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EXECUTIVE SUMMARY

This investigation aimed to study the corrosion performance of carbon steel in different soils,
collected from the state of Wisconsin. Carbon steel specimens (as-received), as well as steel
embed in mortar (steel-mortar) specimens to simulate the realistic H-pile design in bridges, were
used in this investigation. Both as-received steel and steel-mortar specimens were embedded in
as-received soils, with different physiochemical properties, i.e. pH, moisture content, resistivity,
chloride content, sulfate and sulfite contents, and the mean total organic carbon concentration, for
more than one year. Both specimen types were also embedded in the same as-received soils, but
with increased chloride content (i.e. increased to 3% by weight of as-received soils) for more than
one year. In addition, the surface of three identical as-received specimens were modified using
sandblasting method for 5 minutes. These specimens were embedded in one of the collected soils.
Different electrochemical measurements were conducted on the specimens to evaluate the

corrosion activity of the steel in these soils.

The results showed a comparable corrosion activity of the steel-mortar specimens in all soils
compared to the as-received specimens in the same soil both with and without chlorides, except
for soils collected from Wausau. No correlation between the available physiochemical data of the
soils and the extent of corrosion in steel specimens was observed. No information of the type and
population of the bacteria in the collected soils was available. Perhaps, this information could
explain the observed results. In all cases, there was a galvanic current flowing between specimens
in chloride-free and chloride contaminated soils. In addition, corrosion potential values of all
specimens remained relatively stable both before and after addition of chlorides, suggesting that
only measuring the corrosion potential may not be an efficient method to monitor the change of
corrosion behavior of steel in soil. The results of electrochemical experiments also showed
significant improvement in corrosion resistance of sandblasted specimens compared to the as-

received specimens.
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CHAPTER 1: INTRODUCTION

1.1. Problem Statement

On September 25, 2013, Pier 22 of the Leo Frigo Bridge near Green Bay, Wisconsin, moved
vertically downward approximately 2 feet. This vertical movement reduced structural capacity
due to the loss of the section of the steel H-piles that supported the pier [1]. The main reason of
such movement was attributed to the severe corrosion of the pile [1]. To understand the corrosion
activity of the steel in similar situation and to provide framework for service life prediction of such
structures, soil samples were collected from different regions of the state of Wisconsin. The
laboratory corrosion measurements were conducted on the steel specimens with similar chemical
composition used to make the steel piles (according to ASTM A572-50 [2]) in the collected soils
samples. In addition, since concrete is usually cast over the steel pile, laboratory specimens
containing steel embedded in mortar, to simulate real field condition, were prepared and their
corrosion activities were examined in the laboratory. Besides, the surface of as-received steel was
sandblasted for 5 minutes and their corrosion activity in one of the soils was compared to that of
the as-received steel specimens in the same soil. The potential for the galvanic corrosion between

specimens in as-received soils and soils with elevated chloride content was also evaluated.

1.2. Objective and scope

The objective of this work is to evaluate the corrosion activity of the steel used in the H-piles in
soil samples collected from locations with different physicochemical parameters as well as to
develop guidelines for future investigation procedures for evaluating potential pile corrosion in the

project design stage. Steel specimens with the same composition used in the H-piles were used in



this investigation. To simulate the cast concrete over the steel pile, steel-mortar specimens were

prepared and used in this study along with the as-received steel specimens.

This study aims to investigate the following:

1. Corrosion activity of as-received steel and steel-mortar specimens in as-received soil
samples.

2. Corrosion activity of as-received steel and steel-mortar specimens in soil samples with
elevated chloride content.

3. The galvanic effect between as-received steel specimens in as-received soils and soils with
elevated chloride content.

4. The impact of connecting the old steel with new steel on the corrosion activity of steel to
simulate the corrosion of the repairs structures.

5. The impact of the sandblasting on the corrosion activity of steel in soil.

6. The impact of temperature on the corrosion activity of steel in soil.

To understand the corrosion activity of the steel in similar situation and to provide framework for
service life prediction of such structures, soil samples were collected from nine locations of
different regions of the state of Wisconsin. The laboratory corrosion measurements were
conducted on the steel specimens with similar chemical composition used to make the steel piles
according to ASTM A572-50 [2] in the collected soils samples. In the field, concrete is usually
cast over the steel pile. To simulate this scenario, laboratory specimens containing steel embedded
in mortar were prepared and their corrosion activities were examined in the laboratory. Ding and

Poursaee reported the improvement in corrosion resistance of the sandblasted steel bars in concrete



pore solution [3]. Nevertheless, no study was conducted on the impact of sandblasting of steel on
its corrosion behavior in soil. Thus, the surfaces of as-received steel specimens were sandblasted
for 5 minutes and their corrosion activities in one of the soils were compared to those for the as-
received steel specimens in the same soil. To study the impact of the chloride content of the soil
on the corrosion of steel, the chloride content of the as-received soils was also increased to 3% by
weight of soil and the corrosion of the steel specimens was investigated on these soils as well. The
potential for the galvanic corrosion between specimens in as-received soils and soils with elevated

chloride content was also evaluated.



CHAPTER 2: BACKGROUND AND LITERATURE REVIEW

2.1. Background

Steel H-piles are widely used in bridge structures to resist vertical and lateral loads. Steel H-pile
iIs manufactured from a variety of materials including carbon steel. While carbon steel is
susceptible to corrosion, it is widely used due to its low cost and high strength. However, corrosion
of the steel piles is often of concern [1, 4-7]. The factors that influence corrosion in soil are
numerous such as soil type, moisture content, the position of the water table, soil resistivity, soluble

ion content, soil pH, oxidation-reduction potential and the role of micro-organisms in the soil [8].

The most recent severe steel pile corrosion was observed in Pier 22 for the Leo Frigo Bridge (B-
05-381) near Green Bay, Wisconsin. On September 25, 2013, Pier 22 for the Leo Frigo Bridge
moved vertically downward approximately 2 feet. This vertical movement reduced structural
capacity due to the loss of the section of the steel H-piles that supported the pier [1]. The main
reason of such movement was attributed to the severe corrosion of the pile in that location [1]. The
investigation determined that several unusual factors changed the environment that led to the
severe corrosion of the steel pile foundation supporting Pier 22. The first factor was the presence
of industrial porous fly ash fill in the upper layer of soil in contact with the piles and the second
factor was that the water and soils surrounding the pile sections embedded in the fly ash fill
contained high concentrations of chloride ions. The porous fly ash contained high levels of
sulfates, was frequently moist along sections of the piles, and was porous enough to permit
relatively free passage of oxygen to the surface of the piles. The combination of these factors
caused rapid corrosion of sections of the embedded piles, which led to crushing/buckling of the

most heavily deteriorated sections of pile. Significant loss in the thickness and width of the pile



flanges was observed around and within the collapsed region of each pile. The most significant
corrosion damage and greatest section loss was reported in the region that was 1 to 2-1/2 feet above
and below the failed region. Pitting corrosion was also observed, specifically in the vicinity of the

failed region.

2. 2. Literature Review

2.2.1. Corrosion of Metals

Corrosion in metals is caused by the flow of electrons from one metal to another or from one
location to another on the surface of the same piece of metal [9]. A corrosion cell must exist in
order for corrosion to take place. The formation of corrosion cell requires the presence of an anode
and a cathode, an electrical connection between the anode and the cathode, and an electrolyte.

Once these conditions are met, an electric current flows and metal is consumed at the anode [10].

The potential difference between the anode and the cathode results in the migration of electrons

and/or ions from the anode to the cathode along the connection between the anode and cathode

while current flows from cathode to anode [11]. At the anode, electrons are lost leaving positively

charged atoms combine with negatively charged ions. For example, When the anode is iron, the

corrosion reaction at the presence of water and oxygen are [12]:

Anode reaction: Fe?* + 2e~ — Fe eq. 2.1

Cathode reaction: 0, + 2H,0 + 4e~ — 40H™ eq. 2.2

10



The mass loss of the metal can be related to the current flow using the Faradays’ law [13] and it is
directly proportional to the current flow. Thus, the severity of corrosion is directly related to the

amount of current flow.

2.2.2. Corrosion of Steel in Soil

2.2.2.1. Soil Properties

Corrosion is one of the leading causes of failures of buried or embedded steel elements in soils
such as bridges, pipelines and tunnels in the United States and worldwide [14]. Corrosion of buried
metallic structures in soils is also a great issue for safety and economy concern in various industrial
applications, e.g. oil/gas, water, sewerage distribution systems [15]. The severe corrosion of one
of the steel H-piles near pile cap due to corrosive soil caused one portion of the Leo Frigo Bridge,
moving vertically downward 2 feet on Sep. 2013, ultimately leading to total cost of over $20

million [4].

Soil can be considered as a heterogeneous system of pores with colloidal characteristics. The
space between the soil particles can be filled with water or gas [16]. The corrosive nature of the
soil can be considered as the capacity of this environment to produce and to develop the corrosion
on a metal, particularly steel [17]. The study of the soil as a corrosive environment is necessary
due to the large number of buried infrastructure facilities, such as pipelines, tanks, and H-piles, as
their deterioration can represent a significant economic and environmental problem through the
years. Nevertheless, the soil, when compared with the other environments such as atmosphere or
seawater, is difficult to be classified for potential corrosivity due to its complexity [18].

Acidification, salinity, organic and nutrient depletion, compaction, chemical contamination,

11



landslides, and erosion are all forms of soil degradation that can result from inappropriate land use
practices and may lead to a premature corrosion of the embedded steel structure in the soil [19].
Corrosion of the steel in soil is governed by the principles of electrochemistry [20]. In low-
resistivity soils with different physicochemical properties, such as composition and different
moisture content, formation of the macro-cells is possible. Sharp changes in oxygen concentration
in the soil along the surface of the buried metal structures may lead to different electrical potential,
which produces current. The amount of current and its distribution over the surface of the metal
depend on the resistivity of the soil and its polarization characteristics. The latter are determined
by the degree of oxygen penetration of the soil, chloride and moisture content, granulation, and

other physicochemical properties of the soil [21].

Soils are classified according to their grain size distribution. Commonly used soils, such as clay,
silt and sand, are named because of the size range of their inorganic content. Sand is classified as
fine (0.02-0.2 mm) and coarse (0.20-2.00 mm). Silt particle size range from 0.002 to 0.02 mm,
and clay particles have diameter of <0.002 mm down to colloidal matter. Many soil properties are
governed by the particle size variation. Other terms commonly used for soil classification include
clay loam, loamy sand, sandy clay, silt loam, silty clay loam, sandy loam and gravel. Clay soil is
very plastic by nature; it becomes sticky and impervious when saturated with water. It has more
packed particles and less pore capacity for moisture and oxygen diffusion compared to the other
types of soils, meaning it has poor drainage and aeration. Sand and gravel have more drainage and

aeration.
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In relation to the physical properties of soil, volume shrinkage is the tendency of the soil to start
cracking on drying and they swell when wet. When clay/silt soil dries, it forms cracks that allow
diffusion of oxygen to the pile and hence the susceptibility of a buried pile to corrosion increase.
Because of the poor drainage in clay and silt, the capillary pores of these soils hold a considerable

amount of water.

2.2.2.2. Consequences of Pile Corrosion

Buried steel structures, such as H-piles frequently suffer from corrosion due to their direct contact
with corrosive soils, resulting in high maintenance cost and even leading to catastrophic failures
in some cases [22]. The corrosion of steel piles results in reduced cross-sectional area of the pile
and therefore decreased axial and lateral capacity. Resistivity and acidity are two parameters
widely accepted for characterizing the soil corrosively, but they do not often correlate directly to

the soil corrosivity or corrosion rate of the buried steels [23-25].

Decker et al. reported that a section loss of 25% is considered serious for a pile [26]. However,
Trungesvik concluded that loss in pile capacity due to corrosion may be greater than generally
assumed from the loss of section area [27]. In his work, a 25% reduction in strength was reported

when a corroded specimen having a section loss of 13.6%.

2.2.2.3. Factors Influencing Steel Corrosion in Soils
Although various parameters on metallic corrosion in soils have been widely studied, such as
electrical resistivity, pH, water content, redox potential, ionic species, salinity, microbial activities,

soil texture, porosity and other physical factors [15, 28-30], some soil properties affecting

13



corrosion are still not fully understood due to the complexity of the soil medium. It has been
established that corrosion of ferrous materials in soils depends primarily on the soil properties
rather than the kind of ferrous material [31]. Generally, soils with high resistivity, high dissolved

salt and high acidity are more aggressive towards metallic materials.

Several environmental conditions may act individually or in complex relationships to influence
the corrosion rates of the buried steels. Many of these variables are highly dependent upon each
other and the properties of the buried steels. Robinson defined many physical and chemical
characteristics that can determine the soil corrosivity as oxygen concentration, presence of sulfate
and sulfide ions, resistivity, total acidity, redox potential and others [32]. In agreement with the
parameters cited above, Fitzgerald studied how the corrosivity of the soil is influenced by oxygen
content, dissolved salts, pH, elements that form acids, concentration of chloride, sulfide and
sulfate, resistivity, total acidity, redox potential and others, depending on specific application [33].
In addition, dissimilar metals in contact with each other, different soils in contact with the structure,
different aeration, steel embedded in concrete and soil and connection between old and new steel

pieces are the other factors influencing the corrosion behavior of the buried steel.

