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FOREWORD

By Staff
Transportation Research
Board

This report contains the findings of a study to provide knowledge on the magni-
tude of the problem of steel piling corrosion and to synthesize the current state of prac-
tice in evaluating and predicting corrosion. A recommended practice for the assessment
of steel piling in nonmarine applications and a strategic plan to develop means to deter-
mine the condition and to estimate the useful life of steel piling are provided. The con-
tents of this report will be of immediate interest to geotechnical engineers and bridge
engineers.

Historically, steel piling has been used to support structures without concern for
loss of section from corrosion. In many cases, existing steel-pile foundations are used
to support rehabilitated structures without an assessment of the piling condition. Steel
piles exposed during some recent bridge-pier construction operations have revealed
severe corrosion damage. Bridge engineers and owners want guidance on the condition
evaluation of existing steel piling, on the estimated useful life of steel piling, and on
steel piling performance models.

Under NCHRP Project 10-46, CC Technologies Laboratories, Inc. prepared an
assessment of the magnitude of the problem of corrosion of steel piling in nonmarine
applications. A “Recommended Practice” was prepared for assessing the environmen-
tal conditions causing corrosion of steel piling, for evaluating the present condition of
steel piling, and for estimating the expected service life of new and existing piling. The
recommended practice is believed to be of immediate use to bridge engineers and geo-
technical engineers.

The contents of this report will help state DOTs identify the corrosion vulnerabil-
ity of steel piling in their inventories and provide preliminary guidance to address that
vulnerability. The strategic research plan identifies a coordinated set of research efforts
that should be undertaken to develop means to determine the condition and to estimate
the useful life of steel piling.
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SUMMARY

CORROSION OF STEEL PILING IN
NONMARINE APPLICATIONS

Historically, steel piling has been used to support structures with little concern given
to loss of section from corrosion. Recently, examinations of steel piles exposed during
bridge-pier construction operations have revealed severe corrosion damage. The long-
range objective of research in this area is to develop means to determine the condition
and to estimate the useful life of steel piling. This information will assist bridge engi-
neers and owners in their decisionmaking with regard to the use of existing and new
steel-pile supports for structures.

The specific objectives of NCHRP Project 10-46 were to (1) determine the magni-
tude of the problem of corrosion of steel piling in soil, (2) assess and synthesize the
current state of knowledge for evaluating and predicting the corrosion of steel piling,
(3) recommend practices for corrosion evaluation of new and existing steel-pile struc-
tures, (4) initiate laboratory testing and model development to predict the useful life of
steel piling, and (5) develop a strategic research plan to accomplish the long-range
objective. The scope of the project was limited to soil exposure and considered H-,
pipe, and sheet piling.

The potential magnitude of the problem of corrosion of steel piling in soil is quite
large. Conditions that are conducive to severe corrosion of steel piles are commonly
found in pile foundations for bridges. These include the presence of fill soils contain-
ing manufactured materials, such as slag, ash, or cinders or soil containing contamina-
tion from saltwater runoff or other sources.

Results of the state-of-the-art survey indicate that the controlling mechanism for
severe corrosion of steel in soils is thought to be well understood. The presence of mois-
ture and oxygen are required for the corrosion to occur. The specific mechanism is
referred to as an oxygen macrocell and is associated with a variation in the concentra-
tion of oxygen in the soil from one area to another on the underground structure. These
conditions normally occur in stratified soils above the water table. Other factors that
have been associated with soil corrosivity include soil resistivity, pH, soil particle size,
and the concentration of deleterious anions such as chlorides and sulfates. While the
mechanism of underground corrosion and many of the controlling factors are thought
to have been identified, prior attempts to predict soil corrosivity have met with limited
success. Typically, there is a lot of scatter in the data and the correlation coefficients
are low.



In NCHRP Project 10-46, a Recommended Practice was prepared using information
available from a state-of-the-art survey. The purposes of the practice were to (1) sum-
marize the current knowledge on corrosion of piling in soils, (2) describe procedures
to assess soil corrosivity and the present condition of existing steel piling, and (3) offer
guidance in corrosion mitigation and the use of steel piling in new or rehabilitated
structures.

Laboratory and field testing were conducted to evaluate the Recommended Practice,
address unresolved issues identified in the state-of-the-art survey, and establish a
framework for a model for predicting the corrosion of steel piling in soil environments.
Results of this preliminary testing indicate that uniform corrosion in the corrosive soil
strata may be a major contributor to pile failure. This finding was unanticipated, but the
tests may have been too short for macrocells to develop properly. Macrocells may dom-
inate corrosion behavior in longer tests and on actual pilings.

The results of this preliminary research also indicate that a relatively small number
of variables are required to describe the corrosivity of a field site. These variables
include soil resistivity, pH, soil particle size, and the position of the pile with respect
to the water table. A simple decision tree on the basis of this information was incorpo-
rated into the Recommended Practice. When the procedures outlined in the Recom-
mended Practice were tested out on case histories found in the literature, it was found
that the decision tree could correctly identify the potential corrosivity of a field site in
more than 80 percent of the cases.

The Strategic Research Plan was prepared to meet the long-range objective of devel-
oping the means to determine the condition and to estimate the useful life of steel pil-
ing. The plan emphasizes field corrosion rate measurements and the development of a
corrosion prediction model. Unresolved issues from the ongoing work and issues out-
side the original scope of this work are addressed in the research plan.




CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

Historically, steel piling has been used to support struc-
tures with little concern given to loss of section from corro-
sion. Existing steel pile foundations are also being used to
support rehabilitated structures without assessing the condi-
tion of the steel piling. Recently, examinations of steel piles
exposed during bridge-pier construction operations have
revealed severe corrosion damage. Extensive corrosion dam-
age has also been observed in related structures, such as rein-
forced soil structures.

Corrosion of structural steel in soils is electrochemical in
nature and is caused by the presence of oxygen and moisture
in the soil. Corrosion is most likely to occur at or above the
water table in disturbed stratified soils having low resistivity.
For example, fill soils containing manufactured materials
such as cinders, slag, or ash are known to cause significant
corrosion of steel piles. Stray electrical currents flowing in
the ground, from sources such as transit systems, can also
contribute to corrosion of structural steels in soils.

The long-range objective of research in this area is to
develop means to determine the condition and to estimate the
useful life of steel piling. This information will assist bridge
engineers and owners in their decisionmaking with regard to
the use of existing and new steel-pile supports for structures.

The specific objectives of NCHRP Project 10-46 were to
(1) determine the magnitude of the problem of corrosion of
steel piling in soil, (2) assess and synthesize the current state
of knowledge for evaluating and predicting the corrosion of
steel piling, (3) recommend practices for corrosion evaluation
of new and existing steel-pile structures, (4) initiate laboratory
testing and model development to predict the useful life of steel
piling, and (5) develop a strategic research plan to accomplish
the long-range objective. The scope of the project was limited
to soil exposure and considered H-, pipe, and sheet piling.

NCHRP Project 10-46 consisted of eight tasks:

Task 1—Review of Information,

Task 2—Conditions Causing Corrosion,

Task 3—Draft of Recommended Practice,

Task 4—Interim Report,

Task 5—Corrosion Testing and Prediction Model,
Task 6—Strategic Research Plan,

Task 7—Revised Recommended Practice, and
Task 8—Final Report.

The technical approach for each task is given below.

TASK 1—REVIEW OF INFORMATION

The purpose of Task 1 was to review relevant practice,
performance data, research findings, and other information
related to corrosion and nondestructive evaluation (NDE) of
steel piling from both foreign and domestic sources. Corro-
sion information on related structures was also incorporated
into the review. The work in this task was divided into two
subtasks: a literature survey and industry interviews.

The literature survey was initiated with a detailed review
of government projects relevant to the research including
any from FHWA, NCHRP, and state DOTs. The open
literature was searched using CORAB®. CORAB® is a
CD-ROM version of NACE International’s Corrosion
Abstracts. The program is run on a PC and contains
abstracts of corrosion literature from 1980 to the present.
The program contains extensive citations of the open liter-
ature from the United States, Europe, and Japan as well as
U.S. government literature. Other computerized database
sources that have information on the subject matter were
searched, including Transportation Research Information
Services (TRIS), the Engineering Index, Chemical Ab-
stracts and the National Technical Information Service
(NTIS).

Relevant information from state DOTs was obtained by
means of a questionnaire, follow-up telephone contacts, and
site visits.

TASK 2—CONDITIONS CAUSING CORROSION

The purpose of Task 2 was to document the conditions that
cause corrosion of steel piling. The primary input to this task
was the information developed in Task 1. The information
was analyzed with respect to the possible causes of corrosion
of steel piling. The output of Task 2 was a listing of case his-
tories of significant corrosion of steel piling, a summary of
the mechanisms of corrosion of steel piling, the identification
of environmental factors that affect corrosion of steel piling
and a listing of areas of incomplete knowledge.

TASK 3—DRAFT RECOMMENDED PRACTICE

The purpose of Task 3 was to draft a Recommended Prac-
tice for (1) assessing the environmental conditions causing
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corrosion of steel piling, (2) evaluating the present condition
of steel piling, and (3) estimating the expected service life of
new and existing piling. The Recommended Practice in this
task was written in a format suitable for AASHTO “Recom-
mended Practice” publication. This Recommended Practice
will permit future data collection to be performed in a con-
sistent manner and will ensure that the appropriate data are
.collected that will answer the questions left unanswered by
this research.

The Recommended Practice provides guidance and proce-
dures in several areas. These areas include the following:

Selection of piles for further examination,
Collection of soil and water samples,
Analysis of soil and water samples, and
Examination of removed piles.

TASK 4—INTERIM REPORT

The purpose of Task 4 was to prepare an interim report that
documents the findings of Tasks 1 through 3. This report
summarized the information developed in Tasks 1 and 2. The
Recommended Practice developed in Task 3 was provided as
an appendix to the report. The interim report also contained
a revised detailed work plan, itemized budget, and projected
schedule for Tasks 5 through 8.

TASK 5—CORROSION TESTING AND
PREDICTION MODEL

The purposes of Task 5 were (1) to perform laboratory cor-
rosion tests to address unresolved issues identified in Tasks
1 through 3 of the program and (2) to establish a framework
for an analytical model for predicting the corrosion of steel
piling in soil environments.

Testing was performed in the laboratory on several soils to
evaluate three electrochemical techniques for measuring cor-
rosion rates and to assess the relative value of laboratory ver-
sus field electrochemical testing. The relative contribution of
uniform corrosion and macrocell corrosion on corrosion
rates in these soils was also assessed. These three techniques
consisted of measurements of corrosion potential, polariza-
tion resistance (PR), and galvanic (macrocell) currents.

Laboratory Soil Cells

Three different series of laboratory soil cells were con-
structed to evaluate the electrochemical techniques dis-
cussed above. The first series of cells were used to (1)
assess the relative merits of the PR technique proposed for
the evaluation of the soil corrosivity at three field sites,
described in Task 7, (2) compare corrosion rates calculated
from both the PR and weight-loss measurements, and (3)

help determine whether uniform corrosion is a major con-
tributing factor in the corrosion of piling.

In the second series of soil cells, laboratory-sized corro-
sion probes were embedded in dissimilar soil strata, or soil
strata having different moisture contents. The purpose of
this series of tests was to (1) measure the magnitude and
direction of galvanic current flow between the soil strata,
(2) assess the merits of the measurement technique using a
prototype lab probe, and (3) compare the corrosion rates cal-
culated from the lab probes with the results from the field
corrosion probes that were installed at the three field sites.

The third series of soil cells was constructed for potentio-
dynamic polarization tests. The purpose of these tests was
two-fold. First, the potential and ensuing current data were
used in our modeling efforts. Secondly, Tafel slopes were
taken directly from the polarization curves and used to cal-
culate corrosion rates from PR measurements.

Field Investigations

Additionally, soil and water analyses were performed on
samples obtained from field sites selected in Task 7. The soil
parameters analyzed included resistivity, pH, soluble chlo-
ride and sulfate concentration, cation exchange capacity
(CEC), moisture content, and particle size distribution.
Water parameters included pH, conductivity, chloride, sul-
fate, and bacterial types and counts.

Modeling

Finite Element Analysis (FEA) modeling was used to
address two unresolved issues associated with the water
table. One issue was the effect of the relative length of the
pile above and below the water table on the magnitude of the
galvanic effect. The second issue was the maximum distance
below the water table where galvanic corrosion is likely to
occur.

A statistical modeling approach was used to develop a
regression model for predicting the corrosion of steel piling
in soil environments. All of the data used in the model devel-
opment were continuous measures. Since the available data
were very limited at this point in time, the regression model
development was supplemented with plots of corrosion rates
calculated from weight-loss measurements versus each pos-
sible independent variable. Additionally, a correlation matrix
was created to see if the regression model coefficients were
consistent with the correlation coefficients as well as these
plots.

TASK 6—STRATEGIC RESEARCH PLAN

The purpose of the Strategic Research Plan was to identify
the research necessary to achieve the long-range objective on
corrosion of steel piling. The primary focus of the Strategic



Research Plan was on those activities requiring long-term
research that are outside the scope of the current research
program. The activities in the Strategic Research Plan all
feed into a statistical model. The goals of developing this
model are to identify soil conditions where unacceptable
rates of corrosion of steel piles are likely to occur and to esti-
mate these rates of corrosion. The Strategic Research Plan
emphasizes field corrosion rate measurements and the tasks
are designed to provide the data required to develop and con-
firm the model.

TASK 7—REVISED RECOMMENDED PRACTICE

The purpose of Task 7 was to revise the Recommended
Practice developed in Task 3. Revisions to the Practice were
based on the results of the laboratory tests and predictive
modeling performed in Task 5, a field assessment of the Prac-
tice performed in Task 7, and input from the project panel.
The Recommended Practice was applied to determine its
workability and feasibility under actual field conditions.
Electrochemical measurements, made with field corrosion
probes, were used to supplement the characterization of soil
and groundwater corrosivity of the field sites and provide
input to the statistical data analysis and modeling efforts.

5

The Recommended Practice was applied in the field at
three sites having varying degrees of corrosivity. These sites,
and their anticipated corrosivity, were as follows:

1. Buffalo, New York (Buffalo)—Corrosive,

2. CC Technologies (CCT) in Dublin, Ohio—Non-
corrosive, and

3. LaGuardia Airport (LaGuardia) in New York, New
York—Non-corrosive.

Soil was sampled at each of the three field sites and ground-
water was sampled at two of the sites and analyzed to char-
acterize their corrosivity.

