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Chapter 1. Introduction

The goal of infrastructure asset management is to preserve and manage the infrastructure
sustainably, while ensuring safety and functionality during its service life [1, 2]. For reinforced
concrete (RC) bridges, deterioration mechanisms such as corrosion can gradually affect safety and
functionality. If left unaddressed, managing corrosion can be economically unsustainable. An
effective asset management program must therefore be able to predict deterioration and optimize
the timing of repair activities for maximizing safety and functionality under given budget and time

constraints.

Field inspections are typically used to monitor the condition of bridges, and the resulting
condition ratings are used as input in asset management tools and software for determining the
repair priority of bridges, considering budget and time limitations. However, field inspections are
labor intensive and can be subjective. Furthermore, visual inspections rely on visible signs of
corrosion on the exterior surface of a bridge (e.g., corrosion stains and cracks), and may miss
severe cases of localized deterioration until dangerously severe reinforcement corrosion occurs [3].
To address these challenges, a physics-based method is needed for supplementing field inspections

improving the reliability of condition assessment and management of RC bridges.

Several researchers have developed models for estimating the condition of RC bridges
using field-based condition assessments [4-6] or physics-based deterioration models [7-11]. Field-
based condition assessment studies commonly develop deterioration models for bridges by

collecting condition rating data from periodic bridge inspections and by processing this data using
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deterministic or probabilistic regression/stochastic methods. These deterioration models are
referred to as “deterioration curves”. Since corrosion is the main deterioration mechanism in RC
bridges, studies based on physics-based deterioration models typically utilize corrosion models
that are developed using fundamental equations of diffusion, supported by experimental data,
and/or numerical simulations. The physics-based corrosion models estimate deterioration
indicators, such as the rebar area loss, concrete crack width, concrete spalling, and the stiffness

reduction of bridges as a function of time.

The existing studies [4-12] on condition assessment of RC bridges have several limitations
or rely on several assumptions. Field-based condition ratings used to generate deterioration curves
may have significant variability. This is partly due to the subjective nature of visual inspections
[3]. Also, at a given bridge age, there is a wide scatter in the condition ratings due to large
differences in the progression of deterioration in various bridges. These differences are caused by
the unique characteristics of bridges in terms of their location, environmental exposure, traffic, etc.
Therefore, the resulting average deterioration curve can be significantly different from the actual

condition rating of an individual bridge at a given bridge age.

The physics-based models require input parameters, such as corrosion rate, relation
between crack width and corrosion rate, which are difficult to measure in the field. These models
estimate bridge deterioration in terms of indicators such as reinforcement area loss, concrete crack
width, and concrete spalling as a function of time. However, the asset management systems used
by various state departments of transportation (DOT) in the US rely on condition ratings from field

inspections. A quantitative link between the indicators from the physics-based corrosion model
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and the field condition ratings is missing. Such a link is needed for an objective assessment of

structural health and for prioritizing maintenance and repair actions, given limited resources.

A systematic method linking the physics-based corrosion model to bridge condition ratings
is proposed in this report to address some of the aforementioned limitations of existing models.
The method consists of two parts: 1) a corrosion model, and 2) linking the corrosion indicators to
bridge condition ratings. In the subsequent chapters of this report, an extension of the corrosion
model introduced in Wang et al. [13] to capture spalling is presented. This extension is needed as
spalling is used as a criterion in bridge condition rating. Next, bridge condition rating systems and
deterioration curves currently used by transportation agencies are reviewed. Then, the method to
link the corrosion model output (crack width and spalling) to the bridge deterioration curves is
introduced. The application of the method is demonstrated using an example bridge. Finally, a
parametric study is presented to identify the influence of critical parameters on the proposed

method.
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Chapter 2. Corrosion modeling for predicting concrete spalling

The methods for estimating the corrosion initiation time as well as modeling crack width
as a function of time and corrosion rate are given in Wang et al. [13]. The focus of this chapter is
to extend the corrosion model discussed in Wang et al. [13] to predict concrete spalling as concrete

spalling is considered in condition rating of bridges.