Resistivity

Resistivity, the reciprocal of conductivity, indicates the ability of an environment to carry
corrosion currents. A soil’s resistance (R) to the passage of electricity is the property of the soil
that is an indicator of the severity of the corrosion measured in ohm-cm, resistivity can vary from
30 ohm-cm in sea water to in excess of 100,000 ohm-cm in dry sand or gravel. The AWWA

(American Water Works Association) formula considers less than 700 ohm-cm to be severely

14



corrosive, while the steel-line industry consider anything less than 1000 ohm-cm to be “very
severely corrosive” [28]. Resistivity is a function of the soil moisture and the concentration of

current-carrying solution ions.

In general, the potential for metallic corrosion was thought to be more severe in moist fine-grained

soils with low resistivity ( <1,000 — 3,000 Q cm) and extreme pH (<5 or >10.5) compared to other

conditions [34, 35]. Table 2.1 summarizes the soil corrosivity based on soil resistivity.

Table 2.1. Corrosion severity ratings based on soil resistivity [34, 35]

Soil resistivity (Q.cm) Corrosivity rating
>20,000 Essentially noncorrosive
10,000 - 20,000 Mildly corrosive
5,000 - 10,000 Moderately corrosive
3,000 - 5,000 Corrosive
1,000 - 3,000 Highly corrosive
< 1,000 Extremely corrosive

pH

pH is the measure of the soil’s alkalinity or acidity, which is the logarithm of the reciprocal of
hydrogen concentration. pH measurements may be useful in identifying unusual soil conditions
but in most cases are only significant in distinguishing between otherwise similar soils. ASTM
Test method for pH of soils for use in corrosion testing (G 51-77) indicates that soil pH should be
measured in situ or immediately after a sample is removed from the field. The pH of the soil was
considered as the factor most affecting underground corrosion since it was discovered. However,
previous studies showed the otherwise. Penhale buried steel plates in 33 different soils for 20
years [36]. For each soil, both the pH and total acidity were measured, and no correlation was

found between total acidity and corrosion rate. Rajani and Maker examined the corrosion rates of
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cast iron pipes obtained under various pH conditions of pipes, working on an American Water
Works Association-funded project on the methodology for estimating remaining service life [37].
Based on their data, no correlation was observed between the pH and the pitting rates. Doyle et
al. compared the results of pH testing with the corrosion rates of samples from 98 sites in Ontario,
Canada, and found no correlation (R?=0.04) between pH and corrosion rates [38]. The pH has
little relationship with the corrosion rate and the pH alone is a poor indicator of corrosion in buried

conditions.

Chlorides

Elias and Christopher identified high concentrations of sulfates (>200 pm) and chlorides (>100
ppm) as indicatives of corrosive soil in Federal Highway Administration (FHWA) guidelines for
mechanically stabilized earth (MSE) wall fill [39]. Chloride ions are generally harmful, as they
participate directly in anodic dissolution reactions of metals. Also, their presence tends to decrease
soil resistivity. Chlorides may occur naturally in soils as a result of brackish groundwater and
historical geological sea beds. Chlorides may also come from external sources such as de-icing

agents applied to road surfaces [35].

Sulfides/Sulfates

Most soils will show at least a trace of sulfides and/or sulfates, and this only may be significant in
conjunction with the relevant redox potential (< + 100 mV). Sulfate levels are of more significant

where concrete structures are concerned [40].
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Chemical Composition of Soil

Chemical composition plays a key role in understanding how a soil influences the corrosion of
buried steel. The chemical compositions of soil usually include NaCl, CaCl,, MgCl,, KCI,
Na>SO4, NaHCO3z, and NaNOs. The chemical elements that are responsible for causing corrosion
are sodium, potassium, calcium and magnesium, and others are acid-forming elements, such as

carbonates, bicarbonates.

Moisture Content

The moisture content of soils plays a major role in the corrosion of buried ferrous metals until a
limit is reached, beyond which a decline in corrosion rates takes place. Several researchers have
investigated the effect of moisture content on the corrosion of buried ferrous metals. For example,
Gupta and Gupta [41] performed a series of laboratory tests on steel specimens exposed in soils
taken from three locations in India. The soil types of the three sites used in these tests were sandy,
sandy loam and loamy. Mild steel test specimens 50 mm x 25 mm x 1.6 mm were burnished with
emery cloth, decreased with toluene and weighed. All the three soils were oven-dried at 105 °C
before the test. After 6 months, the metal coupons were taken out, cleaned and weighed for mass
loss measurement. In another study related to the corrosion of pipes in soils, Noor and Al-
Moubaraki examined the effect of moisture content on the corrosion behavior of X60 steel in soils
of different cities in Saudi Arabia at ambient temperature (29 + 1°C) [42]. The corrosion rate of
X60 steel in each soil was found to increase with increasing soil moisture content up to a maximum

value of 10% and then decreased with further increase in moisture content.
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Bacteria in Soil

Microbiologically Influenced Corrosion (MIC) is defined as the change in the corrosion behavior
of material/metal in the presence of micro-organisms [43-45]. Bacteria are attached to the metal
surface and form biofilm [43], which degrades the metal surface by changing its physical and
chemical characteristics due to the biochemical activities associated with their metabolism, growth
and reproduction [46]. MIC is an electrochemical corrosion influenced by the presence/action of
biological agents such as, but not limited to, bacteria. One of the key elements of MIC is sulfate-
reducing bacteria (SRB). SRB are anaerobic bacteria that can be found in oxygen-deficient
saturated soils, with a pH from 6-8, containing sulfate ions, organic compounds and minerals, and
they grow in soils at a temperature of 20-30 °C. SRB are a diverse group of heterotrophic and
mixotrophic bacteria [47], they are anaerobic; in other words, they do not require oxygen for
growth and activity, so as an alternative to oxygen, these bacteria use sulfate with consequent

production of sulfide [48].

Perhaps, the key element of understanding how SRB can contribute to corrosion will be
understanding the concept of “mixed bacterial communities” or “biofilms”. A manifestation of
biofilms can be seen as “tubercles” on the surface of metallic surfaces, resulting in localized
corrosion [49]. Studies showed that on metallic surfaces over time, SRB number on these surfaces
increases [50], indicating that a biofilm is formed. Industrial cases where MIC is a problem are
usually characterized by lack of single-type cultures-alternatively pure cultures-of one type of
bacterium. Actually, even the term “micro-organism” itself refers to a wide range containing

bacteria, cyanobacteria, algae, lichens and fungi [51, 52].
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SRB, abundant in soil environments and easily cultured and detected and are known as one of the
key microbes in the MIC process [53]. During the metabolic process, sulfate is reduced to sulfide.
These biogenic sulfides react with hydrogen ions produced by metabolic activities or by cathodic
reaction of the corrosion process to form hydrogen sulfide (H2S). In classical MIC theory, SRB
accelerate the removal of cathodic hydrogen by the action of their hydrogenase enzyme, which
decreases cathodic overpotential and increases the corrosion rate (cathodic depolarization theory;
CDT) [54]. Biogenic sulfides (or H2S) further react with dissolved iron to form FeS film on the
metal substrate [55, 56]. Iron sulfides have relatively good electric conductivity, noble electrode
potential, and low hydrogen evolution overpotential. Therefore, galvanic coupling between the
FeS film and nearby metal substrate is set and the corrosion is accelerated. This FeS film is not
permanently cathodic toward mild steel [57]. The action of SRB is required to maintain the
electrochemical activity of FeS. In soil environment, the maximum corrosion rate of steel and iron

by the action of SRB is reported to be 0.7 mm/y to 7.4 mm/y [58].

2. 2. 3. Generalized Regression Neural Network (GRNN) Method for Corrosion Modeling of
Steel Embedded in Soil

Several modeling approaches and methodologies were used for the prediction of corrosion of steel
in different scenarios such as the multiple regression technique [59-62], support vector regression
[63-65]; the fuzzy-set-based technique [65-69]; and neural network modeling [70-73]. Some of
the above-mentioned models (i.e. multiple regression technique) have been shown to be effective
only in very restrictive environments and are limited to capture the corrosion activity with limited

variables. In addition, none of these studies has been applied to study the corrosion of steels in
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soil environment. Among these methods, neural network methodology seems cable of modeling

the corrosion process of steel in such an environment.

Neural networks are computational systems whose architecture and operation are inspired by
people’s knowledge about biological neural cells (neurons) in the human brain [74]. Neural
networks have been used as promising tools in corrosion research [70, 71, 75-77]. These systems
are suitable for the approximation of relations among non-structured data with a high degree of
nonlinearity and incomplete data. Neural networks are particularly suitable for modeling the
complex systems due to their capability of learning, adapting and generalization from measured

data [78, 79].

Rosen and Silverman used the neural network technique on the data from potentiodynamic
polarization scans to identify if crevice, pitting and general corrosion are concerns [80]. Trasatti
and Mazza successfully predicted the crevice corrosion of stainless steel and related alloys in a
near neutral chloride contaminated environment using a neural network [81]. This technique was
also used to describe the risk of stress corrosion cracking (SCC) as a function of temperature,

chloride concentration and oxygen content [82].

Establishing a predictive model from the measured corrosion data collected from a soil can be
hardly solved by classic methods of statistic data evaluation (e.g. regression analysis).
Nevertheless, as far as the Pls are concerned no study was carried out to model corrosion of steel
in a soil environment using a neural network. Here, the development of a Generalized Regression

Neural Network (GRNN) based model for the modeling and prediction of the corrosion current

20



densities and corrosion potential of carbon steel embedded in the limited number of soils with
different physicochemical parameters, including pH, moisture content, resistivity, chloride, sulfate,
sulfite, and mean total organic carbon concentrations in soils. There are other factors that can
potentially lead to the corrosion of steel in soil environments (e.g. oxygen level), which are not
considered in this study. It should be emphasized that this study was focused on initiation and
development of a preliminary neural network-based model and the data used to develop the model
were obtained from nine soil samples. Authors are currently working on using data from National
Bureau of Standards (NBS) to improve their model and the result will be submitted for publication

in the near future.

2.2.3.1. Theory

System identification is a methodology used for building mathematical models of dynamic systems
from measurements of the system inputs and outputs [83]. The applications of system
identification include any system where the inputs and outputs can be measured. This includes
industrial processes, control systems, economic data, biology and the life sciences, medicine,
social systems and many more [84]. Specht proposed generalized regression neural network
(GRNN), a procedure that used neural networks for identification and control of nonlinear systems
and involved one-pass learning [85]. GRNN is basically a neural network-based function
approximation or function estimation algorithm which predicts the output of given input data. Any
neural network method principally needs training data, which contain input-output, to train itself.
By training the network with the training data set, the network can then predict the output/results
of feeding new test data set. GRNN falls into the category of probabilistic neural networks. The

use of a probabilistic neural network is especially advantageous because the network “learns” in
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one pass through the data and can generalize from examples as soon as they are stored [85]. In
other word, the network is able to converge to the underlying function of the data with only few
training samples available. In GRNN approach, the regression of a dependent variable y on an
independent x estimates the most probable value for y, if a training set is available. The regression

method produces the estimated value of y which minimizes the mean-squared error.

The data available from measurements of an operating system is generally never enough for a
backpropagation neural network [85]. Therefore, the use of GRNN is especially advantageous due
to its ability to predict results with only few training samples available and the additional

knowledge needed to get the fit in a satisfying way is relatively small.

In GRNN, the weighted average of the outputs of training dataset is used to estimate the output.
The weight is calculated using the Euclidean distance between the training data and test data [85].
The probability density function used in GRNN is the normal distribution and stands on the

following equation:

2

~ ».y; e

P(X) = L"(Dzzaz) eq. 2.3
2l 5

where,

D = (X = X)T(X = X) eq. 2.4
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X is the input sample, X is the training sample, Y; is the output of the input sample Xi, D? is the

Euclidean distance from X, exp(— 2%) is the activation function, and T is the matrix transpose.

The contribution of the training sample is determined by the activation function. The Euclidean
distance between the training sample and the point of prediction, is used as a measure of how well
each training sample can represent the position of the prediction, X. If the Euclidean distance
between the training sample and the point of prediction is small, the activation function becomes
relatively large value, and if it is a large value, the activation function becomes relatively small
value; therefore, the contribution of the remained training samples to the prediction is relatively
small. If the Euclidean function is zero, the activation function becomes one and the point of
evaluation is represented as the best by this training sample. o is spread constant. When ¢ is large,
the estimated density is forced to become smooth and it becomes a multivariate Gaussian. On the
other hand, a smaller value of o allows the estimated density to assume non-Gaussian shapes [85].

Spread constant should be adjusted by training process to minimize the error.