Field Corrosion Probe

Field corrosion probes were designed and constructed for
the purpose of performing in situ electrochemical measure-
ments at three field sites. The probe design was modeled after
corrosion probes described in the literature.

Corrosion probes were installed at each of the field sites
for galvanic current measurements, PR, and corrosion poten-
tial. The detailed procedures for performing these measure-
ments are given in this report in Appendixes M, N, and O,
respectively.




CHAPTER 2
FINDINGS

REVIEW OF INFORMATION

A state-of-the-art survey was conducted to review relevant
practice, performance data, research findings, and other
information related to corrosion and NDE of steel piling from
both foreign and domestic sources. Corrosion information on
related structures also was incorporated into the review.
These structures included

o Metal culverts,

Mechanically stabilized earth (MSE) structures,
Building foundations,

Underground tanks, and

Underground pipelines.

Appendix A contains a complete list of documents obtained
in the literature survey. The documents listed in this appen-
dix primarily pertain to culverts and pilings.

Relevant information from state DOTs also was obtained
by means of a questionnaire, follow-up telephone contacts,
and site visits. The purposes of the survey were to determine

» Their usage of steel piling,

o Their perception of problems associated with steel-pile
corrosion,

« Any prior or current research efforts in this area,

« Present methods, if any, for NDE and corrosion
monitoring,

o Their present methods of designing to allow for corro-
sion (if any),

« Their opinion of what document is appropriate for an
AASHTO Recommended Practice, and

» Any planned piling removals.

Table 1 summarizes the indications of corrosion and any
techniques used to assess the corrosion as described by
respondents who have indicated corrosion of steel piling.
Thirty-nine states (78%) responded to the questionnaire.
Seventeen (44%) of those responding reported having corro-
sion problems with piling in soil in nonmarine environments.
Of those responding, less than one-half were associated with
corrosion in soil. The remainder were associated with corro-
sion in fresh or brackish (one case) water.

Nine respondents (23%) indicated that they were using or
aware of techniques for assessing the dimension, existing
condition, or rate of corrosion of steel piling. Three tech-
niques were indicated: (1) physical measurements of ex-
posed pile sections, (2) electrochemical corrosion rate mea-
surements using corrosion probes, and (3) soil analyses in
conjunction with a corrosion rate prediction model devel-
oped for metal culverts.

A summary of the mechanisms of corrosion of steel piling,
the identification of environmental factors that affect corro-
sion of steel piling, and a listing of case histories of signifi-
cant corrosion of steel piling are given in Appendix D. A
summary of this information, along with areas of incomplete
knowledge identified from this information, are given below.

SUMMARY OF CONDITIONS CAUSING
CORROSION

It can be concluded from the analysis of the literature and
responses to the questionnaires that the overall mechanism
responsible for severe corrosion of pilings is thought to be
well understood. As described in Appendix D, the presence
of moisture and oxygen are required for corrosion to occur.
The specific mechanism for the corrosion is referred to as a
differential aeration cell (oxygen macrocell) and is associ-
ated with a variation in the concentration of oxygen in the
soil from one area to another on the underground structure.
These conditions normally occur in stratified soils above the
water table. Other factors that have been associated with soil
corrosivity include soil resistivity, pH, soil particle size, and
the concentration of deleterious anions such as chlorides and
sulfates.

There also does not appear to be any discrepancy between
the early research by Romanoff (1) at the National Bureau of
Standards (NBS) and the more recent occurrences of signif-
icant corrosion of pilings. Romanoff’s statements concerning
the absence of significant corrosion of pilings below the
water table or in undisturbed soils are consistent with the
more recent field data. Any problems with the Romanoff
work appear to be associated with a misinterpretation or gen-
eralization of the conclusions of the original work. Romanoff
may have inadvertently contributed to this problem by overly
emphasizing the differences between behavior of piling
below the water table or in undisturbed soils with the work



TABLE 1 Summary of indications of corrosion and techniques to assess corrosion of steel piling from data reported from
various departments of transportation

Excavate to expose piles and
examine piles visually. Extract
piles for visual investigation.

Visual examinations and ultrasonic
thickness measurements on piles to
determine corrosion loss.

Rely on research conducted by R.P.
Long, University of Connecticut.

Physical measurements.

Aware of an FHWA Method.

Pulling piles that were installed for
the purposes of checking on
corrosion at specific bridge sites.

Measurements of loss of section
using standard techniques.

There was a report and computer
program referencing corrosion of
metal culverts and predicting rates.

We are aware, but have not used.

We use visual methods with hand-
held measuring devices.

Pipe pile piers in lake/reservoir locations have shown signs of
Alberta | corrosion at the water line. Not able to coat piles below water line
due to constant levels.
CA Corrosion of steel pipe piles exhumed from structure in San
Francisco Bay area (Attachment A).
CT Enclosed copies of references regarding corrosion.
GA Steel H-piles in brackish water.
1L Sheet pile walls and piles supporting bridge abutments.
No major problems. Do experience corrosion of steel pile at
IA groundline in pile bent type piers; Piles that are not encased in
concrete or at the bottom of the concrete encasement.
KS Very few cases - web rusted through.
MN Corrosion at water line.
NH Corrosion just below ’stub’ abutments when soil sloughs from
below abutment, exposing steel piles.
No structure failures due to corrosion of steel piles. Piles driven in
NY an industrial waste fill area showed 32% cross-section loss after 32
+/- years of service.
OH Just a few projects involving monotube-type capped pile piers.
Usually have section loss problems at water line, or at ground line.
OK Frequently experience when fill under bridge seat of skeleton-type
abutment settles/erodes, exposing steel piling. Runoff puts piling
through wet/dry cycles, causing corrosion.
Ontario | Have seen minor corrosion damage - visual observation only.
PA We have had some cases in limestone with water flow.
TN We have observed corrosion on steel piles that were exposed due to
erosion beneath abutment capbeams. This is not a major problem.
TX Steel H-piling submerged in freshwater with high iron content.
Generally older bridges suffer at ground/water line due to lack of
X maintenance or continual attack over many years. Probably typical
over rest of country.
WV Settlement of fill under abutment exposed piling. Piling have
shown extensive corrosion between soil and abutment.
Both H-Piles and cast-in-place piles have experienced serious
WS corrosion in fresh water environments resulting from the activity of
anaerobic sulfate-reducing bacteria,
WY Some corrosion and loss of section in high alkaline soils.

on pipelines and other structures located entirely in disturbed
soils. The fact of the matter is that a majority of pilings pass
through some disturbed soils.

While the overall mechanism of corrosion of piling is
thought to be well understood, attempts to correlate corro-
sivity of soil with variables such as pH, redox potential

(Eh), resistivity, and the concentration of anions, have not
met with much success. Typically, there is a lot of scatter
in the data and correlation coefficients are low. This created
a significant problem in selecting parameters for the Draft
Recommended Practice that should be analyzed to assess
corrosivity.



Specific areas of further research were identified from the
state-of-the-art literature review and these areas were inves-
tigated by the inclusion of a large number of parameters in
the Draft Recommended Practice and through laboratory soil
analyses and field corrosion monitoring with corrosion
probes at selected field sites. The specific areas of research
addressed in the project are described in Appendix D and
summarized below.

Soil Parameters

A large number of soil parameters were included in the
Draft Recommended Practice for the characterization of the
corrosivity of the soil. These include resistivity, pH, Eh,
chloride concentration, sulfate concentration, CEC, and soil
particle size. For the characterization of a site, these analyses
would need to be performed on each soil stratum down to
some distance below the water table. Even with such an
extensive characterization, the predictive capability of mod-
els developed that include many of these parameters is poor.
In addition, such an extensive analysis may inhibit engineers
from using the Recommended Practice.

Accordingly, a better understanding was needed of the
minimum parameters required to characterize the corrosivity
of a site. For example, given the close relationship between
soluble salt content of soils and resistivity, it may not be nec-
essary to perform both types of analyses. The promising
results of research studies by others on CEC also suggest that
this parameter may greatly improve the predictive capabili-
ties of soil models. With better models the specific parame-
ters required to assess corrosivity and the ranges of those
parameters associated with different levels of corrosivity can
be more accurately defined.

Electrochemical Corrosion Assessment
Techniques

Four electrochemical techniques were proposed in the
Draft Recommended Practice for the evaluation of corrosiv-
ity; macrocell (galvanic) current, Eh, corrosion potential, and
PR. Some of these techniques may be redundant (for ex-
ample, Eh and corrosion potential) and the minimum number
of electrochemical tests required to adequately characterize
a site was unknown. The PR technique is normally used to
assess rates of uniform corrosion, and it has not been estab-
lished whether the technique provides useful information in
the assessment of corrosivity where macrocell corrosion is
the dominant corrosion failure mode. Furthermore, the best
field probe designs and the relative value of laboratory ver-
sus field electrochemical tests have not been established.

Uniform Corrosion

As described above, the primary cause of significant cor-
rosion of pilings is thought to be differential aeration cells.

Although little data were found in the literature search, it is
possible that uniform corrosion could lead to high rates of
attack in very low-pH soils (< 4), such as those containing
some manufactured products. Accordingly, uniform corro-
sion was included as a possible failure mechanism in the
Draft Recommended Practice.

Water Table

Two unresolved issues associated with the water table
were identified from the literature search. One was the effect
of the relative length of the pile above and below the water
table on the magnitude of the galvanic effect. In one Army
Corps of Engineer’s report from the late 1960s, it was sug-
gested that the ratio of the length of piling below the water
table to that above the water table affects the maximum
severity of attack. For instance, where the length of piling
below the water. table is large, the maximum corrosion is
reduced. This behavior is reasonable for differential cell cor-
rosion in that a large anode/small cathode reduces attack. A
better understanding of this effect would help identify those
piles that are most prone to severe corrosion.

The second issue is the maximum distance below the
water table where galvanic corrosion is likely. Information
on this is very limited, but the distance should be a function
of soil resistivity, the kinetics of the oxidation and reduction
reactions, and the potential difference between the anode and
the cathode. It is important to establish this distance in order
to limit the portion of each pile requiring examination or
assessment.

Water Analysis

Groundwater analyses were included in the Draft Recom-
mended Practice although it was unknown whether these
analyses added substantially to the assessment of corrosiv-
ity. If the results of the soil analyses provide similar infor-
mation, the elimination of the groundwater analyses would
reduce the scope of the analyses required in the Recom-
mended Practice.

'DRAFT RECOMMENDED PRACTICE

A draft of the Recommended Practice was prepared earlier
in the project in a format suitable for AASHTO “Recom-
mended Practice” publication. This Draft Recommended
Practice permitted future data collection at various field sites
to be performed in a consistent manner and ensured that the
appropriate data were collected that would answer the ques-
tions left unanswered by this research.

The draft of the Recommended Practice was provided in
Appendix F of the interim report and was divided into three
parts: Part I—Environmental Conditions Causing Corrosion
of Steel Piling, Part II—Design Considerations for New Pil-



ing, and Part IlI—Evaluation of Existing Steel Piling. The
Draft Recommended Practice was quite extensive and con-
tained procedures and analysis techniques that were found to
be redundant, based on the results of laboratory and field
investigations. Results of laboratory and field corrosion tests
conducted to evaluate the Draft Recommended Practice are
given in the discussion to follow.

LABORATORY CORROSION TESTS
Laboratory Soil Cells

The purpose of performing tests with soil cells was to eval-
uate three electrochemical techniques used for measuring
corrosion rates and to assess the relative value of laboratory
versus field electrochemical testing. These three techniques
consisted of measurements of corrosion potential, PR, and
galvanic (macrocell) currents. :

Romanoff (/) and Lee (2) indicated that corrosive soils
generally have more negative potential values, based on
either corrosion or redox potential measurements. The PR
technique is normally used to assess rates of uniform corro-
sion over time. However, it has not been established whether
the PR technique provides useful information in the assess-
ment of corrosivity where macrocell corrosion is the domi-
nant failure mode. For the case of macrocell corrosion, gal-
vanic current measurements, performed with a corrosion
probe, are converted to corrosion rates using Faraday’s Law.
Comparison of corrosion rates calculated from PR, galvanic
current, and weight-loss measurements were used to evalu-
ate the techniques and indicate the principal form of corro-
sion in a soil environment.

Polarization Resistance and Weight-Loss Measure-
ments. In the first series of tests, PR and weight-loss mea-
surements were performed with six soil cells to evaluate the
PR technique and compare the corrosion rates calculated
from both techniques. The cells were constructed using A36
steel plates and plexiglass cylinders with lids. All of the
plates were initially grit-blasted with silica sand to a near-
white condition to remove mill scale and establish a uniform
surface. One weighed A36 steel coupon (1”7 X 1”7 X /"), hav-
ing a 120-grit finish, was embedded vertically in each cell for
the determination of weight loss. A graphite ring with an
electrical connector was embedded near the top of the test
cells to act as the counter electrode for the PR measurements.
A copper/copper sulfate (Cu/CuS0O,) electrode was used as
the reference electrode. The tops of the cells were sealed with
tape and a rubber stopper to prevent moisture loss. The fol-
lowing soil cells were constructed:

1. —200 mesh bentonite with 24% moisture as deionized
water,

2. Medium to fine sand with 12% moisture as deionized
water,

3. —200 mesh bentonite with 24% moisture as 10 ppm
NaCl water,

4. Medium to fine sand with 12% moisture as 10 ppm
NaCl water,

5. CCT (field site) soil (#3, 6'-9" depth) with 31% mois-
ture, as-received, and

6. Buffalo (field site) soil (#6, 6'-7.5" depth) with 12%
moisture, as-received.

The sand and bentonite were tested at their optimum mois-
ture contents as determined by the Proctor Test described in
ASTM Method D 698 (3). The soils obtained from the CCT
and Buffalo field sites were tested at their as-received mois-
ture contents as determined by AASHTO Method T 265 (4)
at 60°C. Photographs of the soil cells containing sand and
bentonite are shown in Appendix E in Figure E1. Photo-
graphs of the soil cells containing soil from the Buffalo and
CCT field sites are shown in Figure E2.

Corrosion potential and PR measurements, using a three-
electrode PR technique, were performed weekly, for the first
6 weeks, and monthly thereafter, for a total exposure period
of 85 days. Measurements were performed using ASTM
Method G 59 (5). In this method, the specimen (A36 plate)
potential was scanned between —20 mV (Cu/CuSO,) and
+20 mV (Cu/CuSOy) of the free-corrosion potential at a scan
rate of 0.17 mV/sec. The ensuing current was monitored as a
function of potential. The tangent to the potential-current plot
at the free-corrosion potential is the PR value.

