 1.9

Mean 66.5 | 66.8 | 69.5 | 69.1

Midspan deflection Variance 762 | 70.0 | 85.6 | 53.5
at failure, mm

COV, % 13.1 | 12,5 | 13.3 | 10.6

Note: 1 kN =225 Ibf; 1 mm = 0.04 in.

Stochastic simulations with 100 analyses each were also
performed for the CN-110, CN-210, and CN-310 beams.
The COV of the failure load and the midspan deflection at
failure significantly increased with the corrosion time. The
statistical parameters of the failure load and the midspan
deflection at failure, compared with the experimental results
and the values predicted by deterministic analysis, are given
in Table 6. A linear relationship was observed between the
corrosion current density and the failure load. However,
there was no meaningful relationship between the corrosion
current density and the midspan deflection at failure.

Random field simulation of uniform corrosion was
performed by employing the procedure described in the
Appendix section “Stochastic modeling.” To assess the
effect of the correlation length on the stochastic simulations,
the CN-50 beam was modeled with four different correla-
tion lengths: 1200, 600, 300, and 0 mm. For each correlation
length, 100 simulations were performed. The statistics of the
response quantities of the stochastic simulations are given in
Table[7. In general, the variation in the failure load increased
slightly with an increased correlation length.

Increasing the correlation length significantly increased
the variation of the average and decreased the variance of
a random field. Therefore, a large correlation length relative
to the field length causes a smooth realization, with rela-
tively small fluctuations around the average value. Thus,
the greater variation in the failure load of the simulations
with a large correlation length shows that the response of a
lightly corroded RC beam is more sensitive to the average
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Table 6—Stochastic simulation results

Stochastic

— Beam Average COV, % Deterministic Experimental
CN-50 75.0 2.4 74.4 70.2
Failure load, CN-110 68.3 43 70.4 66.8
kN CN-210 61.4 6.1 62.8 60.0
CN-310 55.0 9.5 56.8 53.3
CN-50 69.5 13.3 54.9 89.0
Midspan CN-110 68.3 153 66.4 78.4

deflection,

mm CN-210 71.6 15.2 77.2 62.4
CN-310 80.7 11.1 85.0 59.0

Note: 1 kN =225 1bf; | mm = 0.04 in.

Table 7—Random field simulation results of CN-50

beam

Failure load, kKN Midspan deflection, mm
Correlation length, mm | Average | COV, % | Average COV, %
0 75.2 1.4 67.7 11.0
300 74.5 2.0 67.9 10.5
600 74.7 1.9 69.0 10.4
1200 74.5 2.1 69.3 11.4

Note: 1 kN =225 Ibf; 1 mm = 0.04 in.

cross-sectional loss than the maximum loss at a locality. In
conclusion, the simulation of the corrosion current density
(or corrosion rate) as a random field has a negligible effect
on the response. The focus should be directed toward the
randomness of the average value of the corrosion current
density as a single random variable, as it can be signifi-
cantly different in two reinforcing bars located in the same
beam and corroded under the same corrosive conditions, as
illustrated in Fig. A.12 in the Appendix section “Stochastic
modeling.”

Pitting corrosion

Pitting corrosion was modeled by employing the meth-
odology proposed by Stewart and Al-Harthy.?’ Based on a
statistical analysis of the maximum pit depth, measured over
a 100 mm long corroded reinforcing bar from an accelerated
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corrosion test, Stewart and Al-Harthy?® proposed a Gumbel
distribution for the pitting factor.

The beams tested by El Maaddawy et al.° were modeled
again; for every corroded truss element, a random pitting
factor was generated, and the cross-sectional loss due to
pitting corrosion of the corroded truss elements was calcu-
lated based on the formulations presented in the “Corrosion
rate” section. In addition to the reduction of the reinforce-
ment cross-sectional area, degradation due to pitting corro-
sion of mechanical properties such as the yield strength was
implemented in the FE models by the formulations summa-
rized previously.

Stochastic simulation results for the CN-110 beam are
shown in Fig. 9(b). Compared with uniform corrosion,
a significantly larger scatter in the failure load and the
midspan deflection at failure can be observed. The average
and COV of the failure load and the midspan deflection are
given in Table 8 for all the specimens. The failure load and
the midspan deflection decreased with the increase of the
maximum pitting factor.

The response of the CN-310 beam was significantly
different from that of the other beams mainly because it was
governed by the rupture of the tension reinforcement. For
this beam, the ultimate strain of almost every corroded truss
element was reduced by 70%. An average cross-sectional
loss of 50% was also calculated. As a result, the failure load
was reduced from 55.0 kN (the average of uniform corrosion
simulations) to 5.3 kN, showing the devastating effect of
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pitting corrosion. Although such a reduction might be purely
hypothetical, it highlights the important areas of study for
stochastic FE modeling of pitting corrosion.