The objective of the training procedure is to determine the optimum value of the spread constant
(o). The best approach is finding where the mean square error (MSE) is minimum. MSE measures

the performance of the network according to the equation 2.5:
1=
MSE = ;Z;:?[(YGRNN)i - (Yexp)i]z eq. 2.5

where n is the number of data points, (Ysryy); is the GRNN prediction and (Y,,,); is the

experimentally measured data. For this purpose, the input data should be divided into two sets of

data: (i) training dataset and (ii) testing dataset. Then, the GRNN should be applied on the second
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set (testing) based on the first set (training) and the MSE for different spread constants should be
calculated. The corresponding value of o to the minimum MSE should be determined and used in

the rest of the modeling steps.

To evaluate the test results, the multiple correlation coefficient, R?, and the mean absolute

percentage error, MAPE, can be used:

Y (3i=9)?
R? = 2=0iy) 2.
oL (3-9)? eq. 2.6
MAPE = =37, |yyi| eq. 2.7

where n denotes the number of test samples, y; represents the i experimentally measured value,

9, is the predicted value for the i test data, and ¥ is the mean measured value for all test data.

2.2.4. The Influence of the Sandblasting as a Surface Mechanical Attrition Treatment on the
Electrochemical Behavior of Carbon Steel in Soil

Studies showed that alteration of the surface structure of a metal can change the mechanical
properties as well as corrosion behavior of metals [86-91]. In general, the surface mechanical
attrition treatment (SMAT) technique modifies the surface structure of a metal by applying severe
plastic deformation through impacting milling balls or hard particles onto the specimen’s surface
repeatedly [86, 92-99]. Sandblasting [92, 100-102], shot peening [93, 94, 103-106] are the typical

SMATSs which were successfully used.
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The SMAT is an effective method of inducing localized plastic deformation that results in grain
refinement down to the nanometer scale without changing the chemical composition of the
materials [95, 97, 107-110]. It was shown that the severe plastic deformation induced by the
SMAT significantly influences the corrosion resistance of a variety of metallic materials [111-

118].

Sandblasting, as a SMAT method, was used for different applications such as enhancing the
surface strength [119], alteration of the modification of the surface [120], and cleaning the surface
of the metal [121]. While sandblasting cleans the surface and removes the oxide layer from the
surface, it also creates a local plastic deformation and grain modification on the surface [92, 122]
which may lead to a compressive residual stress beneath the surface layer [102]. A study by Wang
and Li showed formation of a nano-crystalline layer on the surface of the sandblasted 304 stainless
steel [123]. This layer decreased the corrosion resistance of the sandblasted specimens
significantly compared to the as-received specimens in a 3.5% NaCl solution. On the other hand,
an investigation by Hou et al. indicated that sandblasting increased the corrosion resistance of
carbon steel in an alkaline environment [124]. Ding and Poursaee also reported the significant
improvement in corrosion resistance of the sandblasted specimens in an alkaline environment
which was proportional to the increase in the sandblasting time. They hypothesized that the
formation of calcium-rich layer combined with the enhanced passive layer on the sandblasted

specimens were the reasons for the improvement [3].
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CHAPTER 3: MATERIALS AND EXPERIMENTAL PROCEDURES

3.1. Steel Specimens

As-received specimens were prepared from carbon steel, satisfying ASTM A572-50, with the

chemical composition given in Table 3.1.

Table 3.1. Chemical composition (%) the steel specimens

C Si Mn P S V Ni Co
0.23 0.4 1.35 0.04 0.05 0.06 0.015 0.05

As-received specimens with a length of 101.6 mm (4 in.) and width of 25.4 mm (1 in) were cut
and copper wire was spot welded to one end for electrical connection. To prevent extraneous
effects, 25.4 mm (1 in.) of one end of each specimen with the wire connection was coated with

epoxy, as shown in Figure 1(a).

Steel-mortar specimens with a length of 127 mm (steel 76.2 mm (3 in.) and mortar 50.8 mm (2
in.)) as shown in Figure 3.1 (b) were also prepared. The mortar section comprised Type | Portland
cement with w/c of 0.45, and 2.5 sand/cement ratio with a maximum aggregate size of 2.36 mm.
For each steel-mortar specimen, first mortar was cast as 50.8 mm (2 in.) cubes, then the steel
specimen was vertically embedded into the fresh mortar with the length of 25.4 mm (1 in.). Steel-
mortar specimens were wet cured for 48 hours and demolded and kept in water for 7 days before

being embedded in the soil for electrochemical measurements.
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The surface of as-received specimens was treated by particle with an approximately 750 pm
diameter under 350 kPa of air pressure. The specimens were sandblasted for 5 minutes. Then

25.4 mm (1 in.) of one end of each specimen with the wire connection was coated with epoxy.
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Figure 3.1. One of the (a) as-received steel specimens and (b) steel-mortar specimens.

3.2. Soil Samples

Soil samples were collected from different locations in the state of Wisconsin, as shown in Figure
3.2. Figure 3.3 shows the pictures of the locations. The physicochemical parameters of the
collected soil samples were measured as followings: moisture content according to ASTM D2974-
87 [125], pH by using EPA 9054 [126], soil resistivity according to EPA 120.1 [127], chloride and
sulfate contents following EPA 300.0 [128], and the total organic carbon using EPA 9060 [129].
Table 3.2 shows the physicochemical parameters of 9 soil samples in group one. Two group of
the soils were used in this study. The measurement cells in group one was prepared with the as-
received soils, while the chloride was added and its content in the soils was adjusted to 3% by

weight of the soil in group two.
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Table 3.2. Physicochemical parameters of 9 soil samples

Classification

Moisture

Location Sample Content oH Resistivity | Chloride Sulfate Sulfide | MTOC"
ID (%) (ohms-cm) (W9%) (mg/kg) | (mg/L) | (mg/kg)
Milwaukee 1 Silt clay 22.3 7.80 34300 0.007 33.6 <20.0 25200
2 Silt clay 22.1 7.80 27700 0.006 34.7 <20.0 8055
3 Clay 66.9 7.0 1000 0.727 144.0 <20.0 262000
4 Clay 37.7 6.80 2000 0.210 <31.9 <20.0 31700
Madison 5 Clay 57.9 7.0 1200 0.582 219.0 54.7 37400
6 Silt clay 32.1 7.90 3200 0.143 <29.2 <20.0 11800
7 Silt clay 23.6 7.0 5100 0.087 40.3 <20.0 5030
Wausau 8 Sand 8.8 6.08 66800 0.014 24.7 <20.0 642
9 Sand 11.3 7.12 38000 0.016 26.2 <20.0 614

“ Mean Total Organic Carbon
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For each soil sample (in all groups), a container with three identical specimens, either as-received
steel, steel-mortar, or sandblasted steel, was prepared. Just one of the soils, i.e. soil 9, was used
for with the sandblasted specimens. The specimens were vertically embedded in soils (for steel-
mortar specimens, mortars on top to simulate the real condition) and the container was sealed with

a lid to minimize moisture loss.

A three-electrode measurement setup, as shown in Figure 3.4, including a specimen as the working
electrode, a saturated calomel electrode (SCE) as the reference electrode, and a 316-stainless steel
sheet as the counter electrode, was used for the electrochemical test. To evaluate the probability
of the corrosion of the specimens, the corrosion potential of all specimens was measured versus

SCE.

SN AS )~ i} . T

Figure 3.4 (a) All experiment cells; (b) One of the corrosion measurement cells

Linear Polarization Resistance (LPR) technique was used to determine the corrosion current
densities of the steel specimens, by applied £10mV potential over the corrosion potential and
measure the resultant current. The LPR and potential measurements were started 24 hours after

embedding the specimens in the soil. The cyclic polarization technique was used to evaluate the
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susceptibility of the specimens to pitting corrosion. For all cyclic polarization tests, the potential
scanned from -100 mV against open circuit potential to +500 mV versus the reference electrode

and reversed to -100 mV versus the reference electrode with the scan rate of 0.166 mV/s [130].

It was hypothesized that when two identical steel specimens, one embedded in as-received soil and
one in soil with the elevated chloride content, a galvanic corrosion was flown between them. To
evaluate this hypothesis, steel specimens were embedded in two separate containers, one filled
with as-received soil and the other filled with the same soil, with increased chloride content to 3%
weight of the soil. Specimens were connected together by copper wires. 24 hours before
conducting the experiment, the specimens were disconnected from each other; then the galvanic

current between them was measured using Zero Resistance Ammetery (ZRA) technique.

The corrosion current density, icor, Can be calculated from the measured Rp from the LPR tests,

using the following equation:

Rp = B/Icorr €q. 3.1

icorr = lcorr/A eqg. 3.2

where B is the Stern-Geary constant and A is the corroded surface area. B can be calculated using

eg. 3.3:

B =BaBcs23(Bat PBc) (3.3)
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where Baand B¢ are anodic and cathodic Tafel slopes. To measure these values, Tafel test was
conducted on the specimens in each soil by polarizing the steel specimens =500 mV versus their
corrosion potential with a scan rate of 0.166 mv. s [130]. The Ba and Bc were extracted from the
results and used to calculate the Stern-Geary Constant, which was required to calculate the

corrosion current densities from the polarization resistance (Rp) obtained by the LPR technique.

During repair and maintenance of the pile, it is probable to connect a new steel to the old corroded
one. To study the change in corrosion of steel due to such condition, old and corroded steel was
obtained from WisDOT and were connected to the new as-received specimens in a measurement
cell with water. Epoxy coating on old rusted specimens provided the same exposure area as as-

received specimens and prevented extraneous effects.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1. Corrosion Measurements

Table 4.1 shows the average Tafel slopes and the calculated Stern-Geary constants of the
specimens in different soils. These values were used to calculate the corrosion current densities

using Rp values obtained from the LPR measurements.

Table 4.1. Tafel slopes (fa and gc) and calculated Stern and Geary Constants (B)

Soil sample ID Ba Bc B
1 0.53 0.21 0.03
2 0.31 0.44 0.04
3 0.57 0.51 0.13
4 0.33 050 0.06
5 0.49 0.36 0.06
6 0.38 0.43 0.05
7 0.43 0.34 0.05
8 0.23 0.40 0.02
9 0.38 0.31 0.03

Figures 4.1a and 4.1b show the corrosion potential values of the as-received and the steel-mortar

specimens embedded in soils without addition of chloride, respectively.
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Figure 4.1. Corrosion potential values of (a) as-received and (b) steel-mortar specimens in 9
different soils (without addition of Cl).

Figures 4.2a and 4.2b show the corrosion potential values of the as-received and steel-mortar

specimens embedded in soils with 3% chloride by weight of soil, respectively.
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Figure 4.2. Corrosion potential values of (a) as-received and (b) steel-mortar specimens in 9
different soils (with 3% CI by weight).
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At the end of the experiments, the specimens (both as-received and steel-mortar) were removed

from the soils. Then, pictures were taken from both sides of each specimen (Appendix A) and

image analysis was carried out with the aid of ImageJ [131] and the corroded surface area on each

specimen was measured. Table 4.2 shows the average corroded area for each specimen in different

soils.

Table 4.2 Calculated corroded area of the specimens, after, they removed from the soils

As-received Steel-mortar
CC_E Corrode area (x10° m2) CC__? Corrode area (x10° m2)
As-received soil | Soil with 3% NaCl As-received soil | Soil with 3% NaCl
1 0.85 1.48 1 0.34 1.44
2 0.68 1.97 2 0.32 0.91
3 2.15 2.78 3 2.06 2.48
4 1.63 2.32 4 1.02 1.84
5 1.84 2.44 5 1.41 2.34
6 1.53 2.21 6 0.65 1.79
7 1.20 2.04 7 0.43 1.68
8 0.16 1.33 8 0.13 0.40
9 0.17 1.41 9 0.26 1.08

The current destines were calculated, using the corroded areas given in Table 4.2 and the results

are shown in Figures 4.3 and 4.4.
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Figure 4.3 (a) Corrosion current densities of (a) as-received and (b) steel-mortar specimens in 9
different soils (without addition of CI).
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Figure 4.4 (a) Corrosion current densities of (a) as-received and (b) steel-mortar specimens in 9
different soils (with 3% CI by weight).
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At the end of the experiments, gravimetric analysis was conducted on all specimens and the weight
loss was measured. In addition, the results of the corrosion current density measurements, Figures
4.3 and 4.4, were used to calculate the weight loss during the exposure time using Faraday’s law,
[132], the results of the measured and calculated weight loss are shown in Table 4.3 and Figure 4.5
shows the comparison between these values.