Corrosion rates were calculated from both PR and weight-
loss measurements and a comparison of the results was
made. The PR values were converted to corrosion current
using the Stern-Geary equation.

- B
= - O

1 cor

Where i, is the corrosion current in A/cm?, B is the Tafel

factor, and PR is the polarization resistance. The corrosion

current values were converted to corrosion rates using Fara-
day’s Law.

Weight losses of the coupons were measured using the
interval weight-loss procedure described in ASTM Method
G 1 (3). This technique involves the alternate descaling of the
coupon in inhibited acid and weighing until the visible cor-
rosion products are removed. Weight losses were then con-
verted to corrosion rates by dividing the weight loss by the
density, the coupon surface area, and the exposure time, and
converting the units.

The results of the analyses of the sand and bentonite are
shown in Table E1 in Appendix E. Analyses of the soils from
the Buffalo and CCT field sites are given in Tables F1 and
G1, in Appendix F and Appendix G, respectively. These data
show the sand to have a pH of about 3, which suggests the
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possibility for measurable uniform corrosion. The bentonite
has a very low saturated resistivity, which is suggestive of
very high corrosivity. The resistivity data from analysis of
the CCT soil indicates mild corrosivity, whereas the resistiv-
ity data from analysis of the Buffalo soil indicates that it is
corrosive to very corrosive. As discussed in Appendix D, pH
and resistivity are factors that relate to corrosivity.

The results of the electrochemical tests are given in
Tables E2 through F4 in Appendix E for the sand/bentonite,
Buffalo soil, and CCT soil, respectively. Corrosion rates cal-
culated from both PR and weight-loss measurements are
shown graphically in Figure 1 and Figure E3 in Appendix E.
These data show that the PR technique underestimated the
corrosion rates compared with the rates calculated from
weight-loss measurements. With the exception of the Buf-
falo soil, corrosion rates calculated by PR decreased over
time. Although moisture loss over the exposure period may
have been a factor in these results, the decrease in corrosion
rate, with time, is not unusual. This decrease is often the
result of formation of protective corrosion products or oxide
films at the surface of the metal.

Weight-loss data from coupons exposed to both the sand
and bentonite were similar and the corrosion rates were about
1 mil per year (mpy) whereas coupons embedded in the CCT
and Buffalo soils exhibited corrosion rates of about 2 mpy
and 3.7 mpy, respectively. The addition of 10 ppm NaCl to
the bentonite and sand did not appear to have any significant
effect on the corrosion rates. The low concentration of NaCl
was added to ensure adequate conductivity for performing
the electrochemical measurements. It should be noted, how-
ever, that the addition of 10 ppm NaCl in these tests would
not be expected to affect the soil resistivity significantly.

Visual examination of the coupons immediately following
the exposure period showed localized areas of rust on the
coupons exposed to the sand and bentonite. Additionally,
the coupon exposed to the sand exhibited some pitting. The
coupon exposed to the CCT soil showed uniform rusting
whereas the coupon exposed to the Buffalo soil showed more
severe uniform corrosion.

Based on the results of these tests, the PR technique may
have been effective in predicting trends in the corrosion rates
over time although it underestimated the magnitude of the
corrosion rates. It should also be noted that the PR values
were not corrected for solution resistance prior to calculating
corrosion rates. This correction would have increased the cal-
culated corrosion rate to some degree.

Galvanic Current Measurements. In the second series of
soil tests, three laboratory-sized corrosion probes were con-
structed and embedded in dissimilar soil strata or soil strata
having different moisture contents for the purpose of mea-

“suring the magnitude and direction of galvanic current flow
between the soil strata. A photograph of a typical probe is
given in Figure E4 in Appendix E. In each of the three test
cells, soil was compacted around the 6” X 1" probe in 1-liter

Teflon® jars such that four metal rings of the probe were
embedded in each of two different types of soil. The follow-
ing soil cells were constructed:

1. Sand with 12% moisture over bentonite with 24%
moisture,

2. CCT soil (#3, 6’9’ depth) with 31% moisture over sat-
urated CCT soil (#3), and

3. Buffalo soil (#8,9'-10.5' depth) with 12.6% moisture,
as-received, over Buffalo soil (#9, 12'-13.5" depth)
with 32% moisture, as-received.

Six of the rings on each probe were electrically coupled
together. The top and bottom rings were left disconnected
for corrosion potential and PR measurements under nat-
ural, freely corroding conditions. Galvanic current, PR, and
corrosion potential measurements were made weekly for 1
month, and monthly thereafter, for a total exposure period
of 113 days. Corrosion potential measurements were made
with a high impedance voltmeter with respect to a
Cu/CuSO;, reference electrode. Galvanic current measure-
ments were made between each electrically isolated ring
and the remaining coupled rings using a Zero Resistance
Ammeter (ZRA). Further details of the technique are dis-
cussed in Appendix M.

At the end of the exposure period, each of the probes was
disassembled and the individual rings were descaled in
accordance with the ASTM Method G 1, procedure C.3.1,
and weighed. Corrosion rates were calculated from weight-
loss data and compared with corrosion rates determined from
PR measurements of the top and bottom rings, galvanic cur-
rent measurements of the six coupled rings, and weight-loss
measurements of each of the probe rings following the expo-
sure period. The results of these tests were later compared
with data generated from measurements taken at the three
field sites with field corrosion probes.

The results of these electrochemical measurements are
given in Tables E5, E6, and E7 in Appendix E for the
sand/bentonite, Buffalo soil, and CCT soil, respectively.
Corrosion rates calculated from both PR and weight-loss
measurements, as a function of exposure time, are shown
graphically in Figure E5 in Appendix E. These data show the
following:

1. Corrosion rates, based on PR, were higher for rings
exposed to the higher moisture content (bottom of the
test cell) than the lower moisture content for corrosive
soils, as determined from soil analyses.

2. Corrosion rates, based on PR, were slightly lower for
the ring exposed to the higher moisture content (bottom
of the test cell) than for the lower moisture content for
low corrosivity soils (CCT soil), as determined from
soil analyses.

3. Compared with the weight-loss technique, the PR tech-
nique overestimated corrosion rates for rings at the bot-
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Figure 1. Corrosion rates calculated from PR and weight-loss (WL) measurements for A36

steel tested in various environments for 85 days in the laboratory.

tom of the cells, but approached the corrosion rates for
rings at the top of the soil cells in the Buffalo and CCT
soil environments.

Figures E6 through E8 show the galvanic current, as a
function of depth, measured with each of the lab probes. A
positive galvanic current is cathodic and a negative galvanic
current is anodic. Macrocell corrosion is indicated by a neg-
ative galvanic current flow from a ring. These data show that
galvanic current flow between the dissimilar soil layers was
observed in each of the three tests. The magnitude of the cur-

rents generally increased over time for probes in corrosive
soils, with the exception of the initial and final measure-
ments. The current magnitudes were much lower and con-
tinued to decrease for the probe in the less corrosive CCT
soil. Tables E5 through E7 compare corrosion rates calcu-
lated from galvanic current, PR, and weight-loss data. The
similarity between corrosion rates calculated from galvanic
current and weight-loss measurements for the three deepest
rings in the sand/bentonite and Buffalo soil cells suggests
that macrocell corrosion was the primary form of corrosion
in these two environments.
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Figures E9 through E11 show corrosion potential data for
the top and bottom probe rings in each of the three test cells.
Although there were no significant trends in potential mea-
surements over time for any given ring, the potential mea-
surements of the top and bottom ring in any given test cell
did identify the anodic and cathodic areas. In each case, the
probe ring at the bottom of the test cell had the more nega-
tive potential and served as the anode, whereas the top ring
had the more positive potential and served as the cathode.

Potentiodynamic Polarization Tests. In the third series
of soil tests, duplicate soil cells were constructed with sand,
bentonite, and soil from each of the three field sites for poten-
tiodynamic polarization testing and the determination of
Tafel constants. The Tafel constants are required to convert
the PR data to corrosion rate.

A Tafel factor of 0.026 was initially used in all of the cor-
rosion rate calculations from PR data. This value is typical of
carbon steel in a soil environment, based on information found
in the literature by Long (6), Fontana (7), and Treseder (8).
However, analysis of much of the data showed the PR tech-
nique underestimated corrosion rates by at least an order of
magnitude, compared with the rates calculated from weight-
loss measurements when the Tafel factor of 0.026 was used.

In these tests, the laboratory cells used A36 plates and
plexiglass cells with lids, as described above, with the
exception that no coupons were embedded in the soil. The
soils were allowed to sit at ambient temperature for 7 days
prior to performing anodic and cathodic potentiodynamic
polarization tests. The specimen potential was scanned from
—50 mV to +300 mV of the free-corrosion potential for the
anodic scan and +50 mV to —300 mV of the free-corrosion
potential for the cathodic scan. All scan rates were 0.17 mV
per sec. The Tafel constants, B, and B, are the anodic and
cathodic Tafel slopes, respectively. These slopes were taken
directly from the polarization curves by drawing tangents to
the curves at over-potentials of +75 and —75 mV from the
free-corrosion potential. The Tafel factor (8) was calculated
for the Stern-Geary equation.
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Corrosion currents were calculated by dividing the Tafel fac-
tor by PR, in ohms-cm?. The corrosion currents were con-
verted to corrosion rates using Faraday’s Law.

The polarization curves for each of the soils are given in
Figures E12 through E16 in Appendix E. Table E8 shows the
Tafel slopes and factors obtained from each of the polariza-
tion curves. These data show the anodic and cathodic Tafel
slopes to be considerably different than the 0.120 volts/
decade (Tafel factor of 0.026) described in the literature.
Larger Tafel slopes generated larger Tafel factors. The
almost double Tafel factors served to almost double corro-
sion rates calculated from PR measurements. Thus, all of the

@

corrosion rate data, calculated from PR, presented in this
report, used Tafel factors from the actual polarization curves.

FIELD INVESTIGATIONS

The Draft Recommended Practice was applied in the field
at three sites having varying degrees of corrosivity. These
sites, and their anticipated corrosivity, were as follows:

1. Buffalo, New York (Buffalo)—Corrosive,

2. CC Technologies (CCT) in Dublin, Ohio—Non-
corrosive, and _

3. LaGuardia Airport (LaGuardia) in New York, New
Y ork—Non-corrosive.

Soil was sampled at each of the three field sites and ground-
water was sampled at two of the sites and analyzed to char-
acterize their corrosivity.

The soil parameters included resistivity, pH, soluble chlo-
ride and sulfate concentration, CEC, moisture content, and
particle size distribution. Water parameters included pH,
conductivity, chloride, sulfate, and bacterial types and
counts. For characterization of the field sites, these analyses
were performed on each soil stratum from the surface to
about 3 ft below the water table. The purpose of the investi-
gation was two-fold. First, all of the tests were performed to
determine which, if any, could be eliminated and still be able
to adequately assess soil corrosivity. For example, given the
close relationship between resistivity and soluble salt con-
centration, all three tests were thought not to be necessary.
Secondly, the data were used in the prediction modeling task
of the program to more accurately define the specific param-
eters required to assess corrosivity and the ranges of those
parameters associated with different degrees of corrosivity.

A field corrosion probe was devised and installed at each
of the sites, at a depth to straddle the water table, for the pur-
pose of measuring corrosion potential, Eh, PR, and galvanic
current measurements. The total exposure periods ranged
from 49 days to 120 days. The objective of this portion of the
work was to provide input for modification of the Draft Rec-
ommended Practice using a two-fold approach. First, the
Draft Recommended Practice was applied to determine its
workability and feasibility under actual field conditions. Sec-
ondly, electrochemical measurements, made with field corro-
sion probes, were used to supplement the characterization of
soil and groundwater corrosivity of the field sites and provide
input to the statistical data analysis and modeling efforts.

A schematic of the probe is shown in Figure 2. One proto-
type and three additional probes were constructed with black
iron pipe and polyvinyl chloride (PVC) pipe. A sample of the
steel purchased for the probes was analyzed to ensure that the
material met specifications for K02600 (A36) steel. Table 2
gives the results of the analysis and the chemical specifica-
tions for A36 steel. These data show that the steel met the
specifications for A36 steel.
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Figure 2. Schematic of field corrosion probe.

All of the steel was initially grit-blasted with silica sand
to a near-white condition to remove mill scale and establish
a uniform surface. For each probe, eight, 10.16-cm (4-in.)
lengths of pipe (rings) were cut and deburred to serve as
working electrodes. These rings were then drilled, tapped,
cleaned, and weighed. Electrical lead wire was attached to
a screw in the inside of each ring and threaded up through
an inner steel pipe (for support and strength) during assem-
bly. The inner and outer steel pipes were electrically iso-
lated from each other with an inner, grooved PVC pipe
(insulator). The 40.6-cm (16-in.) top and bottom sections,
each comprised of four steel rings isolated with PVC rings
and rubber gaskets, were constructed separately and con-
nected to the middle reference electrode segment with
unions. A Cu/CuSO0, electrode was mounted in this middle
segment to serve as the reference electrode. A platinum
electrode was also included for measurement of Eh. A case-
hardened tip was connected to the bottom of the probe and
segments of pipe were used as extensions to allow place-
ment of the probe rings at the desired depth. The overall
corrosion probe measured approximately 4.2 cm (1.66 in.)
in diameter and 1.27 meters (50 in.) in length when fully
assembled. A special adapter was constructed to fit on the
end of the extensions to allow the probe to be driven by a
rotary hammer-drill.