The datum point in green in Fig. 9(b) shows the possibility
of an ultimate midspan deflection of less than 20 mm for a
beam that could reach a 72 mm deflection at the midspan
with a different pitting corrosion scenario. The failure
in such a case, depicted in Fig. 10, is governed by pitting
factors much greater than the average pitting factor in the
areas shown. Taking a minimum midspan deflection of 20
mm as a defined limit state, the stochastic analysis under-
taken in this study shows a 13% probability of failure to
meet such a condition after 110 days of corrosion.

RECOMMENDATIONS FOR FUTURE WORK

The main objective of this work was to develop and verify
a numerical procedure for modeling and assessing corro-
sion-damaged RC elements. In doing so, some limitations
were found that stem from the constitutive models currently
available in the literature. The following recommenda-
tions are made for further improving the computational
capabilities:

1. The discrepancy between the applied and achieved
corrosion current density in accelerated corrosion tests needs
to be further studied. Potential inaccuracy in the primary
input parameter of corrosion damage models can lead to
significant errors.

2. Additional work must be undertaken to investigate the
type of corrosion products under different environmental
conditions; the corrosion-induced tensile strains in concrete
and the time to cracking are severely affected by the type of
corrosion products.

3. Experimental evidence suggests that both uniform
and pitting corrosion occur at the same time. Thus, it is of
interest to develop a hybrid corrosion model that combines
the effects of simultaneous pitting and uniform corrosion.
Such a model can potentially generate a more realistic repre-
sentation of the corrosion pattern of a reinforcing bar.

Table 8—Stochastic simulation results for pitting
corrosion

4. A statistical distribution, quantifying the probability of
pitting corrosion at a certain location along the length of a
reinforcing bar, would be a valuable asset to the stochastic
modeling of corrosion. The assumption that a pit forms
over every corroded truss element, made in the analyses
performed in this work, should be regarded as the worst-
case scenario.

CONCLUSIONS

The work presented in this paper included the implemen-
tation and development of corrosion damage models within
the nonlinear finite element (FE) analysis program VecTor2.
The validation studies performed investigated the influence
of various behavioral mechanisms on the structural response,
as well as the suitability of stochastic analysis to address
the high level of uncertainties with respect to the material
properties of corrosion-damaged elements. Although the
program is primarily a two-dimensional (2-D) FE analysis
program with limited three-dimensional (3-D) capabilities,
implementing the developed models into a 3-D framework
would be similarly straightforward.

Based on the results obtained from the deterministic and
stochastic modeling of corroded reinforced concrete (RC)
beams, the following conclusions and observations were
made:

1. FE modeling employing a smeared rotating crack
concept for RC provides a convenient and reliable frame-
work for incorporating corrosion-induced mechanisms into
the analysis of RC structures.

2. The approach developed herein, with the Distributed
Stress Field Model as a basis, is found to model the stiff-
ness, strength, ductility, and failure mode of corroded RC
members with reasonable accuracy.

3. The most influential factor affecting the strength of an
RC beam suffering from corrosion is the corrosion rate (that
is, the reduction of the reinforcement cross-sectional area).

4. The bond strength degradation of corroded reinforcing
bars is also an important mechanism influencing the struc-
tural response. A significant slip was calculated for most of
the corroded beams analyzed.

5. Cracking of the concrete cover had a negligible effect on

Failure load, kN Midspan deflection, mm the calculated response of the corroded specimens. Never-
Beam Average COV. % Average COV. % tltletless, this mechanism may be key for a serviceability limit
state.
CN-50 771 14 733 1l 6. The statistics of the response quantities of RC beams
CN-110 57.8 6.7 29.5 35.7 damaged by uniform corrosion are accurately estimated by
CN-210 31.1 21.6 16.2 402 modeling the rate of corrosion as a single random variable
CN-310 12.8 171 531 427 rat.h.er than a random ﬁeld.'Con51derat10n of the s.pat'lal vari-
ability of the rate of corrosion does not lead to a significantly
Note: 1 kN =225 Ibf; 1 mm = 0.04 in. different response.
Hrirts 1. 5
- i ! !
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Fig. 10—Failure pattern in simulation with largest pitting factors.
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7. The strength reduction of a corroded beam is more
severe when pitting corrosion is present, compared with
uniform corrosion.

8. For the beams subjected to pitting corrosion, the flexural
strength is highly sensitive to the maximum pitting factor.

9. Stochastic analyses revealed a large variation in the
calculated responses based on the location and severity of
the pitting corrosion.
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