Table 4.3. Average calculated and measured weight loss of the specimens (AR: As-received
specimen, SM: Steel-mortar specimen)

Calculated weight loss (g) Measured weight loss (g)

CC_?, As-received soil Soil with 3% ClI As-received soil Soil with 3% CI
- AR SM AR SM AR SM AR SM

1 2.15 0.34 4.30 3.97 2.60 0.92 5.53 4.42
2 2.14 0.34 2.78 1.73 2.98 0.94 3.70 2.43
3 7.40 3.29 13.12 6.45 6.76 2.18 10.38 7.00
4 3.39 1.60 7.68 6.38 3.75 1.37 9.60 8.72
5 5.86 2.07 11.21 5.29 4.82 2.00 10.27 6.82
6 2.81 1.16 8.17 7.40 2.47 2.58 9.73 8.97
7 1.98 0.71 6.71 5.92 2.45 0.73 7.19 6.28
8 2.60 1.23 10.62 14.65 3.01 1.95 10.29 15.26
9 3.99 9.28 7.77 16.60 4.99 10.75 10.34 18.73
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As can be seen, a good agreement exists between the measured and calculated values. The as-
received steel specimens in as-received soil 3 showed the highest weight loss compare to the other
as-received specimens. However, the steel-mortar specimens in soil 9 had the highest weight loss
compared to the other steel-mortar specimens in both as-received soils and soils with 3% CI. The
high corrosion activity in soil 3 can be attributed to the level of sulfate in that soil (Table 3.2).
However, this high corrosion activity was not observed for soil 5, which had highest sulfate content
among all soil samples. It was hypothesized that the bacteria in the soil samples were responsible
Nonetheless, no data on the type and population of the bacteria were

for such observation.

available to support this hypothesis. This requires further investigation.

To compare the two different types of specimens, the corrosion potentials and corrosion current
densities of the steel-mortar specimens, in soils without increasing their chloride content, were

plotted against the same values for the as-received steel specimens as shown in Figures 4.6.
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Figure 4.6. Comparison of (a) corrosion potential (V) values and (b) corrosion current densities
(A.m?) between as-received specimens and steel-mortar specimens in 9 different soils (without
addition of CI).
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As can be seen, the corrosion potential values for as-received and steel-mortar specimens were
comparable, except for soils 1 and 2. However, in general, the corrosion current densities of the
as-received specimens were higher than those for the steel-mortar specimens. It can be concluded
that overall, steel-mortar specimens indicated less corrosion activity compared to the as-received

steel specimens in the as-received soils.

Comparison of the corrosion current density and corrosion potential values of as-received steel

and steel-mortar specimens in soils with elevated chloride content are shown in Figure 4.7.
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Figure 4.7. Comparison of (a) corrosion potential (V) values and (b) corrosion current densities
(A.m2) between as-received specimens and steel-mortar specimens in 9 different soils (with 3% ClI

by weight).

As can be seen, after addition of chloride, all specimens showed comparable corrosion potential
values. The corrosion densities of the steel-mortar specimens were also comparable, except for

soils 8 and 9, which were considerably higher for steel-mortar specimens.
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Figures 4.8 and 4.9 show the results of the cyclic polarization experiments on one of the specimens

after 2 days and 420 days exposure to as-received soils and soils with the elevated chloride content.
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Figure 4.8. Cyclic polarization plots for one of the as-received specimens in each soil (1 to 9
according to Table 3.2), after 2 days and 420 days exposure to chloride free and 2 days and 420
days exposure to 3% by weight chloride contaminated soils.
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Figure 4.9. Cyclic polarization plots for one of the steel-mortar specimens in each soil (1 to 9
according to Table 3.2), after 2 days and 420 days exposure to chloride free and 2 days and 400
days exposure to 3% by weight chloride contaminated soils.

The addition of salt caused significant changes in all specimens. For steel specimens, as time of

exposure increased, corrosion activity also increased.
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The galvanic current between specimens in the soils with and without addition of chloride was
calculated using the results from the ZRA test and are shown in Figure 4.10. As can be seen,
galvanic current existed in all cases and the current flowed from specimens in soils with elevated
chloride content to the specimens in the as-received soils. The galvanic current was minimum in
soils 3 and 5. Galvanic behavior depends on different factors such as geometry, surface area ratio
and mass transport [133]. However, since the parameters in this experiment were similar for both
specimens in the coupled cell, the galvanic behavior could only be attributed to the difference in

the chloride levels in the soil; with the chloride acting as an oxidizing species.
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Figure 4.10. Galvanic current, obtained from the ZRA test on as-received specimens in chloride
free and 3% by weight chloride contaminated soils.

Figure 4.11 shows the corrosion potential and the corrosion current density values of the as-
received and sandblasted specimens embedded in soil 9. As can be seen, the sandblasted
specimens showed more positive potential values compared to that for the as-received specimens.

The sandblasted specimens also showed considerably lower corrosion activity compared to the as-
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received specimens. These results corresponded well with the results from corrosion potential

measurements.
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Figure 4.11. (a) Corrosion potential values and (b) corrosion current densities of the as-received
and sandblasted specimens in soil 9.

The mass loss in each specimen can be calculated by determining the area under each curve in
Figure 4.12 and using Faraday’s law [13]. Figure 4.13 shows the calculated mass loss of the
specimens. The mass loss of the as-received specimens was approximately 70.5% higher than
that for the sandblasted specimens. It should be noted that this observation might be valid only
for the exposure condition used in this investigation. These results clearly showed that when the

surface of the steel was sandblasted, the corrosion rate decreased significantly.
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Figure 4.12. Calculated mass loss for sandblasted and as-received steel specimens during 232
days of being embedded in the soil.

Mass loss ()

o
[N

Figure 4.13 shows the corrosion potential and corrosion current densities of both new (as-received)
and old rusted steel in water; vertical dash line represents the date of chloride addition. As can be
seen, after addition of chloride, new steel showed more negative corrosion potential, (more
corrosion activity) compared to the old rusted specimens. The old rusted specimens showed higher
corrosion current densities compared to the as-received specimens since the first day of the

addition of chlorides.
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Figure 4.13. (a) Corrosion potential values and (b) corrosion current densities of new and old
steels in water. Vertical dash line represents the data of chloride addition.

44



Figure 4.14 shows the galvanic corrosion current of coupled old and new steel in chloride free and
3% by weight chloride contaminated tap water. As can be seen, galvanic current existed in all
cases and the current flowed from specimens in water both with and without chlorides. Coupled
specimens exposed to the chloride-contaminated water showed higher galvanic current compared
to those in the chloride-free water. The direction of the current was from old to new specimens,

indicating enhancing the increase in corrosion on the old specimens.
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Figure 4.14. Galvanic current, obtained from the ZRA test on new and old steel in chloride-free
and 3% chloride contaminated tap water.

4.2. GRNN Model

4.2.1. Construction of the GRNN

The MATLAB codes were written for the generalized regression algorithm. GRNNSs consisted
two steps. The first step was the training the neural network. The physicochemical variables of
soil samples, as well as exposure time of specimens in soils, were used as input, corresponding to

X in the equation 2.3, and the experimental data from measurements of corrosion current densities
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and corrosion potentials of the steel specimens were used as training input, corresponding to Y;j in
equation 2.3. The simulated corrosion current densities or corrosion potentials were the outputs
of the network as shown in layer four in Figure 4.15. Since the input parameters were in different
ranges, these parameters were normalized within 0.1-1 ranges to prevent the simulated Euclidean
distance from being driven too far. The data from 5 months of measurements were used for
building the model. The corrosion current densities and corrosion potential values measured from
three identical specimens (Figures 4.6) were combined. 70% of these data were selected randomly
and used for training, the same data were used for validation, and the rest 30% were used for
testing. In this model, the network structure with spread constant =1 provided the best

performance, i.e. minimum MSE.

Input Pattern Summation  Output

Laver Layer Layer Layer

X

X

Figure 4.15. Schematic diagram of GRNN architecture.
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4.2.2. Training and Testing of the Original Data
Table 4.4 shows the correlation coefficient (R?), MSE and MAPE obtained from the GRNN model.

Table 4.4. R?, MSE and MAPE calculated using the information obtained from the GRNN model.

Correlation
- coefficient MSE MAPE (%)

Training set (R?)

0.9995 0.0005159 0.4031
Corrosion current density training set 0.9983 0.001645 1.420
HCP validation set 0.9936 0.0008545 0.4471
Corrosion current density validation set 0.9633 0.03127 12.948
HCP Testing set 0.9990 0.006920 1.165
Corrosion current density testing set 0.9979 0.001879 1.565

As can be seen, statistically, the GRNN model could account for more than 96% of the variance
of the corrosion current densities and corrosion potential values of the steel specimens embedded
in different soils. It can also be noted that the MSE and MAPE indexes of corrosion potential
values estimated by GRNN models were both less than those of corrosion current densities for
training, validation, and testing; indicating that the prediction accuracy of corrosion potential
values was greater than those of corrosion current densities. The results of R? corresponds well
with MSE and MAPE, which reveals that the regression effect fitted by corrosion potential values

was better than that of corrosion current densities.

4.2.3. Sensitivity Analysis

Sensitivity analysis explores the sensitivity of a model’s outputs to changes in parameter values
[134]. Sensitivity analysis is imperative for understanding the relationship between input
parameters and outputs, testing the robustness of the output, and identifying errors in the model.
Comparing the weights between nodes of input layer and nodes of hidden layer, showed that the

magnitude of the weight of moisture and chloride contents were larger than the other parameters.
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Thus, the sensitivity analysis conducted on the trained neural network to study the effects of
moisture and chloride contents on the corrosion current densities and corrosion potential values.
As can be seen in Figures 4.16 and 4.17, a positive linear relationship between both chloride and
moisture contents and corrosion current densities; and a negative linear relationship between both
chloride and moisture contents and corrosion potential values, indicated significant impact of these
variables on the corrosion current densities and corrosion potential values of steel specimens in

different soils.
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Figure 4.16. Effect of (a) moisture content and (b) chloride content of soil on the corrosion current
densities.
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Figure 4.17. Effect of (a) moisture content and (b) chloride content of soil on corrosion potential
values.

4.2.4. Case study I: Prediction of Corrosion Current Densities and Corrosion Potential Values
of the Steel Specimens by Changing Chloride Concentration of the Soil

Based on the results of the sensitivity analysis, shown in Figures 4.16 and 4.17, increasing the
chloride content of soil, significantly increases the corrosion activity of the embedded steel
specimens. To experimentally explore the impact of increasing the chloride content on the
corrosion activity of the steel specimens and to evaluate the performance of GRNN model on the
prediction of corrosion behavior, the chloride content of the soils was increased to 3% by weight

and laboratory experiments were conducted on the steel specimens.

Figures 4.18a and 4.18b show the comparison between the predicted and the experimentally
measured corrosion current densities and corrosion potential values, respectively. The predicted
results were achieved by changing one of the input vectors (chloride content) in the algorithm in

the original GRNN model that described before.
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Figure 4.18. Comparisons of measured and predicted (a) corrosion current densities and (b)
corrosion potential values after increasing the chloride concentration of soils to 3% by weight.
Original GRNN model was used

The R? values of 0.605 and 0.833 for current densities and corrosion potential values, shown in

Figure 4.18, indicated reasonable prediction by the model. However, to enhance the performance

of the model, the model has undergone another training process.

The maximum value of the chloride concentration of the as-received soils was 0.727%, which was
2.273% points less than that after increasing chlorides level to 3% by weight. This changing had
a significant effect on the Euclidean distance and activation function in the original model. Thus,
to improve the model, 50% of the soil parameter data after adding chloride as inputs as well as
50% of the corrosion current densities and corrosion potentials as outputs were combined with
original data used for training, and the rest 50% was used for testing. Table 4.5 shows the GRNN

performance for the steel specimens after this procedure.
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Table 4.5. GRNN performance for the steel specimens after adding chloride.

Correlation
Training set coefficient MSE MAPE (%)
(R?)

HCP training set 0.9997 0.0004368 0.04031
Corrosion current density training set 0.9905 0.03954 12.57
HCP validation set 0.9986 0.001526 1.469
Corrosion current density validation set 0.9934 0.009839 5.623
HCP Testing set 0.9661 0.06375 27.59
Corrosion current density Testing set 0.8816 0.5691 47.63

Clearly, training the model significantly improved its prediction capability. The model was run

using the remaining data that were not used in the training and validation steps. The comparison

between predicted, obtained from the newly trained model, and the measured data of steel

specimens after increasing chloride concentration are shown in Figures 4.19a and 4.19b. As can

be seen, after training the model, the results of the prediction were close to the directly measured

values from the experiments and good correlation existed among the measured and the predicted

values as shown in Table 4.5.
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Figure 4.19. Comparisons of measured and predicted (a) corrosion current densities, and (b)
corrosion potential values, after increasing the chloride concentration of soils to 3% by weight.
The original GRNN model was trained again.
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4.2.5. Case Study I1: Prediction of the Corrosion Current Densities and Corrosion Potential
Values of the Steel specimens in Different Soils ahead of the Experimental Measurements

To evaluate and validate the performance of the model in the realistic prediction of the corrosion
behavior of the embedded steel specimens, the re-trained GRNN model described in Case Study |
was used to predict the corrosion current densities and corrosion potential values of steel
specimens in all soils 10 weeks ahead of the actual experimental measurements. Then, after the
time was reached, the measurements were conducted, and the results were compared with the
predicted values. As shown in Figures 4.20, the predicted values were very close to the measured

values and the model can effectively predict the performance of steel specimens.