Corrosion potentials were measured with each ring with
respect to a Cu/CuSO, electrode. The potentials of the rings
also were measured with respect to a platinum electrode. The
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TABLE 2 Analysis of steel used in corrosion probes and
specification for A36 (K02600) steel

Carbon, C 0.19 0.19 0.26 Max
Manganese, Mn 0.35 0.42

Phosphorous, P 0.022 0.018 0.04 Max
Sulfur, S 0.006 0.013 0.05 Max
Silicon, Si 0.014 0.013

Copper, Cu 0.039 0.023 0.20 Max
Tin, Sn 0.007 0.002

Nickel, Ni 0.016 0.011

Chromium, Cr 0.028 0.023

Molybdenum, Mo 0.013 0.014

Aluminum, Al 0.038 0.061

Vanadium, V 0.001 0.002

Niobium, Nb 0.000 0.000

Zirconium, Zr 0.000 0.001

Titanium, Ti 0.001 0.001

Boron, B 0.0001 0.0001

Calcium, Ca 0.0003 0.0004

Cobalt, Co 0.001 0.002

Lead, Pb 0.00 0.00
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PR measurements were taken both above and below the
water table to measure the instantaneous rate of corrosion.
For the PR measurements, one ring served as the working
electrode, an adjacent ring served as the reference electrode,
and the two rings on either side of these served as the counter
electrode. Solution resistance corrections of the PR mea-
surements were not performed at any of the field sites, which
may account for some variability between corrosion rates
calculated from PR as compared with rates calculated from
weight-loss measurements. Galvanic current measurements
were made to identify the possibility for macrocell corrosion.

The purpose of having eight separate rings as working
electrodes in the probe was to enable electrochemical mea-
surements to be performed at various depths. Each of the
rings, having different corrosion potentials as a result of
changing soil chemistry with depth, generates a current flow
(galvanic current) when they are coupled together. In the gal-
vanic current measurements, each of the rings is uncoupled
(isolated) in succession and the current flow is measured
between each isolated ring and the remaining coupled rings
using a ZRA. The magnitude and direction of the current
flow indicate which rings experience accelerated corrosion
because of galvanic coupling and which rings experience a

‘reduction in the corrosion rate as a result of galvanic cou-
pling. The coupled rings serve to simulate a pile extending
vertically through the soil. Uncoupling of the various rings
allows characterization of specific isolated 10.16-cm (4-in.)
areas of the simulated pile as to which are the anodic and
cathodic sites that form the basis for macrocetls. For the gal-
vanic current data presented in Appendixes F, G, and H, for
the Buffalo, CCT, and LaGuardia sites, respectively, a posi-
tive galvanic current is cathodic and a negative galvanic cur-
rent is anodic.

Each of the measurements described above was obtained
initially and at the end of the exposure period at the Buffalo
and LaGuardia sites and interim measurements were taken at
the CCT site. Total probe exposure periods ranged from 49
days to 120 days in this program. Upon removal, the probes
were wiped clean and coated with oil to prevent rusting dur-
ing transport to the laboratory. Thereafter, the probes were
disassembled and the rings were cleaned in a chloride-free
detergent, rinsed, and immediately dried with acetone to pre-
vent flash rusting. The cleaned rings were weighed and opti-
cally examined. If warranted, the rings were descaled in
accordance with ASTM Method G 1 (3), Designation C.3.1.
In this procedure, specimens are alternately weighed and
descaled until there is no visible evidence of corrosion prod-
ucts or deposits. True weight losses are converted to corro-
sion rates in mpy by dividing the weight loss by the density,
the specimen surface area, and the exposure period and con-
verting the units. Following the descaling procedure, the
specimens were re-examined optically at 30X magnification.
Corrosion rates calculated from weight-loss measurements
were compared with corrosion rates calculated from both the
PR and galvanic current measurements made during the field

exposure. The corrosion rate data from these tests were also
compared with corrosion rate data obtained from the labora-
tory testing, where applicable. All of the information from
this field work provided input for the regression model devel-
oped in Task 5.

The following paragraphs discuss the data from anal-
yses of the soil and groundwater samples obtained at the
three sites and the results of the field electrochemical
measurements.

Buffalo, New York

Soil and Water Data. Soil and groundwater samples were
collected from the site in Buffalo, New York, in July 1996.
The site was selected on the basis of prior soil boring infor-
mation that indicated the presence of mixed rubble fill and
the fact that the pile cap is above the water table. In many
instances identified through our literature search, mixed fill
was shown to be potentially very corrosive.

The site location is shown in Appendix F in Figures F1 and
F2. Elevation drawings of the structure are given in Figures
F3 and F4. Samples were collected with a 7.6-cm (3-in.)
diameter split spoon through a 10.2-cm (4-in.) cased hole to
a depth of 5 m (16.5 ft). One problem was encountered dur-
ing soil collection at the Buffalo site. Casing had to be run
due to hole collapse after soil had been sampled from 2.7 m
to 3.2 m (9 to 10.5 ft). Depth measurements following the
casing operation showed the boring to be filled with about
1 m (3 ft) of soil. The extra meter of soil was circulated from
the hole with air. Thereafter, no samples could be obtained
from 3.2 to 3.6 m (10.5 to 12 ft) which suggested that air cir-
culation may have removed too much soil. '

The soil was nonhomogeneous and primarily composed of
gravel-sized particles of brick, glass, wood, slag, and cinders.
The pH of the soil was measured in the field using ASTM
Method G 51 (3). In this method, a pH electrode is placed
in direct contact with the soil and the pH is read directly
from the pH meter. The 2-cm (0.75-in.) average particle size
made direct electrode contact very difficult and yielded
unstable pH values. Additionally, the particle size prohibited
as-received resistivity measurements in the field. The soil
and groundwater samples were brought back to the labora-
tory and analysis was begun within 48 hours of sampling.

Results of the analyses of the soil and groundwater are
given in Tables F1 and F2, respectively, in Appendix F.
Figures F6 and F7 show graphical comparisons of the soil
data. They show the soil, in general, to have pH values
between 7 to 9, which indicate neutral to slight alkalinity.
Saturated soil resistivity of all soil strata below 58 cm (23 in.)
was less than 100 ohm-cm, which indicates that the soil is
very corrosive, based on guidelines taken from a text for the
Appalachian Underground Corrosion Short Course (9). The
soluble chloride and sulfate contents of the soil were quite
high, as expected, given the inverse relationship between
resistivity and salinity.



The data for the groundwater were very similar to the data
obtained for the deepest soil sampled. For example, the water
had a chloride and sulfate content of 327 mg/L. and 91 mg/L,
respectively, whereas the soil showed soluble chloride and
sulfate contents of 398 mg/kg and 96 mg/kg, respectively.
Greater than 10,000 aerobic and iron-related bacteria were
counted per milliliter of water. Other bacteria culture tests
showed between 100 to 1000 acid-producing bacteria and
1000 to 10,000 general anaerobic bacteria per milliliter of
water. The presence of bacteria may exacerbate corrosivity.

In summary, the presence of low resistivity, disturbed,
mixed fill suggests that soil at the Buffalo site is highly cor-
rosive. The presence of large amounts and types of bacteria
in the groundwater may serve to exacerbate corrosion of the
steel.

Field Measurement Data. A field corrosion probe was
installed at the Buffalo site on October 15, 1996. The probe
was inserted into the ground to a depth sufficient to straddle
the water table at a depth of about 1.5 m (60 in.). Initial cor-
rosion potential, PR, and galvanic current measurements
were made within 1.5 hours of placement. The probe
remained at the site for 49 days, at which time it was
retrieved because of a scheduled demolition of the overhead
bridge deck. Prior to removal of the probe, galvanic mea-
surements were made on the electrically coupled rings. Fol-
lowing the galvanic measurements, the individual rings of
the probe were uncoupled (isolated) and corrosion potential
measurements were made immediately following uncou-
pling and again 30 minutes later to look at the effects of
depolarization. Thereafter, PR measurements were made on
rings located above and below the water table. Table F5 sum-
marizes the results of the electrochemical measurements
made with the field corrosion probe.

Corrosion potential data, measured with respect to
Cu/CuSO, and Pt, initially, after 49 days, and at 49 days
after 30 minutes of depolarization, as a function of depth,
are shown graphically in Figures F8 through F10 and Fig-
ures F12 through F14, respectively. Figures F11 and F15
summarize these potentials with respect to Cu/CuSO, and
Pt, respectively, as a function of depth and time. These data
show that corrosion probe rings located below the water
table had more negative potentials than probe rings located
above the water table. This difference in potential is
expected because oxygen levels are lower in soils beneath
the water table. Data in Figures F11 and F15 show that mea-
sured potentials were lower at the end of the exposure period
compared with initial measurements, and measurements fol-
lowing 30 minutes of depolarization showed negligible
changes. Based on information found in the literature, steel
in more corrosive soils has more negative potential value at
or near the water table. Soil resistivity data for this site also
suggested high corrosivity.

Comparison of corrosion potentials measured with respect
to Cu/CuSO, and Pt electrodes over the exposure period is
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given in Figures F16 and F17. These data show relatively
consistent potential differences between the two electrodes at
each individual time period, and both electrodes appeared to
indicate the same trend in potential over time. However, the
magnitude of the potential difference between the two elec-
trodes changed over time. Additionally, potential readings in
the field with respect to Pt tended to drift toward zero. The
drift in potential measurement may have been attributed to a
very high impedance of the platinum electrode. A compari-
son of potential data measured with respect to Cu/CuSO, and
Pt are discussed in more detail in the section titled “Compar-
ative Analyses.”

Comparison of corrosion potentials from lab soil cell data
given in Table F3 with potential data from the field corrosion
probe given in Table F5 show that more negative potentials
were recorded in the laboratory. The more negative poten-
tials observed in the laboratory tests may be attributed to pos-
sible reduction in oxygen content from sealing the cell to pre-
vent moisture loss.

Figures F18 and F19 in Appendix F show galvanic current
data initially and after 49 days of exposure, respectively.
Figure F20 graphically summarizes the changes in galvanic
current at these times as a function of depth. These data show
varying current values in both magnitude and direction.
Macrocell corrosion is indicated by a negative galvanic cur-
rent flow from a ring. As discussed in Task 2, macrocell
development is of prime concern from the standpoint of pil-
ing corrosion. Furthermore, the data in Figure F20 shows an
increase in galvanic current after 49 days of exposure for
probe rings located in the vicinity of the water table. This
behavior may indicate that time is required following inser-
tion of the probe, for the development of stable macrocells.

Corrosion rates were calculated from field probe PR,
weight loss, and galvanic current measurements. Figure F21
graphically compares these corrosion rates as a function of
probe ring depth. These data show that the PR technique
underestimated corrosion rates, but predicted an increase in
corrosion rate over time. The technique further predicted a
higher corrosion rate for the ring that was located above the
water table during the exposure. These data further show that
galvanic current made a minor contribution to the total cor-
rosion rate, as determined from weight loss for the ring
located at that particular depth.

These data were correlated with data obtained from labor-
atory soil cells and the results are exhibited graphically in
Figure F22. These data show that corrosion rates calculated
from field PR measurements more closely approximated
corrosion rates calculated from weight-loss data. Further-
more, corrosion rates calculated from field probe weight-loss
data were higher, albeit similar, than rates predicted in the
laboratory test cells. Galvanic current measurements were
not made in the laboratory in the soil depth indicated in
Figure F22. However, if corrosion rates calculated from gal-
vanic measurements are compared, in general, between the
lab and field probes (Tables F4 and F5), the lab probe data
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suggests that galvanic (macrocell) corrosion made a signifi-
cant contribution to the total corrosion rate, calculated from
weight-loss measurements. On the other hand, the field probe
data showed macrocell corrosion to be insignificant to the
total corrosion rate at the Buffalo site. Additionally, corro-
sion rates calculated from weight loss were similar for both
the lab and field probe rings, and visual examination of both
sets of rings showed uniform corrosion.

CC Technologies in Dublin, Ohio

Soil and Water Data. Soil and groundwater samples
were collected from CC Technologies’ newly constructed
facility in Dublin, Ohio, in August 1996. The site was se-
lected for two reasons. First, the facility was less than
1 year old and the soil was disturbed natural soil. Disturbed
natural soil is relatively less aggressive than manufactured
products, but can be porous, allowing diffusion of oxygen
to a pile. Secondly, the site allowed the researchers to
experiment with a new soil sampling device and corrosion
probe placement techniques as well as to permit monthly
monitoring of a field corrosion probe without having to
incur travel expenses.

Soil and groundwater samples were collected on August 5,
1996, with a 3-cm (1.2-in.) diameter subsurface probe. A
schematic of the soil probe is shown in Figure G1 in Appen-
dix G. Soil samples were taken to a depth of 2.7 m (9 ft) and
water was sampled at about 1.3 m (51 in.).

The soil was homogeneous sand with some gravel and
fines. The results of the analyses of the soil and groundwater
are given in Tables G1 and G2, respectively, in Appendix G.
Figures G2 and G3 show graphical comparisons of the soil
data. These data show the soil to have pH values between 6
and 7.5, which indicate slightly acidic to neutral conditions.
Saturated soil resistivity of all soil strata were between 1980
and 2000 ohm-cm, which is indicative of corrosive to mildly
corrosive soil. Soluble chlorides were found to be less than
25 mg/kg and soluble sulfates were less than 60 mg/kg.

The data for the groundwater, shown in Table G2, were
very similar to the data obtained for the deepest soil sampled.
For example, the water had a chloride and sulfate content
of 12 mg/L and 62 mg/L, respectively, whereas the soil
showed soluble chloride and sulfate contents of 6 mg/kg and
56 mg/kg, respectively. Greater than 10,000 aerobic and iron-
related bacteria were counted per milliliter of water. Other
bacteria culture tests showed between 100 to 1,000 acid-
producing bacteria and 1,000 to 10,000 general arnaerobic
bacteria per milliliter of water. Additionally, up to 10 sulfate-
reducing bacteria were detected per milliliter of water.

In summary, the presence of intermediate resistivity, dis-
turbed, natural fill suggests the possibility of mild, uniform
corrosion. The presence of large amounts and types of bac-
teria in the groundwater may serve to exacerbate the corro-
sion of steel.

Field Measurement Data. A field corrosion probe was
placed at the CCT field site on October 2, 1996. The probe
was inserted into the ground to a depth sufficient to straddle
the water table (a depth of about 1.6 m [62 in.]). Initial cor-
rosion potential measurements were made within 3 hours of
probe placement and again 24 hours after placement. PR and
galvanic current measurements were also made 24 hours
after probe placement. Corrosion potential and galvanic cur-
rent measurements were made monthly for 4 months, and PR
measurements were made after 92 days and at the end of the
120-day exposure period. Similar to the field measurements
at the Buffalo site, corrosion potential measurements were
made 1 hour after uncoupling the probe rings to look at the
effects of depolarization. Table G5 in Appendix G summa-
rizes the results of the electrochemical measurements made
with the field corrosion probe.