2.1 Simplified concrete spalling geometry

Many studies [14-16] assumed a simplified triangular concrete spalling area on a cross-
section view as shown in Figure 1. In this triangular spalling model, three cracks are assumed to
form in the concrete cover. The angle between one of the outside cracks and the exterior surface

of concrete cover is denoted by 6,41ing-

Rebar

Crack Spalled area
\\

espalling

Figure 1: Simplified concrete spalling model shown in cross-section view
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2.2 Pressure for concrete spalling

Moccia et al. [15] performed several experiments to investigate the relationship between
the internal pressure caused by rust expansion and concrete spalling. In their experiments, a
hydraulic device was inserted into a circular hole created in a concrete sample to apply radial
pressure, simulating rust expansion. When concrete spalling was observed during the test, the
corresponding pressure was recorded. By analyzing the test data and following a simplified model,
a semi-empirical model considering the tensile strength of concrete, cover thickness and rebar size
was developed to calculate the pressure for concrete spalling. The spalling pressure is calculated

by Equation (1) using this model:

1/mgize
Net XS, c c 2 Bod
Pspailing = — X 2\[(2) + ( ) X (O—dg) (1)

tan (Ospalling) rebar Drebar Drebarddgo

In the above equation, 7, is the factor to account for the concrete brittleness in tension, f.; is the
concrete tensile strength (MPa), @, is the reference rebar size which is 20 mm and d g is the
reference aggregate size which is 32 mm [15], @,y is the rebar size (mm), d 4, is the average
roughness (mm), which is related to the maximum aggregate size (mm), c is the concrete cover
thickness (mm) and m is the empirical coefficient from regression. This semi-empirical study used

Imperial Units.

As mentioned in Wang et al. [13], over time, the build-up of rust increases tensile stress in
the concrete surrounding the rebar. When this stress reaches the tensile strength of concrete, a
crack is formed in the concrete cover. Rebar mass loss is predicted by Equation (2) shown below

(also defined in Wang et al. [13]). In this equation, m;, IS the percent rebar mass loss as a function
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of time, and Q. IS the percent area loss of rebar as a function of time. Lu et al. [17] proposed an
equation for internal radial pressure (P,,,-) due to rust expansion, given by Equation (3). This
equation accounts for the fact that when rust layer becomes thick (between crack initiation time
and time of concrete spalling), the rust layer will be restrained and compressed by the surrounding
concrete [18, 19], and therefore, the deformation of the rust layer should be considered. In Equation
(3), 6, is the thickness of the porous zone around the rebar, n is the volume expansion coefficient
(due to greater volume of corrosion products compared to the reactants), @,..,q- IS the rebar
diameter, E. is the elastic modulus of concrete, E, is the elastic modulus of rust, v and v, are the
Poisson’s ratios of concrete and rust, respectively. Assuming that all the corrosion products remain
inside, the internal radial pressure, corresponding to the rebar mass loss computed by Equation (2),
can be found using Equation (3) [17].

Mypss = Qeorr X UNit thickness of section (1 mm) (2)

P _ \/1"‘("—1)mloss/100—1—250/®rebar
corr — 7y M}Hy i[nmloss/100(1—v$),/1+(n—1)mloss/100

Ecl(rpv02—r2] " Bl [aFvpn-2](mypss/100) +2 (3)

?
wherer, = 22 ¢ §,
2

The time at which concrete spalls is determined by checking whether the radial pressure
due to rust expansion calculated by Equation (3) reaches the concrete spalling pressure determined
by Equation (1). Later in this report, the concrete spalling pressure is calibrated by changing the

parameter g,41ing IN Equation (1) as will be discussed in Chapter 6.
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Chapter 3. Review of bridge inspection programs and condition ratings

The bridge inspection program in the US was established in 1968 in the aftermath of the
collapse of the 2,235-foot Silver Bridge, at Point Pleasant, West Virginia. After the failure of the
bridge, the USDOT decided to establish a national bridge inspection standard [20] to keep bridges
safe and serviceable. After several decades of development, the bridge inspection program became
more standardized, more sophisticated and broader in scope compared to the first version. For
example, different procedures have been developed for different types of bridge inspections [21]
and new inspection technologies have been developed, such as sonic testing and spectrum analysis
[20]. One of the most common inspection types is routine inspection, which is a two-year periodic
inspection during the service life of a bridge. Routine inspection uses measurements and
observations to evaluate the condition of bridges and documents changes in condition since the

last inspection.

Visual inspection (observations) is the primary method used in routine inspection. It is
commonly performed by inspection teams consisting of several trained bridge inspection engineers.
During each inspection, the inspection engineers examine all bridge components, such as bridge
deck, girders, bearing, and bridge columns/bridge pier walls, and document the location, type, size,
quantity, and description of damage severity such as area of concrete spalling and surface crack
widths. The inspection engineers assign a number (0~7 or 0~9) to the examined bridge elements,
which is called bridge element condition rating. Similarly, bridge component ratings are used to

evaluate the overall condition of the superstructure and substructure of a bridge. The method

18



presented in this report uses bridge element condition rating data. Additional details about the

rating systems can be found in the AASHTO Manual for Bridge Inspection [21].