Bl w23 m{m5mom7 m8 B9
-0.45

—
w

-0.5

<o
89
h
T

-0.65 ——
/

—

-0.75 1

Current density (A.m?)
Potential (V) vs. SCE

0 ‘ ' -0.85 : ‘ :
4 6 8 10 2 4 6 8 10
Time (weeks) Time (weeks)

(8]

Figure 4.20. Comparisons of the measured and predicted (a) corrosion current densities and (b)
corrosion potentials 10 weeks ahead of actual experimental measurements. Dash lines and solid
lines represent the measured and the predicted data, respectively.
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CHAPTER 5: CONCLUSIONS

In general, (except soil 8-(Milwaukee-Silt clay)) the steel-mortar specimens and as-
received specimens showed comparable corrosion activities in both as-received soils and
soils with elevated chloride content.

As-received steel specimens in as-received soil 3 (Milwaukee-Clay) showed highest
corrosion current densities compared to other as-received specimens.

When chlorides were added, the steel-mortar specimens in soils 8 and 9 (Wausau-Sand)
showed higher corrosion current densities compared to the other specimens.

Corrosion potential values of all specimens remained relatively stable, both before and
after addition of chlorides, while the corrosion current densities were increased after
addition of the chlorides. Thus, based on this result, measuring just the corrosion potential
was not an efficient and accurate method to evaluate the corrosion behavior of the steel in
soil.

The physiochemical parameters available for the soils could not be used to explain the
observed behaviors. It was hypothesized that the synergistic activity of the chlorides and
SRB was the reason of significant increase in the corrosion rates of steel in soil 9 (Wausau-
Sand). However, no information was available on the type and population of the bacteria
in the soils to support this hypothesis.

The galvanic corrosion was also observed between steel in soils with the same chemistry
but different chloride contents.

Sandblasting significantly enhanced the corrosion resistance of the steel in soil compared

to as-received specimens.
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Old steel specimens retrieved from the bridge showed higher corrosion activity compared
to the new as-received steel. This point needs to be considered during repair and
maintenance if such combination is expected.

A very good correlation between the corrosion potential values and corrosion current
densities obtained from the GRNN model and the experimental measurements was
observed for the as-received soils.

The sensitivity analysis was conducted on two input parameters, i.e. chloride content and
moisture content. Results showed that changing these parameters had a significant impact
on the corrosion current densities and corrosion potential values of the steel specimens.
The chloride content of the as-received soils increased and the original model was run.
Results showed that while the initial model could predict the corrosion activity of the steel
specimens, the accuracy of the prediction was not very high. The model was trained again
and the performance of the new model in predicting the corrosion activity of the steel in
the soils with elevated chloride content was enhanced significantly.

The model was used to predict the corrosion current densities and corrosion potential
values of the steel specimens ahead of the actual experimental measurements and the

results showed that the model is highly capable of predicting these values.
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APPENDIXA

PICTURES OF THE CORRODED SPECIMENS
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APPENDIX B

FINDINGS FROM PREVIOUS REPORTS
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B1. Corrosion Study of Piles in Salt Lake Valley, Utah

A study to evaluate corrosion rates was conducted using pile foundations abandoned during the
reconstruction of I-15 through Salt Lake Valley, Utah. Corrosion rates were measured for 20 piles
extracted from five sites after service lives of 34-38 years. Measurements were made of soil index
properties, resistivity, pH, cation/anion concentrations, and water table elevation. The critical zone
for corrosion was typically located within the groundwater fluctuation zone; but correlations with
soil properties were generally poor. Despite low resistivity, average corrosion rates for pile caps
in native soil were typically between 2 and 9 um/year with a maximum of 19 um/year and did not
pose any structural integrity problems. Nevertheless, for abutment piles where chloride
concentration was very high, the average pile corrosion rate increased to 13 um/year. The
corrosion rates were relatively constant with depth. Despite the low resistivity and the high
chloride and sulfate concentrations, the maximum measured corrosion rate for Piles 1-3 was only
6 um/year on Pile 3 at a depth of 2.59 m (8.50 ft) below the pile cap. Within the fill, the average
corrosion rate for Piles 19 and 20 was only about 13 um/year with a standard deviation of 2.1,
despite the fact that the resistivity was less than 500 Q cm, the chloride concentration averaged
approximately 2,100 ppm, and the soil consisted of moist silty clay. The high chloride content is

likely a result of deicing salt used heavily on the pavement during winter months.

The maximum measured corrosion rate for abutment piles driven through fill and into native soil
at the 118th South site was considerably higher with an average corrosion rate of 13 um/ year in
the fill, 22 um/ year in the native soil, and a maximum of 48 um/ year in the native soil near the
water table fluctuation zone. The high corrosion rates at this site can be attributed to high chloride

content (due to deicing salt), low resistivity, and the piles being driven through fill. The corrosion
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rate in the water table fluctuation zone was more sensitive to soil parameters than is the corrosion

rate above and below this zone.

The corrosion rates dropped off below the maximum value; however, they did not decrease
significantly with depth below the water table as would be expected. One possible reason for this
discrepancy might be that the water table fluctuation zone was larger than estimated. However,
further investigation provided strong evidence that biocorrosion was the cause of the higher
corrosion rates at depth below the water table. Biocorrosion is typically caused by sulfate reducing
bacteria (SRBs) which are commonly associated with saturated clays, a pH value near neutral and
anaerobic conditions. SRBs also thrive where contaminants provide nutrients for bacterial growth

and contribute to anaerobic conditions [135].

Table B1 shows the chemical testing of soil samples obtained at 1.5 ft to 2.5 ft intervals to a
depth of 26.5 ft below the abutment footing. The chemical tests showed that changes in various
chemical properties of the soil were evident with depth and especially at the native soil interface.
Additionally, several parameters indicated the possibility of severe corrosion potential in the fill

material.
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Table B1. Chemical testing of soil samples obtained at 1.5 ft to 2.5 ft intervals to a depth of 26.5
ft below the abutment footing.

Pepth Below HCO;,
Footing (ft) pH S0, ppm| Cl, ppm | Na, ppm | Ca, ppm | Mg, ppm| K, ppm SAR |NOs, ppm{NH,, ppm| ppm [TDS, mg/l

0 7.89 31.86 3042.09 | 1750.50 | 237.00 224.70 121.80 19.47 1.92 2.28 110.18 7168

1.5 8.28 7.98 1822.42 | 1772.00 30.48 5.79 19.56 76.91 1.71 2.28 97.10 5888

3.5 775 50.13 | 2250.32 | 2864.00 | 323.60 67.27 65.84 37.73 4.16 3.79 147.19 9728

5 8.51 19.49 | 2505.25 | 2459.00 | 31.64 8.92 31.18 99.15 5.42 7.59 258.23 7562

7 8.28 19.93 | 2363.29 | 1841.50 | 46.31 14.43 33.81 60.37 3.20 13.66 147.19 6528

8.5 8.99 105.57 82.98 2568.00 25.10 18.05 59.73 95.06 4.98 9.86 390.45 8192
10.5 8.25 70.14 1518.54 | 1670.00 | 266.60 169.60 87.80 19.59 1.98 10.62 89.52 6848
12.5 7.53 74.79 1782.47 | 1512.50 | 490.60 232.70 105.00 14.03 1.68 11.38 72.31 6656
14.5 7.51 230.85 | 1477.56 | 1167.00 | 610.50 330.50 80.60 9.42 3.08 3.79 61.88 6624
17.5 7.50 290.79 | 2523.24 | 1500.00 | 568.30 488.80 145.20 11.09 10.54 28.83 1022.60 8704
18.5 7.99 52.98 1593.52 | 880.70 184.20 212.30 67.23 10.44 1.32 48.56 221.68 4800
20.5 7.87 46.96 1531.54 | 1488.16 | 350.30 358.80 60.35 13.29 1.68 15.18 64.04 6144
22.5 7.85 38.94 1420.57 | 788.20 | 215.70 214.80 71.63 8.16 1.83 12.14 84.11 4416
24.5 7. 14.48 532.84 464.10 67.92 68.10 43.27 9.47 2.98 9.86 104.03 1920
26.5 8.11 18.86 418.87 328.50 65.73 60.79 39.67 6.99 3.71 13.61 111.56 1696

In summary, sites that have measured soil parameters where the pH is less than or equal to 5 or
greater than 8.5, the resistivity lower than 340 Q.cm, or a chloride concentration greater than 450
ppm may experience very aggressive pile corrosion and steps may need to be taken to prevent

excessive corrosion.

B2. Phase 4 Subsurface Corrosion Investigation for CTH AB over | - 39/1 - 90 (B - 13 -

139), McFarland, Wisconsin

The fill material located within the north abutment consisted of a reddish brown/tan, fine grained
sand with occasional gravel and cobbles. Near the south abutment, the fill material was made up
of sand similar to that on the north side, but also with slightly plastic silty clay which was a darker
brown. All of the fill material observed was moist but not saturated. No industrial fill was observed
during this investigation. The only potential evidence of contamination found was a slight
chemical odor detected in the southern abutment soil samples. The fill conditions observed at the
north and south abutments were consistent throughout the extent of their respective excavations.

Of the 24 piles, a large majority had areas of pitting, surface corrosion and several had areas of
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complete loss on the edges of the H-pile flanges. Table B2 shows the chemical analytical results

of soils in this project.

Table B2. Soil Analytical Results CTH AB over 139/190 - North and South Abutments (B-13-139)
McFarland, Dane County, Wisconsin WISDOT ID #1007-10-81

CORROSION CHEMISTRY

MEAN TOTAL|
SAMPLE PERCENT ORGANIC
DEPTH | baTE AND TIME MOISTURE PH RESISTIVITY | CHLORIDE | SULFATE | CARBON
SAMPLEID | (ft-bgs) | COLLECTED SOIL COMPOSITION COLOR MOISTURE/ODOR (%) (std. units) [ [ohms-cm) (mg/kg) (mg/kg) (mg/kg)
P-4N-BASE 15 5/2/2017  |Very fine to fine grain  |5YR 4/6, yellowish Moist, no odor 3.9 8.51 1990 320 <20.9 2810
7:55:00 AM |sand, trace fine to red
coarse gravel
P-TN-TOP 2 522017 Fine grain sand with 5YR 4/6 as base Very moist, no 5.2 9.39 1830 <106 <106 <212
7:30:00 AM |gravel and cobbles, with pockets of odor
some fines 10YRE/8, brownish
yellow
P-35-BASE 12 5/2/2017  |Slightly plastic and soft |10YR 4/4, dark Moist, slight 228 4.60 654 1800 <259 1930
10:45:00 AM |silty clay, trace sand yellowish brown and | chemical odor
and gravel 10YR 4/2, dark
grayish brown
P-95-TOP 2 5/2/2017  |Same sand as previous [10YR 4/3, brown Moist, slight 19.2 647 504 2050 186 1390
11:40:00 AM |samples with soft, chemical odor
slightly plastic clay

The pH of the samples collected from the soil/fill near the north abutment ranged from 8.51 to
9.39. These ranges are characterized by the National Bureau of Standards Circular 579 as a
strongly to very strongly alkaline environment [41]. The south abutment’s soil samples had a pH
range of 4.60 to 6.47, which would be classified as a very strongly acid to slightly acid environment.
For steel, where corrosion is controlled by oxygen reduction, the corrosion rate is independent of
pH where pH is greater than 4 and less than 10. Soil resistivity of the samples collected from the
soil/fill materials on the north abutment ranged from 1,830 ohms-cm to 1,990 ohms-cm, and from
504 ohms-cm to 654 ohms-cm near the south abutment. Resistivity does not directly correlate to a
corrosion rate, but does indicate a relative corrosivity of a soil, with lower resistivity being more
corrosive than higher resistivity. Chloride concentrations at the north abutment ranged from non-

detect (<106) to 320 mg/kg, and at the south abutment ranged from 1,800 to 2,050 mg/kg. Chloride
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concentrations exceeding 250 mg/kg are identified as being of concern for corrosion for buried
ferrous materials. The percent moisture of P-9S Top and P-3S-Base were 22.8 and 19.2 percent
(respectively), whereas the soil moisture of P-4N-Base and P-7N-Base were 3.9 and 5.2 percent
(respectively). Sulfate concentrations were non-detect with a range of <20.9 to <106 mg/kg at the
north abutment, and a range of non-detect (<25.9) to 186 mg/kg near the south abutment. The
Federal Highway Administration (FHWA) classifies sulfate concentrations greater than 200 ppm
as being aggressive. Table B3 shows the maximum corrosion rate and soil properties from some
other studies.

Table B3. Summary of maximum corrosion rate, length of exposure, and soil properties from
other studies.