Corrosion potential data, measured with respect to
Cu/CuSQ, and Pt, throughout the exposure period, as a func-
tion of depth, are shown graphically in Figures G4 through
G9 and G11 through G14, respectively. Figures G10 and
G15 summarize these potentials with respect to Cu/CuSO,
and Pt, respectively, as a function of depth and time. These
data show fewer negative potentials than those measured at
the Buffalo site and the potentials were considerably less
negative after 24 hours. Additionally, potential values were
very similar for probe rings placed both above and below the
water table and no depolarization was observed in the later
measurements. The fewer negative potential values and sim-
ilarity with depth may have been due to the near proximity
or change in the water table over the exposure period or the
presence of higher oxygen levels in the sandy soil above the
water table. The potential shift in a more positive direction
with time may have been due to the development of oxide
films at the metal surface. These trends in corrosion potential
are suggestive of a low corrosivity environment.

Comparison of corrosion potentials from lab soil cell data
given in Tables G3 and G4 with potential data from the field
corrosion probe given in Table G5 show that considerably
more negative potentials were recorded in the laboratory.
More negative potentials are suggestive of higher corrosiv-
ity, and corrosion rates calculated from weight-loss mea-
surements on the laboratory probe rings and soil cell coupon
were much higher than rates calculated from weight-loss data
from the field probe rings.

Comparison of corrosion potentials measured with respect
to Cu/CuSO, and Pt electrodes over the exposure period are
given in Figures G16 and G17. As at the Buffalo site, com-
parison of the potential measurements showed consistent dif-
ferences during any particular measurement time frame, but
the magnitude of the potential differences changed over time.
Additionally, potential readings with respect to Pt in the field
tended to drift toward zero.

Figures G18 through G22 in Appendix G show the gal-
vanic current data obtained from field measurements with the
corrosion probe after 24 hours, 28 days, 56 days, 92 days, and



120 days of exposure, respectively. Figure G23 graphically
summarizes the change in galvanic current at these times as
a function of depth. These data show varying current values
in both magnitude and direction. In Figure G18, the negative
galvanic currents shown for the third and fourth probe rings
were not typical for steel above the water table. These nega-
tive currents were thought to be from a temporary rise in the
water table from probe placement or a layer of soil that more
readily held moisture than the adjacent layers. As seen in
Figure G20, the current direction for these two probe rings
reversed. Data in Figure G23 clearly show a decrease in gal-
vanic current with time, which is further suggestive of a low
CcOITOsivity environment.

Corrosion rates were calculated from field probe PR,
weight loss, and galvanic measurements. Figure G24 graph-
ically compares these corrosion rates as a function of probe
ring depth. These data show that the PR technique overesti-
mated corrosion rates, but predicted a decrease in corrosion
rate over time. The technique further predicted similar cor-
rosion rates for the rings located above and below the water
table during the exposure. These data also show that galvanic
current made a very minor contribution to the total corrosion
rate, as determined from weight loss for the ring located at
that particular depth.

These data were correlated with data obtained from labor-
atory soil cells and the results are exhibited graphically in
Figure G25. These data show that corrosion rates calculated
from field PR measurements more closely approximated
field corrosion rates calculated from weight-loss data. In gen-
eral, all of the laboratory measurements overestimated cor-
rosion rates as compared with rates measured with the field
probe. Corrosion rates calculated from galvanic currents
show that, for the lab probe, macrocell corrosion made some
contribution to the total corrosion rate, calculated from
weight-loss data. On the other hand, macrocell corrosion was
insignificant to the total corrosion rate of the field probe
rings. Visual examination of the probe rings exposed in the
laboratory soil cells showed uniform corrosion whereas field
probe rings showed no apparent corrosion deposits or attack.

LaGuardia Airport in New York, New York

Soil and Water Data. Soil samples were collected in
October 1996 from a site at LaGuardia Airport in New York,
New York. This site was chosen by Mr. Victor Chaker, the
Port Authority of New York and New Jersey, on the basis of
the contents of a previous boring report. The Boring Report,
dated February 6, 1996, for Boring No. B-6A, indicated
brown medium- to fine-grained sand with some gravel, cob-
bles, glass, and wood. Thus, it was speculated that the mixed
fill may be corrosive.

Soil samples were collected on October 22, 1996, with a
3-cm (1.2-in.) diameter subsurface probe. The site was
located within 1 m of piling near the abandoned exit from the
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central terminal parking garage. The sampling site was
located less than 30 m (100 ft) away from Boring No. B-6A.
Duplicate soil samples were taken 76 cm (30 in.) apart to a
depth of 3.6 m (12 ft). Duplicate samples were obtained for
two reasons: first, to ensure a sufficient sample size for test-
ing purposes and second, to evaluate the effects of sample
containment and shipping delays on pH, moisture, and resis-
tivity. The results of this study are discussed in the section
“Comparative Analyses” and the data are presented in
Appendix 1.

The soil appeared to be primarily medium to fine sand with
very small amounts of gravel. On-site pH and as-received
measurements were only made on the second set of samples.
The first set of samples remained encased in sampling tubes
to study the effects of containment and shipping delays.

The pH of the soil samples was measured in the field using
ASTM Method G 51 and the values ranged from 6.0 to 7.8,
indicating slightly acidic to neutral conditions. As-received
resistivity measurements, using ASTM Method G 57,(3)
were made on site and showed resistivities greater than
20,000 ohm-cm for soil above the water table. For soils sam-
pled below the water table, the resistivities ranged from
4,000 to 9,000 ohm-cm. Thus, the as-received resistivities
indicated low corrosivity at this site. The samples were
driven back to the laboratory over a 4-day period for further
analysis. A sample of the groundwater could not be obtained
because of continual collapse of the borehole at the water
table.

Results of the laboratory soil analyses are given in Table H1
in Appendix H. Figures H1 and H2 show graphical compar-
isons of the soil data. These data show soil pH to be between
6.1 and 6.9. As-received resistivity values ranged from 37,000
to 83,000 ohm-cm for soils sampled above the water table and
values between 1,600 and 12,000 ohm-cm for soils sampled
below the water table. When the soils were saturated, the
resistivities ranged from 6,600 to 18,000 ohm-cm for soil
sampled above the water table and 1,300 to 11,000 ohm-cm
for soil sampled below the water table. These resistivity val-
ues are indicative of low to mild corrosivity although one cor-
rosive area was noted between a depth of 3 to 3.2 m (10 ft to
10.5 ft). The difference in resistivity noted between soils sam-
pled above and below the water table would seem to suggest
that there would be a difference in salinity between these
zones. However, soluble chlorides were below the detection
limits of 10 mg/kg in the samples. Soluble sulfates were also
low (less than 70 mg/kg) with the exception of the corrosive
strata, which had a soluble sulfate content of 815 mg/kg. The
difference in resistivity may be due to the difference in mois-
ture content of the soil, for example, solution resistance. Mois-
ture content for soils sampled above the water table were
less than 10 percent whereas moisture contents ranged from
17 percent to almost 33 percent for soils sampled below the
water table.

In summary, the high soil resistivities suggest low soil cor-
rosivity with the exception of the strata at a depth of 3 m.
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Field Measurement Data. A field corrosion probe was
placed into the first borehole (of two) at the LaGuardia field
site on October 24, 1996. The probe was inserted into the
ground to a depth sufficient to straddle the water table at a
depth of about 2.3 m (92 in.). Initial corrosion potential and
PR measurements were performed within 0.5 hours of place-
ment and again 18 hours after placement. Galvanic current
measurements were made 18 hours after probe placement.
The probe remained at the site for 103 days, at which time it
was retrieved because of time constraints involved with the
completion of the research program. Prior to removal of
the probe, galvanic measurements were made on the electri-
cally coupled rings. Following the galvanic measurements,
the individual rings of the probe were uncoupled (isolated)
and corrosion potential measurements were made immedi-
ately following uncoupling, and again 30 minutes later, to see
the effects of depolarization. Thereafter, PR measurements
were made on rings located above and below the water table.
Table H2 in Appendix H summarizes the results of the elec-
trochemical measurements made with the field corrosion
probe.

Corrosion potential data, measured with respect to
Cu/CuSO0, and Pt, after 0.5 hours, 19 hours, 103 days, and
103 days after 30 minutes of depolarization, as a function
of depth, are shown graphically in Figures H3 through H6
and Figures H8 through H11, respectively, in Appendix H.
Figures H7 and H12 summarize these potentials with re-
spect to Cu/CuSO, and Pt, respectively, as a function of
depth and time. These data are similar to the Buffalo poten-
tial data in that more negative potentials were measured with
probe rings exposed below the water table. Potentials mea-
sured with respect to Cu/CuSO, drifted in the negative direc-
tion with time whereas potentials measured with respect to
Pt drifted in the positive direction.

A comparison of corrosion potentials measured with
respect to Cu/CuSO, and Pt electrodes over the exposure
period is given in Figures H13 and H14. These data show
highly inconsistent potential differences between the two
electrodes at each individual time period although both elec-
trodes appeared to indicate relative trends in potential with
depth. Potential readings in the field with respect to Pt were
not very stable and tended to drift toward zero. Unlike at the
Buffalo and CCT field sites, the magnitude of the potentials
measured with respect to Cu/CuSO, and Pt at the LaGuardia
site drifted in opposite directions with time.

Figures H15 and H16 in Appendix H show galvanic cur-
rent data after 19 hours and 103 days of exposure. Figure H17
graphically summarizes the changes in galvanic current at
these times as a function of depth. These data show varying
current values in both magnitude and direction in the vicinity
of the water table and at a depth between 2.7 and 2.9 m (109
and 114 in.). Furthermore, the galvanic currents increased
over time, which suggested macrocell corrosion.

Corrosion rates were calculated from field probe PR,
weight loss, and galvanic current measurements. Figure H18

graphically compares these corrosion rates as a function of
probe ring depth. For the ring located below the water table,
these data show that the PR technique overestimated the cor-
rosion rate and predicted an increase in this rate over time.
For the ring located above the water table, these data show
that the PR technique underestimated the corrosion rate and
predicted a decrease in this rate over time. Corrosion rates
calculated from weight-loss data showed that the ring above
the water table had a slightly higher corrosion rate than the
ring located below the water table. These data further show
that galvanic current made a major contribution to the total
corrosion rate, as determined from weight loss for the ring
located below the water table. Comparison of corrosion rates
calculated from galvanic current and weight-loss data in
Table H2 show that the rates were essentially identical for the
fifth and eighth probe ring. These data suggest that macrocell
corrosion was the primary form of corrosion at those depths,
whereas uniform corrosion was the primary form of corro-
sion for the remaining probe rings. The discrepancy between
corrosion rates calculated from PR and weight loss for the
ring below the water table may have been due to the signifi-
cant contribution of macrocell corrosion.

Visual examination of the field probe rings showed all
eight to have undergone uniform corrosion. Rings that were
located above the water table appeared, in general, to have
localized areas of more severe attack than rings located
below the water table. Corrosion rates calculated from
weight loss also indicated slightly higher corrosion rates for
rings positioned above the water table. Macrocell corrosion
suspected as the primary form of corrosion for the fifth and
eighth rings could not be confirmed from visual examination.
Longer-term exposure periods may be necessary to differen-
tiate macrocell and uniform corrosion.

Comparative Analyses

Data comparisons were made to evaluate the following:

1. Soil pH measurements by three different test methods,

2. Effects of shipping delays on soil pH and as-received
resistivity,

3. Effects of sample containment on soil moisture, pH,
and as-received resistivity,

4. Corrosion potentials measured with respect to
Cu/CuSO, and Pt reference electrodes, and

5. Corrosion rates calculated from electrochemical and
gravimetric data obtained from laboratory soil cells
with data from field corrosion probes.

Figures 11 through I3 in Appendix I show the effects of test
methodology on soil pH for soils sampled at the Buffalo,
CCT, and LaGuardia sites, respectively. These data show that
soil pH measured directly with a pH probe (ASTM Method
G 51) are typically one pH unit lower than pH measured in a



1:1 soil:water slurry (ASTM Method D 4972). However, the
ASTM Method G 51, Standard Test Method for pH of Soil for
Use in Corrosion Testing, relies on a sufficient amount of
moisture being present to achieve stable, accurate pH mea-
surements; thus it is not reliable for coarse-textured soil such
as that sampled at the Buffalo site (Figure I1).

The data in Figures I1 through I3 further show that pHs
measured in a s0il:0.01 M CaCl, slurry are typically 0.5 pH
units lower than pHs measured in a soil:deionized water
slurry. These trends in the data are in good agreement with
information given in the literature. The ASTM Method G 51
tends to overestimate the activity of hydrogen ions in solu-
tion due to the excessive soil-particle-pH probe contact.
Thus, a lower pH would be expected using the ASTM
Method G 51 than pH measured by other methods. Further-
more, information in the literature indicates that a slight
decrease in pH is expected when the soil slurry contains cal-
cium chloride as compared with the pH obtained using
deionized water because of the displacement of some of the
exchangeable aluminum, which then hydrolizes in solution
(1). Based on these observations, the Recommended Practice
in Appendix K (not published here) suggests that pH be
determined on-site, using the ASTM Method G 51, if the soil
texture is primarily sand-size or finer and if the sampling pro-
cedure is amenable to on-site testing and that ASTM Method
D 4972 be used for primarily gravel-sized soils.

Figures I4 and I5 show the effects of shipping delays on
soil pH and as-received resistivity, respectively. For this
comparison, pH and resistivity measurements were per-
formed in the field on soil sampled at the LaGuardia site.
These samples were subsequently double-bagged in plastic
bags and returned to the laboratory. The pH and resistivity
measurements were performed on these same samples 4 days
later using the same test methods. The pH data in Figure 14
shows that pH values were lower after 4 days for soil sam-
pled deeper than 111.7 cm (44 in.) and generally higher for
soil sampled less than 111.7 cm (44 in.). However, the
change in the pH values in these instances was typically
0.5 pH units or less.

The data in Figure IS show that, in most cases, resistivity
increased after 4 days. This increase appeared to be more
pronounced in soil sampled at shallower depths having lower
moisture contents. This trend was expected because of slight
moisture loss over time. Based on these observations, the
Recommended Practice recommends that samples be tested
on-site for pH and as-received resistivity and then stored in
glass jars to reduce the variability in subsequent measure-
ments. The Practice further recommends that samples be
shipped to the laboratory within 1 to 2 days.