The New York Department of Transportation (NYSDOT) used two different rating systems.
Before 2016, NYSDOT’s bridge inspection system had a scale of 1 (failure) to 7 (new) to evaluate
the condition of a bridge component. The description of each condition rating is given in Table 1.
After 2016, NYSDOT transitioned to AASHTO’s element-based condition rating system
(AASHTO ECR). This system has rating scales ranging from CS1-good to CS4-severe, following
AASHTO Manual for Bridge Inspection [21]. Table 2 shows the AASHTO ECR guidelines. The
method presented in this report utilizes both scales due to their unique advantages. AASHTO ECR
scale (CS1 to CS4) is used because it provides more detailed information on elements. However,
since this system is newer (since 2016), data collected using this scale are limited to a relatively
short period. The older NYSDOT scale (1 to 7) is less detailed but have been used over a longer

period leading to a larger condition rating data set.

Table 1: Condition rating guidelines of NYSDOT bridge component evaluation (adapted

from NYSDOT [22])

Condition rating Description

7 New condition, no deterioration.

Used to shade between rating s of 5and 7.

Minor deterioration, but functioning as
originally designed.

6
5
4 Used to shade between ratings of 3 and 5.
3
2
1

Serious deterioration, or not functioning as
originally designed.

Used to shade between ratings of 1 and 3.
Totally deteriorated, or in failed condition.
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Table 2: AASHTO ECR guidelines (adapted from NYSDOT [23])

Condition
State

Condition
Type

General Condition Guideline

Cs-1

Good

That portion of the element that has either no deterioration or the
deterioration is insignificant to the management of the element, meaning
that portion of the element has no condition based preventive
maintenance needs or repairs. Areas of an element that have received
long lasting structural repairs that restore the full capacity of the element
with an expected life equal to the original element may be coded as good
condition.

CS-2

Fair

That portion of the element that has minor deficiencies that signify a
progression of the deterioration process. This portion of the element may
need condition based preventive maintenance. Areas of the element that
have received repairs that improve the element, but the repair is not
considered equal to the original member may be coded as fair.

CS-3

Poor

That portion of the element that has advanced deterioration but does not
warrant structural review. This portion of the element may need
condition based preventative maintenance or other remedial action.

CS-4

Severe

That portion of the element that warrants a structural review to determine
the effect on strength or serviceability of the element or bridge; OR a
structural review has been completed and the defects impact strength or
serviceability of the element or bridge; OR a condition where that portion
of the element is no longer effective for its intended purpose.

CS-5

Unknown

That portion of the element not assessable due to lack of access.
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Chapter 4. Review of bridge deterioration curves

Bridge element deterioration curves are developed using historical element condition rating
data of many bridges in a certain region. These curves are used to estimate the future condition of
bridges in the region and to plan intervening actions. Because the curves are developed based on
inventory data, deterioration curves represent average performance of bridges in the inventory

rather than the performance of individual bridges.

As mentioned in Chapter 1, deterioration curves are commonly developed by two methods:
deterministic methods and stochastic methods. Deterministic methods [5, 24, 25] utilize statistical
regression for determining the relationship between the bridge condition rating and time. The
deterministic deterioration curves can be developed using straight-line, extrapolation, regression,

and curve-fitting methods [5].

The stochastic methods [4, 5, 26] capture the uncertainty and randomness in bridge
deterioration. The models developed by stochastic methods can be classified as either state-based
or time-based [26]. In state-based models, deterioration models are commonly modeled by Markov
chains, which represent the change of bridge condition ratings within a certain time (e.g., 2 years
between successive inspections) as a probability matrix. The probability matrix can be developed
using the bridge condition rating data and optimization theories. Then, the relationship between
the estimated bridge condition rating and time can be developed based on the probability matrix.
In time-based models, the duration of a bridge component at a particular bridge condition rating is

modeled as a random variable using either a Weibull-based probability distribution or a lognormal
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distribution. The probability distribution is developed by fitting the time-based model with the

bridge condition rating data.
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Chapter 5. Deterioration interpretation from bridge element condition ratings

The goal of this report is to establish a link between the physics-based corrosion indicators
(e.g., crack width) and the field-based bridge element condition ratings. In this chapter, the bridge
element condition ratings are correlated with crack width and spalled area, which are later used as
the basis of the linkage to the physics-based indicators. For this purpose, two relationships are
needed: (1) the relationship between the corrosion indicators and the AASHTO ECR, and (2) the
relationship between the AASHTO ECR and the NYSDOT element condition ratings (NYSDOT
ECR). It should be noted that element condition ratings from other states can also be used for this

practice. NYSDOT ECR are used in this study because of their availability to the author.

