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EXECUTIVE SUMMARY

Bridge structures in Minnesota are designed for a service life of (at least) 75 years. However, the
strength and durability of reinforced concrete (RC) bridges are adversely affected by the deterioration of
their structural members within this lifetime. When investigating bridges in need of maintenance and
repair, deterioration caused by corrosion of steel rebars is commonly found as a primary source of
structural degradation. Structural degradation may result in a reduced service life and is almost always
associated with service interruption for maintenance and repair. Corrosion reduces the cross-sectional
area of the original steel and forms expansive corrosion byproducts. These corrosion byproducts cause
cracks, concrete spalling, delamination, and even bond loss in RC bridge elements.

Management of a bridge structure requires understanding the structural capacity of the bridge. An
accurate assessment of reinforcement section loss (without underestimation or overestimation) is
necessary for both structural evaluation and capacity determination. Furthermore, the structural
capacity dictates any strengthening needs and associated temporary works in a repair effort. Therefore,
an accurate estimate of the extent of reinforcement section loss has central importance for a wide
spectrum of engineers and decision-making authorities. Reinforcement section loss estimates are key
for safety assessments and programming repairs. These estimates can be achieved using available
predictive models calibrated with condition-specific data and then validated through appropriate field
investigations. Beyond immediate safety benefits, accurate reinforcement section loss estimates benefit
the design and extent of strengthening. In particular, having accurate section loss estimates and
structural evaluations reduces the risk of unforeseen revisions during contract repair work.

To quantify the extent of corrosion and reinforcement section loss in the bridge structures currently in
service in Minnesota, this research project utilized in-service Bridge No. 27831 (I-394) near Dunwoody
Institute in Minneapolis. This site provided direct access to several bridge piers scheduled for repair
beginning in spring 2020. Upon the initiation of repair activities in the field, visual section loss
assessments were performed. This was then followed by collecting samples of steel rebar from the
bridge piers for a direct assessment of the extent of corrosion and quantification of cross section loss.
Complementary laboratory tests were performed on the collected rebar samples to measure the
mechanical properties of corroded rebars. With the first-hand information obtained regarding the
extent of corrosion in real settings, a set of predictive models and their associated variables were
identified for the prediction of rebar cross section loss.

The outcome of this research project led to the section loss guidance tables that will be ready for
implementation after additional calibration. Due to the pandemic, the developed models had to be
tested with limited data from only one bridge. Thus, despite the relative success of the guidance tables
in capturing the overall condition of bridges in Minnesota, the range of section loss predictions
remained relatively large. To narrow this range and tailor it to various exposure conditions, further data
and sample collection from additional structural configurations and environmental exposures will be
required. The developed rebar section loss guidance tables will improve bridge inspection value and
reduce direct costs by right-sizing bridge repairs to the correct deterioration condition. Indirect costs
due to bridge closure, disruption in traffic, and impact on the surrounding environment will also be



minimized. The section loss guidelines will help MnDOT better manage its bridge inventory and make
more informed decisions about bridge safety, bridge repair, and ultimately optimization of bridge
replacement timeframes.



CHAPTER 1: INTRODUCTION

To repair deteriorated reinforced concrete (RC) structures, an understanding of the extent of steel
corrosion has a pivotal role in deciding on the best strengthening strategies and details. This
understanding helps ensure that the remaining structural capacity is estimated without underestimation
or overestimation. Such estimates can be achieved using available predictive models calibrated with
region-specific data and then validated through appropriate field investigations. Accurate reinforcement
section loss is necessary for structural evaluation and to determine load carrying capacity of affected
members. This is essential for planning preventive and/or corrective actions tailored toward maintaining
the bridges in a desired condition state. Beyond immediate safety benefits, sensible practical advantages
are anticipated since the design of strengthening details will be based on a realistic condition
assessment of bridges. Having accurate section loss estimates and structural evaluations will, in
particular, reduce the risk of unforeseen revisions during contract repair work.

To quantify the extent of corrosion and reinforcement section loss in the bridge structures currently in
service in Minnesota, this research project utilized in-service Bridge No. 27831 (I-394) near Dunwoody
Institute in Minneapolis. This site provided direct access to several bridge piers scheduled for repair
beginning in spring 2020. Upon the initiation of repair activities in the field, visual section loss
assessments were performed. This was then followed by collecting samples of steel rebar from the
bridge piers for a direct assessment of the extent of corrosion and quantification of cross section loss.
Complementary laboratory tests were performed on the collected rebar samples to measure the
mechanical properties of corroded rebars. With the first-hand information obtained regarding the
extent of corrosion in real settings, a set of predictive models and their associated variables were
identified for the prediction of rebar cross section loss. Table 1.1 summarizes the main benefits of this
holistic research investigation.

Table 1.1. Overview of the benefit categories of the research investigation

Benefit category How will these key benefits be quantified?

Construction savings Saving in construction materials by a proper use of
available structural capacity

Decrease engineering and Reducing discrepancies between the values assumed for

administrative costs design and those found in the field

Improved lifecycle costs Minimizing both direct and indirect costs through realistic
design assumptions

Operation and maintenance Improving the effectiveness of maintenance and repair

saving activities for bridge structures

Reduce risk and road user costs Reducing the duration of repairs by minimizing the risk of

discrepancies in rebar corrosion extents.




CHAPTER 2: LITERATURE REVIEW

Several corrosion measurement methods have been developed to date for assessing the corrosion of
reinforcing steel embedded in concrete. Rodriguez et al. (1994) conducted a holistic review of methods
for monitoring the corrosion in reinforced concrete (RC) and summarized the features of available
measuring methods, i.e., the speed of a single measurement, the speed of response to changing
conditions, the ability to provide quantitative corrosion data, and non-destructive characteristics. It was
concluded that the linear polarization method and the polarization resistance method can be the most
suitable quantitative electrochemical methods for the estimation of the corrosion current density, icorr-
In a similar review study, Song and Saraswathy (2007) summarized all the known electrochemical and
nondestructive techniques for corrosion assessment and their applications to bridges and other civil
engineering structures. It was found that, although each electrochemical measurement had certain
benefits, many of them dealt with significant limitations. The performance of embedded sensors was
also determined to be promising, resulting in reduced costs and allowing rational assessments of
corrosion for reinforcing steel. A more recent review of the corrosion measuring methods was
conducted by Gucunski et al. (2011 and 2012) to determine the extent of rebar corrosion in concrete
bridge decks. This chapter provides an overview of various corrosion measurement methods (both
direct and indirect) and the factors influencing them.

2.1 DIRECT MEASUREMENT FOR REBAR SECTION LOSS

2.1.1 Destructive Testing Methods

The cross-sectional area of corroded rebars along their length can be quantified by direct measurements
in the field or laboratory tests (Alipour et al., 2011 and 2013). After necessary clean-ups, the weight loss
ratio of reinforcement (due to corrosion) can be calculated by the following equation.

ns = (my —mg)/my (2.1)

where 7, is the mass loss ratio, m is the weight of an uncorroded rebar segment, and mg is the weight
of a corroded rebar segment after cleaning. Thus, the average corrosion penetration depth can be
estimated by:

D,
Pave = M5 'TO (2.2)

where P, represents the average corrosion penetration depth (section loss), and D, represents the
diameter of the uncorroded rebar.

The destructive methods can be time-consuming and inefficient. Alternatively, the minimum cross-
sectional area and maximum penetration depth of corrosion can be directly measured by an electronic
Vernier caliper. However, such types of measurement lack accuracy due to the complexity of the
corrosion topography, such as the nonuniform corrosion characteristic. Therefore, some research
investigations have used other direct measurement techniques. For example, Zhang et al. (2014)



performed a study to investigate a probabilistic model for the cross-sectional area of corroded
reinforcing steel bars. In this study, a three-dimensional laser scanning technique was used, to measure
the shape of the corroded bar after acid cleaning and drying. The 3D scanning models appear very
comparable to actual morphology.

2.1.2 Nondestructive Testing Methods

X-ray and digital image processing techniques are found in the existing studies to assess the steel
corrosion in concrete. Lim et al. (2016) conducted an experimental study to investigate the steel weight
loss along the corroded rebars using X-ray and digital image processing techniques. The specimen was
first tested under X-ray radiography with different viewing angles. The recorded photos were then
employed to estimate the steel volume loss. The use of X-ray at different angles, however, would have
very limited applicability in the field and be available only for the steel that is accessible from different
angles.

Another measurement technique is using ground-penetrating radar. Ground-penetrating radar is a
geophysical testing method that uses a radiated electromagnetic wave from a transmitting antenna (Jol
2009). When the wave travels through a material and encounters an object with different dielectric
properties, a scattered pulse that can be detected by a receiving antenna will be generated. GPR has
been widely used in the detection of underground utilities and scanning of concrete structures, such as
in assessing slab layer thickness, determining rebar location, and identifying deficiencies (i.e.,
debonding, voids, moisture, etc.). However, this technique has experienced some challenges in the
detection of rebar section loss due to corrosion in concrete.

Chintakunta (2014) conducted a study to evaluate steel corrosion in concrete barriers using four
different non-destructive evaluation (NDE) methods. Although GPR was found to be more promising
than other methods, i.e., low-frequency ultrasonic tomography, infrared thermography, and digital
radiography, it was concluded that the section loss in the rebars measured from GPR was not evident.
Eisenmann and Margetan (2018) performed a study to detect material loss in reinforcing steel in
concrete barriers using GPR and magnetic flux leakage (MFL). They reported that the results were not as
promising as anticipated, primarily due to the difficulty of data interpretation caused by the signal
reflection complexity. They also recommended that the capability of the GPR technique in evaluating
rebar loss would require much future validation.

2.2 CORROSION ACTIVITY AND RATE

Direct corrosion measurements will provide only an instantaneous assessment of the current condition
of corroded/uncorroded reinforcement in concrete, but current density measurement can be used to
predict future rebar section loss in terms of metal loss based on Faraday’s second law (Darwin et al.,
2002; Khatami et al., 2021), as shown in Eq. 2.3. This section reviews the NDE methods for evaluating
the corrosion rate of reinforcing steel in concrete, which can be subsequently used to estimate
reinforcement section loss.



ia
r= E (23)

where r is the corrosion rate (um/yr), i is the corrosion current density (measured, amperes/cm? or
coulombs/cm?sec), a is the atomic weight (55.84 g for iron), n is the number of equivalents exchanged
(2 electrons transferred for Fe?*), F is Faraday’s Constant which (96,500 coulombs/mole), and D is the
density of metal (7.87 g/cm? for steel).

2.2.1 Half-Cell Potential (HCP)

Since corrosion can be described as an electrochemical reaction in which the reinforcing bar transfers
electrons from an anode to a cathode, a potential difference and associated corrosion current can be
generated during the corrosion process. The half-cell potential test, standardized as ASTM C876 (2016),
has been used to determine the corrosion activity of reinforcing bars in concrete by estimating the
electrical corrosion potential. Half-cell potential readings do not measure reinforcement section loss but
will give indications of corrosion activity.

In general, the potential difference between the rebar and the reference electrode can be mapped as
the measurement point moves on the concrete surface. According to ASTM C876 (2016), the probability
of corrosion according to half-cell readings with Cu/CuSQO, electrodes can be documented as in Table
2.1. Elsener and Bohni (1992) conducted a field study to assess rebar corrosion using this method. They
found that a grid spacing of 100 cm provided sufficient accuracy in locating the corrosion zone. The
primary limitation of the half-cell potential method is that the extent of past corrosion (i.e., rebar
section loss due to corrosion) could not be directly measured. Also, some factors, such as the existence
of high resistance layers in concrete, the conductivity of formed corrosion products, the age of concrete,
the position of the reference electrode, cement type, and presence of cracks, all have great potential to
affect measurement reliability (Shafei, 2011; Shafei and Alipour, 2015 a,b).

Table 2.1. Probability of corrosion according to half-cell readings

Half-cell potential reading vs. Cu/CuSO, Corrosion activity

less negative than -200 mV 90% probability of no corrosion
between -200 mV and -350 mV increasing the probability of corrosion
more negative than -350 mV 90% probability of corrosion

2.2.2 Electrical Resistivity (ER)

Electrical resistivity (ER) (ASTM G57 2015) can be used to determine corrosion activity for RC structures,
especially the regions susceptible to moisture and chloride penetration. With increasing the ER of the
concrete, the current passing between the anodic and cathodic areas of the reinforcement decreases,
reflecting a reduced corrosion rate. For measuring concrete resistivity, a Wenner probe, which has four
equally spaced probes, can be utilized.



Resistivity measurement can be used in conjunction with other corrosion assessment techniques to
provide a more comprehensive assessment of corrosion (Gowers and Millard 1999). Table 2.2 presents
the relationship between the resistivity of reinforced concrete and the corrosion rate. Rapid
measurement, data reading, recording, and processing are the significant advantages of the ER method,
although the interpretation of results can be challenging due to some of the concrete properties, such as
moisture, salt content, and porosity. The reinforcing steel embedded in the concrete can also affect the
resistivity measurements. This requires the knowledge of the reinforcement position for ER values to be
fairly interpreted.

Table 2.2. Rate of corrosion according to resistivity

Resistivity [kohm.cm] | Corrosion rate
<5 Very high
5-10 High
10-20 Moderate - low
>20 Low

2.2.3 Galvanostatic Pulse Measurement (GPM)

Galvanostatic pulse measurement (GPM), an electrochemical NDE method using a current pulse, can be
used to determine corrosion rate in reinforcing bars. GPM is based on rebar polarization. Since GPM is
more reliable than the HCP method when concrete is wet or dense, a more realistic measurement of
corrosion rate in reinforcing steel can be achieved (Elsener et al. 2003; Elsener and Bohni 1992;
Gucunski et al. 2012).

Unlike the HCP and ER methods, the GPM method can be used to indirectly measure the corrosion rate.
BaRler et al. (2003) conducted a laboratory study to investigate the relationship between the GPM-
measured results and the actual corrosion values. Additionally, based on a laboratory study by Sgrensen
and Frglund (2002), it was recommended that conducting supplementary investigations to identify the
source of delamination of concrete cover, i.e., carbonated concrete or chloride-contaminated concrete,
is important when measuring the corrosion rate using GPM. It was also pointed out that the corrosion
rate measured using GPM could only reflect the current corrosion condition and the projected corrosion
rate would be influenced by environmental factors, such as moisture, temperature, and oxygen
concentration.

2.2.4 Linear Polarization (LPR)

Linear polarization resistance measurement is an electrochemical method that can be used to
determine the corrosion rate of the reinforcing bars in concrete by scanning over the current—potential
(i—E) domain. In this method, a direct current, needed to maintain a specific voltage shift (typically 10
mV), is passed through the system to excite the steel-concrete interface, and the corrosion rate can then
be calculated. The primary advantage of this method is its speed of response to corrosion rate changes.



This method has been found to be more effectively used in tandem with other corrosion assessment

techniques, such as HCP, through which a corrosion map can be determined. As previously mentioned, a

current can be generated within a micro electrolytic cell by the potential difference resulting from

corrosion. Thus, in this oxidation-reduction reaction, the ferrous ions tend to move into the adjacent

concrete, leaving free electrons on the steel rebar and creating a negative charge that can be used to
locate the corroded regions using the HCP method. The LPR can then be used to determine the rebar
corrosion rate. Table 2.3 presents typical values of corrosion rates determined by LPR measurements
(Andrade and Alonso 1996).

Table 2.3. Rate of corrosion according to LPR measurements

Corrosion classification

Corrosion current density

Corrosion penetration rate

Passive/Very low

Up to 0.2 pA/cm?