Figures 16 through 19 show the effects of sample con-
tainment on soil moisture, pH, and as-received resistivity.
For these comparisons, duplicate soil samples were taken
76 cm (30 in.) apart at the LaGuardia site with the subsur-
face soil probe to a depth of 3.6 m (12 ft). The first soil sam-
ples were retained in the plastic probe liner. The encased
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soils were capped, labeled, and transported back to the lab-
oratory over a 4-day period. The second set of samples,
taken 76 cm (30 in.) away, was removed from the plastic
liner, tested for pH and as-received resistivity, and subse-
quently double-bagged in plastic bags. These soils were
transported back to the laboratory over the same period.
Once received at the laboratory, sample depths were deter-
mined on what visually appeared to be distinct layers at the
time of sampling. Thereafter, percent moisture, pH, and
resistivity measurements were determined.

Although these data really compare two different soils
sampled about 76 cm (30 in.) apart, the soils appeared to be
fairly homogeneous. Figure 16 shows that moisture contents
were fairly similar for soils above the water table. The vari-
ability in moisture content below the water table may be
attributed to water drainage as the soil was sampled. In
Figure I7, no real correlation could be seen in the pH values
between the two types of shipping containers. However, the
samples removed from the plastic liner and placed in bags on
location were exposed to more oxygen. The additional oxy-
gen may have had an effect on the pH, causing the values to
be higher in most instances. Figure I8 compares pH mea-
sured on location with the data presented in the previous fig-
ure. These data show that, in most instances, pH values were
higher when measured in the field than values measured
for either the encased or bagged soil samples after 4 days
of transport. These data further support the need to measure
pH on location when at all possible. Resistivity values in
Figure 19 were very similar and the type of shipping con-
tainer did not appear to have a significant effect.

Figures 110 through I15 graphically show the difference in
corrosion potentials measured with respect to Cu/CuSQO, and
Pt reference electrodes in the corrosion probe at the Buffalo,
CCT, and LaGuardia sites. Although a high impedance elec-
trometer was used for both potential measurements, the
potentials were observed to slowly drift toward zero when
measured with respect to the platinum. At the Buffalo and
CCT field sites, comparison of the corrosion potentials mea-
sured with respect to Cu/CuSO, with those measured with
respect to Pt showed fairly consistent differences during any
one measurement time, but the magnitude of these differ-
ences changed ovér time. However, both electrodes appeared
to indicate the same trend in potential over time. At the
LaGuardia field site, the potential data showed highly incon-
sistent potential differences between the two electrodes dur-
ing each measurement time period although both electrodes
appeared to indicate relative trends in potential with depth.
Unlike at the Buffalo and CCT field sites, the magnitude of
the potentials measured with respect to Cu/CuSO, and Pt at
the LaGuardia site drifted in opposite directions with time. It
was believed that the platinum may have had too high an
impedance, even for the electrometer, and/or developing
films influenced the measured values. Potential measure-
ments, using a Pt electrode, will not be recommended in the
future because of these inconsistencies.
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Figures 116 and 117 compare corrosion rates calculated
from laboratory electrochemical and gravimetric measure-
ments with those same type measurements performed in the
field for the Buffalo and CCT sites. No lab soil cell tests were
performed with soil sampled from the LaGuardia site. These
data show that corrosion rates calculated from field PR mea-
surements more closely approximated corrosion rates calcu-

“lated from field weight-loss data than did laboratory mea-
surements. At the Buffalo site, where the soil was corrosive,
the corrosion rates calculated from field probe weight-loss
data were higher, albeit similar to rates predicted from
weight-loss data obtained from the laboratory test cells.
However, at the CCT site, where the soil was non-corrosive,
almost all of the laboratory measurements overestimated cor-
rosion rates as compared with rates measured with the field
probe. Corrosion rates calculated from galvanic currents
measured with field probes showed macrocell corrosion to
have a minor contribution to the total corrosion rate at the
Buffalo and CCT sites. Data in Tables F4 and G4, on the
other hand, show that macrocell corrosion was more signifi-
cant to the total corrosion rate with the laboratory probes.

Laboratory soil cells did not appear to adequately predict
corrosion rates or simulate field conditions. Some of the dif-
ferences between the lab and field data may be due to not
accounting for solution resistance in the lab PR data. The pri-
mary differences were thought to be from changing soil
chemistries in the lab soil cells because moisture and oxygen
concentrations could not be well maintained in these cells.
Thus, soil cell testing is not recommended in further work
described in the Strategic Research Plan in Chapter 4.

MODELING

Two types of models were developed in the program.
These two types of models were (1) Finite Element Analysis
model, and (2) Statistical Prediction model. Each of these
models is discussed separately in the paragraphs below.

Finite Element Analysis

The Finite Element Analysis (FEA) model was used to
address the two unresolved issues, identified from the litera-
ture search, associated with the water table. One issue is the
effect of the relative length of the pile above and below the
water table on the magnitude of the galvanic effect. In one
Army Corps of Engineers report from the 1960s (14), it was
suggested that the ratio of the length of piling below the
water table to that above the water table affects the maximum
severity of attack. For instance, where the length of piling
below the water table is large, the maximum corrosion is
reduced. This behavior is reasonable for macrocell corrosion
in that a large anode/small cathode reduces attack. A better
understanding of this effect would help identify those piles
that are most prone to severe corrosion.

The second issue, with regard to the water table, is the
maximum distance below the water table where galvanic cor-
rosion is likely. Information on this is very limited, but the
distance should be a function of soil resistivity, the kinetics
of the oxidation and reduction reactions, and the potential
difference between the anode and the cathode. It is important
to establish this distance in order to limit the portion of each

pile requiring examination or assessment.

The FEA model was generated, using a commercially
available three dimensional heat flow model, in which poten-
tial is analogous to temperature and current is analogous
to heat flux. The geometry of the model simulated a 12.2-m
(40-ft) wide by 33.5-m (110-ft) deep section of soil. The
water table was located 10 ft below the surface, with the
remaining 30.5 m (100 ft) below the water table. A polariza-
tion curve, which was generated in the lab, from a Buffalo,
NY soil sample, was input into the model to characterize the
behavior below the water table as well as a convection coef-
ficient boundary condition along the pile/soil interface. A
second polarization curve was created by shifting the
voltages in the first curve by 300 mV, for instance, Eco =
—750 mV shifted to E.,r = —450 mV. This curve was input
to characterize the soil above the water table. A convection
coefficient was also input as a boundary condition along the
pile/soil interface above the water table. Using these condi-
tions, the analysis was aborted by the software, most likely
because it was unable to deal with two polarization curves.

A second attempt to simulate the soil conditions was made
by inputting the polarization curve associated with the soil
below the water table and a voltage of —0.450 V was applied,
as a boundary condition, to the pile/soil interface above the
water table. Although this analysis was completed, the
results were unrealistic and did not correspond with actual
behavior in the field.

Several other trials were run, using various loading condi-
tions, to no avail. Therefore, the FEA modeling attempts to
simulate field conditions were abandoned.

Prediction Modeling

The purpose of this work was to develop and verify a sta-
tistical model to identify soil conditions where unacceptable
rates of corrosion of steel piles are likely to occur and to esti-
mate these corrosion rates.

Statistical analysis was performed on corrosion data for a
combined data set created from the three sites. Table 3 pro-
vides the data used in this analysis. Note that there are only
eight observations. The sample number provides linkage to
the soil analyses provided in Appendixes F, G, and H in this
report. Samples 2 and 3 are from the CCT site, 4 through 6
are from the Buffalo site, and 7 through 9 are from the
LaGuardia site. These data were derived by averaging the
corrosion rates calculated from weight-loss (W_loss) data
across the corresponding raw samples.



TABLE 3 Raw data used in the statistical analysis
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0.2778 2 23.15 | 63.12 | 13.73 | 4.88 | 7.12 6900 2550 24 35 11.8 -0.0074 0.59 | —120.8
0.26067 3 11.91 77.53 | 10.56 | 553 | 73 2220 2220 6 56 30.8 0.01533 0.52 | —123.33
7.03 4 35.17 | 57.99 6.84 | 3.76 | 7.95 110 420 5593 260 10.2 0.197 497 | —677
6.715 5 722 22.66 5.14 } 4.51 8.0 127 120 5065 215 26.9 -0.531 3.445 )| —-677.5
5.6067 6 83.62 | 14.65 1.73 | 1.56 | 8.2 1150 348 2261 724 12.0 0.243 1.92 | —693.667
1.24775 7 2.34 | 93.06 4.6 0.41 7.0 37000 8400 10 32 9.4 —0.15875 0.04 | —453
0.9995 8 1.31 | 97.33 1.36 | 0.21 7.05 11000 11000 10 28 17.6 0.569 11.68 | —745.5
0.9115 9 0.99 1 96.34 267 | 031 7.18 11000 8200 10 32 17.9 0.6465 11.68 | ~745.5

The variables shown as column headings in Table 3 and in the plots in Appendix J, not published herein, are defined as follows:

W _loss Corrosion rate calculated from weight-loss measurements, mpy

Sample Sample number from Tables F1, G1, and H1 in Appendices F, G, and H, respectively. Samples 2 and 3 are from the CCT site, 4 through
6 are from the Buffalo site, and 7 through 9 are from the LaGuardia site.

Gravel % Gravel

Sand % Sand

Fines % Fines

CEC Cation exchange capacity, meq/100g

pH pH based on ASTM Method D 4972 measured in calcium chloride water

Res_rec Resistivity, as-received, ohm-cm

Res_sat Resistivity, saturated, ohm-cm

Chloride Soluble Chloride, mg/kg

Sulfate Soluble Sulfate, mg/kg

Moisture % Moisture

G _curr Corrosion rate calculated from galvanic current measurements, mpy (final measurement)

Polar Corrosion rate calculated from polarization resistance (PR) measurements, mpy (final measurement)

Pot_last Corrosion potential, mV, with respect to copper/copper sulfate (Cu/CuSO,) reference electrode (final measurement)

Additional predicted variables are

FITS1 -

Predicted (or Fitted) values for corrosion rates from weight-loss data from the statistical model

RESI1 - Residuals (Difference between predicted and actual corrosion rates from weight-loss data)

Table 4 is the correlation matrix for the data. The impor-
tant column to review is the first column titled W_loss. The
values below this show the correlation of the various inde-
pendent variables with the corrosion rate calculated from
weight loss (W_loss). Large (close to 1) positive values indi-
cate a strong positive correlation between the given indepen-
dent variable and the dependent variable weight loss. Large
negative values (close to — 1) indicate a strong negative cor-
relation between the two variables. A negative correlation
implies that increases in the independent variable will cause
decreases in the dependent variable weight loss.

Equation 3 is the regression equation fit to these data. Keep
in mind that this is based on only eight observations; how-
ever, it appears to be a good model for this small data set.
Only two independent variables (pH and chloride) are in this
model. It is anticipated that future statistical analyses, dis-
cussed in the Strategic Research Plan given at the end of
Chapter 4, will result in a model that incorporates other vari-
ables as well.

The regression equation is

W_loss = —17.2 + 0.000761 chloride + 2.52 pH 3)

As shown in Table 5, the R? is very high (96.6%) as well
-is the Adjusted R? (95.3%) that adjusts the normal R? for

the available degrees of freedom. Both pH and chloride are
significant at the 95 percent confidence level (as seen by
P = 0.05). Perhaps even more encouraging are the rela-
tively small residuals from the model. The residuals
(RESI1) are the difference between the model predicted
value (FITS1) and the values shown as corrosion rate cal-
culated from weight loss (W_loss) measurements. These
values are given in Table 6. Note that all residuals are < 1.

Plots of the dependent variable shown as corrosion rates
calculated from weight-loss (W_loss) measurements as a
function of each of the independent variables listed in Table
3 are shown in Appendix J, which is not published here.

It must be cautioned that, because of the limited amount of
data, this model should not be used for predictive purposes
at this time. Furthermore, there are a number of concerns
with the model. The values of the dependent variable (weight
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TABLE 4 Correlations (Pearson) for the raw data
Gravel 0.802
Sand -0.771 -0.991
Fines -0.282 -0.129 -0.005
CEC 0.175 0.307 -0.420 0.818
pH 0.924 0.920 -0.900 -0.204 0.286
Res_rec -0.474 -0.567 0.597 -0.183 -0.588 -0.649
Res_sat -0.655 -0.783 0.846 -0.418 -0.763 -0.797 0.683
Chloride 0.957 0.683 -0.676 -0.094 0.346 0.836 -0.519 -0.677
Sulfate 0.685 0.852 -0.812 -0.348 -0.019 0.851 -0.429 -0.587 0.475
Moisture -0.102 0.036 -0.056 0.143 0.460 0.031 -0.408 -0.158 —0.003 -0.221
G_curr -0.330 -0.435 0.494 -0.409 -0.586 -0.279 -0.023 0.540 —0.402 —0.036 | —0.256
Polar -0.088 -0.340 0.423 -0.591 -0.568 -0.192 -0.087 0.585 —0.082 -0.227 0.035 0.741
Pot_last -0.542 -0.255 0.136 0.892 0.635 -0.397 0.068 -0.208 —0.427 —0.360 0.197 —0.364 | —0.682

loss) and of one of the independent variables (soluble chlo-
ride) cluster in two extreme groups. Samples 4, 5, and 6 have
high values and all others have relatively low values. The
higher correlation and large proportions of explained vari-
ance may be due primarily to this bimodal tendency in
the distributions. The pH coefficient also is contrary to
the researchers’ fundamental understanding of corrosion
processes. The corrosion rate of carbon steel should decrease
with increasing pH yet, the negative coefficient is indicative

TABLE 5 Statistical parameters and analysis of variance for
the model

Constant |-17.182 6.625 259 | 0.049

Chloride | 0.0007608 | 0.0001859 409 | 0.009

pH 2.5188 0.9192 274 | 0.041
$=06526 R2=96.6% Radj)=953%

Analysis of Variance

Regression 2 60.943 | 30472 | 71.56
Error 5 2.129 0.426
Total 7 63.072

of the opposite behavior. Again, this behavior can be attrib-
uted to the bimodal nature of the data set.

Rather, this model is indicative of the type of procedure
that could be used in future modeling efforts along with any
other methodologies appropriate for the available data.
Regression diagnostics including statistical tests of model
parameter significance and goodness of fit procedures
would be included in the Minitab generated computer out-
put as given in Table 5. Minitab, SAS, and SPSS are sev-
eral of the possible statistical packages that could be used
in future modeling efforts discussed in the Strategic Re-
search Plan.