To establish the first relationship mentioned above, Table 3 presents a correlation between
crack widths and condition ratings of RC bridge columns, as described in AASHTO ECR [21].
Similarly, using the same reference [21], Table 4 presents a correlation between area of concrete
spalling and condition ratings of RC bridge columns. In this study, crack width and concrete

spalling are used as corrosion indicators.
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Table 3: Condition states of reinforced concrete elements based on surface crack widths (adapted
from AASHTO [21])

Condition I
State Defect Description
N Cracks less than 0.012°’(0.3 mm) in width can be
CS-1 In.s ignificant cracks or moderate considered “insignificant” and a defect is not
width cracks that have been sealed
warranted under the Element.
Unsealed moderate width cracks or Cracks ranging from 0.012”°(0.3 mm) up to
CS-2 unsealed moderate pattern (map) " : « ”
- 0.05”* (1.27 mm) can be considered “moderate” .
cracking.
- Cracks equal to or greater than 0.05°’(1.27 mm)
CS-3 Wlde.craCk or heavy pattern (map) can be considered “wide”. Extent and severity
cracking. - .
are not excessive and/or widespread,
The condition is beyond the limits established in
CS-4 Wide crack or heavy pattern (map) | condition state three (3) and /or warrants a
cracking including ASR. structural review to determine the strength or
serviceability of the element or bridge.

Table 4: Condition states of reinforced concrete elements based on areas of concrete spalling
(adapted from AASHTO [21])

Defect CS-1-Good | CS-2 - Fair CS-3 - Poor CS-4 - Severe
Delamination None Spall less than | Spall greater than 1 | The condition is beyond the
/Spall 1inch (25 inch (25 mm) deep limits established in
mm) deep or or greater than 6 condition state three (3) and
less than 6 inches (152.4 mm) /or warrants a structural
inches in in diameter or review to determine the

diameter exposed rebar strength or serviceability of
the element or bridge.

The second relationship mentioned above, between the AASHTO ECR and the NYSDOT
ECR, is needed because (1) the AASHTO ECR system has been effective in New York State only
after 2016. Therefore, there is limited historical data for developing deterioration curves using

AASHTO ECR, and (2) existing deterioration curves in the literature for bridge elements in New
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York State are generated based on the NYSDOT ECR, but the relationships between NYSDOT

ECR and crack width are not well-quantified.

The relationship between AASHTO ECR (CS-1 to CS-5) and NYSDOT ECR (1 to 7) is
established based on several assumptions and is shown in Table 5. AASHTO ECR of CS-4 is
assumed to correspond to a NYSDOT ECR of 3 because they are both used to indicate loss of
functionality of a bridge element. AASHTO ECR of CS-2 is assumed to correspond to aNYSDOT
ECR of 5 because both represent minor deterioration in a bridge element. AASHTO RCR of CS-
1 is assumed to correspond to the NYSDOT ECR of 7 and 6 because both are assigned to elements
with no deterioration or insignificant deterioration. Based on the aforementioned definitions, the
remaining AASHTO ECR of CS-3 is assumed to correspond to NYSDOT ECR of 4. The condition
states CS-4 and CS-3 have no differences in terms of crack width (see Table 3). Therefore, only

CS-3 was considered in the relationship between AASHTO ECR and NYSDOT ECR.

Due to the simplified model used in this study (Chapter 2.1), after concrete spalling, the
depth of the spalled area is assumed to be equal to the thickness of the concrete cover. For most
concrete transportation structures, the cover thickness is at least 1 inch. Therefore, when the time

for concrete spalling is reached, the condition rating is assumed to drop down to CS-3.

Using the two relationships described above (between crack width/spalling and AASHTO
ECR, and between AASHTO ECR and NYSDOT ECR), NYSDOT ECR is defined in terms of
crack width and concrete spalled area as shown in Table 5. It should be noted that the assumptions

made to connect the AASHTO ECR to NYSDOT ECR can be modified and refined in the future,
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but these assumptions do not change the procedures for the general method of linking physics-

based and field-based methods described in the subsequent chapters.