Up to 2 um/year

Low/Moderate 0.2 uA/cm? t0 0.5 pA/cm? | 2 um/year to 6 um/year
Moderate/High 0.5 puA/cm? to 1.0 pA/cm? | 6 um/year to 12 pm/year
Very high > 1.0 pA/cm? > 12 um/year

Pradhan and Bhattacharjee (2009) performed an experimental study of various corrosion rate
techniques to investigate the corrosion performance of different types of rebar in chloride-

contaminated concrete. Close agreement, with an average percentage variation of +6%, was obtained

between the values of corrosion current density measured from the LPR method with a guard ring

electrode and those estimated from gravimetric (mass loss) measurements. A detailed practical guide

for using LPR to measure the corrosion rate of RC structures can be found in Millard and Broomfield

(2003).

2.3 PREDICTION OF CORROSION RATE

The corrosion rate (i.e., i) in the steel bars embedded in RC structures has been incorporated in
various corrosion models. Tuutti (1982) developed a conceptual model for predicting the extent of

corrosion in RC structures. In this model, reinforcement corrosion may be divided into two stages, i.e.,

an initiation stage and a propagation stage. In the initiation stage, the chloride ions diffuse toward steel
bars through the concrete (Hajilar and Shafei, 2018 a,b). This initiation stage may be thought of as the

chloride transport time. The length of the initiation period depends on several parameters, such as
cover depth, water-to-cement (w/c) ratio, curing regime, cement type, and ambient temperature
(Ranjith et al., 2016). In the second stage, however, the chloride ions are accumulated on the rebar

surface to a level that exceeds the corrosion threshold (Shi et al., 2020 a,b). This destroys the protective
film around the rebar and generates the voluminous rust materials.

There are a number of studies that develop models to predict the corrosion rate of reinforcement steel

in concrete. The corrosion rate, i o, is dependent on many factors and can be expressed as follows

(COIN, 2008):

lcorr = f(klv ko kn)

(2.4)



where kq, k,, ...., k,, represent several internal and external factors affecting the corrosion rate, e.g., the
use of supplementary cementitious materials, moisture content, cyclic wetting and drying, sustained
loading, loading history, concrete resistivity, concrete quality, cover depth, cover cracking, temperature,
dissolved oxygen concentration, chloride concentration, and exposure condition. Overall, the predictive
models have been established based on either a mathematical approach or an empirical approach,
involving the electrochemical principles, statistical analyses, and experimental test results.

2.3.1 Mathematical Models

Mathematical models are mainly based on solving the corrosion-governing equations. A number of
mathematical models for predicting the corrosion rate have been identified and presented in Table 2.4.

Table 2.4. Mathematic models available in the literature for the prediction of corrosion rate

Researchers Proposed models Comments
This model is for the prediction of corrosion
Bazant et al. DAD . P .
teorr = Peorr —— damage considering the volume expansion due
(1979) PJr .
to the formation of rust.
Morinaga This model is to measure the corrosion of steel
inag

2
Qcorr = 0.602D(1 + %)0-35 (Qcorr) When the concrete cover breaks due to

(1988) the expansion of rust.

Molina et al. Ar This model is to estimate the decrease of rebar

(1993) t, = . radius, which produces 0.3 — 0.4 mm crack
width.

Maruya et al. . Both the initiation and propagation stages of

(2003) Pmac = Pmaa = Placteorr corrosion are included in this model.

This model is independent of the geometry of
_ F7%125(98.696 x 10-2) P 8 Y

Leorr = p0.8125

Gulikers (2005) the RC structure but may vary substantially due

to environmental effects.

logi., = 8.458 — 0.508pH

Song et al. . This model is based on the state of the passive
+0.5logi, . .
(2005) ; film.
+0.51logi,,
i =n,Fs,Ako.€25.Co. liaui . . e
Huet et al. fcorr = TteFSaAko, €Sy Co, liquia (¥2) This model is based on the diffusion process of
(2007) where A = ’M O3 into concrete, causing steel corrosion.
Sako, €25y
Notes:

t.orr - Steady-state corrosion or propagation period (years).
Pcorr - COMbined density factor for steel and rust (3600 kg/m?3).
D - diameter of rebar (mm).

AD - increase in diameter of rebar due to rust formation (cm).
p - perimeter of bar (mm).

J, - instantaneous corrosion rate of rust (g/m?2-s).

Q. - amount of corrosion when concrete cracks (x10%g/cm?).
Cy - concrete cover thickness (mm).

Pmac and ¢, 4 - cathodic and anodic macro-cell potentials, respectively (V).
p - concrete resistivity (Q-m).

L,. - distance between the anode and cathode.



icorr - COrrosion rate (A/m?).
Fs- geometry factor (m?).
n, - valence number.

F - Faraday’s constant.

s, - specific surface of the oxide layer per unit volume (=3.7x10’m?/m?3).
ko, - kinetic constant of oxygen reduction (= 10"ms™).
Co, liquia (*2) - O2 concentration in the pore solution per unit volume of concrete.
Do, tiquia - diffusion coefficient of species in the concrete pore solution.

2.3.2 Empirical Models

Empirical models are established using the laboratory test results and are usually based on direct

relationships assumed between the corrosion rate and various concrete parameters, including binder

type, water-to-cement ratio, and environmental conditions (Bjegovic et al., 2006). A number of empirical

models have been developed for predicting the corrosion rate, as presented in Table 2.5.

Table 2.5. Empirical models published in the past regarding the prediction of corrosion rate

Researchers Proposed models Comments
This model is based on a statistical analysis of
resistivity and accelerated carbonation-induced
Alonso et al. . Koo corrosion rate results. It was demonstrated that,
(1988) leorr = » in addition to concrete resistivity, the presence
of cracks and concrete cover depth may
significantly affect the corrosion rate (Otieno et
al., 2010).
, ds¢ This model is based on the chloride-induced
teorr = az (=051 - 7.60C¢; + 44.97 corrosion prediction and does not incorporate
(w/b)* + 67-95Ccz(W/b)2) environmental parameters.
Morinaga , Even though this updated model includes the
(1990) ) teorr = 2759 —0.05T ~ 6.89(h —0.45) - environmegntal parzmeters the parameters
22.87C32” —0.99C;;, + 0.14(h — 0.45) + ) ’ )
0.51rcg” +0.01TC,y + 60.81(h — rejlatlng to concrete materlti\l proper.tles, such as
0.45)8 + 3236(h 045)C, + 7.3287C binder type and water-to-binder ratio, are not
T/0; : ' CL T TR0z ¥CL Y considered.
Morinaga This model is based on the assumption that i,
(1996) Meorr = Beorrt increases with increasing the moisture and O,.
This model is based on a statistical analysis of
experimental results, which were measured from
Liu and i = 102.47 + 10.091n(1.69C1) — a 5-year accelerated corrosion testing program.
Weyers 0.0015p — 3903896  290.91 It was demonstrated that the corrosion rate is a
(1998) t=0213 function of the chloride content, temperature,
resistivity of the concrete, and active corrosion
time.
DuraCrete leorr = %FCZFgalvFoxideFoxy This modt'el is'based on' several factors, but'there
(1998) . are no guidelines provided on how to obtain the
p(t) = pofefr (g) values.




Researchers

Proposed models

Comments

Vu and
Stewart
(2000)

Corrosion initiation: icopr (1) =
37.8(1—w/b)~ 164
c
Corrosion propagation: i, =
iCDTT(1)0'85t£0.29 =

This model is proposed with the assumption that
the availability of oxygen at the steel surface is
the governing factor to predict the corrosion
rate. However, it does not consider the factor of
concrete quality.

(32.13(1—w/b)_1'64) £-029
¢ 4

Logrr = (1.43% +0.02)

oo () 12(2]

Scott (2004) This model is based on the experimental test
co
results on the cracked specimens.

Based on concrete resistivity, this model can

Martinez and . predict the average annual corrosion rate. With
ismg +4 jmax

Andrade jTep . cprr  corr

— the assumption of anodic- or resistivity-
corr 2
(2009)

o~

controlled, differences can be found due to the
concrete quality.

This model is based on a closed-form regression
analysis, establishing the correlations between

. 1 . .
icorr = 100 {‘rp_y [nTaxi} + uTvig + . .
the corrosion rate and ambient temperature,

Pour-Ghaz et

al- (2009) 0(Ti )’ + xp” + (]} kinetic parameter, concrete resistivity, and
limiting current density.

Zhang et al. This model correlates the crack width and

(2010) w, = 0.1916AA4;,, + 0.164 average cross-sectional loss of corroded

reinforcement.

Andrade et al.
(2015)

This model provides the relationship between

= 15.683 (“et CT)0'928
We = 2o Ro the crack width and other parameters.

Notes:

kcorr - @ constant (3x10% pA/cm?/kQ-cm).

Per - resistivity of concrete at its actual degree of saturation.

dg; - diameter of the reinforcing steel (mm).

d - concrete cover (mm).

Cc; - chloride content (% of NaCl by mass of mixing water).

T - temperature (°C).

h - relative humidity (%).

ngir- concentration of Oy in the air (%).

Meorr - Mass loss (x10 g/cm?).

B, - corrosion rate coefficient, which is a function of exposure temperature and relative humidity.
t - exposure duration (year).

Cl - total chloride content at the steel level (kg/m?3).

Feu, Fgaws Foxiaer and Fyy, - factors of chloride content, galvanic effects, continuous formation and aging of oxides,
and availability of oxygen.

fo - the factor that modifies p, based on the influence of exposure environment.

fi - the factor that affects the resistivity test method.

t, -equaltot — t;, where t is the time to be predicted, and t; is the time to initiate corrosion.

f - a slag correction factor, f = 10(105-51-0.5+5)_

Cly, - 90-day chloride conductivity index value (mS/cm) (Streicher, 1995).
T,¥,1m,K 4V, @,0, x,and { - constants.

p - concrete resistivity.

AAg,, - cross section loss.



w, - crack width.
CT - a parameter defined as a function of the concrete’s tensile strength.

2.3.3 Numerical Models

To investigate the corrosion of steel reinforcement in concrete, various numerical models have been
developed on the basis of the mathematical analysis of the electrochemical process of steel corrosion in
concrete. Molina et al. (1993) developed a numerical model to simulate the cracking of RC specimens
and characterize the mechanical aspects of this phenomenon by the use of several types of load and
material models. The load was modeled by a combination of initial strains and change of elastic
properties, simulating the expansion and softening of steel elements at the rebar surface due to
corrosion. In a separate effort, Shafei et al. (2012 and 2013) established a rigorous finite-element (FE)
model to characterize the corrosion process for RC structures. In this FE framework, several parameters
were examined, such as chloride diffusion coefficient, ambient temperature, relative humidity, carbon
dioxide, and extent of crack propagation. Also, several processes, such as heat transfer, moisture
transport, wetting/drying, carbonation, and the ingress of chloride ions in concrete, were investigated.
This framework predicted the chloride content at different depths of the RC component in different
time steps. A series of non-Gaussian stochastic fields were also generated, allowing a statistical
assessment of the probability of corrosion.

2.4 FACTORS AFFECTING THE CORROSION RATE

2.4.1 Bridge Structure Environment

The location of the bridge structure can influence the corrosion rate of steel embedded in concrete by
several effects, such as temperature and relative humidity. In particular, the corrosion rate is affected by
temperature directly, as the chemical reaction rate of the corrosion process is increased with increasing
the ambient temperature. Zivica et al. (1997) conducted an experimental study to investigate the factors
affecting the corrosion rate and their sensitivity under chloride-induced corrosion. It was found that the
ambient temperature significantly influenced the corrosion rate, but only up to 104 oF (40 C).

In addition, relative humidity can influence the corrosion rate by introducing the moisture to the
electrochemical reaction as well as changing the electrical resistivity of concrete. A numerical study was
performed by Yu et al. (2017) with the objective of investigating the effects of temperature and relative
humidity on the corrosion rate of steel in concrete. It was concluded that when the temperature
increased from 50 2F (10 C) to 122 9F (50 2C), the corrosion rate increased significantly. It was also
found that the corrosion rate increases as the relative humidity increased from 55% to 95%.

2.4.2 Concrete Quality

The concrete quality, such as binder type (i.e., the use of supplementary cementitious materials (SCMs),
such as fly ash, slag, and silica fume) and water-to-cement ratio, can significantly influence the corrosion
rate. Due to the improved durability and reduced permeability of concrete, the incorporation of SCMs
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can delay the corrosion initiation of embedded steel bars (Alexander and Magee, 1999; Yuan et al.,
2009).

The corrosion rate of steel was also influenced by the water-to-cement ratio (w/c) primarily because of
refining the pore structure of the concrete. Pettersson (1995) demonstrated that the corrosion rate
increased by using a higher w/c ratio (due to the reduced resistivity of concrete as well as the increased
permeability). According to the experimental test results reported by Mangat et al. (1994), the lowest
corrosion rate of 0.13 uA/cm? was found for the w/c ratio of 0.45, while the corrosion rate was 2.16
pA/cm? with the w/c ratio of 0.76. Thus, the binder type and the w/c ratio were both found to
significantly influence the corrosion rate.

2.4.3 Depth of Concrete Cover

Based on the prior studies, the depth of concrete cover may significantly affect the corrosion rate, and
may substantially affect the cracking potential and the spalling of concrete due to corrosion (Alonso et
al., 1988; Ahmad, 2003; Otieno et al., 2010). A thick cover, where the pores may be permanently
saturated, can control the corrosion rate by limiting the access of oxygen (Alonso et al., 1988; Bentur,
1997; Otieno, 2014). It was also reported that the corrosion rate can be reduced as the depth of
concrete cover increased from 20 mm to 40 mm (Scott, 2007). Recently, Lopez-Calvo et al. (2018)
performed a study to evaluate the effect of concrete cover depth on the corrosion rate of steel in high-
performance concrete. It was found that both the half-cell potential and linear polarization readings
decreased with the increase of the concrete cover depth from 25 to 45 mm.

2.4.4 Extent of Exposure to Water and Deicing Salts

The extent of exposure to water and deicing salts directly influences chloride ion concentrations, which
consequently influences the corrosion rate. It was found that increasing the chloride concentration can
lead to an increase in the corrosion current density, reduce the pitting potential, and increase the
electrolyte conductivity (Otieno, 2014). Based on the study conducted by Foley (1970), the maximum
corrosion rate was recorded with a NaCl concentration of approximately 0.5M. The corrosion rate,
however, dropped with the increase of chloride concentration above 0.5M. This can be due to oxygen
depletion, which can reduce the cathodic reactions in the corrosion process.

2.5 FACTORS AFFECTING DELAMINATION

Delamination is defined as the failure of concrete surrounding reinforcing bars caused by the expansion
of corrosive materials formed in the rebar. The following literature review describes some of the
currently proposed mechanisms for delamination failure, factors that influence delamination, and
models to estimate the amount of corrosion products throughout the delamination process.

A study conducted by Du et al. (2013) described the delamination mechanism failure of a simply
supported beam in three stages: (1) internal cracking, (2) internal penetration, and (3) external cracking.
This study assumed uniform corrosion throughout the beam. Du et al. (2013) stated that delamination
begins with internal cracking, i.e., small cracks formed perpendicular to the length of the bar. The
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internal penetration stage begins as these cracks grow, eventually forming large internal cracks between
reinforcing bars. Depending on the dimensions of the structural element, this stage can happen
concurrently or before the next stage of external cracking. Horizontal cracks are commonly formed as
the internal cracks grow outward, eventually reaching the concrete surface. Vertical cracks can also form
toward the bottom of the beam.