BLE 6 Residuals from the model

0.27780 0.770818 |—0.49302
0.26067 1.210515 |—0.94985
7.03000 7.098575 |[~0.06858
6.71500 6.822795 |(-0.10779
5.60670 5.193169 0.413531
1.24775 0.457905 0.789845
0.99950 0.583847 0.415653
0.91150 0.911296 0.000204




LONG-TERM RESEARCH

Analysis of the laboratory and field testing performed in
this project suggest the need for longer-term testing, which
is outside the scope of the present program. For instance,
the field corrosion probe needs to be re-designed to make
it easier to assemble and disassemble and needs to be
more rugged to withstand the forces encountered in probe
placement. Furthermore, three field sites yielded a very
small data set for predictive modeling efforts. Data needs to
be acquired from more field sites, and field corrosion
probeé need to be installed over much longer periods than
120 days. Additionally, the effects of stray current corro-
sion on the corrosivity of piling could not be addressed
within the scope of the current project. The results of these
additional studies would be used to update the Recom-
mended Practice.

Recommendations for future research are contained in the
Strategic Research Plan given at the end of Chapter 4. The
purpose of the Strategic Research Plan is to identify the
research necessary to achieve the long-range objectives on
corrosion of steel piling. These objectives are

¢ Develop a means to determine the condition and to esti-
mate the useful life of steel piling, and

» Assist bridge engineers and owners in their decision-
making with regard to the use of existing and new steel
pile supports for structures.

The primary focus of the Strategic Research Plan is on those
activities requiring long-term research that are outside the
scope of the current research program.

The activities in the Strategic Research Plan all feed into a
statistical model. The goals of developing this model are to
identify soil conditions where unacceptable rates of corrosion
of steel piles are likely to occur and to estimate these rates of
corrosion. The Strategic Research Plan emphasizes field cor-
rosion rate measurements and the tasks are designed to pro-
vide the data required to develop and confirm the model.

The following tasks have been identified for the Strategic
Research Plan:

Task 1—Instrumentation Development,

Task 2—Field Studies,

Task 3—Pile Database,

Task 4—Laboratory Support,

Task 5—Statistical Modeling,

Task 6—Marine Applications,

Task 7—Stray Current Corrosion,

Task 8—Recommended Practice Update, and
Task 9—Analysis and Reporting.

Further details of each task, along with a schedule and bud-
get, are given at the end of Chapter 4 under the heading “Sug-
gested Research.”
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REVISED RECOMMENDED PRACTICE
Madifications to the Recommended Practice

Modifications to the Draft Recommended Practice were
substantial. Procedures and analysis techniques that were
found to be redundant or unnecessary to fully characterize
the corrosivity of a site or the conditions of piling were elim-
inated. There also was significant input from the NCHRP
Project Panel on modifications to the Practice to make it con-
cise, understandable to a bridge engineer or state geotechni-
cal engineer, and easy to use.

The Final Recommended Practice is given in Appendix K,
which is not published here. Justifications for the procedures
selected in the Recommended Practice are given in Appen-
dix L. Further discussion of the justification is given in the
section titled “Comparative Analyses.” Some of the signifi-
cant changes to the Practice include the elimination of

1. All water analyses,
2. CEC analyses, and
3. Eh measurements.

Results of the soil and water analyses described previously
demonstrated that the levels of aggressive ions in the soil
below the water table were comparable to the levels of these
ions in the ground water. Similar trends in resistivity also
were observed for the soil and water samples. Typical data
are shown in Figure 3. Therefore, the water analyses did not
provide information that was not available from the soil
analyses.

Chloride and sulfate analyses were retained in the Rec-
ommended Practice but were removed from the decision
trees. Results of the chloride and sulfate analyses from
the Buffalo and CCT sites were compared with the mea-
sured saturated soil resistivities at those sites. When the
concentrations of the two anions were summed, the data fell
on the theoretical trend for the effect of these anions on
resistivity in water, see Figure 4. This behavior indicates
that the primary contributors to conductivity in these soils
were those ions. With this knowledge, and the established
correlation in the literature between soil resistivity and cor-
rosivity, it became clear that the effects of these anions on
corrosivity could be characterized by resistivity measure-
ments for these soils. On the other hand, results of sulfate
and chloride analyses may be useful in evaluating unusual
conditions.

The decision to eliminate the microbial analyses was
based on the fact that microbes are found in most all natural
water, and it is difficult to establish a cause and effect rela-
tionship between their presence and the occurrence of sig-
nificant corrosion. The literature and the data generated in
this research did not provide any guidance with respect to
minimum levels or types of microbes that would contribute
to significant corrosion. With respect to CEC, previous
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Figure 3. Comparison of chloride and sulfate contents of soil and water sampled

at the Buffalo and CCT field sites.

research has shown a correlation between CEC and corro-
sivity, but it was believed that there was insufficient infor-
mation currently available to warrant inclusion of CEC in the
Recommended Practice. Either or both CEC and microbial
analyses may be included in the Recommended Practice at a
later date, depending on the results of additional field testing.
Eh measurements were removed from the Recommended

O so,, ppm (as CaSO,)

W Cl, ppm (as NaCl)

Practice because of observed inconsistencies found in the Eh
measurements from the field probes.

As described in the section titled “Comparative Analyses,”
an evaluation was performed on three techniques for mea-
suring soil pH, ASTM Method G 51 and two techniques in
ASTM Method D 4972. It was found that ASTM Method
G 51 generally gave the lowest values, which were 0.5 to
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Figure 4. Resistivity as a function of anion concentration of soils sampled at various field
sites compared with theoretical data plotted for CaSO, and NaCl solutions at ambient

temperature.



1 pH unit lower than the other two techniques. Typical data
are shown in Figure 5. Therefore, ASTM Method G 51 pro-
vides a worst-case indication of the soil pH. In this evalua-
tion, it also was found that ASTM Method G 51 could not be
used for soils with very large particle sizes. Accordingly, the
ASTM Method G 51 was specified for the Recommended
Practice except where such soils are encountered. For gravel-
sized soils, ASTM Method D 4972 is recommended and the
pH value measured with this technique should be reduced by
0.5 to 1 pH units for comparison with pH measured by
ASTM Method G 51.

An evaluation also was performed on sampling and han-
dling methods for the soils. Based on this evaluation, it was
concluded that a 3-in. split spoon is the best method for soil
sampling because a continuous, minimally disturbed sample
is obtained and the quantity of soil is sufficient for the spec-
ified analyses. It also was found that the pH and resistivity of
the soil sample were a function of the storage method and the
storage time between sampling and analysis. Accordingly, it
is recommended in the Practice that soil samples be stored in
well-sealed glass jars that retain moisture and exclude oxy-
gen. It is further recommended that the laboratory analyses
be performed within 1 to 2 days of sampling.

Other changes to the Recommended Practice include more
emphasis on uniform corrosion than was found in the draft
and the inclusion of a brief discussion of stray current corro-
sion. Results of the literature search indicated that uniform
corrosion is not a significant contributor to underground cor-
rosion of structural steel. On the other hand, the results of the
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field and laboratory data indicate that uniform corrosion can
be a significant contributor, at least over short exposure
times. The longer exposure times outlined in the Strategic
Research Plan will help to resolve this issue. Thus, an assess-
ment of uniform corrosion is included in the Recommended
Practice.

Evaluation of Revised Recommended Practice

The predictive capability of the Revised Recommended
Practice was evaluated by applying the decision trees in
Figures K-3 and K-4 of the Recommend Practice, given in
Appendix K (not published here), to about a dozen pile sites.
The corrosive sites were taken from Table D-1 in Appendix
D and the non-corrosive sites were taken from NBS Mono-
graph 127 (10). A summary of information on these sites and
the predictions of the Recommended Practice are given in
Table 7. The portions of the piles well below the water table
were treated as piles that were located below the water table
for the analysis. As indicated in the Recommended Practice,
a pile located below the water table would be expected to
experience low corrosion rates regardless of the soil resistiv-
ity, pH, or other properties. For the analysis, isolated pitting,
which was commonly observed above the water table, was
not considered to affect the life of a pile.

The first six cases in the table were all considered to have
experienced significant corrosion attack in the field exami-
nations. Significant corrosion was defined as a uniform loss

CC Technologies Field Site, 8~5—-96
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Figure 5. Comparative pH data, using three test methods for soil sampled at the CCT site as a

function of depth.
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of section of greater than 15 percent of the thickness of the
piling at any single location. This section loss corresponds to
a loss of about 1/3 (33%) of the useful life of the pile based
on a failure criterion of 50 percent thickness loss. Isolated
pitting is excluded from the criterion, as described above.
The corresponding corrosion rate for this thickness loss is a
function of the thickness and type of the pile and the time the
pile has been in the ground. A reasonable magnitude of a sig-

nificant corrosion rate, based on the first six cases, is 1 mpy. -

This value would correspond to a one-sided corrosion rate
and the rate of loss in section of an H-pile would be twice this
value.
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The far right column in Table 7 indicates that the decision
tree in the Recommended Practice correctly predicted the
severity of corrosion in 15 out of 18 (83%) cases. This is
excellent performance for such a simple model. One likely
source of error in the prediction is associated with the degree
of compaction of the soil. The NBS work found that piles
driven through undisturbed soil did not experience signifi-
cant corrosion regardless of the soil properties. The Stoplog
Dam soil and the second Buffalo soil were predicted to be
corrosive (above the water table) based on resistivity but only
isolated pitting was observed. These sites may have been
highly compacted, excluding access of oxygen to the pile.
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CHAPTER 3

INTERPRETATION, APPRAISAL, AND APPLICATION

Several important issues were identified in NCHRP Proj-
ect 10-46 that affect the application of the findings of the
work to the overall program goal of determining the condi-
tion and estimating the useful life of steel piling. These are
in the areas of the mechanism of underground corrosion, test-
ing procedures that should be included in the Recommended
Practice, and the role of modeling. Further discussions of
these issues is given below.

CORROSION MECHANISM

One conclusion of the state-of-the-art survey is that the
primary mechanism for severe corrosion of steel in soils is an
oxygen macrocell. The mechanism is associated with a vari-
ation in the concentration of oxygen in the soil over the sur-
face of the underground structure. Areas that are deficient
in oxygen become anodes in the corrosion cell and experi-
ence accelerated attack. Areas that are oxygen rich become
cathodes and the rate of corrosion in these areas is reduced.
These conditions normally occur in stratified soils above the
water table.

Techniques for measurement of the relative contribution
of uniform corrosion and macrocell corrosion to attack of
steel were included in the corrosion testing performed in the
laboratory and the field. These techniques included polariza-
tion resistance, weight loss, and galvanic current measure-
ments and the corrosion rates calculated from each of these
techniques were compared. Significant macrocells would not
be expected to develop on small specimens unless they were
electrically coupled to specimens exposed in different strata
of soils. Results of the testing indicated that uniform corro-
sion was a major contributor to the corrosion process, espe-
cially in the most corrosive Buffalo soil. This unexpected
finding, if confirmed with longer-term testing, suggests that
field corrosion monitoring should include techniques for the
measurement of uniform corrosion rates. The field corrosion
probe was designed for this project with the idea that the pri-
mary concern is macrocell corrosion. This design will require
modification to facilitate the monitoring of rates of uniform
corrosion. It is also possible that longer-term exposures are
required for the macrocells to develop and become dominant.
In the soils having lower corrosivity, there was evidence that
rates of uniform corrosion decreased with time such that the
contribution of macrocell corrosion to the total corrosion

increased with time. On the other hand, rates of uniform cor-
rosion did not appear to decrease with time for the corrosive
soils such that this process may not operate in situations
where corrosion rate predictions are most critical.

TESTING PROCEDURES

A number of testing procedures for the evaluation of the
corrosivity of soils and waters was included in the Draft Rec-
ommended Practice. Procedures also were included in the
Draft Recommended Practice for field corrosion monitoring.
Similar procedures were used in the laboratory for evaluat-
ing the corrosivity of the soils obtained from the field sites.

Difficulties were encountered in controlling the test con-
ditions for the laboratory corrosion tests. The major problem
was in controlling the moisture content of the soils over long
periods. In tests with different soil strata, it is unlikely that
adequate control could ever be maintained. It also was spec-
ulated that a poor correlation between laboratory and field
corrosion data may have been the result of difficulties
encountered in controlling the oxygen concentration in the
soil. It is very difficult to simulate field conditions in the
laboratory when one considers the dynamic relationship
between moisture content and oxygen in a soil environment.
As the water table lowers in dry periods, oxygen laden air is
pulled into the soil while most of the oxygen is excluded as
the water table rises. Considering these issues and the need
for long-term corrosion testing, it was recommended that
future research focus on field corrosion rate measurements.
The laboratory support should be restricted to soil analyses
unless specific issues that can be readily assessed in the lab-
oratory are encountered.

Results of the testing identified several ways to simplify
the final version of the Recommended Practice. For example,
it was found that the water analyses could be eliminated from
the Practice since the results of those analyses were similar
to results of soil analyses taken from the same soil strata. The
CEC analyses did not provide any measurable improve-
ment in the prediction capabilities of the Practice, based on a
simple engineering assessment of the field data, and were
eliminated. These or other techniques may be reintroduced
in the Practice by AASHTO as further field information
becomes available.



The final version of the Recommended Practice is a very
streamlined, concise document that uses four soil parameters
to assess the corrosivity of a field site. These parameters are
soil resistivity, soil pH, soil particle size, and position of the
pile with respect to the water table. When this Practice was
applied to 18 field cases, including 6 corrosive sites and 12
non-corrosive sites, it gave an accurate prediction of the cor-
rosivity of the sites in over 80 percent of the cases. Consid-
ering the preliminary nature of the Recommended Practice,
this is considered to be excellent predictive capability. It is
unlikely that any model or practice can greatly improve on
this predictive capability because of inherent inaccuracies in
the field data and the many unique conditions that can be
encountered.