Table 5: Relationship between NYSDOT ECR and crack width

NYSDOT bridge 7 6 5 4
element condition rating
AASHTO bridge element CS-1 CS-1 CS-2 CS-3
condition rating
Crack width (W), W=0  0<W<0.012 0.012<W <0.05 W >0.05
inch
Spalled area N/A N/A Spall less than 1 | Spall greater
inch deep or less than 1 inch
than 6 inch deep or
diameter* greater than
6 inch
diameter*

* Since the depth of the spalled area is assumed to be the cover thickness and since cover thickness
is larger than 1 inch for most bridges, spalling is assumed at NYSDOT ECR of 4 or AASHTO

ECR of CS-3.
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Chapter 6. Corrosion model calibration

The corrosion model parameters, corrosion rate (A(t)fcrack) Pitting factor (R), corrosion
initiation time, the ratio (K) of A(t)gfcrack 10 A(t)prerackand critical crack width (W), can be
calibrated using the deterioration curves introduced in Chapter 4. These curves represent the
average deterioration rate of bridges in a state or a region. Although the bridge inspection data of
a particular bridge can also be used for calibration, this data is limited, especially for bridges built
within the last 10 years. Using a limited data set to calibrate the corrosion model would cause a
large bias. Moreover, bridge deterioration curves are the most commonly used tools by state DOTs
for asset management. Therefore, using these curves for model calibration is relevant and is

expected to accelerate adoption by practicing engineers.

The method for calibrating the inputs of the corrosion model is illustrated in Figure 2 and
Figure 3. In the first calibration step, crack width is used as the criterion for calibration. The
corrosion model calculates the crack width as a function of bridge age (Wang et al. [13]).
Deterioration curves provide the bridge ECR as a function of bridge age, but they can be converted
to equivalent crack widths as a function of bridge age using the interpretation described in Table
5. The output of this step is the lower and upper bounds of crack widths and average of the bounds
corresponding to a condition rating. The calibration process involves using the least sum of squares
method to minimize the difference between crack width calculated by the corrosion model (W (t;))
and the average crack width (W, (t;)) calculated as the average of the upper (Wyg(t;)) and
lower bound (W, z(t;)) of crack widths derived from the deterioration curves as shown in
Equation (4a). If the crack width range determined from the deterioration curves does not have an

upper bound value (e.g., crack width > 0.05 inch for NYSDOT ECR of 4 and AASHTO ECR of
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CS-3in Table 5), the crack width calculated by the corrosion model should be larger than the lower
bound crack width determined from the deterioration curves (Equation (4b). The inputs of the
corrosion model, such as A(t)prcrack» are changed iteratively until the conditions given in

Equation (4) are satisfied.

Wyp(t)+Wop(t)
(a) Wave(ti) = %

(b) if Wyp(t,) is defined, T2 (W () — Wape (£)] = 0 (4)

(c) if Wyg(t;) is not defined, W (t) = W5 (t)
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Step 1: Calibration to match crack width

+
Input: Corrosion rate, Corrosion initiation Input: Deterlioration cu rve {bridge condition
time, Pitting factor, K, Critical crack width rating as function of time)
‘ v
v Table 6.5: Relationship between bridge
‘ Physics-based corrosion model | condition rating, crack width and time
v
. ' - . QOutput: Lower bounds, upper bounds and
‘ Output: Crack width as a function of time, W(t) | average value of crack width corresponding
to condition ratings as a function of
time, W, (£), Wy (t) and Wy (£)
M v
| — s {if Wyg (t,) is defined, EYSZW (t) — Wi (612 0 -

if Wy (t)) is not defined, W(t) = W,z (t) ‘

Step 2: Calibration to match time at concrete spalling |

¢

— | Input: Ospaning | -

Input: Deterioration curve (bridge condition
rating as function of time)
¥ }
> /e Table 6.5: Relationship between
. Ner X fer 4 c Dodag Misizy brid diti ti dtime f
Equation 45: pepqiiing = % + % ridge condition rating and time for
tan(gspailing) Drebar Drebar GE%l'ehmddgl) concrete spalling
7 v
[ Output: Spalling pressure | | Output: Time at concrete spalling
x |

\/1 +(n-1) mlossfloo -1- 250/®rebar

Feorr =
Equation 46: 1 (TZ+C)2+1‘22] oL MM/ 100 (1 — v3) /1 + (n — 1)myoe,/100
E \(ry+ C)2—n2 E, [(1 +v,)n — 2] (myss/100) +2
v
| Output: Time at concrete spalling \

v
— | No |« Is the time at concrete spalling computed from the model = time at concrete spalling from | —+| yes
deterioration curve? l

| Expected outcome: Calibrated physics-based corrosion model for estimating corrosion damage on RC structures |

Figure 2: Calibration framework

In the second calibration step, concrete spalling criterion is checked by iteratively changing
the cracking angle 6,,41ing. Physically, the cracking angle is governed by the aggregate size,
aggregate location, and the aggregate-cement paste interfacial characteristics. Due to the
complexity of the concrete spalling process, it is difficult to accurately estimate 85,41iny from

fundamental parameters. Therefore, this variable was calibrated using field-data. In this study,

Ospaning 1N Equation (1) is calibrated in the range of 15° to 75° [14, 16] to ensure that the criteria
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shown in Table 5 for both crack width and spalling are satisfied simultaneously. Figure 3

demonstrates the process of calibration.