Zhang and Su (2019) describe a slightly different delamination mechanism, focusing on uneven
corrosion. The cited study assumed that most of the corrosion products form at the bottom of the rebar,
closest to the external surface. The three stages of delamination were expressed as: (1) the elastic stage
of concrete, (2) partial cracking stage, and (3) the stage in which delamination occurs in the concrete
cover. In the elastic stage, concrete acts elastically, bending before any cracks occur. The cracking stage
occurs as corrosion products apply pressure to the concrete that surrounds the embedded bars.
Overstress occurs when the tensile stress exerted from the corrosion products is equal to (or higher
than) the concrete’s tensile strength. Next, the partial cracking stage begins as the tensile stress exerted
by the corrosion products increases with the continuation of corrosion, making the cracks grow until
there is no tensile strength along the delamination plane. When tensile strength is exceeded along the
delamination plane, the third and final stage is reached, which signifies the development of
delamination. In the last stage, the corrosion-induced tensile stress across the reinforcement layer has
exceeded the tensile strength, causing the concrete to break off from the delamination plane.

Many parameters influence the delamination process. Rebar spacing is an important parameter, causing
a significant impact on the delamination process. Du et al. (2013) completed laboratory tests to study
this parameter and found that it does not affect the internal cracking stage but has significant impact on
the internal penetration stage. The ratio of bar clear distance, s, to concrete cover, ¢, was correlated to
the radial expansion needed to cause delamination; decreasing the s/c ratio decreases the amount of
radial expansion to cause failure, meaning that delamination occurs faster with a smaller s/c ratio. When
the s/c ratio was less than 2.2, internal penetration took place without external cracking, i.e., the failure
was not recognizable. The study recommended s/c ratios greater than 2.2, as internal penetration and
external cracking took place simultaneously, allowing maintenance crews to see the signs of failure and
schedule the required repairs accordingly. The reported results were confirmed in Zhang et al. (2017),
which assumed nonuniform corrosion.

Du et al. (2013) found that changing the concrete cover, and therefore the s/c ratio, was less effective at
preventing internal penetration than changing the bar spacing when the s/c ratio was less than 2.2. For
beams with s/c ratios larger than 2.2, increasing the concrete cover increased the chance of
delamination. The study also noted that a thinner concrete cover would allow chlorides to reach the
embedded steel bars faster, causing corrosion to begin at an earlier time. Zhang et al. (2017) found that
a thicker concrete cover leads to a higher internal pressure before external cracks occur. The FE model
used in the cited study did not show a correlation between the increased concrete cover and improved
durability. Bar diameter also showed minimum effects on the delamination process. Du et al. (2013)
found that the bar diameter most significantly impacts the initial internal cracking and the creation of
cracks perpendicular to the length of the bar, especially as the bar diameter increases.
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Zhu et al. (2016) analyzed concrete beams in artificial corrosion environments for over 20 years, partially
focusing on recommended crack widths for beam safety. The study cites DuraCrete’s recommendation
for corrosion-induced cracks to be a maximum of 0.3 mm for aesthetic reasons and 1.0 mm for the
beginning of delamination. The beams in the study did not begin spalling until corrosion cracks were
over 3.0 mm wide after 26 years. The study also found that deflection due to corrosion was not accurate
enough to determine the service life of a RC structure, as the deflection did not always increase as the
reinforcement corrosion continued.

Zhang et al. (2017) created a model for rebar corrosion loss after experiencing delamination. The model
is as follows:

d
ds+460—0.155 -+3dsq

2nRp (2.5)

T] =
where 7 is the rebar corrosion loss ratio, d; is the distance that the rust front has traveled toward the
nearest free edge, § is the effective thickness of the porous zone, dg is the distance that the rust front
has traveled perpendicular to d;, n is the corrosion expansion coefficient, and R}, is the initial diameter
of the bar. This model was validated with an FE model and a parametric study.

Zhang and Su (2019) completed a series of analytical models to describe corrosion and cracking at
various stages in the delamination process described previously. These models can be used to correlate
the crack size or displacement to corrosion quantities. In the elastic stage, the net maximum thickness,
df max, and bulging of the concrete cover, d 4, can be calculated by the equations below:

2df maxD (D+2¢)

des,a = D2(1-v)+(1+v)(D+2¢)2 (2.6)
3+(D+df max) D (D D

Wg = %[+ - E(E + df,max) - %] (2.7)

W, = et (2.8)

2

where D is the initial rebar diameter, c is the concrete cover, u is the Poisson’s ratio, Wy is the
concrete’s elongation, Wy, is the concrete’s critical tensile deformation rate, and €., is the concrete’s
tensile strain at the critical tensile deformation. In the partial cracking stage, the bulging of the concrete
cover at its highest point, d 4, can be calculated using the following equations:

2dfmaxD(D+2¢)(1-p)
DZ2(1-v)+(1+v)(D+2c)?

dcs,A = + pdf,max (2.9)

df,max_ df,max,Ec

p= (2.10)

df,max,u_ df,max,Ec

where df 4y 4 is the net maximum thickness of rust when the cover delamination initiates. Finally, the
following equation can be used to find df ;a1
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Sp—V3D
df,max,u = t;\/gL W, + Wx,Ec (2.11)

D
Wx,Ec = gct(c + ;) (2.12)

where Sy, is the spacing between rebars, L is the length of the crack, and w, is the crack tip opening
displacement.

2.6 OVERALL ASSESSMENT

From the existing literature review, there is only one nondestructive testing method to directly measure
the actual remaining area/section loss of reinforcing steel in concrete, i.e., X-ray with digital image
processing. Although GPR has great potential for fulfilling this purpose, further research and
development are still required to gain confidence in the use of GPR for section loss evaluation.
Destructive methods provide more accurate assessments but at the detriment of the structure and at
greater expense, access, and laboratory processing. Future section loss may be predicted based on the
corrosion rate, potential, and current density measured from a few available commercial NDE devices.
Similarly, rebar diameter/location can be measured by a few available commercial NDE devices, both in-
situ and in the laboratory. For the purpose of this research project, the most relevant in-situ
measurements can be concrete electrical resistivity, concrete strength, and cover depth, while 3D laser
scanning and rebar tensile strength measurements can be promising in the laboratory. A number of
corrosion rate models were identified in the literature for the initiation and propagation stages of
reinforcement corrosion. The delamination process was also reviewed, although it is still in need of
further research. The current models are well crafted, but still are not able to fully grasp all the physical
aspects observed in reality, such as rust entering the porous areas around the steel, into the cracks, and
eventually leaking out of the concrete. The next chapter will examine the models for the propagation
stage and compare how they predict the reinforcement section loss over time.

14



CHAPTER 3: COMPARISON AND FORMULATION OF PREDICTIVE
MODELS

This chapter presents an investigation of predictive models to estimate the corrosion rate for
reinforcement section loss prediction and the corrosion-induced crack initiation and propagation in the
concrete cover of RC structures. The numerical models of concrete cracking due to the corrosion of
reinforcing steel are included to further elaborate on the initiation and propagation process.

To infer the extent of section loss, a model that aligns with the structure of interest must be selected,
along with the consideration of influential parameters. Predictive models fall into two broad categories:
(i) empirical models calibrated to experimental test and/or field data, and (ii) numerical models
developed based on finite-difference and/or finite-element simulations. Predictive models often result
in a corrosion rate estimate or a reinforcement loss estimate, in terms of mils lost. Predictive models are
primarily used for the assessment of the time of corrosion initiation due to chloride ingress. After
cracking and subsequent failure of the concrete cover, the rate of corrosion-induced structural
deterioration increases. The models can use a variety of factors dealing with the original construction
materials, as well as the exposure condition (See Table 3.1 for potential influencing factors).

Table 3.1. Main influential factors

Factors concerning original RC details:

Bar diameter

Spacing
Bundled bars
Concrete cover

Concrete strength

Concrete resistivity

Reinforcement protection system

Factors concerning environment:

chloride concentration

leaking joints

humidity levels

temperature exposure

sealers and treatments

crack opening or frequency

Predictive models are useful for determining corrosion rate prior to concrete failure. If the corrosion
rate prior to cover spalling is known, there may be some benefit to estimating further loss. This can be
achieved through a set of predictive models. Specifically, when an inspector detects cracking, by
evaluating the width of the crack, the steel loss or corrosion degree can be estimated.
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3.1 EMPIRICAL MODELS FOR CORROSION RATE PREDICTION

In this section, seven empirical models (i.e., Alonso et al., 1988; Morinaga, 1990; Liu and Weyers, 1998;
Vu and Stewart, 2000; Li, 2004 a,b; Pour-Ghaz et al., 2009) are formulated for predicting the corrosion
rate of steel reinforcement embedded in RC structures. The identified models will be later calibrated
with the data from corroded bars collected from the field. It is important to note that the reliability of
these models can vary, as they take into consideration a range of input parameters that can have
inherent variability in the field. For comparison purposes, the results extracted from these empirical
models are presented in the following sections.

3.1.1 Alonso et al. (1988)

lcorr = kpc_:;r (3.1)
where k.o is a constant (3x10* pA/cm?/kQ-cm) and p, is the resistivity of concrete at its actual
degree of saturation. This model was originally based on a statistical analysis of resistivity and
accelerated carbonation-induced corrosion rate results. It was demonstrated that, in addition to the
concrete resistivity, the presence of cracks and concrete cover depth can significantly affect the
corrosion rate (Otieno et al., 2010). Figure 3.1 shows the data of concrete resistivity measured from
Piers 12WB, 30EB, and 27EB.
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Figure 3.1. Concrete electrical resistivity and corrosion rate, following Alonso et al. (1988)

In addition to the measured currents, the corrosion rate was calculated based on Faraday’s law, in terms
of metal loss:

ia
r= % (32)

where 7 represents the corrosion rate (um/year); i is the corrosion current density (amp/cm? or
coulombs/cm?-sec); a is the atomic weight, 55.84 g for iron; n is the number of electrons exchanged, 2
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for Fe?*; F is the Faraday’s constant, 96,500 coulombs/mol; and D is the density of the metal, 7.87 g/cm?
for steel.

From the regular measurements of the corrosion current density, the corrosion rate is calculated for the
bridge’s service life. Figure 3.2 presents the predicted steel loss during the bridge’s service life calculated
based on Alonso et al. (1988).
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Figure 3.2. Predicted steel loss as a function of time, following Alonso et al. (1988)

3.1.2 Morinaga (1990)

icorr = £ (—0.51 = 7.60Cc, + 44.97(w/b)? + 67.95Cc;(w/b)?) (3.3)

where dg; is the diameter of the reinforcing steel (mm), which is 25.4 mm (#8 bar); d is the concrete
cover (38.1 mm); Cc; is the chloride content (% of NaCl by mass of mixing water), which is assumed 3%;
and w/b is the water-to-binder ratio, which is assumed 0.45.

This model is developed based on chloride-induced corrosion and does not incorporate environmental
parameters. Figure 3.3 presents the predicted steel loss as a function of time calculated based on
Morinaga (1990).

17



N
N

w/b = 0.45
—=—w/b =0.50

N
(o]
T

w/b = 0.55

Metal loss (mils)
o

(e}
T

O I, 1 1 1 1
0 9 18 27 36 45

Time (year)

Figure 3.3. Predicted steel loss as a function of time, following Morinaga (1990)

Even though this model has been updated to include the environmental parameters, the parameters
related to the concrete material properties, such as binder type, are still not considered. The updated
model proposed by Morinaga (1990) has been expressed as follows:

Qeorr = 2.59 — 0.05T — 6.89(h — 0.45) — 22.87C§" — 0.99C; + 0.14(h — 0.45) + 0.51TCS" +
0.01TC¢; + 60.81(h — 0.45)3" + 3.36(h — 0.45)C¢; + 7.3287 Cgy (3.4)

where g, is the corrosion rate (10* g/cm? per year), which needs to be converted to i,y =
109.26q ;T is the temperature (i.e., 0, 5, 10 and 20 °C); h indicates the relative humidity (70%); and
ngir is the concentration of O, in the air (0.21%).

Figure 3.4 presents the updated predictions, incorporating the environmental parameters, as a function
of ambient temperature.
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Figure 3.4. Predicted steel loss over time, including the environmental parameters, following the modified
model provided by Morinaga (1990)
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3.1.3 Liu and Weyers (1998)

icorr(£) = 0.926 X exp [7.98 +0.77711n(1.69 CI) — 22— 0.000116p + 2.241:-0-215] (3.5)

p = ¢803-0549In(1+1.69C1) (3.6)
where Cl indicates the total chloride content at the steel level (0.2 kg/m3). ACI 318-14 prescribes limits
on the range of chloride concentration, which can vary from 0.05 to 0.10% of the weight of concrete. p
is concrete resistivity and t is exposure duration (year). The cited range represents the typical threshold
suggested for chloride concentration at the reinforcing bars when the corrosion initiation occurs.

This model is time-dependent and based on the statistical analyses of experimental results measured
from a 5-year accelerated corrosion testing program. It must be noted that the corrosion rate is a
function of the chloride content, temperature, resistivity of the concrete, and active corrosion time.
Figure 3.5 presents the predicted steel loss over time calculated based on Liu and Weyers (1998).
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Figure 3.5. Predicted steel loss as a function of time, following Liu and Weyers (1998)

3.1.4 Vu and Stewart (2000)

Corrosion initiation:

, 37.8(1-w/b) 164
leorr(1) = T8 w/Ry (3.7)

c

Corrosion propagation:

_ -1.64
2130w/ ) (029 (3.8)

lcorr = icorr(1)0-85tz;0'29 = ( c

where t,, is equal to t — t;, where t is the time of interest and ¢; is the time to initiate corrosion.
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This model is time-dependent and assumes that the availability of oxygen at the steel surface is the
governing factor to predict the corrosion rate. However, it does not consider the concrete quality
aspect. The predicted corrosion rate and steel loss over time are shown in Figures 3.6 and 3.7.
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Figure 3.6. Predicted corrosion rate, following Vu and Stewart (2000)
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Figure 3.7. Predicted steel loss, following Vu and Stewart (2000)

3.1.5 Li (2004a)

icorr = 0.36831In(t) + 1.1305

where t is time in years.

This model was proposed based on experimental test data, in which only the influence of corrosion
duration was considered. Therefore, the model lacks a set of relevant parameters (e.g., concrete

(3.9)

resistivity and chloride content) required to reflect the corrosion process of reinforcing bars. Figures 3.8

20



and 3.9 present the predicted corrosion rate and steel loss as a function of time calculated based on Li
(2004a).
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Figure 3.8. Predicted corrosion rate, following Li (2004a)
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Figure 3.9. Predicted steel loss, following Li (2004a)

3.1.6 Li (2004b)

icorr — 2486 (%)1.6072 (%)0.3879 (‘0”'_;1;)0.4447 (%)—0.2761 (kCl)1-7376 (310)

This model considers both internal (concrete cover, d., and w/b ratio) and external (relative humidity,
RH, temperature, T, and chloride content, k.;) factors. However, this model does not consider the
time-dependent corrosion rate.
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Figure 3.10. Predicted steel loss, following Li (2004b): (a) different temperatures with w/b = 0.45 and (b)

different w/b with T = 10°C

3.1.7 Pour-Ghaz et al. (2009)

45

. 1 . . .
icorr = 100 {TW [nTd¥ il + uTvi¢ + 6(Ti)? + xp” + (]}

(3.11)

where i, represents the corrosion rate (mA/cm?); T is the ambient temperature (ranging from 10 °C

to 60 °C); 1,v,1m, Kk, A, v, @, 8, y,and  are constants, summarized in Table 3.2, and p is the concrete

resistivity.
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Table 3.2. The constants in the model provided by Pour-Ghaz et al. (2009)

Constant Value
1.18E-03
1.41E-05
-0.221212
0.0847693
0.1300252
0.8005059
1.23E-11
-0.000103
0.4752581
5.03E-07
90487

g IR |DITE(IR|I>H (NS

The concrete resistivity under a specific ambient temperature (T) can be calculated by

Wp(1_1)

p =poe R \T To (3.12)
where
26.753349
AU, = 1-4.3362256Xexp(—5.24885,) (3.13)

where R is the universal gas constant, i.e., 8.314 J/(mole K); p, is the resistivity at the reference
temperature, Ty (k); AU, (KJ/mole) is the activation energy of the Arrhenius relationship (Chrisp et al.,
2001); and S, is the degree of concrete saturation. If w/c is less than 0.4 and S,. is greater than 0.75, p is
equal to 200 Qm, but if w/cis less than 0.4 and S, is less than 0.75, p is equal to 600 Qm.