Corrosion rate Years Resistivity Chloride

{pm/year) exposed pH ({lem) {ppm) Source

18 22 5.1-6.0 50.000-70.000 16-59 Wong and Law 1999
30 20 Not given Not given Not given Manning and Morley 1981
15 12 Not given Not given Not given Manning and Morley 1981
30 46 Not given Not given Not given Manning and Morley 1981
589 6.8 Not given Not given Not given Escalante 1992

256 6.8 7 1,170 Not given Escalante 1992

129 129 1.7 2,080 Not given Escalante 1992
43.6 28 7 1,170 Not given Escalante 1992
478 2.8 12 455 Not given Escalante 1992

378 6.8 T4 710 Not given Escalante 1992

16.5 12.9 74 710 Not given Escalante 1992

17.5 2.8 Not given Not given Not given Escalante 1992

14 12.9 Not given Not given Not given Escalante 1992

58 45 Not given Not given Not given Ohsaki 1982

47.6 7 T4-8.2 850-7,000 0.3 Romanoff 1962
20.7 23 Not given Not given Not given Romanoff 1962

823 11 6.9 4,300-11,000 0.6 Romanoff 1962
47.6 11 8.1 800-1.290 0.5 Romanoff 1962
346 11 Not given 950-1,610 0 Romanoff 1962

159 12 7.7-84 345-1,300 0.5 Romanoff 1962

19 34 8.2 300,000 17.8 This study

133 35 7.7 150,000 256 This study

15.3 38 7.5 150,000 4 This study

In summary, there are many factors that could potentially lead to the corrosion of steel
substructure in subsurface environments. Some of these include soil composition, pH, soil
resistivity, moisture content, oxygen levels, and fluctuating groundwater table. Groundwater was

not encountered during the excavation and the results from the soil/fill from the north abutment
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did not show a particularly corrosive environment in terms of pH and soil resistivity. However,
as indicated by the visual inspection of the H-piles and the presence of tubercles, significant
corrosion was occurring on many of the steel surfaces. In regard to the south abutment, the soil
resistivity and chloride concentrations in addition to the higher number of bacteria colonies found

would most likely contribute to the severe corrosion observed.

B3. Corrosion of Steel H-Piles in Decomposed Granite in Singapore

To study the corrosion of steel H-piles in a completely decomposed granite, piles were exposed by
excavation 22 years after their installation. The ground was overlain with 1.0-1.5 m of fill material
followed by completely decomposed granite. The decomposed granite was completely soil-like
in consistency, with all the minerals, except quartz, in the original granite having been altered into
clay minerals or clay or silt particles. The properties of the decomposed granite are summarized

as follows:

e Liquid limit = 52-55%

* Plasticity index = 19-25%

* Natural water content = 33-41%

* Sand particle content = 36-45%

* Silt sized particle content = 21-29%

* Clay sized particle content = 32-36%

Chemical tests were performed on ground-water samples collected from two water standpipe wells

near Piers 1 and 2. The test results are as shown in the Table B4. No resistivity tests were
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conducted at the project site, but tests done in the same decomposed granite in nearby areas
indicated resistivity values in the range of 500-700 ohm/m.

Table B4. Results of chemical tests on ground water.

Tests Results
(ma/l) Well 1 Well 2
(1) (2) (3)
Cations
Sodium (Na) 20 36
Potassium (K) 73 12
Calcium (Ca) 59 34
Ammonium (NH,) 0.1 0.1
Hydrogen (H) 1.0 X 10°° 7.9 X 107°
Anions
Chloride (CI) 16 59
Sulfate (S0O,) 46 108
Nitrate (NO;) 2.7 1.5
Bicarbonate (HCO;3) 246 54
Hydroxyl (OH) 1.0 X 10°® 13 x10°
pH Value 6.0 5.1
Free carbon dioxide 79 243
Total alkalinity (as CaCOs) 202 44
Total dissolved solids 62.320 2.490

It was observed that a uniform roughening of the surfaces of the piles had occurred since their
installation. Generalized attack of the pile material due to corrosion was evident, but no pitting

was observed. A total of nine existing H-piles was surveyed. The wall thickness of these piles at

reduced levels of 102.35 and 99.75m of the excavated site was measured. There was a total of 11
measuring points at RL 102.35m and 48 measuring points at RL 99.75m. The measured data are
shown in Table B5. The corrosion rate was estimated using a nominal original wall thickness of
12.83 mm. The estimated average and maximum corrosion rates for each pile are shown in Table
B6. The overall average estimated corrosion rates and their standard deviations are shown in Table
B7. From Table B7, it is seen that the corrosion rate was estimated to be 0.011 mm/year, both
above and below the water table. Table B6 indicates that the maximum corrosion was 0.015
mm/year at RL 99.75m and 0.018/year at RL 102.35m. As stated earlier, the water table was at

RL101.6m.
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Table B5. Measured wall thickness and estimated corrosion rates.

Measured wall

Estimated loss of wall

Estimated corrosion rate

Reduced level thickness thickness over 22 years
(m) Pier number Pile number (mm) (mm) (mm/year)
(1 (2) (3) 4) (5) (6)
99.75 1 1 12.37 046 0.0105
99.75 1 1 12.28 0.55 0.0125
99.75 1 1 1228 0.55 0.0125
99.75 1 2 12.39 044 0.0100
99.75 1 2 12.28 0.55 0.0125
99.75 1 2 12.20 0.63 0.0143
9975 1 3 1233 0.50 00114
99.75 1 3 12.44 0.39 0.0089
99.75 1 3 12.36 047 0.0107
9975 1 3 12.26 0.57 0.013
99.75 1 3 12.32 0.51 0.0116
99.75 1 3 12.28 0.55 0.0125
9975 1 3 12.23 0.60 0.0136
99.75 1 3 12.21 0.62 0.0141
99.75 1 3 12.30 0.53 0.0120
9975 1 4 12.19 0.64 0.0145
99.75 1 4 12.30 0.53 0.0120
99.75 1 4 12.27 0.56 0.0127
99.75 1 4 12.25 0.58 0.0132
99.75 1 5 047 0.0107
99.75 1 5 0.53 0.0120
99.75 1 5 033 0.0075
99.75 1 5 0.44 0.0100
99.75 1 5 0.53 0.0120
99.75 1 5 048 0.0109
99.75 1 5 046 0.0105
99.75 1 5 048 0.0109
99.75 1 5 0.62 0.0141
99.75 1 6 0.39 0.0089
99.75 1 &) 0.53 0.0120
99.75 1 6 0.52 0.0118
99.75 1 &) 047 0.0107
99.75 1 6 047 0.0107
99.75 1 &) 043 0.0098
99.75 1 6 0.33 0.0075
99.75 1 &) 035 0.0080
99.75 1 7 0.52 0.0118
99.75 1 7 0.37 0.0084
99.75 1 7 0.53 0.0120
99.75 1 7 045 0.0102
99.75 1 7 047 0.0107
99.75 1 7 0.37 0.0084
99.75 1 7 043 0.0098
99.75 1 3 0.37 0.0084
99.75 1 g 043 0.0098
99.75 1 g 0.28 0.0064
99.75 1 8 0.37 0.0084
99.75 1 g 045 0.0102

10235 1 &) 019 0.0043
102.35 1 6 0.19 0.0043
102.35 1 7 0.59 0.0134
102.35 1 7 0.68 0.0155
102.35 1 7 0.56 0.0127
102.35 1 8 0.79 0.0180
102.35 1 8 0.67 0.0152
102.35 2 2 0.39 0.0089
102.35 2 2 03 0.0089
102.35 2 2 0.38 0.0086
102.35 2 2 0.33 0.0075
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Table B6. Estimated Average and Maximum Corrosion Rates for Each Pile.

Reduced level

Average corrosion rate

Maximum corrosion rate

99.75
99.75

0.010
0.010

0.012

(m) Pile number Pier number (mm/year) (mm/year)
(1) (2) (3) 4) (5)
102.35 2 2 0.008 0.009
102.35 6 1 0.004 0.004
102.35 7 1 0.014 0.015
102.35 8 1 0.017 0.018
9975 1 1 0.012 0.013
99.75 2 1 0.012 0.014
9975 3 1 0012 0014
99.75 4 1 0.013 0.015
99.75 5 1 0.011 0.014
6 1
7 1
8 1

99.75

0.009

0.012
0.010

Table B7. Estimated overall corrosion rates and standard deviations.

Reduced level
(m)
(1)

Number of piles

@

Total number of
measuring points

3)

Estimated overall average
corrosion rates
(mm/year)

4)

Standard deviations of
estimated corrosion rates
(mm/year)

)]

10235
99.75

1
9

11
48

0.0107
0.0109

0.0046
0.0019

In summary, the estimated average corrosion rate is 0.01 mm/year and the estimated maximum

corrosion rate of 0.015-0.018 mm/year for the steel H piles exposed after 22 years in the ground.

The sulfate content, chloride content, and the pH values of the ground water in the soil are not

within the critical range stipulated by the FHWA standards. The low estimated average corrosion

rates indicate that the FHWA standards are applicable for estimating cases where steel piles are

safe from corrosion. The findings by Romanoff indicated that in undisturbed natural soils the

corrosion rate of steel piles driven into such soils is very small are valid also for the completely

decomposed granite of Singapore. A high annual temperature in the range of 25-35°C is not a

factor that would influence the rate of corrosion for steel piles installed in the decomposed granite.
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B4. Measuring the Underground Corrosion of Steel Piling at Turcot Yard, Montreal,
Canada-A 14-year study

Construction of the Trans Canadian Highway at the Turcot Yard interchange, Montreal, and
concern about the corrosivity of the soil in that area, resulted in a long-term program to study the
corrosion of steel H-piles at that site. Three sets of steel H-piles were placed in the ground, one set
without protection, a second set coated in the disturbed soil region, and a third set with concrete

caps. The soil properties are given in Tables B8 and B9.

Table B8. Soil properties as a function of distance from the soil surface at Sites A.

Site A
Soil Depth Soil Type Resistivity pH

Samples ft £-cm
1 3 -4.5 Fill 2030 7.8
2 5 - 6.5 Fill 2130 7.6
3 6.5 - 8 Boulder - -
4 8§ - 9.5 Shale - -
5 .5 - 10 Peat 1170 7.0
6 10 - 10.5 Peat - =
7 10.5 - 11.5 Marle 1630 7.4
8 11.5 - 13 Marle 1880 7.3
9 13 - 13.9 Clay 1470 7.2
10 13.9 - 14.5 Silt-Gravel - -
11 15 - 15.9 Silt-Gravel 4570 8.2
12 15.0 Boulder — -

Note: Multiply ft by 0.3 to obtain m.
Table B9. Soil properties as a function of distance from the soil surface at Site B.

Site B

Soil Depth Soil Type Resistivity pH

Samples ft Q-cm
1 2 - 3.5 Fill 510 7,2
2 3.5 -5 Fill 400 7.2
3 5 - 6.5 Fill 1020 7.5
4 7 - 8.5 Fill 1220 6.9
5 8.5 - 10 Peat - -
6 10 - 11.5 Peat - -
7 11.5 - 12 Marle 460 6.8
8 12 - 13.5 Marle 600 7.3
9 13.5 - 14.5 Clay 1120 7.1
10 14.5 - 15 Silt-Gravel - -
11 15 - 16.5 Silt-Gravel 4570 7.8
12 16.5 - 18 Gravel - -
13 18 - 20 5ilt-Sand - -
14 20 - 21.5 Silt-Sand 4830 7.7
15 22 Silt - -

Note: Multiply ft by 0.3 to obtain m,
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Table B10 reveals the corrosion rate calculated from these data and the corrosion current density
for the piles that remain in the ground. As can be seen, the average corrosion rate in every case
was less than 1 mpy (25.4 um/y). The pH was near neutral or slightly alkaline in all cases and was
not considered a source of corrosion problems to steel. The soil resistivity at Site A varied between
1170 Q-cm and 4570 Q-cm, and past experience suggested that it was not an aggressive soil. In
general, the same was true at site B, except for sections with a soil resistivity below 600 Q-cm,

where soil conditions could be corrosive to steel.

Table B10. Summary of electrochemical data.

Average Number of Average
Corrosion Corrosion Corrasion Rate
Current Current Exposure From Corrosion
Pile ID Density Measurements Time* Current*
ma/sqg ft over 14 vy years mils/yr (pum/y)
A-1 1.12 6 6.8 0.55 (14.0)
A-2 1.05 12
A-3 0.75 10 12.9 0.37 (9.4)
A-4 0.42 11
A-5 0.30 2 2.8 0.15 (3.7)
A-6 0.24 2
A-7 0.40 10
B-1 1.04 2 2.8 0.51 (13.0)
B-2 1.42 6 6.8 0.70 (17.7)
B-3 1.56 12 12.9 0.77 (19.5)
B-4 1.98 12
B-5 1.40 12
B-6& 0.88 2
B-7 1.11 2 2.8 0.55 (13.9)
A-10 0.26 8
c-1 0.66 2 2.8 0.32 (8.2;
c-2 0.86 12
Cc-3 0.92 11 12.9 0.45 (11.5)
c-4 0.51 5 6.8 0.25 (6.4}
C-5 0.94 12
Cc-6 0.77 4
Cc-7 0.53 10 12.9 0.26 (6.4)

*
=
o]
e

e: Missing data indicate that piles are still in place.
Multiply ma/sq ft by 10.76 to obtain mA/sg m.