Calibrated corrosion model (crack width as
a function of time)

0=z '.H'.‘ W () | 1 I T 7
Ll iy /
Wyp (ts) 16
0.05¢}
L P2
S I
E oot 4
£ Deterioration curve = _g
S <1
= n 13 c
2 0157 2 S
s S
5 RIRE
0.2 ﬁ
E 11
'—
0.25 : : : : : 0
0 10 20 30 40 50 60

Age of bridge (years)

Figure 3: Demonstration of the calibration process
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Chapter 7. Demonstration of the calibration process with an example

An example RC bridge located in Erie County, NY, crossing over a 2-lane state route, is
used to demonstrate the calibration process. The bridge has two spans and a concrete deck
supported by two RC bridge columns, exposed to a large amount of deicing salts during the winter
season. In this study, the corrosion rate of one bridge column was calibrated based on the
deterioration curves. The deterioration curves used in this study were developed by Agrawal et al.
[4], which represent the deterioration of concrete bridge columns in New York State. The
deterioration function is expressed as shown in Equation (5), where T is the time in years since
bridge construction. By using Equation (5) and Table 5, the criteria for the corrosion rate
calibration can be developed as shown in Figure 4. 1t should be noted that the specific deterioration
curve shown in Equation (5) appears as a “straight line” in Figure 4. Typically, the rate of

deterioration (or decrease in condition ratings) reduces with time.

0 7
16
. 0.05¢
< _— o0
o Condition rating 15 8=
£ ®
= L
g Y 4 S
2 2
O J 3 o
o 0.15¢ O
O
12
0.2} — — Before calibration
= After calibration 11
0.25 : ' ' : : —o

0 10 20 30 40 50 60
Age of bridges (years)

Figure 4: Calibration of corrosion rate before cracking (A()pfcrack)
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In Figure 4, the blue line is the condition rating expressed by Equation (5). The pink lines
were developed from the deterioration curve. They indicate the upper, lower bounds and average
of crack width at a given condition rating and the time when concrete spalls based on the condition
rating. The crack width (W (t)) curve computed by the corrosion model (the black line in Figure
6.4) should satisfy Equation (4).

NYSDOT ECR = 7 — 0.0486218T — 0.0001326T2 + 0.0000012T3 (5)

Before calibration, the corrosion initiation time of the bridge column is calculated by
inputting the parameters shown in Table 6 into Equation (1) of Wang et al. [13]. These input
parameters are within reasonable range, as supported by the references provided in Table 6. The
corrosion initiation time is calculated as 3.3 years using this input. Wang et al. [13] showed that
the corrosion rate before cracking (A(t),fcrack) has the most significant effect on the corrosion
model results. Therefore, the calibration of this parameter is presented in this example. The effects

of calibrating other corrosion model inputs are discussed in Chapter 8.
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Table 6: Model parameters of the bridge column

Corrosion
model Units Valu_es be_fore Source
parameters calibration
Cs Ibs/yard® 0.062 Weyers, Fitch [27]
D¢, inch?/year 0.13 Weyers, Fitch [27]
Critical
confehr:to;ltdribar Ibs/yard? 2.02 Life-365™ [28]
surface
Corrosion
initiation time years 3.3 i
C inch 1.4 -
E. ksi 3704 -
A serack inchiyear 4.0><1_O'4 _ Andrade and Alonso
(before calibration) [29]
K - 2 -
Critical crack
width, inch 0.008 Cui, Zhang [30]
(Wcri )
R - 6 Val and Melchers [7]
E, ksi 3 Liu and Su [19]
El Maaddawy and
Ve } 0.18 Soudki [3{]
Vv, - 0.5 Lu, Jin [17]
0 ) 4 Lu, Jin [17], Liu and
Su [19]
espalling - 35 Su and Zhang [16]

(before calibration)
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The procedure for calibrating the corrosion model for the example bridge is as follows:

Step 1: By inputting the value of A(t)p,rcrack,Weri» R, K and E; in the corrosion model as

illustrated in this and Wang et al. [13], the crack width as a function of time and time for concrete

spalling is calculated (dashed line in Figure 4).