This model was established based on electrochemical theory. Due to the fact that the referenced model
requires a large number of input parameters, each of which has significant variation, it was not
considered further in the current study.

3.2 EMPIRICAL MODELS FOR PREDICTING STRUCTURAL DETERIORATION

While predictive corrosion rate models are useful for service life analyses, models that correlate section
loss to a state of distress are equally helpful. The relationship between the concrete crack and corrosion
products has been investigated by both accelerated and natural corrosion tests. The following models
can establish the relationship between corrosion propagation and bar diameter loss.

3.2.1 Rodrigues et al. (1996)

w = 0.05 + B(x — x¢) (3.14)
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where w is the cracking width; S is the coefficient depending on the position of the rebar, where 8 =
0.01 for top cast bars and § = 0.0125 for bottom cast bars; x is the corrosion penetration (in um); and
X is the corrosion penetration after cover cracking (in um) that can be obtained using x., = 83.8 +
7.42 — 22.6f.¢, where c is the cover depth, d is the rebar diameter, and f,; is the concrete’s tensile

strength.

3.2.2 Vidal et al. (2004)

Vidal et al. (2004)’s model is based on two naturally corroded RC beams, 14 and 17 years old. The model
predicts the local cross-section loss of reinforcement from the crack width following two steps of the
cracking process: crack initiation and crack propagation. The following equation relates the amount of
corrosion to the width of concrete cover cracks.

w = 0.0575(4Astee) — AAsteer,cr) (3.15)

where Ad is the part of rebar cross section consumed by corrosion (in mm?), AAgeel o is the
consumed part of rebar cross section (in mm?) at cover cracking. The amount of rebar cross section
consumed by corrosion is equal to Adgee; = 0.25ma,x(2d — a,x), where a,, (= 2) is the volumetric
expansion ratio of corrosion products; x is the corrosion penetration (in um); and d is the intact rebar
radius (in mm). The 4 formula calculates the consumed part of rebar cross section at crack initiation:
Ageeler = As[1 — (1 — 0.001a,x../d)?], where Ay is the cross-sectional area of reinforcing steel (in
mm?).

3.2.3 Zhang et al. (2010)

w, = 0.1916AAg) + 0.164 (3.16)
where AAgy, is the cross-sectional loss and w, is the crack width.

This model relates the crack width to the average cross-sectional loss of corroded reinforcement. Figure
3.11 shows the predictions for #6, #8, and #10 bars. As reflected in the referenced figure, the crack
width prediction seems to be unrealistically high for the larger bar diameters. It is also important to note
that this model does not consider the concrete characteristics, e.g., concrete tensile strength and
porosity.
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3.2.4 Andrade et al. (2015)

0.928
w, = 15.683 ("TO cT) (3.17)

where AAg), is the cross section loss; w, is the crack width; and CT is a parameter defined by CT =

a, (;—Z) Tet \where fet is the tensile strength of concrete, C, is the cover depth, ¢ is the rebar radius,

and a, and B, are the parameters from data fitting.

This model was proposed to investigate the relationship between the crack opening and the amount of
corrosion in the reinforcing bars. Figure 3.12 shows the predicted crack width for concrete with respect
to C./ ¢, and different rebar diameters, i.e., #6, #8, and #10 for a cover depth of 1.5 in (38.1 mm). This
model is an improvement in the prediction of the relationship between the crack width and other
contributing parameters.
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The section loss axis represents the fraction of loss of the bar diameter.

Figure 3.12. Predicted crack width, as a function of bar diameter, following Andrade et al. (2015)
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3.3 NUMERICAL MODELS FOR PREDICTING STRUCTURAL DETERIORATION

3.3.1 Qiao et al. (2016)

In the referenced study, an experimental program and corresponding FE modeling of a single rebar
scenario were performed to investigate the effects of corrosion distribution, specifically nonuniform and
localized corrosion, on crack propagation in concrete. The results demonstrated that the nonuniform
corrosion degree, 6, can play a significant role in the surface cracking patterns. In particular, under the
same section loss area (corrosion degree), when 8 equals 180°, a surface crack can develop more rapidly
than that for uniform corrosion (8 = 360°). The reason was found to be due to the change of the internal
crack pattern. For example, the occurrence of the inclined lateral cracks would form more rapidly with 8
=45° than that of 8 = 180° under the same section loss percentage.

3.3.2 Cheng et al. (2018)

In this study, a 2D FE analysis was performed to predict the concrete cover cracking due to
reinforcement corrosion. The time-dependent nonuniform corrosion of multiple reinforcing bar
scenarios was considered, focusing on adjacent rebars’ influence on crack propagation. The results
demonstrated that for the rebar spacing of 1.5 in (40 mm), only the internal cracks and side surface
cracks occur. When the spacing increases to 2.3 in (60 mm) and 5.6 in (150 mm), the top surface cracks
also occur and propagate toward the reinforcing bars. The reason was due to the rust expansion
behavior, which deforms the surrounding concrete. However, if the rebar spacing is too close, the
expansion stresses act as compressive stresses on the concrete surrounding the adjacent
reinforcements, restraining the top concrete’s surface deformation. In general, the results indicated that
the crack width decreases with an increase in rebar spacing.

3.3.3 Castorena-Gonzalez et al. (2020)

In this study, a 3D FE analysis was conducted using a corrosion damage model to assess the concrete

cover’s crack width. The literature test data, two corrosion tests performed in natural environments,

and one performed in the laboratory test were used to validate the results. The relation between the
crack width, which is after the crack appears on the surface, and the corrosion penetration depth was
proposed as follows:

0.20
0.08634 _ (x92°+1.3565)
1.8673

w (3.18)

where w is the crack width (in mm) in the concrete cover and x,, is the penetration depth (in mm) for
corrosion in the steel rebar after the first crack is formed (Figure 3.13).
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Figure 3.13. Crack width analysis as a function of x, (steel corroded cross-section after surface cracking)
3.4 SUMMARY OF MODELING APPROACHES

The models included in this chapter represent a variety of predictive models developed and used for
corrosion-related studies. These models may be based on empirical equations or numerical simulations.
Predictive models may also be based on theoretical properties or based on actual measurements. There
may be one model that shows a strong correlation for smaller diameter rebar and concrete cover less
than 1 inch while others are more suited to larger diameter bars. Comparisons with the field data are
expected to enable observations toward selection of models for best results in the typical reinforcing,
concrete cover, and concrete properties common to MnDOT substructure inventory.

After careful consideration, the numerical models were decided to be discarded. This decision was
based on a set of finite-element simulations, which reflected (1) strong dependency of the simulation
results to a wide range of initial physical and modeling assumptions, many of which are not fully known,
and (2) excessive computational time/demand required when the scope of modeling is extended from
individual bars embedded in concrete to a complete RC bridge element. The computational limitations
can be further realized when the aim is to accurately capture cracking, delamination, and spalling. Thus,
it was decided to proceed with a subset of relevant empirical models. As discussed in Chapter 6, the
selected empirical models have been further evaluated and calibrated based on the section loss data
obtained from the bars collected from the field. This was to ensure that site-specific material and
environmental parameters are properly taken into consideration.
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CHAPTER 4: FIELD INVESTIGATION PRIOR TO REPAIR

4.1 BRIDGE DETAILS

Bridge 27831 serves eastbound and westbound traffic via [-394 in Minneapolis, MN, as shown in Figure
4.1. The bridge is divided into eastbound (EB) and westbound (WB) sections. Piers 1 through 29 consist
of cast-in-place steel pile bents with reinforced concrete caps, and Piers 30 through 49 are reinforced
concrete caps on reinforced concrete columns. The referenced bridge was inspected in 2018 by Collins
Engineers in preparation for a 2020 bridge repair contract. The Collins Engineers’ inspector’s hammer
sounded most of the concrete faces and used marking paints to identify unsound or spalled concrete.
These defects were transferred to “sounding maps” for each pier and each face, which were in turn
given to a bridge engineer to analyze further. There are multiple purposes to such a sounding map and
structural analysis:

o To determine if the conditions would warrant bridge shoring during repair

e To assess if additional reinforcement would be required as part of repair

e Todetermine if supplemental strengthening would be necessary due to reinforcement section
loss or the loss of the pier cap capacity.

(.

N

Bridge 27831

Figure 4.1. Location of Bridge 27831 (highlighted area)

In addition to the sounding maps, pictures were provided by the inspectors, showing the delaminated
areas and causal sources of deterioration—in most cases, leaking joints and drainage systems. From the
collected data, the bridge engineer is often faced with estimating reinforcement section loss to assume
in their pier cap capacity calculation. In some cases, the estimation of repair area and rebar
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deterioration leads the bridge engineer to abandon the original flexural and shear capacity of the pier
cap and to fill in the space between columns and outside columns with an infill wall. This is a common
strategy where the pier’s remaining structural capacity is not well defined or where the concrete repair’s
durability would be questionable. Infill walls provide direct bearing to footings and take away the beam
action of the original pier cap. This, however, causes additional dead load applied to the foundation,
which must be considered.

In this chapter, the pictures and sounding maps from 2018 are provided to illustrate the challenge of
estimating section loss with limited information. In fact, the information gathered by Collins Engineers in
their project was much more than traditionally obtained ahead of repair contract. From limited
information, rebar section loss estimates are often provided only based on engineering judgment. These
estimates are later subject to verification for giving them a degree of accuracy. After all, an estimate is
only worthwhile when quality control is employed to improve later estimates.

In the bridge under consideration, the piers have been numbered west to east and named by the pier
number followed by EB or WB, designating which side of the bridge it serves. Table 4.1 is a summary of
piers selected by the MnDOT for investigation through this research project. Photos of the piers as of
June—August 2020 are in the appendix, as well as the pier maps, providing a close look at each of the
deteriorated areas on the piers.

Table 4.1. Piers studied in this research project

Pier 12EB Pier 21EB
Pier 46WB Pier 48EB
Pier 15EB

(Bridge 27831A)

The original bridge plans were issued in August 1967, and the bridge substructures were designed prior
to the release of ASTM A615 specifications. Accordingly, the plans state that the reinforcement design
used an allowable stress of 20,000 psi for intermediate grade reinforcement (See Figure 4.2). This
allowable stress translates to a 40 ksi yield strength. However, it should be noted that the minimum
yield strength assumed for design is often exceeded by the actual reinforcing materials provided.
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DESIGN DATA
1965 A.ASHO. DESIGN SPECIFICATIONS
- DESIGN LOADING HS 20 AND ALTERNATE
LOADING DESIGNATED IN PPM 20 -4
SECTION 4C

fe= 1,600 PS.1 n=8
s = 20,000 PS.I. INTERMEDIATE GRADE REINFORCEMENT
fs = 20,000PRS.I. STRUCTURAL STEEL- M.H.D. 3306

DECK AREA *178,274 SQ.FT.

Figure 4.2. Design information from 1967 plans for Bridge No. 27831
4.2 PIER MAPS

In this section, the pictures taken from both the 2018 and 2020 inspections were analyzed to obtain the
latest condition of the bridge piers before repair. The delaminated locations were indicated with
hatching areas.

4.2.1 Pier 12WB

Figure 4.3 presents the delamination map produced in 2018. Face bars are smaller diameter and have a
smaller concrete cover. Pitting may also be present in localized areas in the vertical rebars located near
the front face of the pier cap. Deterioration is estimated to be from 5% to 10% where concrete did not
spall, while up to 75% where spalls were observed. The section loss of the longitudinal steel bars
embedded deeper into the pier cap is estimated to be from 5% to 10% where no concrete spalling was
noted.

Figure 4.3. Pier 12WB mapping diagrams (photo taken in 2018)

Location 14 is presented as an example site, with a detailed image shown in Figure 4.4. The hammer
sounding reveals a spall in the upper right and shallower delamination in the bottom of the pier cap.
Based on the obtained data, it is estimated that the #5 vertical stirrups witness a section loss between
10% in the spalled, dark red area and a section loss as low as 5% in the delaminated, diagonally hatched
area. Longitudinal reinforcement is of a larger diameter and buried deeper into the pier cap. As a result,
the longitudinal reinforcement is estimated to have a relatively low section loss of 5% (or less) in the
absence of concrete spalling. Large diameter bars produce much higher volumes of corrosion
byproducts for the same section loss compared to small diameter bars. Consequently, concrete
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delamination would be realized when large reinforcement bars have relatively low section loss. Very
limited stirrup exposure is observed, but delamination extends from discrete spalls laterally, as if a form
tie had acted as a corrosion initiator with leaking water from joints. Reinforcement may have some
pitting section loss, but low general section loss is noted.

Figure 4.4. Location 14 of Pier 12WB

Figures 4.5 and 4.6, taken prior to repair in 2020, present the pier maps, detailing cracks, spalls,
delamination, and locations of unsound concrete. Tables 4.2 and 4.3 document the detailing
descriptions of selected locations.

Figure 4.5. East face of Pier 12WB (photo taken i

n 2020)
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Table 4.2. Notes and description with locations identified in Figure 4.5

Location

Description of locations during repair

Repair excavation stopped before reinforcement.

Repair excavation in this area with exposed stirrups extending to the top of the pier.

Minor corrosion on exposed stirrups.

Repair excavation with exposed stirrups and spalling towards the top of the pier. Minor
staining.

Repair excavation area ranging from top to bottom of the pier. Some exposed stirrups
with minor corrosion.

Repair excavation towards the top of the pier cap. Some exposed stirrups with minor
corrosion.

Repair excavation with no exposed rebar.

© 00600 6/000

Repair excavation exposing longitudinal bars with minor corrosion extending underneath
the pier.

©

Repair excavation and exposed longitudinal bars with minor corrosion.

©

Repair excavation on the south end of the pier extending underneath the pier. Some
exposed longitudinal and stirrup rebar with minor corrosion.

Figure 4.6. West face of Pier 12WB (photo taken in 2020)
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Table 4.3. Notes and description with locations identified in Figure 4.6

Location

Description

Minor repair excavation on bottom corner of south edge on the west face.

Repair excavation on the bottom of the pier. One exposed longitudinal rebar with minor
corrosion.

Most extensive area of repair excavation on the west face of the pier. Some exposed
longitudinal and stirrup rebar with mild corrosion.

Repair excavation similar in extent to areas 3, 6, and 7. Some exposed stirrups with minor
corrosion.