The piles at site B, coated in the disturbed soil region, on the average showed a higher rate of

deterioration than the piles at the other two sites, including the bare piles. This was not unexpected,
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since the soil analysis data indicated the soil resistivity at this site was low, <600 Q-cm in some

regions, as revealed in Table B9.

The corrosion current density of real structure which is supported by 32 interconnected steel H-
piles was an approximately a factor of 3 less than the corrosion current density for the concrete
capped piles. This low corrosion current was probably due to a shielding effect, where the applied
polarizing current was only reaching the piles on the outer fringes of the pile cluster. These data
suggested that the polarizing current was only polarized between 1/3 to 1/5 of the piles in the

cluster.

A summary of the corrosion rate of all the piles in three soil zones calculated from the physical

measurements and an average of the total corrosion obtained from these data is listed in Table B11.

Table B11. Average corrosion rate of the extracted piles at three soil levels calculated from
physical measurements.

Disturbed Interface Undisturbed

Soil Soil Soil Overall

Top 4 ft Mid 2 ft Below Mid Average
Pile ID mils/y* mils/v* mils/y* mils/y (Um/y)
A-1 0.72 1.01 0.26 0.42 (10.6)
A-3 0.51 0.07 0.23 0.27 (6.8)
A-5 0.77 1.72 0.11 0.35 (8.9)
B-1 0.80 0.C0 0.52 0.53 (10.9)
B-2 0.27 1.49 0.55 0.58 (14.7)
B-3 0.13 0.65 0.55 0.50 (12.8)
B-7 1.88 0.00 0.17 0.43 (10.9
c-1 0.00 0.69 0.30 0.28 (7.2)
Cc-3 0.0¢ 0.55 0.34 .32 (7.9
c-4 0.00 2.32 0.22 0.33 (8.4)
c-7 0.00 0.41 0.30 0.27 (6.9
Average 0.81 0.32 0.39  (9.9)

*Note: Multiply mils/y by 25.4 to calculate pm/y.
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The corrosion rate calculations in this table were based on the decrease in thickness of the flange
that exceeded the standard deviation of the original thickness of the piles. In general, coating the
top of the pile in the disturbed soil region was beneficial, but where the coating failed, corrosion
attack was severe. The piles of set C were capped with concrete to simulate the actual pier structure,
and the effect of the concrete on the corrosion process is especially interesting for this reason.
Removal of the concrete cap clearly indicated that the concrete had protected the steel H-pile from
any corrosion attack. However, visual examination revealed shallow pitting in the area
immediately below the concrete cap. This study also indicates that the electrochemical
polarization technique tended to overestimate corrosion rate by approximately 30%, for values
greater than 0.25 mpy (6.3 pum/y). The average corrosion rate for the bare piles in the disturbed
soil region was 0.67 mpy (16.9 um/y). In the soil interface region, the average corrosion for all
the piles was 0.81 mpy (20.6 pum/y), and in the undisturbed soil region, their average corrosion
rate was 0.32 mpy (8.1 um/y). The average corrosion rate for all the piles over their entire surface

was 0.39 mpy (9.9 um/y).

In summary, electrochemical polarization measurements was useful for evaluating the corrosion
of steel H-piles in soil, even though the measurement overestimates the rate of corrosion by
approximately 30 percent. This 14-year study revealed that the average corrosion rate of the steel
H-piles at Turcot Yard was low in all cases and was especially low in undisturbed soil where the
average corrosion rate was less than 0.33 mpy (8.4 uml/y). The electrochemical measurements
also showed that the corrosion current of piles supporting a pier decreased by more than an order

of magnitude over the 14-year period.
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B5. Corrosion of Steel Abutment Piles in IOWA Bridges

In 2006, lowa DOT requested to examine and document the condition of steel abutment piles at
twelve highway bridges at various locations around the state. In 2008, three additional bridges
were included in the study. The purpose of the investigation was to determine the extent to which
the steel abutment piles at the selected bridges had deteriorated, and to document the physical
conditions at each abutment. The investigation was limited to the upper portions of the piles
directly below the abutment footings, where corrosion had been observed at several bridges during

previous lowa DOT inspections.

The investigation showed that the most severe corrosion was observed in piles that were exposed
by erosion caused by roadway runoff. These piles exhibited the greatest reduction in cross sectional
area and the shortest expected remaining life. Corrosion was significantly more severe at pile
segments that were located above the grade line, compared to portions that were covered with soil.
High chloride contents, low soil resistivity and extensive section loss were observed at areas
exhibiting severe runoff erosion. Areas that exhibited little runoff erosion typically had lower
chloride content, higher resistivity, and little section loss. Several of the exposed piles were nearing
or had reached a 50 percent reduction in cross sectional area. Average rates of cross-sectional area
loss for portions of piles exposed to the atmosphere ranged from approximately 0.3 percent/year
to 1.4 percent/year. The most severe section loss corresponded to an average thickness loss rate of
approximately 4 mils/year for each face of the pile flanges at the measured cross section. Averaged
section loss rates for the excavated below-grade portions of exposed piles ranged from less than
0.1 percent to approximately 0.8 percent/year. Soil-covered piles, even those situated in soils with

relatively low resistivity and high chloride content, exhibited little corrosion, presumably due to a
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limited supply of oxygen. The expected remaining life of all of the fully soil-covered piles was
greater than 50 years. Section loss rates for soil-covered piles were typically less than 0.1
percent/year. Soil pH did not appear to be a factor contributing to the corrosion of any of the
examined piles. In addition, the combination of low levels of sulfate content and relatively aerobic
conditions indicated by the redox potential (Eh) measurements suggest that microbial-induced
corrosion did not play a significant role in determining site corrosivity. Steel free-corrosion
potential measurements indicated that all of the piles were subject to some degree of corrosion.
The correlation between potential and observed section loss was not as strong, however, as that
observed between resistivity and section loss. The greatest factor contributing to corrosion of the
examined piles was roadway runoff, causing erosion and exposure to oxygen and introducing
moisture and chlorides to the sites. Where piles remained covered with soil, corrosion was

observed to occur slowly.

In summary, soil consolidation and erosion caused by roadway runoff have exposed the upper
portions of steel piles at the abutments of numerous bridges in lowa and elsewhere. The exposed
portions of the piles were susceptible to accelerated corrosion rates due to the abundance of

moisture, oxygen, and chlorides at these locations.
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APPENDIX C
USING GRNN MODEL FOR PREDICTING CORROSION IN LEO FRIGO H-PILES

The analytical results of the soil, the corrosion potential, and the observed section loss in Leo Frigo
Bridge were used to predict the corrosion behavior of steel using the previously developed and

trained GRNN model. Results are shown in Table C1.

Table C1. Soil analytical results, corrosion potential, corrosion current density and the section
loss in Leo Frigo Bridge

Corrosion .
X - Section . 2
@ o potential o Current density (A/m*) | Rate (mm/yr) | Rate (mm/yr)
I @, 5 w loss (%0)
® a = =4 (%)
o = o =
n <. =, o
5 3 12|82 |lz| 2|0l =
@ —~
= S o T ’é\ 3 @ 3 o @ ?
=2 g Q < 7 =3 & =5 3 3 3 3 3
—_ = Yy = Q 2 Q > < =1 X D
T x « = =+ < ~ ]
o g e = o) S g 2 ®
2
6 TPO6SW-03 200 | 82 197 76.8 04 031 | 05 | 3040 0.01 0.06 116 69.6 406
6 TPO6SW-04 500 7.9 1590 278 0.4 -0.3 0-5 10-20 0.01 0.03 116 348 23.2
6 TPO6SW-06 800 | 7.9 | 4860 233 04 | 0321 | 05 | 10-20 0.01 0.08 116 92.8 52.2
6 TPO6SW-07 | 1100 | 84 | 2620 122 04 0.4 05 | 5-10 0.01 0.05 116 58 34.8
10 TP10S-1 470 8.2 510 44.8 - -0.04 0-5 20-30 0.01 0.03 116 348 23.2
10 TP10S-2 600 | 78 | 236 54.8 - 0.025 | 05 0-5 0.01 0.02 116 232 17.4
11 TP11S-1 220 | 79 | 601 309 - -0.03 | 05 0-5 0.02 0.05 232 58 406
11 TP11S-2 800 | 78 | 264 37.3 - 003 | 05 | 510 0.02 23.2 23.2
12 TP12S-1 160 8.3 670 543 - -0.019 5-10 10-20 0.04 0.05 46.4 58 52.2
13 TP13NE-1 300 9 560 409 037 | 0318 | 5-10 | 10-20 0.03 0.05 34.8 58 46.4
13 TP13NE-2 1200 | 7.7 | 1400 646 0.37 024 | 510 | 510 0.03 0.06 34.8 69.6 52.2
13 TP13NE-3 1600 7.9 281 50.9 0.37 -0.218 5-10 0-5 0.03 0.06 34.8 69.6 52.2
13 TP13NE-4 1300 | 8 5370 286 037 | -0.244 | 510 | 5-10 0.04 0.08 46.4 92.8 69.6
13 TP13NE-5 300 8.1 1870 1600 0.37 -0.241 5-10 5-10 0.04 0.05 46.4 58 52.2
13 TP13NE-6 410 | 74 | 268 51.8 037 | 0233 | 510 | 05 0.03 0.05 34.8 58 46.4
13 TP13NE-7 530 | 81 | 277 29.6 037 | 0219 | 510 | 05 0.04 0.06 46.4 69.6 58
13 TP13S-1 410 | 7.9 125 26.7 037 | 0222 | 510 | 05 0.04 0.06 46.4 69.6 58
13 TP13S-2 800 | 7.8 | 1320 484 037 | 0297 | 5-10 | 10-20 0.03 0.05 34.8 58 46.4
13 TP13S-3 430 8.1 1050 176 0.37 -0.319 5-10 10-20 0.03 0.05 34.8 58 46.4
13 TP13SE-01 210 | 79 | 1590 145 037 | -0.361 | 5-10 | 20-30 0.04 0.07 46.4 812 63.8
13 TP13SE-05 1300 8.9 1550 101 0.37 -0.24 5-10 5-10 0.04 0.06 46.4 69.6 58
14 TP14S-1 700 8.3 1800 138 - -0.097 5-10 10-20 0.04 0.05 46.4 58 52.2
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14 TP145-2 80 | 8 | 1430 | 923 ; 016 | 510 | 10-20 0.03 0.04 348 | 464 406
14 TP14S-3 1500 | 7.6 | 3080 | 2330 ; 004 | 510 | 510 0.04 0.06 46.4 69.6 58

15 TPI5S-2 1300 | 8 | 206 | 121 - | 0033 | 05 | 510 0.02 0.03 232 348 29

15 TPI5S-3 1100 | 82 | 208 | 174 - | 0032 | 05 | 510 0.01 0.02 116 23.2 17.4
16 TPI6SE-1 90 | 81 | 381 | 4303 ; 0052 | 05 | >d0 0.04 0.05 46.4 58 52.2
16 TPI6SE-2 80 | 8 | 8% | 39 - | 0082 | 05 | 1020 0.03 0.05 348 58 46.4
16 TP16SE-3 8o | 78 | 140 | 27.3 - | 0025 | 05 | 510 0.01 0.02 116 23.2 17.4
16 TP16SE-4 80 | 81 | 250 | 214 ; 01 | o5 | 1020 0.01 0.02 116 23.2 174
17 TPI75-1 40 | 83 | 430 | 269 ; 0035 | 05 | 510 0.02 0.05 23.2 58 406
17 TPI75-2 90 | 8 | 250 | 277 ; 003 | 05 | 510 0.02 0.03 232 348 29

17 TP178-3 700 | 81 | — 201 ; 008 | 05 | 1020 0.03 348 348
18 TPISSE-1 | 1400 | 8 123 - | 003t | 05 | 510 0.01 116 116
18 TPISSE-2 80 | 89 | 222 | 518 ; 01 | o5 | 1020 0.02 0.03 232 34.8 29