Step 2: The lower bound, upper bound and average of lower and upper bounds of crack
width (pink dots) corresponding to bridge ages at which condition ratings (blue line) change are
obtained from deterioration curves. At t;= 19.7 years, W, z(t;) = 0 inches, Wyz(t,;) = 0.012
inches and W,_,.(t;) = 0.006 inches. At t,= 38.5 years W,g(t,) = 0.012 inches, Wy (t,) =

0.05 inches and W,,,.(t,) = 0.03linches. At t;=57.4 years, W,z (t3) = 0.05 inches.

Step 3: The crack widths calculated by the corrosion model (Step 1) are checked to
determine whether they satisfy the conditions of Equation (4). If they do not, the corrosion rate

(A(®)pferack) is changed and Step 1 is repeated iteratively until the conditions of Equation (4) are
satisfied. For this example bridge, A(t)pscrqck that satisfied the conditions given in Equation (4)

was 3.8x10 inch/year.

The comparison between the predicted crack width before and after calibration is presented
in Figure 4. The blue line is the deterioration curve developed by Agrawal et al. [4] for NYSDOT

bridges. As shown in the figure, the calibrated value of A(t),fcrqcr IS 3.8x10 inch/year. Before

calibration, A(t)pscrqck Was 4.0x10* inch/year. The value before calibration resulted in crack
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widths within the range of crack widths obtained based on the deterioration curve but closer to the

upper bound crack width.

Step 4: Using E,, v, n, and v, shown in Table 6, the pressure due to rust expansion
(Equation (3)) is calculated as a function of time. Before calibration, concrete spalled at 38 years,
when the condition rating drops to NYSDOT ECR of 4, based on the assumption in Chapter 5.

The parameter Ogyq1ing is calibrated iteratively until the concrete spalling criterion shown in

Figure 4 is satisfied. The value of 85,;in, thus obtained from calibration is 33.5°.
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Chapter 8. Effects of different corrosion input parameters on crack width

This chapter serves two purposes: (1) to identify input parameters that have negligible
effects on the results so that calibration efficiency can be improved by excluding these parameters

from the calibration process, (2) to identify the input parameter combinations that lead to a match

between the corrosion model results and field-data.

In this chapter, the effects of different corrosion input parameters of the corrosion model
were investigated by varying these parameters one at a time. The input parameters varied were the
corrosion rate before cracking (A(t)pfcrack), Pitting factor (R), the ratio (K) of A(t)q¢crack 10
A(t)pferack » COrrosion initiation time, and critical crack width (W,,;). The example bridge
presented in Chapter 7 was used as a baseline for this exercise. The values of the input parameters

that led to a match between corrosion model and field-based data are summarized in Table 7 and

discussed in this chapter.

Table 7: Values of the corrosion model input parameters that led to a reasonable match with
field-based data

Corrosion model . . Source for
Units Values Typical range .
parameters typical range
. 2.9x10%, 3.3x10*, 4 4 Andrade and
A(Obferack inch/year 3.8x10%%, 4.0x10 2.0x10"~ 4.0x10 Alonso [29]
R - 4.8,6.0%,7.3 4.0~8.0 val a”d[%'e":hers
K - 14,2.0% 2.6 - -
Corrospn initiation years 3.3* 5.0, 6.0, 7.0 ) i
time
Critical crack width, inch 0.004, 0.008%, ) i
W) 0.012

* Baseline values that were kept constant when other parameters changed one at a time.
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Figure 5 shows that the crack width increases with an increase in A(t)prcrqck- This is
because A(t),fcrack 1S the major factor determining the rebar area loss as shown in Wang et al.

[13], which in turn influences the crack width. For the baseline values of R, K, corrosion initiation
time, and critical crack width shown in Table 7, the minimum and maximum values that
A()pserack Can take while keeping the predicted crack width within the range determined from
deterioration curves are 2.9x10* inch/year and 4.0x10-* inch/year, respectively, which are within

the range reported by Andrade and Alonso [29].

0.05¢

S Condition rating &
= A(t)bfcrack L ;
7§ 2.9x10" .13 8
=~ 015 —— 33x10* N T
& - 3.8x10 S
o ‘ o
o == - 4.0x10% 12

0.2} Unit: inch/year

0.25 ' ' . ' . —0
0 10 20 30 40 50 60

Age of bridge (years)

Figure 5: Effect of varying A(t)fcrack ON crack width evolution

Figure 6 and Figure 7 show that the effect of the parameters R and K, respectively, on crack
width are significant. This is attributed to the fact that, similar to A(t)p¢crqck: R and K are major
factors determining the rebar area loss in Equation (7). The minimum and maximum values of R
that maintain the crack width consistent with those determined from deterioration curves are 4.8
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and 7.3, respectively, when other parameters are assigned the baseline values shown in Table 7.
The minimum and maximum values of K that are within the calibration range are 1.4 and 2.6,

respectively, when other parameters are assigned the baseline values.