Continuous repair excavation along the bottom edge of the pier. Some exposed rebar
with minor corrosion.

Repair excavation similar in extent to areas 3, 4, and 7. Exposed stirrups with minor
corrosion.

Repair excavation. Some exposed stirrups with minor corrosion.

006 06/ 0 0|0

Minor repair excavation. One exposed stirrup with no corrosion.

o

Extended area of repair excavation on the bottom edge of the pier extending to the
north end. One larger area of repair excavation with exposed stirrups and longitudinal
bars showing minor corrosion.

4.2.2 Pier 21EB

Figure 4.7 presents the delamination map of Pier 21EB prepared in 2018. Pitting could be present in

localized areas in the vertical rebars located near the front face of the pier cap. Reinforcement section

loss estimated by engineering judgement is between 5% and 20%. The section loss of the longitudinal

steel bars embedded deeper into the pier cap is estimated to be from 0% to 10% where no concrete

spalling was noted.
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Figure 4.7. Pier 21EB mapping diagrams (east face, photo taken in 2018)

A zoomed-in picture of Location 7 is used as an example site, as shown in Figure 4.8. In the area
diagonally hatched, the #5 vertical stirrups section loss is estimated to be from 10% to 20%. The larger,
deeper longitudinal reinforcement in the spall area is estimated to have a section loss from 5% to 20%,
due to the extent of concrete spalling.

Figure 4.8. Location 7 of Pier 21EB

Figures 4.9 and 4.10, taken prior to repair in 2020, present the pier maps, detailing cracks, spalls,
delamination, and locations of unsound concrete. Tables 4.4 and 4.5 provide detailed descriptions of
selected locations.
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Figure 4.9. East face of Pier 21EB (photo taken in 2020)

e A

Table 4.4. Notes and description with locations identified in Figure 4.9

Location

Description

Spalling along top edge of the pier on the east face.

Spalling exposing stirrups with mild corrosion.

Delamination on the upper portion of the pier on the east face.

Figure 4.10. West face of Pier 21EB (photo taken in 2020)

Table 4.5. Notes and description with locations identified in Figure 4.10

Location

Description

o

Delamination correlating with area 3 on the east face diagram.

Spalling extending from the base of the pier to nearly the top. Some exposed stirrups
with minor corrosion.

Delamination correlating with area 1 on the east face diagram.

Delamination at the top of the pier.

OO0 O

Delamination on the bottom edge of the pier towards the north side, no exposed rebar.
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4.2.3 Pier 46 WB

Figure 4.11 presents the delamination map of Pier 46WB prepared in 2018. Section loss of vertical rebar
is estimated to be from 5% to 10%. The section loss of the longitudinal steel bars embedded deeper into
the pier cap and pier columns is estimated to be from 0% to 10%, as no concrete spalling is noted.

Figure 4.11. Pier 46WB mapping diagrams (east face, photo taken in 2018)

Figure 4.12 shows a zoomed-in picture of Location 9 as an example site. It is believed that the #3 column
confinement hoop witnesses a section loss of 25% (or less) in the diagonally hatched area. There is no
spalling observed, but general delamination is present. Because the hoop bars are small-diameter #3
bars, a greater percentage of the bar area in mass loss would be needed than for larger-face bars in
order to get sufficient pressure to delaminate the concrete. The larger, deeper vertical reinforcement is
estimated to have a relatively low section loss of 3% (or less) in the absence of concrete spalling, which
would be more likely in larger-size bars, which experience a higher accumulation of corrosion products.

Figure 4.12. Location 9 of Pier 46WB

36



4.2.4 Pier 48EB

Figure 4.13 presents the delamination map of Pier 48EB prepared in 2018. Section loss of vertical rebars
is estimated to be from 5% to 10%. The section loss of the longitudinal steel bars embedded deeper into
the pier cap is estimated to be between 0% and 5% based on engineering judgement, as no concrete
spalling was noted.

Figure 4.13. Pier 48EB mapping diagrams (east face, photo taken in 2018)

A zoomed-in picture of Location 8 is used as an example site, as shown in Figure 4.14. It is estimated
that the #5 vertical stirrups witness a section loss as low as 5% in the diagonally hatched area. The
larger, deeper longitudinal reinforcement is estimated to have a relatively low section loss of 5% (or
less) because the delamination area shown is not overly large and large-size radius bars have a relatively
low section loss. Longitudinal bar corrosion products cause greater longitudinal strips of delamination
areas when corrosion is significant.

Figure 4.14. Location 8 of Pier 48EB
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Figures 4.15 and 4.16, taken prior to repair in 2020, present the pier maps, detailing cracks, spalls,
delamination, and locations of unsound concrete. Tables 4.6 and 4.7 document detailed descriptions of
selected locations.

Figure 4.15. East face of Pier 48EB (photo taken in 2020)

Table 4.6. Notes and description with locations identified in Figure 4.15

Location Description

Repair excavation to several inches below the exposed steel. Some exposed longitudinal
and stirrup rebar with minor to mild corrosion.

Rust stains

Mild delamination on the bottom edge of the pier between columns 1 and 2. No
corrosion present.

Repair excavation on the bottom edge of the pier close to column 2. Some exposed rebar
with minor to mild corrosion.

Repair excavation on the top of the pier above column 2. Some exposed rebar with
moderate corrosion.

Repair excavation on the bottom edge of the pier between columns 2 and 3. Some
exposed longitudinal bars and stirrups with mild to moderate corrosion.

Repair excavation with no exposed rebar next to column 3.

© 06 0 6|00 06

Repair excavation on the top edge of the pier, reaching over to the west side. Some
exposed bars with mild to moderate corrosion.
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Figure 4.16. West face of Pier 48EB (photo taken in 2020)

Table 4.7. Notes and description with locations identified in Figure 4.16

Location

Description

0]

Repair excavation extending from area 8 on the east face diagram. Some exposed bars
with mild corrosion.

Repair excavation spanning most of the pier. Repair excavation extends to column 2.
Some exposed bars with mild to moderate corrosion.

Repair excavation extending from area 3 on the east face diagram.

00 0

Repair excavation extending from column 1 to the north end of the pier. Some exposed
rebar with mild to severe corrosion.

4.2.5 Pier 15EB

Figure 4.17 presents the delamination map of Pier 15EB prepared in 2018. Approximate vertical bar
deterioration is estimated to be up to 90% because the entire face has delaminated within the hatched
region (left end of figure, as shown in Figure 4.18). The section loss of the longitudinal steel bars
embedded further deep into the pier cap is estimated to be between 0% and 10% because there are no
outward spalls.
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Figure 4.18. Very thin bars between Beams 7 and 8 in Pier 15EB

A zoomed-in picture of Location 5 is used as an example site, as shown in Figure 4.19. It is estimated
that the #5 vertical stirrups witness a section loss of 15% in the spalled, dark red area and section loss as
low as 10% in the diagonally hatched area. The larger, deeper longitudinal reinforcement is estimated to
have a relatively low section loss of 5% (or less) in the absence of concrete spalling, which would be
more likely with the corrosion products of large-size bars.

Figure 4.19. Location 5 of Pier 15EB
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Figures 4.20 and 4.21, taken prior to repair in 2020, present the pier maps, detailing cracks, spalls,
delamination, and locations of unsound concrete. Tables 4.8 and 4.9 document detailed descriptions of
selected locations.

Figure 4.20. East face of Pier 15EB (photo taken in 2020)

Table 4.8. Notes and description with locations identified in Figure 4.19

Location Description

Delamination with no exposed rebar next to pile 1.

Minor spalling on the bottom edge of the pier between piles 1 and 2. No exposed rebar.

Minor spalling on the bottom edge of the pier between piles 2 and 3. No exposed rebar.

Repair excavation between piles 3 and 4 extending up from the bottom edge. Some
exposed longitudinal and stirrup rebar with minor corrosion.

Repair excavation at the top of the pier above pile 4. One exposed stirrup with minor
corrosion.

Repair excavation above pile 5 exposing longitudinal and stirrup bars with moderate
corrosion. Concrete is removed by a couple inches from the rebars.

Repair excavation on top of the pier between piles 6 and 7 exposing longitudinal and

0 0 0 60/000

stirrup bars with moderate corrosion.

Repair excavation on the south end of the pier is spalled off, exposing the longitudinal

bar. Mild corrosion present.
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Figure 4.21. West face of Pier 15EB (photo taken in 2020)

Table 4.9. Notes and description with locations identified in Figure 4.20

Location Description

@ Repair excavation extending from areas 7 and 8 from the east face diagram. Some
exposed longitudinal and stirrups with corrosion ranging from mild to moderate.

Delamination on top edge of the pier extending from area 6 from the east face diagram.
No exposed rebar on this side.

Repair excavation extending from the bottom towards to the top. Some exposed stirrups
and longitudinal bars between piles 3 and 4 with minor corrosion.

Repair excavation underneath the pier extending from area 3 from the east face diagram.
Some exposed longitudinal and corrosion bars with moderate corrosion of.

Repair excavation between piles 2 and 3. No exposed rebar.

00 6|0 0

Repair excavation between piles 1 and 2. Some exposed rebar with mild corrosion.

4.3 REBAR SAMPLE COLLECTION AND VISUAL ASSESSMENTS

Stirrup bars from the identified pier caps generally consist of #5 reinforcing bars. Longitudinal
reinforcement typical of these pier caps ranged between #8 rebar and #11 reinforcement. Column
spirals of this era consisted of #3 reinforcement or smooth bar, with #8 to #10 vertical reinforcement.

Visual assessment is the most common and convenient way to estimate reinforcement section loss
because direct measurement is difficult with pitting, and caliper measurement is subject to limitations
with rebar exposure and a limited number of measurement points. On the other hand, visual
assessment is believed to be the least accurate means of measurement because it is very subjective and
depends on both the judgment experience and the quality of observation. To generalize the section loss,
a survey using photographs was circulated to MnDOT engineers for visual assessment. This was done in
lieu of a site visit due to COVID restrictions in place at this time. Tables 4.10 and 4.11 summarize the
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survey results received from two participants based on their review of the delamination survey and pier

cap photos prior to repair, as well as knowledge of pier cap reinforcing configuration. The engineers did

not have direct data on concrete cover thickness.

Table 4.10. Survey results of general steel section loss based on visual assessment

Pier ID.

Pier
12EB

Pier
21EB

Pier
46WB

Pier
48EB

Pier
15EB

T (-

Longitudinal
Face bar section loss bar section loss
Engineer 1 | Engineer 2 | Engineer 1 Engineer 2

10-75% 5-25% 5-20% 5-10%
20% 5-10% 5-10% 5-20%
NA 5-10% NA 5-10%

NA 5-10% NA 5-10%

NA 5-90% NA 5-10%
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Table 4.11. Survey results of local steel section loss based on visual assessment

Vertical stirrups Deep longitudinal bar
section loss section loss
Pier ID. Engineer 1 Engineer 2 Engineer 1 Engineer 2
Location 14 of
. 5% 10% 0% 5%
Pier 12EB
Location 7 of
] 20% 10% 5-10% 20%
Pier 21EB
Location 8 of
. 25% 5% <5% <5%
Pier 46 WB
Location 8 of
. 5% 8% <5% 5%
Pier 48EB
Location 5 of
. 5% 15% 0% 5%
Pier 15EB

In addition to general assessments based on photos, individual reinforcement samples were obtained
for laboratory measurements. The collected bars were labeled, and a visual assessment of sample
section loss was performed by a MnDOT engineer. The reinforcement samples showed various states of
corrosion and were primarily representatives of shear stirrups, which were nearest to the faces of pier
caps. The purpose of this visual assessment was to form a basis for the visual assessment method and
later compare it to more accurate methods. The samples were mostly obtained from rebar stirrup
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locations, which are often the first points of corrosion due to leaking expansion joints. The samples and

visual assessment photos are provided in Figure 4.22.
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(a) S1 sample, #5 bar (5% section loss)

(d) S4 sample, #5 bar (30% section loss)
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(e) S5 sample, #5 bar (5% section loss)
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(f) S6 sample, #5 bar (15% total section loss, 90% pitted end)

(g) S7 sample, #5 bar (5% section loss)

s

(h) S8 sample, #5 bar (50%-75% section loss)
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(j) S10 sample, #11 bar, taken from P46 WB, west face, south overhang

Figure 4.22. Rebar samples extracted from the studied piers
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CHAPTER 5: SAMPLE COLLECTION AND LABORATORY TESTS

A substructure repair contract for Bridge 27831 was initiated between MnDOT and a contractor in 2019.
Upon the initiation of repair activities in the field, the research team coordinated with field inspectors
and collected samples of corroded steel bars from the bridge piers for a direct assessment of the extent
of corrosion and quantification of cross-sectional loss. Photographs of the exposed rebar conditions
after excavations to sound concrete were obtained to document general reinforcement corrosion
conditions. Laboratory tests and measurements were performed on corroded rebar samples to measure
their tensile capacity and elongation characteristics.

5.1 SAMPLE COLLECTION

To assess the section loss due to corrosion and evaluate the remaining tensile capacity, nine rebar
samples were extracted from the piers selected for this project (Table 5.1). As shown in this table, the
section loss assessment was conducted initially by visual observation. It should be noted that these
visual section loss assessments were estimated at the steel’s worst spot right after the extraction. After
the samples were delivered to the lab, the rebar rust was removed using a high-pressure wire brush.
Their largest remaining diameters and weights were then measured using a caliper and a scale,
respectively. Photos of the reinforcement bars after cleaning the corrosion products are presented in
Figure 4.22.
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Table 5.1. Rebar sample information

Measured
Rebar Nominal Location Visual loss diameter Weight Length
ID diameter description assessment (in.) (Ib.) (in.)
P21WSB, pier wall, .
S1 #5 . 5% section loss 0.625 1.3510 19.0
south side
P46WSB, pier cap,
S2 #5 west face, south 75% section loss 0.625 1.2750 27.3
overhang
P46WSB, pier cap, .
90-100% section
S3 #5 west face, south loss 0.603 0.7360 18.4
overhang
P12WSB, pier cap, .
S4 #5 . 30% section loss 0.597 1.4900 22.6
south side
P21WB, pier wall, )
S5 #5 . 5% section loss 0.617 1.2031 17.0
south side
P46WSB, pier cap, 15% total section
S6 #5 west face, south loss, 90% pitted 0.579 1.7265 24.1
overhang end
P12WSB, pier cap, .
S7 #5 . 5% section loss 0.602 1.7475 23.8
south side
P46WSB, pier cap, .
50-75% section
S8 #5 west face, south | 0.603 1.9075 29.0
0ss
overhang
10% section loss 335
Bridge 27831A — for the straight N
. ) (straight) +
S9 #6 P15A, pier cap, portion, 100% 0.750 2.8235 13.5
east face near the bend '
. (bend)
diameter
P46WSB, pier cap, .
5-10% section
S10 #11 west face, south | 1.410 22.7050 64.0
0ss
overhang

5.2 SECTION LOSS MEASUREMENT

5.2.1 3D Scanning

In this project, the remaining section of the extracted bars was measured using the 3D scanning

technique. Figure 5.1 shows the 3D laser scanner used in this project. The scanning speed was 37 mm/s,

and the positioning accuracy was 0.02 mm. Upon completing the laser scanning, the 3D coordinates of

each point of the corroded steel bars were first obtained, generating a point cloud file by the scanning

48




system software. These points were then connected and formed a very fine mesh of triangular surface
polygons, the number of which in each scanning was between 200,000 and 400,000 elements,
depending on the geometry complexity.
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Figure 5.1. 3D laser scanner

Figure 5.2 shows a representative specimen, S1, along with its 3D scan. As can be seen, the high
resolution of the surface mesh allows a detailed description of the rebar’s geometry, including length,
ribs, pit distribution, and loss of cross-sectional area along the bar’s length.
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Figure 5.2. 3D scanning for S1 sample: (a) before scanning, and (b) after scanning
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A solid model of corroded steel bars was established after the 3D scanning. Reverse engineering
software (Geomagic) was used to treat the scanned data, such as polygon spikes removing and mesh
holes closing due to the natural characteristics of scanning, as shown in Figure 5.3.
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Figure 5.3. Scanned rebar model treatment: (a) original model obtained from the 3D scanning; and (b) model
treated using Geomagic software

After obtaining and treating the 3D scanned rebar models, the corrosion level was determined based on
the scanning measurements. A complete description of the steps taken, beginning from the initial 3D
mesh to the graph showing the cross-sectional variation, is provided below:

e Step 1: The scanned bar geometry was post processed, cleaned, and repaired, as shown in
Figure 5.3.

e Step 2: The bar was plotted, and the rebar shape was modified in Matlab to avoid the inclined
and/or bent effects, as shown in Figure 5.4.
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Figure 5.4. Model modification in Matlab: (a) before modification and (b) after modification

e Step 3: The coordinates of the obtained points were transformed into a polar coordinate

system. The cross-sectional area at a series of sections uniformly spaced was obtained by the
integration of the coordinates, following equation 5.1:

ey 2
A = [T %de' (5.1)

-7t

To eliminate the effect of ribs on the cross-sectional variation along the bar, a smoothing fit was
applied, resulting in cross-sectional area shown in Figure 5.5.
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Figure 5.5. Typical corrosion sectional area at a specific height

e Step 4: The cross-sectional area along the bar was calculated and plotted, as shown in Figure
5.6.
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Figure 5.6. Measured cross-sectional area along the S1 bar

e Step 5: The corrosion level variation (as a percentage) was determined by first identifying the
nominal cross-sectional area, e.g., 0.31 in? for a #5 bar, as reference. The ratio of the mean
cross-sectional area (calculated in Matlab) for the corroded rebar sample to its nominal cross-
sectional area was used for finding the section loss.