18 TPISSE-3 | 1700 | 81 | 1230 | 319 - | 0042 | 05 | 510 0.01 0.05 116 58 348
19 TPIONE-1 90 | 81 | 1980 | @1 03 | -0285 | 05 | 10-20 0.02 0.04 232 464 348
19 TPINE-2 | 570 | 7.9 | 301 | 149 | 03 | -0202 | 05 | 1020 0.03 0.08 348 928 638
19 TPIONE-3 | 460 | 7.8 | 2130 | 978 | 03 | 032 | 05 | 1020 0.05 0.06 58 69.6 638
19 TPIONE-4 | 1200 | 7.9 | 159 | 176 | 03 | -024 | 05 | 510 0.01 0.05 116 58 348
19 | TPioNw-1 | 700 | 81 | 175 | 271 | 03 | 022 | 05 | 05 0.01 0.05 116 58 348
19 | TeioNw2 | 1100 | 76 | 607 | 215 | 03 | -023 | 05 | 510 0.01 0.06 116 69.6 406
19 TP195-1 700 | 77 | 283 | 268 | 03 | 03 | 05 | 1020 0.02 0.07 23.2 81.2 52.2
19 TP19S-3 700 | 79 | 1740 | 323 | 03 | -023 | 05 | 05 0.05 0.07 58 81.2 69.6
19 TP19S-4 1500 | 8 | 4060 | 386 | 03 | -024 | 05 | 10-20 0.01 0.08 116 928 52.2
19 TP19S-5 90 | 76 | 287 | 549 | 03 | -023 | 05 | 510 0.02 0.05 23.2 58 406
19 | Tpioswor | 1100 | 84 | 258 | 357 | 03 | -023 | 05 | 510 0.01 0.02 116 23.2 174
19 | TPioswo2 | 1100 | 84 | 183 | 762 | 03 | 0222 | 05 | 510 0.01 116 116
20 TP208-1 40 | 82 | 104 | 117 ; 019 | 05 | 2030 0.01 0.03 116 348 232
20 TP20S-3 700 | 74 | 2250 | 249 ; 009 | 05 | 1020 0.03 0.04 48 | 464 406
20 TP20S-4 340 | 81 | 7280 | 624 ; 011 | 05 | o5 0.04 0.05 46.4 58 52.2
20 TP20S-5 40 | 8 | 2510 | 462 ; 012 | 05 | 1020 0.04 0.06 46.4 69.6 58

21 | TP2iNw-l | 370 | 7.8 | 1760 | 161 ; 012 | 2| 1020 0.04 0.06 46.4 69.6 58

21 TP21S-1 400 | 84 | 1800 | 877 ; 012 23%' 10-20 0.05 58 58

21 TP21S-2 40 | 84 | 463 | 702 ; 012 | 2| 1020 0.04 0.05 46.4 58 52.2
21 TP21S-3 250 | 81 | 1220 | 263 ; 012 23%' 10-20 0.05 58 58

21 TP21S-4 380 | 8 | 3070 | 21800 - 012 23%' 40 0.06 0.07 69.6 812 75.4
22 TP22N-1 30 | 81 | 866 | 5760 ; 013 | >40 | >40 0.06 0.08 69.6 928 81.2
2 TP22N-2 340 | 79 | 1130 | oo - | <0164 | >40 | 2030 0.07 0.09 812 | 1044 928
22 TP22N-3 610 | 76 | 1920 | 303 - | 0118 | s40 | 1020 0.07 0.09 812 | 1044 928
2 TP22N-4 700 | 77 | e85 | 2070 ; 008 | >40 | >40 0.05 0.08 58 928 754
22 TP225-1 30 | 81 | 201 | 5270 ; 008 | >40 | >40 0.06 0.09 69.6 | 104.4 87

22 TP225-2 200 | 7.7 | 1720 | 1660 ; 004 | >40 | 510 0.04 0.08 46.4 928 69.6
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2 TP225-3 260 | 82 | 1120 | 338 ; 005 | >40 | 2030 0.05 0.09 58 104.4 81.2
22 TP225-4 5700 | 89 | 158 | 3150 ; 004 | »40 | 40 0.05 0.08 58 928 75.4
22 | TP22sw-1 | 230 | 91 | 208 | 5840 ; 004 | »40 | 1020 0.05 0.08 58 928 754
22 | TtP22sw2 | 700 | 8 | 2870 | 230 - | 0005 | >40 | 1020 0.06 0.08 696 | 928 81.2
22 | TP22sw3 | 900 | 79 | et | 2va - | 0074 | >40 | 1020 0.07 0.09 8L2 | 1044 92.8
23 TP238-1 400 | 78 | 249 | 123 ; -0.03 23%' 05 0.03 0.05 348 58 46.4
23 TP23S-2 270 | 89 | 229 | 176 ; 015 | 2 | 2030 0.04 0.05 46.4 58 52.2
23 TP235-4 700 | 81 | 139 | 100 ; 01 23%' 10-20 0.05 0.06 58 69.6 638
23 TP23S-5 100 | 83 | 1150 | 314 ; 015 | 2| 2030 0.05 0.06 58 69.6 63.8
23 TP23$-6 450 | 71 | 6180 | 673 ; -0.16 23%' 10-20 0.06 0.07 69.6 81.2 754
24 | TPaanw-1 | 4200 | 85 | 380 | 269 | o056 | 0542 | 05 | 05 0.01 0.05 116 58 34.8
24 | TP2dNw-3 | 1700 | 73 | 3400 | 673 | 056 | -0542 | 05 | 1020 0.01 0.06 116 | 696 40.6
24 | TP2anw-4 | 1500 | 75 | 342 | 264 | 056 | -055 | 05 | 05 0.01 116 116
24 | TP2dnw-s | 1200 | 8 | 626 | 328 | 056 | -053 | 05 | 5-10 0.01 0.05 116 58 34.8
2% TP24S-1 2800 | 81 | o1 | 374 | o056 | -0525 | 05 | 05 0.01 116 116
2 TP24S-2 1000 | 83 | 143 | 323 | 056 | -0524 | 05 | 510 0.01 116 116
2 TP24S-4 100 | 77 | 106 | 816 | o056 | -052 | 05 | 3040 0.01 0.08 116 | 928 52.2
2% TP24S-5 700 | 78 | 424 | 130 | 0856 | -0532 | 05 | >40 0.01 0.05 116 58 348
2 TP24S-6 1500 | 75 | 545 | 217 | o056 | -0532 | 05 | 510 0.01 0.05 116 58 34.8
25 | Te2sNE-l | 1300 | 83 | 210 | 703 | o282 | 020 | 3 | 510 0.03 0.07 48 | 812 58

25 | TPsNE2 | 20 | 84 | 306 | 158 | o282 | 0210 | 3 | 1020 0.03 0.07 u8 | 812 58

25 | teasNes | 260 | 7 | 159 | 227 | o282 | 026 | O | 2030 0.03 0.07 48 | 812 58

25 | TPasNE-4 | 900 | 77 | g8 662 | 0282 | 027 | 3 | 2030 0.04 0.07 464 | 812 63.8
25 | TPsNEs | 700 | 8 | 7720 | 669 | 0282 | 0133 | 3 | 05 0.05 0.08 58 928 75.4
25 | Teasnwel | ss0 | 8 | 4330 | 17 | ozs2 | 022 | ¥ | 1020 0.06 0.07 696 | 8L2 75.4
25 TP25S-1 z0 | 78 | 20 | 1s0 | 0282 | 043 | 3 | 3040 0.04 0.06 464 | 696 58

25 TP25S-2 a0 | 82 | @2 | 28 | o282 | 0219 | | 1020 0.04 0.07 464 | 812 63.8
32 | TP3NE-I 190 | 81 | 1410 | 277 | o031 | 0286 | 05 | 3040 0.03 0.04 48 | 464 40.6
32 | TP3NE22 | 160 | 76 | 3980 | 664 | 031 | 0205 | 05 | 1020 0.02 0.03 232 348 29

32 | TPaNE-3s | 250 | 81 | s7e0 | 158 | o031 | -012 | 05 | 1020 0.02 0.05 232 58 40.6
32 | TPaNE-s | 160 | 8 | 2610 | 143 | 031 | -034 | 05 | 2030 0.05 0.05 58 58 58

32 | TP3NE-6 | 3500 | 7.8 | 3130 | 226 | 031 | -034 | 05 | 510 0.01 0.03 116 | 348 232
32 | TesaNw-02 | 350 | 85 | 2640 | 703 | 031 | -012 | 05 | 1020 0.02 0.04 232 | 464 348
32 | TesoNw-08 | 1000 | 8 | 10300 | 509 | 031 | -0345 | 05 | 1020 0.01 0.03 116 | 348 232
39 | TP3oNw-1 | 370 | 84 | 3460 | 977 | o041 | -0312 | 510 | 1020 0.02 0.05 232 58 406
39 | TpaoNw2 | 170 | 7.8 | 5 148 | 041 | 039 | 510 | 40 0.02 0.05 232 58 406
39 | TpaoNw-3 | 170 | 76 | 2570 | 117 | o041 | -039 | 510 | 2030 0.03 0.04 348 | 464 406
39 | TPaoNw-4 | 8 | 79 | 1630 | 468 | 041 | -039 | 510 | 3040 0.04 0.05 46.4 58 52.2
39 | TP3ONW-5 90 | 83 | 1640 | 50 | 041 | -030 | 510 | 30-40 0.04 0.05 46.4 58 52.2
39 TP39SE-1 30 | 76 | 118 | 322 | o041 | -051 | 510 | 2030 0.01 0.03 116 | 348 232
39 TP39SE-2 200 | 8 | 258 | 278 | 041 | 0395 | 510 | 3040 0.01 0.06 116 | 696 406
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39 TP39SE-3 170 79 1110 218 0.41 -0.38 5-10 10-20 0.03 0.04 34.8 46.4 40.6
39 TP39SE-4 1500 7.5 2890 333 0.41 -0.39 5-10 5-10 0.01 0.06 116 69.6 40.6
39 TP39SW-03 620 79 3170 184 0.41 -0.472 | 5-10 10-20 0.02 0.05 23.2 58 40.6
39 TP39SW-06 230 8 7850 1140 0.41 -0.394 | 5-10 5-10 0.04 0.06 46.4 69.6 58

39 TP39SW-07 320 8.5 3730 140 0.41 -0.472 | 5-10 10-20 0.03 0.05 34.8 58 46.4
39 TP39SW-08 470 8 1150 226 0.41 -0.47 5-10 10-20 0.03 0.05 34.8 58 46.4
43 TP43NE-1 310 8.2 1590 70.2 0.17 -0.12 0-5 10-20 0.03 0.05 34.8 58 46.4
43 TP43NE-2 390 8 11400 2520 0.17 -0.144 0-5 5-10 0.02 0.03 23.2 348 29

43 TP43NE-3 350 7.8 266 105 0.17 -0.144 0-5 10-20 0.01 0.03 116 34.8 23.2
43 TP43NE-4 900 8.1 1820 30.8 0.17 -0.134 0-5 5-10 0.03 0.06 34.8 69.6 52.2
43 TP43NE-5 800 8.1 1080 169 0.17 -0.175 0-5 10-20 0.02 0.06 23.2 69.6 46.4
44 TP44NW-02 800 7.9 1050 160 - -0.075 0-5 10-20 0.03 0.04 34.8 46.4 40.6
44 TP44NW-03 1000 8 2410 199 - -0.035 0-5 5-10 0.01 0.03 116 348 23.2
44 TP44NW-04 1500 8.2 2010 875 - -0.04 0-5 5-10 0.01 0.03 116 34.8 23.2
44 TP44NW-05 1600 8.2 2050 52.6 - -0.042 0-5 0-5 0.01 0.03 116 348 23.2
50 TP5S0SE-02 570 8.4 960 40.2 - -0.017 0-5 0-5 0.01 0.03 116 34.8 23.2
50 TP5S0SE-03 200 8.3 1190 27.9 0.18 -0.143 0-5 5-10 0.02 0.03 23.2 34.8 29

50 TP50SE-04 1100 8.2 1130 27 0.18 -0.13 0-5 5-10 0.02 0.03 23.2 348 29

50 TP5S0SE-06 1700 8.2 443 1850 0.18 -0.144 0-5 5-10 0.02 0.04 23.2 46.4 34.8

For better comparison, the average predicted corrosion potential values was plotted against the

measured values and the results are shown in Figure C1.

Predicted potential (V)
<)
w

-04

-0.2

Measured potential (V)

Figure C1. Predicted vs measured corrosion potential values for different piers in Leo Frigo
Bridge
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As can be seen, a good correlation exists between the measured and predicted corrosion potential
values. The observed percentage section loss was reported for different piers of the Leo Frigo
Bridge. Our model on the other hand predicts the corrosion current density values. While side by
side comparison is not possible, the piers were ranked based on their average predicted corrosion
rates and the observed percentage section loss and results are shown in Table C2. The corrosion

predicted current densities are converted to the corrosion rate (mm/year) and given in Table C2.

Table C2. Ranked observed section loss and the average predicted corrosion rates

Pier | Observe section loss (%) | Pier | Corrosion rate (mm/year)
22 >40 22 82
25 30-40 25 64
21 20-30 21 60
23 20-30 23 60
12 5-10 13 54
13 5-10 12 52
14 5-10 14 50
39 5-10 20 43
6 0-5 39 43
10 0-5 19 43
11 0-5 43 39
15 0-5 6 38
16 0-5 32 36
17 0-5 17 35
18 0-5 16 33
19 0-5 11 32
20 0-5 24 30
24 0-5 50 29
32 0-5 44 27
43 0-5 18 25
44 0-5 15 23
50 0-5 10 20

According to the FHWA Manual on design and construction of driven pile foundations, 0.08
mm/year for piles buried in fill or disturbed natural soil is consider active corrosion. Thus, based
on this simulation, steel piles in all locations, were actively corroding. In addition, the ranking of

the predicted corrosion rates match well with the actual observed section loss.
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