0 7
L 5 \'\‘6
0.05
\:5
g 0.1 R £
£ . N =
= “\\4 o
S N, IS
2 o015} N]° %
% h o
S 12
0.2}
11
0.25 ; : : ' : —0

0 10 20 30 40 50 60

Age of bridge (years)

Figure 6: Effect of varying R on crack width evolution
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Figure 7: Effect of varying K on crack width evolution

Figure 8 shows that corrosion initiation time has negligible effects on crack width. This is
likely because the corrosion initiation times (3 to 9 years) were small compared to the time scale
considered (tens of years), which resulted in insignificant effects on the reinforcement area loss. It

should be noted that A(t)p,scrqck also covers a short period before cracking (6-9 years). However,
A(t) prerack also influences the corrosion rate after cracking and the maximum corrosion rate and

has a significant effect on the crack width. All reasonable values of corrosion initiation time led to
crack widths that were within the calibration range, when other parameters were the baseline

values shown in Table 7.
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Figure 8: Effect of corrosion initiation time on crack width evolution

Figure 9 shows that crack width is not sensitive to W,,;, i.e., the critical crack width at
which  the corrosion rate reaches the maximum value. For the same
A()pferack, R, and corrosion initiation time, the time at which concrete cracks computed by the
corrosion model is the same. Therefore, W,,; only affects the time during which the corrosion rate
increases, which is small (less than 10 years) compared to the service life of the bridges (75 years).
Therefore, W,,; has a limited effect on crack width. When all other parameters are assigned the
baseline values shown in Table 7, all reasonable values of W,,; lead to crack widths that are within

the range determined from the deterioration curves.
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Figure 9: Effect of W,,; on crack width evolution

Based on the above results, the corrosion initiation time and W,,; do not need to be
considered as parameters to be calibrated. Although the effects of R and K are significant, it is hard
to collect data from real bridges or laboratory experiments for determining the values of these
empirical parameters. In the literature (discussed in Wang et al. [13]), R ranges from 4 to 8 ([7]. It
quantifies the distribution of pitting locations along a corroded rebar [11]. In real practice, it is
difficult to observe all the corroded locations of a rebar embedded in a bridge column. For K,
which is the ratio of corrosion rate after cracking to that before cracking, there are limited
laboratory tests [32, 33] and no field observations. Thus, the most suitable parameter for calibration

is determined to be the corrosion rate before cracking (A(t)prerack)- A(E) prerack determined from

the calibration is within the range reported by Andrade and Alonso [29].
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Chapter 9. Summary and conclusions

A systematic method for linking the physics-based corrosion model and the field-based
condition assessments is proposed in this report. In this method, the physics-based corrosion model
introduced in Wang et al. [13] was expanded by incorporating concrete spalling because spalling
affects bridge condition ratings. Then, links between the surface crack width and bridge element
condition rating, as well as concrete spalling and bridge element condition rating were established
based on the guidelines of NYSDOT [23] and AASHTO [21]. Finally, based on the developed link,
a calibration method for the inputs of the corrosion model was proposed by matching the crack
widths and spalling interpreted from deterioration curves with the outputs of the physics-based

corrosion model.

The use of the calibration method was demonstrated on an example bridge in New York
State. The calibration identified a range for corrosion rates before cracking that leads to a match
between the corrosion model and deterioration curve predictions. The upper bound of this range

corresponded to the rate reported in the literature by others [29].

The effects of various model parameters, including the corrosion rate before cracking
(A(®)pferack), pitting factor (R), the ratio (K) of A(t)qrcrack 10 A(t) pferack, COrrosion initiation
time and critical crack width (IW,,.;), were investigated. The results show that crack width increases

with the increase of A(t)prerack: R, and K. Corrosion initiation time and W, have negligible
effects on the crack width. A(t)pfcrack 1S recommended as the most appropriate parameter to be

calibrated in the proposed method because it is easier to be measured in real practice than other
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parameters and has a significant effect on the crack width. A(t),¢crqcr determined from the

proposed method is within the range reported by Andrade and Alonso [29].

DOTs can use the method presented in this report to calibrate the physics-based corrosion
model for their bridge inventories and existing deterioration curves. The calibrated corrosion
model can then be used to predict the future condition of bridges to inform decisions and prioritize
actions for maintenance, repair and replacement. As such, the corrosion prediction model and its

calibration procedure can support bridge management programs of DOTSs.
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