Figure 5.7 presents the obtained cross-sectional area variations along the length of the rebar samples
(with an interval of 2 mm). It should be noted that the original size of S10 was 68 in. To perform 3D
scanning on this sample, it was cut into two sections of equal length, labeled as S10 and S11.

Figure 5.7 also designates sample segments where the reported section loss calculations are taken as
follows:
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1. Grip area for tensile tests; some tests broke close to grips
2. Approximate region between grips for tensile tests

3. Segment used to compute average section loss
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Figure 5.7. Cross-sectional area variation along the length of the rebar samples
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5.2.2 Comparison of Corrosion Level

A direct comparison between the visual section loss assessment and the maximum section loss
measurement by 3D scanning is documented in Table 5.2. All the extracted bars presented in this table
were from delaminated locations but not open spalls. The maximum section loss measured by 3D
scanning is calculated as the ratio between the minimum remaining cross-sectional area along the entire
length of the rebar to the nominal cross-sectional area. As reflected in this table, the two methods are in
good agreement when the visual section loss assessment is relatively large, i.e., above 75%. The noted
variations, however, significantly increase when the visual assessment estimated small section losses.
This is mainly due to the natural characteristic of the visual inspection, which is not capable of making
precise measurements, especially for the reinforcement steel covered with rust and/or partially
embedded in concrete, as shown in Figure 5.8, which presents photos of extracted rebar samples
without cleaning. Similarly, Figure 5.9 illustrates the photos taken from Pier 46WB during the inspection
in 2018 and repair in 2020. As reflected in this figure, which represents several similar situations in the
field, the visual assessment and direct measurement of rebar section loss are difficult to perform on site.
Therefore, to achieve the expected accuracy, employing a proper methodology for rebar section loss
assessment is critical.
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Table 5.2. Maximum section loss expressed in percentage (%) of full bar length from each specimen (based on

worst section loss)

Nominal Maximum section loss (%) Average section loss (%)
Rebar ID diameter (in.) Visual assessment 3D scanning 3D scanning
S1 #5 5 45 14
S2 #5 75 70 43
S3 #5 90 86 49
S4 #5 30 47 23
S5 #5 5 31 16
S6 #5 15 67 13
S7 #5 5 70 26
S8 #5 50-75 71 24
S9 #6 10 (straight) + 100 32 (.stralght 21 (straight portion only)
(bend) portion only)
S10 #11 5-10 67 12
S11 #11 5-10 38 14

by b

B

Figure 5.8. Rebar samples extracted from the bridge piers under consideration
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(b)
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Figure 5.9. Rebar visual assessment for Pier 46WB: (a) 2018 inspection photo, (b) 2020 photo during repair, and
(c) bar sample extracted from the pier

In addition, the average corrosion loss for each bar was calculated using both weight (Ib/ft.)
measurement and 3D scanning. It should be noted that weight loss is an approximate method because
the exact initial weight of each bar before corrosion is not known. Thus, the nominal reinforcement
bar’s unit weight was used as a reference and the section loss calculated from weight measurement, as
expressed in Equation 5.2.

Measured weight loss = (1 - Measured unit weight / Nominal unit weight) x 100% = (5.2)

A direct comparison between the two section loss measurement methods is shown in Table 5.3. As
reflected in Table 5.3, the results from the weight loss method were overall consistent with those
obtained from 3D scanning measurements. It should be noted that, instead of maximum section loss,
Table 5.3 reports the average section loss measured from 3D scanning along the whole rebar length.

Table 5.3. Average section loss expressed in percentage (%) for each specimen

Rebar Nominal Average section loss (%) Difference
ID diameter (in.) Weight measurement (i) 3D measurement (ii) (i) - (ii)
S1 #5 18 14 4
S2 #5 46 43 3
S3 #5 54 49 5
S4 #5 24 23 1
S5 #5 19 16 3
S6 #5 18 13 5
S7 #5 15 26 -11
S8 #5 24 24 0
s9 HE 52 (straight and bent 21 (straight portion )

portion) only)
S10 #11 13 12 1
S11 #11 27 27

Note that sample S9 appeared as an anomaly when assigned as a #6 rebar size. The rebar had the
appearance of very low section loss yet was clearly larger than a #5 rebar. There is uncertainty if rebar
S9 was conforming to English standards.
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5.3 TENSILE TESTING

Upon completing rebar section loss measurements, corroded steel bars were subjected to the tensile
tests using an electro-hydraulic servo MTS machine, as shown in Figure 5.10. The loading rate followed
the standard test method, i.e., ASTM E8 (2018). For each specimen, an extensometer (clipped on the
sample) was used to determine the strain during the test. Figure 5.11 shows the failure points in the
corroded rebars under tension. The load-deformation relationships recorded by the data acquisition
system during the tensile tests are plotted in Figure 5.12.
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Figure 5.10. Tensile test setup used for the corroded steel bars
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Figure 5.11. Failure points in the corroded rebars under tensile tests
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*The section loss listed for each curve is the maximum section loss recorded at the bar’s middle portion (i.e., the
portion between the two gripping ends). This is to avoid extreme section losses recorded at the ends, as reflected in
the 3D scanning measurements.

Figure 5.12. Load versus displacement curve for the corroded steel bars

Figure 5.13 documents the average yield and ultimate tensile capacity for each rebar specimen. The
percentage included for each sample reflects the maximum section loss recorded at the bar’s middle
portion. As reflected in Figure 5.13, both the yield and ultimate tensile capacity of the rebar samples
were significantly affected. It must be noted that the bridge design plans followed 1965 specifications
and stated that some rebars are “intermediate grade.” This refers to reinforcement with a yield strength
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of 40 ksi and an ultimate tensile strength of 70 ksi. However, it is common for contractors to provide
materials that meet or exceed specifications, and the minimal strength of the reinforcement may be up
to 60 ksi without section loss. Therefore, the yield and ultimate tensile capacity of #5 intermediate grade
rebar are found to be 12.4 kip and 21.7 kip, respectively. The yield and ultimate tensile capacity of #6
intermediate grade rebar are determined to be 17.6 kip and 30.8 kip, respectively. Similarly, the yield
and ultimate tensile capacity of #11 intermediate grade rebar are found to be 62.4 kip and 109.2 kip,

respectively.
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Figure 5.13. Summary of tensile test results

Table 5.4 presents a direct comparison of laboratory-tested strength loss as compared to visual and
measured area losses. As reflected in this table, it appears that the visual loss assessments may
overestimate the remaining strength for lower section losses. In contrast, the maximum section loss
estimated by the 3D scanning method had a good agreement with the measured strength loss. This is
because the fracture in a tensile test specimen often initiates at its weakest point, usually where there is
an impurity or at its smallest cross-sectional area. Thus, as mentioned earlier, the measurement
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performed by 3D scanning allows detailed and very accurate quantity calculations, resulting in a better
agreement with test results than visual assessments.

Table 5.4. Comparison of laboratory test results to visually assessed and measured area losses

Nominal Design Measured Maximum section loss (%)
Rebar diameter yield strength* | yield strength | Strength Visual 3D

ID (in.) (kip) (kip) loss (%) assessment scanning
S1 #5 124 11.1 10 5 45
S2 #5 124 5.5 55 75 70
S3 #5 12.4 1.3 89 90 86
S4 #5 12.4 8.7 30 30 47
S5 #5 12.4 9.0 27 5 31
S6 #5 12.4 1.6 87 15 67
S7 #5 12.4 5.9 52 5 70
S8 #5 12.4 3.7 70 50-75 71
S9 #6 17.6 13.8 21 10 32
S10 #11 62.4 62.0 1 5-10 27
S11 #11 62.4 52.7 16 5-10 38

* Assuming a 40 ksi yield strength

5.4 OVERALL ASSESSMENT

With the activities reported in this chapter, first-hand information was obtained regarding the extent of
corrosion of embedded steel bars. The surface morphology of extracted steel samples was scanned with
3D scanning technology, and a three-dimension model was established. The scanned samples’ minimum
and average cross-sectional area were then determined along their entire length and compared to the
other two estimated methods: visual assessment and weight measurement. In addition, tensile tests
were performed on the collected rebar samples to measure their remaining tensile capacity.

3D-scanning was used to characterize the corroded rebar morphology and evaluate the maximum local
corrosion level of extracted debars. From the assessments of the maximum cross-sectional area, the two
methods, i.e., 3D scanning and visual assessment, were found to be in good agreement when the visual
section loss assessment is relatively large, i.e., above 75%. The noted variation, however, significantly
increases when the visual assessment targets small section losses. As previously noted, this is mainly
due to the natural characteristics of visual inspection, which is not capable of making precise
measurements, especially for the reinforcement covered with rust and/or partially embedded in
concrete. For the estimation of average cross-sectional area, the results from the weight loss method
were overall consistent with those obtained from average 3D scanning measurements. Based on the
tensile test results, the visual loss assessments may overestimate the remaining strength for small
section losses. In contrast, the section loss estimated by 3D scanning method closely captured the
measured strength losses.
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CHAPTER 6: PREDICTIVE MODELS FOR REBAR SECTION LOSS

6.1 INTRODUCTION

Corrosion of steel reinforcement embedded in concrete is known to adversely affect the strength and
durability of RC structures subjected to harsh environmental stressors (Khatami et al., 2016; Kulkarni
and Shafei, 2018; Cui et al., 2019; Alipour and Shafei, 2022). Steel corrosion commonly takes place in a
two-stage process, i.e., initiation and propagation. In the first stage, water and aggressive agents
penetrate into the concrete’s pore structure toward embedded steel rebars. Once the concentration of
ions accumulated on the rebar surface reaches a critical threshold, the pH level decreases and the
protective passive film surrounding the rebar is disrupted. By the end of the initiation stage, a set of
electrochemical reactions begin to take place, leading to the second stage of corrosion, in which the
formation and propagation of corrosion products (also known as rust) occur. Noting that the rust has a
higher volume than the consumed steel, the second stage of corrosion causes excessive stresses to the
surrounding concrete, resulting in various levels of structural deterioration, ranging from individual
concrete cracks to cover delamination and spalling.

In this research project, several empirical models have been identified and reviewed, especially to
evaluate the deterioration of RC structural elements. The available empirical models, however, should
be used with caution, as many of them have been developed for specific structural components and
exposure conditions, which prevent their immediate use for other scenarios without appropriate
calibration and validation. Thus, during this research project, data was collected regarding the extent of
steel corrosion in real settings through various direct measurements and visual assessments. This
information has been employed in the current chapter to develop and calibrate a set of predictive
models identified for rebar cross-sectional loss assessment.

To assess the extent of rebar section loss, a two-situation predictive model has been developed: (1)
Situation |: The concrete cover has maintained its overall integrity, despite some individual cracks, and
(2) Situation Il: The concrete cover has experienced delamination or is completely lost, exposing the
embedded steel rebars. Given the two introduced situations, which cover most of structural
deterioration scenarios in RC structures, the main scope of this chapter is twofold: (1) to establish a
correlation between the corrosion-induced crack width and the rebar section loss in Situation | and (2)
to estimate the progress of corrosion and rebar section loss over time in Situation Il. Figure 6.1 provides
a schematic illustration of various stages of corrosion.
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Figure 6.1. Schematic illustration of various stages of corrosion
6.2 MODELS FOR PREDICTING STEEL SECTION LOSS

To develop a set of predictive models that can offer both accuracy and flexibility, a power function is
considered as the base model. Such power function has been widely employed in the literature, owing
to the advantage that it can be directly calibrated for the structural components and exposure
conditions of interest. Among the oldest studies that have employed a power function for corrosion-
related studies, Pourbaix (1980) and Albrecht and Naeemi (1984) can be highlighted. The first cited
study has reported that a power law is appropriate for corrosion predictions in different atmospheres
and for different types of steel materials. Similarly, the second cited study shows how the corrosion of

carbon steel can be successfully assessed in different exposure conditions, including marine, urban, and
rural.

The general form of the power function can be expressed as follows:
C = Ax™ (6.1)

where C is the extent of steel section loss, x is the most critical contributing factor, and A and n are two
constants. To accurately utilize Equation 6.1, it needs to be first fitted to the field data collected for a
given structural component and exposure condition. The fitting process determines the two constants,
making the equation appropriate for similar structural components and exposure conditions. The

following sections present the details of how the introduced power function is utilized for Situations |
and Il

e Situation | for individual cracks, the widths of which can be determined from map cracking by
site measurement and/or visual assessment
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e Situation Il for advanced corrosion-induced damage, which is often characterized by (1)
delamination (determined by hammer sounding) or (2) concrete spalling (determined by visual
assessment)

6.3 SITUATION | — INDIVIDUAL CRACKS

The studies available in the literature for Situation | were thoroughly reviewed. The predictive models
that relate the crack width, as the most notable sign of steel corrosion, to the rebar’s mass loss were

then established. For this purpose, the outcome of Vidal et al. (2004), Zhang et al. (2010), and Khan et al.
(2014) was employed.

6.3.1 Vidal et al. (2004)’s Model

Based on the investigation of naturally corroded, reinforced concrete components, Vidal et al. (2004)’s
model predicts the loss of reinforcement based on the crack width. According to Vidal et al. (2004), the
crack width during the propagation stage of corrosion is proportional to the volume of oxides, which is,
in turn, proportional to the cross-sectional loss of steel rebars. Figure 6.2 shows the comparison of Vidal
et al. (2004)’s experimental test data with the predictive model developed based on Equation 6.1. For
the upper and lower bounds in the predictive model, the values obtained for parameters A and n are
given in Table 6.1.

Vidal et al.'s cracking model (2004)
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Figure 6.2. Comparison of the developed predictive model with the experimental test data from Vidal et al.
(2004)
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Table 6.1. Constants obtained for the power function based on the data from Vidal et al. (2004)

Scenario

A/um n
Upper bound 11.50 0.45
Lower bound 4,52 1.20

6.3.2 Zhang et al. (2010)’s Model

For the crack propagation stage, when corrosion spreads over the rebar’s length, Zhang et al. (2010)
investigated the average cross-sectional loss. Figure 6.3 shows the comparison of Zhang et al. (2010)’s
experimental test data with the predictive model developed based on Equation 6.1. For the upper and

lower bounds in the predictive model, the values obtained for parameters A and n are given in Table
6.2.

Zhang et al.'s cracking model (2010)
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Figure 6.3. Comparison of the developed predictive model with the experimental test data from Zhang et al.
(2010)

Table 6.2. Constants obtained for the power function based on the data from Zhang et al. (2010)

Scenario A/um n
Upper bound 8.80 0.75
Lower bound 0.75 2.00
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6.3.3 Khan et al. (2014)’s Model

Khan et al. (2014) investigated the progress of reinforcement corrosion in a heavily corroded reinforced
concrete component with a focus on corrosion-induced crack width. To study the corrosion pattern and
assess the mass loss of steel reinforcement, crack and corrosion maps were prepared and compared.
Figure 6.4 shows the comparison of Khan et al. (2014)’s experimental test data with the predictive
model developed based on Equation 6.1. For the upper and lower bounds in the predictive model, the
values obtained for parameters A and n are given in Table 6.3.

Khan et al.'s cracking model (2014)
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Figure 6.4. Comparison of the developed predictive model with the experimental test data from Khan et al.
(2014)

Table 6.3. Constants obtained for the power function based on the data from Khan et al. (2014)

Scenario A/um n
Upper bound 10.7 0.79
Lower bound 1.00 1.90

6.3.4 Final Model for Situation |

Based on the most relevant data collected and processed for Situation |, along with the identified upper
and lower bounds for each of the data sets, a predictive model has been developed for assessing a

rebar’s section loss using the upper bound from Vidal et al. (2004)’s model and the lower bound was
from Zhang et al. (2010)’s model.

Specifically, the variables shown in Table 6.4 are proposed.
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Table 6.4. Constants obtained for the power function for Situation | model

Scenario A/um n
Upper bound 11.50 0.45
Lower bound 0.75 2.00

Figure 6.5 presents the proposed power function and illustrates how data from prior research would fall
within the bounds. To utilize this model for real practical applications, the following, easy-to-follow
steps are suggested to be taken:

e Step 1: Photos of the cracked structural component should be taken with an appropriate scale
included. Alternatively, field measurement can be performed using a crackmeter.

e Step 2: Determinate the crack width.

e Step 3: Input the crack width into the predictive model.

e Step 4: Calculate the mean rebar section loss, in addition to upper and lower bounds.
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Figure 6.5. Developed plot for predicting steel section loss in Situation |
6.4 SITUATION Il — DELAMINATION AND SPALLING

Similar to Situation I, the studies most relevant to the advanced stage of damage, i.e., delamination and
spalling, were thoroughly reviewed for Situation Il. Considering the extent of damage incurred in
Situation Il, the crack width is not an appropriate measure of corrosion progress anymore. Thus, given
the fact that the rebar section loss in Situation Il is primarily governed by the electrochemical process of
corrosion in an exposed steel rebar, exposure time is deemed one of the most important contributing
factors. For the purpose of developing an appropriate predictive model for Situation II, the outcome of
two studies, i.e., Vidal et al. (2007) and Zhu et al. (2015), was employed.
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6.4.1 Vidal et al. (2007)’s Model

Vidal et al. (2007) investigated the reinforced concrete structural components that had been naturally
exposed to corrosion. At different time intervals, corrosion-induced structural damage was recorded,
and the percentage of steel section loss was estimated over time. Figure 6.6 shows the comparison of
Vidal et al. (2007)’s experimental test data with the predictive model developed based on Equation 6.1.

For the upper and lower bounds in the predictive model, the values obtained for parameters A and n
are given in Table 6.5.
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Figure 6.6. Comparison of the developed predictive model with the experimental test data from Vidal et al.
(2007)

Table 6.5. Constants obtained for the power function based on the data from Vidal et al. (2007)

Scenario A/um n
Upper bound 10.70 0.79
Lower bound 1.00 1.90

6.4.2 Zhu et al. (2015)’s Model

Zhu et al. (2015) investigated the remaining cross-section of embedded reinforcement after corrosion,
as a function of time. One of the features of Zhu et al. (2015)’s model was to examine both pitting
corrosion (i.e., maximum mass loss) and uniform corrosion (i.e., average mass loss). Figure 6.7 show the
comparison of Zhu et al. (2015)’s experimental test data with the predictive model developed based on
Equation 6.1. For the upper and lower bounds in the predictive model, the values obtained for
parameters A and n are given in Table 6.6.
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Advanced damage model (Zhu et al. 2015)

70
: e Experimental data (pitting corrosion) o
60 Upper bound
[ | = = Mean value
~ 50 [ —— Lower bound
é [ A MnDOT measurement
a [
g 40 | _ -
g [ _-"
530 | . - A
C I ¢ .- s
20 -7 A
[ -~ A
L L ]
10 | -
- - Cd
| td
(4
0 b 1 1 1 1 1 1
0 10 20 30 40 50 60
Time (year)
(a)
Advanced damage model (Zhu et al. 2015)
70
: e Experimental data (uniform corrosion) i
60 [ Upper bound
[ | = = Mean value
~ 50 —— Lower bound
0:°, [ A MnDOT measurement A
N [
8 40 r
g [
g 30 } a
0 -
(72}

60

Time (year)

(b)
Figure 6.7. Comparison of the developed predictive model with the experimental test data from Zhu et al. (2015)
for (a) pitting corrosion and (b) uniform corrosion

Table 6.6. Constants obtained for the power function based on the data from Zhu et al. (2015)

Corrosion Type Scenario A/lum | n

Upper bound | 4.30 | 0.60
Lower bound | 0.20 | 1.30
Upper bound | 1.10 | 0.69
Lower bound | 0.12 | 1.10

Pitting corrosion (maximum)

Uniform corrosion (average)
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6.4.3 Final Model for Situation Il

Based on the most relevant data collected and processed for Situation Il, along with the identified upper
and lower bounds for each of the data sets, a predictive model has been developed for assessing a
rebar’s section loss over time, as presented in Figure 6.8. In this figure, the upper bound was selected
from Vidal et al. (2007)’s model and the lower bound was selected from Zhu et al. (2015)’s model.
Specifically, the following variables are proposed:

Table 6.7. Constants obtained for the power function for Situation Il model

Scenario A/um n
Upper bound 5.30 0.65
Lower bound 0.12 1.10

To utilize this model for real practical applications, the following, easy-to-follow steps are suggested to
be taken:

e Step 1: Evaluate and confirm that the bridge component of interest suffers from an advanced
corrosion-induced damage, in the form of delamination and/or spalling.

e Step 2: Determinate the age of the bridge component.

e Step 3: Input the age into the predictive model.

e Step 4: Calculate the mean rebar section loss, in addition to upper and lower bounds.
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Figure 6.8. Developed plot for predicting steel section loss in Situation Il

The capability of the presented models in capturing the real-world rebar section losses has been
validated using the field data obtained from Bridge 27831. The mean cross-sectional area losses
determined from the 3D scanning of a set of rebars collected from the referenced bridge have been
presented with red triangular shapes in Figures 6.6 and 6.7. As anticipated, the field data demonstrate
significant variation, depending on locations and/or exposure conditions. Despite this variation,
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however, the models presented for uniform corrosion are found to successfully capture not only the
mean but also the upper and lower bounds of steel section losses. With utilizing the developed
predictive model from the beginning of the corrosion propagation stage (i.e., immediately after crack
initiation), the mean, as well as the upper and lower bounds, of section loss can be obtained at the
target bridge age. Table 6.8 summarizes the section losses obtained from the Situation Il model at 10-
year increments.

Table 6.8. Mean section loss at 10-year increments

Age (year) 10 20 30 40 50 60
Section loss (%) - Upper bound 23.7 37.2 48.4 58.3 67.4 75.9
Section loss (%) - Mean 12.6 20.2 26.7 32.7 38.2 43.5
Section loss (%) - Lower bound 1.5 3.3 5.2 7.1 9.1 11.1

The predictive models can certainly be further refined and validated by exploring additional bridges,
which add to the diversity of ages, locations, and exposure conditions considered. This will also narrow
down the range of predictions, while contributing to improving their accuracy.

Upon adequate calibration and validation, the real-world use of the developed predictive models can
span a variety of capacity loss and load rating applications. In particular, when cracks are documented
during an inspection, the potential for embedded steel reinforcement corrosion can be quantified using
the developed predictive models. Figure 6.9 shows an example of how cracks can be recorded in the
field, providing a simple yet practical input to assess the extent of rebar section loss.
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Figure 6.9. An example of how the crack details recorded during an inspection can be used to obtain the input
required for the developed predictive models
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CHAPTER 7: CONCLUSIONS AND IMPLEMENTATION STEPS

Bridge structures in Minnesota are designed for a service life of (at least) 75 years. However, strength
and durability of reinforced concrete (RC) bridges are adversely affected by the deterioration of their
structural members within this lifetime. When investigating bridges in need of maintenance and repair,
deterioration caused by corrosion of steel rebars is commonly found as a primary source of structural
degradation. Structural degradation may result in reduced service life and is almost always associated
with service interruption for maintenance and repair. Corrosion reduces the cross-sectional area of the
original steel and forms expansive corrosion byproducts. These corrosion byproducts cause cracks,
concrete spalling, delamination, and even bond loss in RC bridge elements.

Management of a bridge structure requires understanding the structural capacity of the bridge. An
accurate assessment of reinforcement section loss (without underestimation or overestimation) is
necessary for both structural evaluation and capacity determination. Furthermore, the structural
capacity dictates any strengthening needs and associated temporary works in a repair effort. Therefore,
an accurate estimate of the extent of reinforcement section loss has central importance for a wide
spectrum of engineers and decision-making authorities. Reinforcement section loss estimates are key
for safety assessments and for programming repairs. These estimates can be achieved using available
predictive models calibrated with condition-specific data and then validated through appropriate field
investigations. Beyond immediate safety benefits, accurate reinforcement section loss estimates benefit
the design and extent of strengthening. In particular, having accurate section loss estimates and
structural evaluations reduces the risk of unforeseen revisions during contract repair work.

To quantify the extent of corrosion and reinforcement section loss in the bridge structures currently in
service in Minnesota, this research project utilized in-service Bridge No. 27831 (I-394) near Dunwoody
Institute in Minneapolis. This site provided direct access to several bridge piers scheduled for repair
beginning in spring 2020. After the initiation of repair activities in the field, visual surveys were
performed for an initial quantification of cross section loss. Complementary 3D scanning, mass
measurements, and mechanical tests were then performed on the rebar samples collected from the
field. This was to accurately assess the section loss and mechanical properties of corroded rebars. With
the first-hand information obtained regarding the extent of rebar corrosion in real settings, a set of
predictive models and their associated variables were identified for the prediction of rebar cross section
loss. This led to the section loss guidance tables (Figure 7.1) that can be a starting point for future
implementation.
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Prediction of Rebar Section Loss

Project:
Bridge ID:
Prepared by:

Date:

The table below provides an initial section loss prediction based on the age of the bridge component(s).

Section L Estimate (%
No. |Location| Additional Information Input ectionLoss Estimate () | ¢ ment
Age (Year) Min. Mean Max.
1 Detail . P46WE’.> pier cap, w est face 12 19 143 26.7 See Next
Crack Width Available | Yes Table!
2 Locat|on. | : 51 93 388 68.3 Use thh
Crack Width Available | No Caution!
3 Locatlon. | . 36 63 304 544 See Next
Crack Width Available | Yes Table!
80
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70 pp / " L2, 68.3
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3 50
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The table below provides a more refined section loss prediction if the crack width is available/known.
- - o
No. |Location| Additional Information |I‘Ipl-.lt = Se.ctlon Loss Estimate (%) Comment
Crack Width (in) Min. Mean Max.
1 D.etall PA6WB pier cap, w est face 0.130 8.2 13.9 19.7 Still Use with
Picture ID[IMG0001 Caution!
p [Location |- 0.080 3.1 95 158 | Still Use with
Picture IDJ.... Caution!
3 |Location |- 0.160 N/A N/A N/A | Crackis Too
Picture ID|.... Wide!
20 ¥ P L1,19.7 ]
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Figure 7.1. Snapshot of the spreadsheet developed to predict the extent of section loss
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After predictive model development, calibration and validation were performed based on the existing
literature and original data collected from the field. Specifically, estimates from various methods of
field-estimating section loss (e.g., use of calipers, visual assessment, and engineering judgment) were
compared to those made by 3D scanning and weight measurements, as well as mechanical testing. It
should be noted that, due to the pandemic, the developed models had to be tested with limited rebar
samples from only one bridge in Minnesota. Thus, despite the relative success of these tables, the range
of section loss predictions remains relatively large.

To improve prediction accuracy and reduce the range of section loss estimates, additional calibration
and validation efforts will be required. Such efforts will make further model validation, calibration, and
refinement possible by extending the current study to target a large sample set (beyond the 10-rebar set
used in the current project). It is anticipated that sample collection with at least 20 No. 4 bars, 20 No. 5
bars, and 20 No. 8 bars or more will greatly improve the accuracy of the predictive models. For this
purpose, an additional set of three to four bridges will be selected to include a diversity of structure
ages, rebar locations, and exposure conditions. Furthermore, a limited collection of rebars with epoxy
coating will be planned to determine how epoxy-coated reinforcement experiences section loss over
time. The outcome will lead to a robust dataset for the steel reinforcement section loss guidance tables
that can be implemented by MnDOT and other agencies with the expected accuracy and uniformity.
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APPENDIX A: PHOTOS OF IN-PROGRESS REPAIRS



A.1 PIER 12WB
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Figure A.2. South end of east face of Pier 12WB
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Figure A.4. Rebar section

3/8”, respectively
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Figure A.6. Spalling and delamination on north side of the west face of Pier 12WB
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Figure A.9. North end of Pier 12WB showing significant spalling on corners and exposure of longitudinal and

stirrup rebar
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A.2 PIER 15EB

Figure A.10. East face of Pier 15EB showing significant areas of delamination on top of the pier between beams
on south side of beam and on bottom of the pier on the north side of the beam

Figure A.11. Spalling and delamination on east face of Pier 15EB showing exposed longitudinal and stirrup rebars
between piles 3 and 4
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Figure A.13. West face of Pier 15EB showing notable spalling on south end of the pier, delamination on top of

beam above pile 5
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Figure A.14. Vertical and horizontal portions of exposed stirrup shown in Pier 15EB Figure A.3, with rebar
diameters of 19/32" and 3/8", respectively

Figure A.15. West end of Pier 15EB showing two areas of spalling, with entire south corner having rebar exposed
nearly to pile 6
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Figure A.16. South end of Pier 15EB showing nine stirrups and all longitudinal rebar on the west face entirely or
partially exposed, as well as delamination on top and bottom of pier, most notably on the top near the midpoint
of the two piles

Figure A.17. North end of west face of Pier 15EB showing corner and face spalling as well as delamination on the

top of the pier
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Figure A.18. Exposed stirrups on south end of the west face of Pier 15EB, with rebar diameters of 3/8" and

7/16", respectively
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Figure A.19. Top of Pier 15EB at north-most beam connection, with connections showing extreme deterioration
and corrosion and spalling evident at top of pier
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Figure A.20. Spalling and delamination at north end of Pier 15EB
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Figure A.21. Underneath Pier 15EB at pile 1, with rust stains present and spalling exposing longitudinal and
stirrup rebar

L

Figure A.22. West face of Pier 15EB showing multiple spalling and delamination areas at north side of the pier
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Figure A.23. South end of west face of Pier 15EB showing spalling on face of the pier, delamination on top and
bottom of pier

Figure A.24. Severely corroded rebar specimens from south end of Pier 15EB

A-13



A.3 PIER 21EB

’ i ,I—'/ . e ' 2 : o 4 g «rfdx": 8 b R Ak 3 % 2
Figure A.26. Northern side of the east face of Pier 21EB showing spalling where concrete has fallen off as well as
areas where concrete was retained during spalling
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Figure A.27. Area of spalling on east face of Pier 21EB where stirrup rebar is exposed

Figure 28. Exposed corroded rebar with diameter of 3/4"
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Figure A.30. North end of west face of Pier 21EB showing one area of spalling with exposed rebar
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Figure A.31. Spalling with exposed stirrups on west face of Pier 21EB

Figure A.32. Exposed corroded rebar with diameter of 1/2"
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A.4 PIER 48EB

W

Figure A.33. West face of Pier 48EB showing delamination between multiple columns and on the columns
themselves
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Figure A.34. Close-up of delaminated area in the center of the west face of Pier 48EB
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Figure A.36. East face of Pier 48EB
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Figure A.37. Delamination exposing corroded rebar on top of Pier 48EB from the east face at the north side of

Figure A.38. Exposed longitudinal and stirrup rebar with minimal corrosion from section shown in Figure A. 37,
with rebar diameters of about 1/2" and 1 1/2", respectively
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Figure A.39. Severely corroded stirrups, broken over top of Pier 48EB, and diameter reduced to approximately
1/2” on the east side

Figure A.40. Connection on top of Pier 48EB showing corrosion on the connecting plates and bolts
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Figure A.42. Corroded longitudinal bars in area shown in Figure A.37, with rebar diameters of about 1 1/2”
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Figure A.43. Delaminated area shown in Figure A.37 from the east side of Pier 48EB

Figure A.44. Exposed longitudinal bars with little corrosion on the east face of Pier 48EB
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Figure A.45. Exposed rebar with mild corrosion from area in Figure A.37, with rebar diameters of 1 1/2" and
1/2", respectively
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Figure A.46. Additional delaminated area on the west face

L

of Pier 48EB
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Figure A.47. Exposed rebar in area from Figure A.46, showing both stirrups and longitudinal bars
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APPENDIX B: SAMPLE EXTRACTION



B.1 SAMPLES S4 AND S7 EXTRACTED FROM PIER 12WB

G P oo R THIZ EBR
(— AT e RE 5,7“_‘3.;./”6‘ J ) reren W'—lif‘.{ﬁ_ﬁk.} i i _
_5..."’_’.'!" \m'c'oj—! &4 qg" .r'oi‘ £ -Sooces &/ Lofet e sriee mdr gt ] 5 A0 S e gL 5 '1', gt Tiafr,  Tiofeegr
e | S Ag 32337 L 1, . Amehmr 85 sty g | EFAE AT i J
‘“_El\f e i P — 7 o, i i ! r
d AR e T —rﬁugs:f = F e PR *—t—Q«u = T =—
5 - e
¢ X éu-djmgL_rAm‘f | L t ” i - wﬂ—aaas-'ﬁ‘] Wi [EE]
- (5o 90" - & cwotme ] Gt So"-goi00 w-ef* w-gfr  bde
Bear: - woecat) oty wee [i Topeicet) [iEmrema? a5 mored,
Afesri R el e e e (7 " - Y
g Adsermbly F Slafe 47 Thick Prarn~Per Nol2
iy £T o negured fhua Rar) ‘?ﬁnm obaut £ Fier Scaled=ro” m._abourl £ Sier
e o5 Aoredt] —fk]' e
" avgr 307 $ET eor sr=0* O e el g 6" o-g” orgt et a6’ &0t FEL 10 gq
d.ﬂ’rm#m :1 | | F & }?m"ll " EI0 B £ SR d = B30 58 ]’Ezm a B SIO A5 lg—?w pm:ﬁ@*m
| 1 |
$ = 1 T T 1
e i Lr Tel4TH - R L 4 : i,‘." i L g
of T C[Fieer EA— T i
il Naper |||l e-sm | = i Kld-ﬂﬁu' fl'll—c-mur | -{d—aﬁs e ! l'.’-d proery ||| e
S| | | | ass | —“'—"“ - ey
i " | i 1 | ! \ ! ! |
of s ne Lo smemd | ommeed| L -gevasge| || g-mevepd || g pam| | o-smvmae]
: g“‘: f | haaiii nif - oy )
;3 :
| J I I J I a%
- a-s @ 9= ilf*m 7338+ de 9- Spaces @ g-sft=rs i Eg
Fh—g {mmum@} ot
Amomoe Sei i ) EL svaTion R e B e s
ey (e mﬂa,,,gmm@'ﬁgggg B o bt
. — EEta P [peit] A
£ i egr coge |l wird_pio T
b : v Moo __Nore
t;}; Ange ] I : pratlainc vy Ancy iy TN
- = Brr om RemmorcemenT | 595 0000 08 Gt Far
E o i
Tﬁ" \ I " Lram No /12 :f’ase?#mmw o
EBacring = Angle T gl G A B0t prer | o eyt [ood  Locaron Sha=r
ECETEE > M%I.M?EE
s E— ﬁ' | S [ [ 757 M| Cogp Piam -~ S B AR
iR o | TN Bt | M Fitea - F Er Prie
.P.nw'a .’\h! mﬂ.) & Fwor | (5% [ | ﬁ%‘ﬂ-&hmr
19C, [Jo-ocToaco] — i it [Ereenon Searags
et T TTEE |77 (6] 57 | e Co- T b B2 |
=M or oo o L2 B | d | |aried - o AR
ol o aNaL T Was Pra Loans
et e peEr il ool M a=F | = | % | v |5
= e | & o & Adpre s:’ﬁv aoales of e e o] S
!-M"‘P"@;,—“‘"M : TEE | | n@' L T
W g T —feE Mor=s T il L
5’&: o No. /2 Lo L — e
e Taow _F_Coad i Ploce Tomcrebe Taad i, B-bEE_ WD ong, 888 _1Eo’. ESERLE = ATATE OF MINNEICTA
Coad 7 Sioce Comcrefe Sdes, TonS S B L S # . ESEIERLE] DEFARTMENT OF HiGHWATS
= angTih_ 0, AR 5 f Lamodh 10" d
g‘ ﬂs-ea) —' l E& 18 _Contin Sioc~ Conzretfe Sles Resuireo. ) .
.E H v | | sy Eatirates Pasairalion §ft less Mhan giver lengih Eulh?'?éu!‘ro' ZNL”II
L 2-sey a2 ot W Le-aveer Piar Mo, 158 _JEAIZA, ST #o 9C 15 | e ‘@‘ e | e | me ;:"‘ "‘”‘:%’;“;’7‘“ SC re /9T .
7 b dcia'e e
E i e a- F;f:,w._ e ge o L Cosdin Sloce Cancrele Tesd Sk, So Oer —— 1o o rap|i50’| 5o | v e el e ’74'5.5-_-1_&-:-”:1:. 6 D e PIER NO.12
%gu B el B S _cost i Sioce Concrate Pis, &3t Langth, Eomar- (0|0 a0l |w0]:00|  [SEEL RIS | Folbetliarie- 48 5k ]| pieoc is e TO NO
T3 Cusf s St Cocorate Sea Beooieed S e Fld = CALAER £ - B o S NO.1SA TO NO.ITA
Els ErLeEvarion Eshimalcel Penelratian | Pl [88s fron given lerath. a ?; ; ;“_“9’_ ﬁ ""‘"WW”MM PIERS MO.ISC TO NO.19C
! Sooie F o 7| | [ | S [ Aecon- 2 M Se | 8 -
EE; i |FE || Sir |Prer Coo—# éo Frer o 387

Figure B.1. Original design reinforcement
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201 8 SUBSTRUCTURE NOTES:

Spe Cla' @ Delamination from west face extends across full width of

cap under Span 12 Beam 3 & Span 13 Beam 4 bearings.

|nspect|0n Photo Mo. 1200237 & 1280900-1280208

@ Delamination from west face extends across full width of
cap under Span 12 Beam 4 & Span 13 Beam 5 bearings.
Photo No. 1200228

® Delamination from west face extends across full width of
cap under Span 12 Beam 5§ & Span 13 Beam 8 bearings.
Photo No. 1200240

Bottom Face

@ Delamination from west face extends across full width of
cap under Span 12 Beam 8 & Span 13 Beam 7 bearings.
Photo No. 1200241

Delamination from west face extends across full width of
cap under Span 12 Beam 7 & Span 13 Beam 8 bearings.
Fhoto Mo. 1200242

" deep spall with less than 10% section loss on exposed
rebar. Photo No. 10206881

® 3" deep spall with 2 exposed stirrups with 10% section
loss and 2 exposed longitudinal bars with 20% section
loss. Phate No. 1300302

f

SPAMN 12

6" deep corner spall wrapping around to bottom face.
exposed longitudinal bar with 25-50% section loss.
Photo No. 1200243

3" deep corner spall wrapping around to bottom face.
Top Face exposed longitudinal bar with 10-25% section loss.
Photo Mc. 1020680 & 1200209

N—p

3" deep corner spall wrapping around to bottom face.
SPAN 13 exposed longitudinal bar with 25% section loss & 3
4 exposed stirups with 25% section loss.

Photo No. 1020658

6" deep corner spall wrapping around to bottom face.
exposed longitudinal bar with 25-50%.
Photo Mo. 1200208

@ Large delaminated area extands only to the top and
bottom faces as noted. Several portions are isolated to
east face only.

@ 3" deep comer spall wrapping around to top of cap. 1
exposed stirup with 10-25% saction loss. Doss note
extend under beam. Photo No. 1300300

3" deep spall with 2 exposed sfirrups with 5-10% section
loss. Phaote No. 1200301

Elevation View
@ 4" deep corner spall wrapping around to bottom face. 2
exposed longitudinal bars & 2 exposed stirups sach with
25-50% section loss. Photo No. 1300302
. Drawn By: KMN 1522 ey Ave
Legend: 4 ‘ Sute 206
g Delamination: m Spall: Cracking: /\/\ Beam # Pile # Pier 12WB, East Face Checked By: CRS OLLINS Saint Faul, MN 55108
. ~ B QY s steam
arem e mamns | ENGINEERSE Shs=

Figure B.2. Pre-project inspection sketches
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Figure B.3. Sample rebar collection sites during contract repairs



B.2 SAMPLES S1 THROUGH S3, S6, AND S8 EXTRACTED FROM PIER 46WB
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Figure B.4. Original design reinforcement
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SUBSTRUCTURE NOTES:

Bottom Face

i gad 4 Spoces_e &8 « 248 .____bﬂq EEH,
g8

West Bound East Bound
[ REE
[ 176 N frad:d
SPAN 47 Eﬁd:,_ﬂa:’ 4 s;.:ll & -8 .
] L
Ne— o | o o |
A Far i I=aEEHES
SPAN 46 7 Her | 1
_-'\,_,.An:bar?;aﬂ i |
Spacing Crye) L
| 4

Top Face

—>

C_D Delamination from west face extends 2 into top face,
does not extend under bearing.

Cg} Delamination from west face extends 2" into top face,

does not extend under bearing.

@\ Delamination from east face extends 2" into top face,
.

does not extend under bearing.

(@) Delamination extends across full width of cap under

Span 46 Beam 8 & Span 47 Beam & bearings.

Photo No. 1300008 & 1300009

CE-JI Delamination extends across full width of cap under
Span 48 Beam 4 & Span 47 Baam 4 bearings.
Photo No. 1300005, 1300011 & 1300012

Ca) Delamination from east face extends 3" into top face of
” cap between beams, does not extend under bearing.

'CT) Delamination from west face extends 8" into top face of
~ cap betwesn beams, does not extend under baaring.
Photo Mo, 1300004

(5\' Delamination at north face of concrete column, wraps
around 3/4 of the circumference. Wide vertical cracks,
ranging from 0.13"-0.25" present at top 2 feet of column.

-
@) Delamination at west and north face of concrete column,
wraps around 34 of the circumfierence. Moderate veritcal
cracking throughout.

(@. Bridge widened after original construction. This included
lengthening of the pier cap and an additional column.
Geometry not avadable on original plans.

Legend:

Cracking: /\\/\

Column #
Tlof3R2

Beam #

Drawn By: KMN
Pier 46WB & 46EB, West Face Checked By: CRS COLLI NS %E:sﬂne

Sewam e ENGINEERSY Eveess

Figure B.5. Pre-project inspection sketches
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Figure B.6. Sample rebar collection sites during contract repairs
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B.3 SAMPLE S5 EXTRACTED FROM PIER 21EB
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Figure B.7. Original design reinforcement

SHEET o 18 0F 74 sweers |27 8 31



SUBSTRUCTURE MOTES:

G:- Delamination from west face extends 2" into top face,
does not go under bearing. Photo Mo. 1300834

(2) North 1/2 of delamination extends 8" into top face under
Span 22 Beam 1 bearing. South 1/2 of delamination
extends across full width of cap between beams.

Photo Mo. 1300672-1200683 & 1300600

Bottom Face i;} 2 deep pop out spall at drain ancher rod.
~ Photo No. 1300728

Gt:' Delamination from west face extends less than 1% into
top face, does not go under bearing.
Photo No. 1300725

f

SPAN 21

N—p Top Face

SPAN 22

76" 1re=0" -8 4

; T o Hreon
;
|

Elevation View

i edvcre pie— |

G-Spoces @ 9'-£§"=55'-3"

2
¥
%

Legend:

Drawn By: KM
cracking: /NN Beam # - File # Pier 21WB, East Face cr::ed By: CRS COLLI NS §§‘T:sm

28 0f 322 Date: March 2018 ENGINEERSY Ehge==e

Figure B.8. Pre-project inspection sketches
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extracted bar location
S5, but exact bar
location unknown

Figure B.9. Sample rebar collection sites during contract repairs
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Figure B.10. Original design reinforcement
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SUBSTRUCTURE NOTES:

Spall/delamination from west & east face extends across
full width of cap under Span 154 Beam 1.
Photo No. 1300707

I:E) Delamination from west face extends across full width of
—  cap under Span15A Beam 2. Photo Mo. 1300708

(:D 3" to 4" deep spalls adjacent to horizontal joint at mnid
~ height, typical at west and east face. Photo No. 1300731

@ 4" deep comer spall that extends into top of pier with no
measurable saction loss. Photo No. 1300733
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Figure B.11. Pre-project inspection sketches
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Figure B.12. Sample rebar collection sites during contract repairs. Note that bar size for sample S9 exhibited larger than normal cross-sectional area for #5
rebar and therefore was assigned a #6 rebar designation in laboratory.
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