MODELING

The purpose of the statistical modeling activity on the
project was to establish a framework for an analytical model
for predicting the corrosion of steel piling in soil environ-
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ments. A regression model was developed from the results of
the analyses of the soils at the field sites and the corrosion
monitoring data from these sites. This model gave a good fit
to the data using only two variables—pH and chloride. The
adjusted R? value of the model was 95 percent. In a sense,
this model is consistent with the decision tree developed in
the Recommended Practice in that both use a very small
number of variables and these variables are similar. On the
other hand, the model demonstrates the inadequacies of a
regression model developed on a limited data set. The coef-
ficient for the pH term in the model is positive, which indi-
cates that the corrosion rate increases with increasing pH.
This conclusion is contrary to our fundamental understand-
ing of corrosion mechanisms. The positive pH coefficient
occurred because the one corrosive site had higher pHs than
the two non-corrosive sites. It is interesting to note that the
corrosion monitoring data did not contribute to the predictive
capability of the model, indicating that the data were not use-
ful in predicting corrosion rates. This conclusion may reflect
the short-term nature of the corrosion rate data.
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CHAPTER 4

CONCLUSIONS AND SUGGESTED RESEARCH

CONCLUSIONS

The potential magnitude of the problem of corrosion of
steel piling in soil is quite large. Conditions that are con-
ducive to severe corrosion of steel piles are commonly found
in pile foundations for bridges. These include the presence of
fill soils containing manufactured materials, such as slag,
ash, or cinders or soil containing contamination from salt-
water runoff or other sources.

Results of the state-of-the-art survey indicate that the
controlling mechanism for severe corrosion of steel in soils
is thought to be well understood. The presence of moisture
and oxygen are required for the corrosion to occur. The spe-
cific mechanism is referred to as an oxygen macrocell and
is associated with a variation in the concentration of oxy-
gen in the soil from one area to another on the underground
structure. These conditions normally occur in stratified
soils above the water table. Other factors that have been
associated with soil corrosivity include soil resistivity, pH,
soil particle size, and the concentration of deleterious
anjons such as chlorides and sulfates. While the mechanism
of underground corrosion and many of the controlling fac-
tors are thought to have been identified, prior attempts to
predict soil corrosivity have met with limited success. Typ-
ically, there is a lot of scatter in the data and correlation
coefficients are low.

Results of laboratory and field testing indicate that the
mechanism of uniform corrosion in the corrosive soil strata
may be a major contributor to pile failure, but the tests may
have been of too short a duration for macrocells to properly
develop. Macrocells may dominate corrosion behavior in
longer-term tests and on actual piles. This finding was unan-
ticipated and, if confirmed by longer-term testing, would
complicate the procedures used for monitoring the corrosion
rates of piles.

The results also indicate that a relatively small number
of variables are required to describe the corrosivity of a
field site. These variables may include soil resistivity, soil
pH, soil particle size, and the position of the pile with
respect to the water table. A simple decision tree that is
based on this information was incorporated into a modified
version of the Recommended Practice. When the proce-
dures outlined in the modified Recommended Practice
were tested out on case histories found in the literature, it

was found that the decision tree could correctly identify the
potential corrosivity of a field site in more than 80 percent
of the cases.

SUGGESTED RESEARCH
Strategic Research Plan

Recommendations for future research are contained in
the Strategic Research Plan. The purpose of the plan is to
identify the research necessary to achieve the long-range
objective on corrosion of steel piling. This objective is to
develop a means to determine the condition and to estimate
the useful life of steel piling. This information will assist
bridge engineers and owners in their decisionmaking with
regard to the use of existing and new steel pile supports for
structures.

The primary focus of the Strategic Research Plan is on
those activities requiring long-term research that are outside
the scope of the current research program.

As described below, the activities in the Strategic
Research Plan all feed into a statistical model. The goals of
developing this model are to identify soil conditions where
unacceptable rates of corrosion of steel piles are likely to
occur and to estimate these rates of corrosion. The Strategic
Research Plan emphasizes field corrosion rate measure-
ments, and the tasks are designed to provide the data required
to develop and confirm the model.

The following tasks have been identified for the Strategic
Research Plan:

Task 1—Instrumentation Development,

Task 2—TField Studies,

Task 3—Pile Database,

Task 4—Laboratory Support,

Task 5—Statistical Modeling,

Task 6—Marine Applications,

Task 7—Stray Current Corrosion,

Task 8—Recommended Practice Update, and
Task 9-—Analysis and Reporting.

Further details of each task are given below.



Research Plan Tasks

Task 1—Instrumentation Development. The purpose
of this task is to optimize the instrumentation that will be
used for field corrosion monitoring in Task 2. The corrosion
probe developed in NCHRP Project 10-46 was found to be
effective at detecting macrocells in the soil strata and in esti-
mating the corrosion rate as a function of depth. Some defi-
ciencies with the current probe design were identified. For
example, difficulties were encountered in forming water-
tight seals between the individual electrodes in the probe.
In a few cases, the probe also was found to be damaged dur-
ing installation. In this task, the design of the probe will be
modified to make it more rugged and easier to assemble and
disassemble.

Other proposed modifications to the probe are due to the
results of analysis of field corrosion data. The Eh measure-
ment capability of the existing probe was found to be of lim-
ited value because potentials measured with respect to a Pt
electrode were quite variable. It was speculated that this vari-
ability occurred as a result of deposition of corrosion prod-
ucts on the Pt electrode used for the measurements. Accord-
ingly, the Eh measurement capability will be eliminated from
the new probe design. On the other hand, results of the short-
term field measurements with the existing probe indicated
that uniform corrosion may contribute significantly to the
rate of corrosion of a pile in corrosive strata. Accordingly,
the new probe will be designed to more readily measure uni-
form corrosion rates using the polarization resistance tech-
nique. The capability of the probe to measure the resistivity
of adjacent soil layers also will be evaluated in this task.

New technologies for monitoring corrosion rates will be
investigated in this task. Specifically, the applicability of
techniques used to monitor casings in oil and gas wells will
be assessed. Several types of inspection devices are used in
the oil and gas industry for the inspection of well casings.
These include magnetic flux leakage and ultrasonic tools for
measuring wall loss and a casing potential profile tool for
measuring stray current corrosion and cathodic protection
currents. The concept is to install a pipe pile (having a diam-
eter similar to that used for well casings) near piling in poten-
tially corrosive soils and monitor the pipe pile to assess the
corrosion behavior of the piling.

In this task of the program, monitoring piles will be
installed in corrosive soil at a few sites along with corrosion
probes, and the behavior of the pile will be compared with
that of the probe. The performance of the monitoring tech-
niques will be confirmed by removal and assessment of the
probe and monitoring pile. The corrosion rate of the pile and
the probe will be accelerated by anodic polarization with a
rectifier and a remote ground bed to reduce the test time
required to obtain measurable corrosion.

Task 2—Field Studies. The purpose of this task is to col-
lect long-term corrosion rate and soil data from a number of
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field sites. These data will be used to confirm and optimize
the corrosion monitoring techniques and to develop and con-
firm the corrosion prediction model.

Results of NCHRP Project 10-46 indicated that uniform
corrosion may make a significant contribution to the overall
degradation of a pile. On the other hand, prior research has
indicated that macrocell corrosion is the dominant mecha-
nism of corrosion of underground structures. This discrep-
ancy may be the result of the short-term nature of the results
of NCHRP Project 10-46. Accordingly, much longer-term
data are needed to resolve this issue.

The NCHRP Project 10-46 work also identified several
soil parameters that correlate with soil corrosivity. These
parameters will form the basis of a statistical model to pre-
dict soil corrosivity. The data collected in this task will be
used to refine the initial model and to place that model on a
sound statistical basis.

Field sites will be selected to cover a broad range of soil
conditions from around the country. For costing purposes, a
total of 12 nonmarine field sites are proposed. These sites
may or may not have existing piles. It will be imperative for
the sites to have long-term access for these field studies. It
may be possible to obtain access to the Geotechnical Exper-
imental Sites around the country for use as field sites on this
program.

At each field site, soil samples will be obtained from the
significant strata down to the water table as described in the
Recommended Practice. Three probes and a small-diameter
pipe pile will be installed at each field site. The probes will
be monitored two times per year and a probe will be removed
and evaluated after 2, 5, and 10 years. Based on the measured
corrosion rate, a time for the first inspection of the pipe pile
will be established. For example, if a corrosion rate of 5 mils
per year is measured and the magnetic flux leakage technique
has a threshold of 5 percent of the wall thickness, then a time
for first inspection of 5 years would be reasonable for a pipe
pile having a 0.25-in. wall thickness.

Task 3—Pile Database. The purpose of this task is to
develop a database on the existing condition of piles
removed or exposed by state DOTs. Whenever piles are
being exposed or removed, the condition of the piles will be
assessed and soil samples at the pile locations will be
obtained and analyzed. For costing purposes, it is proposed
that six piles be examined each year of the program, begin-
ning in the fourth year. The pile condition will be correlated
with soil properties to better understand the controlling fac-
tors in pile corrosion and to improve the corrosion predic-
tion model.

The success of this task will depend on the participation of
the state DOTs. Therefore, selling the idea to the states will
be required. For each state, the appropriate person will be
identified and periodically contacted in order to ensure that
most of the exposed piles in the DOT inventory around the
country are included in the database.



32

Task 4—Laboratory Support. The purpose of this task
is to provide technical support to Tasks 2 and 3. The soil sam-
ples obtained from the field sites in Task 2 and the pile loca-
tions in Task 3 will be analyzed using the methods identified
in the Recommended Practice as well as other methods used
in NCHRP Project 10-46. The idea is not to exclude methods
that may be found to be useful, based on the long-term field
corrosion rate data. The existing methods will be fine-tuned
in the task and new methods will be identified and evaluated.
The output of this task will be the results of the soil analyses
for the field sites and pile locations.

In this work, the majority of the corrosion testing will be
performed in the field and little, if any, corrosion testing
using soil cells in the laboratory is planned. Long exposure
periods are required to establish steady state corrosion rates
in soil, and it is difficult to simulate the appropriate moisture
and aeration conditions in the laboratory and maintain those
conditions over long exposure times.

Task 5—Statistical Modeling. The purpose of this task is
to develop and verify a statistical model to identify soil con-
ditions where unacceptable rates of corrosion of steel piles
are likely to occur and to estimate these corrosion rates. The
basic understanding of the factors controlling underground
corrosion is not sufficiently well developed to consider a first
principles based model (a model based on scientific laws that
are fundamental in nature) for this program. Therefore, a
variety of statistical methods will be used in the modeling
effort. The methods employed will account for the quality of
the available data. For example, regression-based methods
such as general linear models that allow qualitative and quan-
titative independent variables would be the first choice if data
quality permits. Such techniques would incorporate qualita-
tive factors (e.g., soil type) as well as quantitative factors
(e.g., pH) to predict a continuous, quantitative output of max-
imum corrosion rate.

If the data quality for the dependent variable (maximum
corrosion rate) is not precise, a better model may be devel-
oped using log-linear models in which the corrosion rate is

categorized into groups such as low, medium, and high cor- -

rosion rates. These modeling approaches will allow both cat-
egorical (nominal or ordinal) and continuous independent
quantitative covariates into the modeling structure.

As described in this report, Task 5 of NCHRP Project
10-46 has identified several parameters that correlate with
the corrosivity of the field sites. These parameters will form
the basis for the model developed in the follow-on work.
However, the current database is limited and the corrosion
rate data were obtained from such short exposure times that
there is not a lot of confidence in the current results.

A desired deliverable of this task is a sound statistical
model with a continuous predictor of maximum corrosion
rate, but other approaches may be used depending on the data
quality and availability. As indicated above, the statistical
model may not be able to accurately predict a continuous

maximum corrosion rate. If this is the case, then a statistical
model will be developed that will categorize maximum
corrosion rate into ordered categories such as low, medium,
and high.

Task 6—Marine Applications. The purpose of this task
is to evaluate the applicability of the methodologies devel-
oped on this program (for the determination of the condition
and the estimation of the useful life of steel piling) to marine
locations. In this task, the field studies and pile database will
be expanded to include marine sites. The scope will be lim-
ited to piling located in marine soils. For costing purposes, a
total of three marine sites is proposed. In the field studies,
probes and pipe piles will be installed at marine locations and
monitored as described in Task 2. Soil samples will be
obtained and analyzed as described in Task 4. Exposed piles
in marine locations will be included in the database described
in Task 3. The predictive capability of the model developed
in Task 5 will be evaluated for the marine sites. A separate
model will be developed for the marine sites if it is found that
the model for nonmarine applications is inadequate.

Task 7—Stray Current Corrosion. The purposes of this
task are to establish the minimum potential gradients neces-
sary to cause stray current corrosion of piling and to prepare
a section for the Recommended Practice on procedures for
assessing the potential for stray current corrosion of steel pil-
ing. It is well established that stray current corrosion can
cause damage to underground structures but the minimum
potential gradient necessary to promote significant damage
to piling has not been established. This information is neces-
sary to assist bridge engineers and owners in their decision-
making with regard to the need for corrosion mitigation on
their support structures.

The approach in this task is to develop a finite element
model to evaluate the influence of soil parameters, polariza-
tion behavior (at the corroding metal surface) and piling
dimensions on the potential for stray current corrosion dam-
age. The model will be similar to that used in NCHRP Proj-
ect 10-46 to assess the maximum length of a piling that can
be affected by macrocell corrosion at the water table.

The finite element model will be verified by performing
field tests on instrumented piles placed in a stray current gra-
dient. A stray current potential gradient will be established
using a cathodic protection rectifier, an anode ground bed,
and a buried joint of line pipe. Piles will be placed between
the anode and the pipe, and the piles will be electrically cou-
pled through ZR As. Each pile will contain several electrodes
located at different depths. These electrodes will be coupled
together through ZRAs such that the current pick-up and dis-
charge can be measured as a function of depth. The magni-
tude of the stray current potential gradient will be varied and
the effect of that variation on the current pick-up and dis-
charge will be measured. A maximum acceptable stray cur-
rent potential gradient will be established as a function of



piling dimensions, the cross-sectional area of the pile, the
desired life of the pile, and soil parameters.

Task 8—Recommended Practice Update. On a biannual
basis, recommendations will be made to update the Recom-
mended Practice developed in NCHRP Project 10-46 as new
and better information becomes available. Anticipated
changes to the Recommended Practice include the addition
of the model to assist in the prediction of useful remaining
life of a pile, modifications of the field test procedures to
reflect new findings on useful soil parameters and field cor-
rosion monitoring techniques, and the inclusion of rules on
stray current assessment. The scope of the Recommended
Practice will also be expanded to include marine applications
if this change is found to be appropriate, based on the results
of Task 6.

Task 9—Analysis and Reporting. In this task, the infor-
mation developed in the other tasks of the plan will be ana-
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lyzed and the reports required by NCHRP will be prepared.
These include the monthly, quarterly, phase completion (as
described below), and final reports.

Program Schedule and Budget

The schedule for the Strategic Research Plan is shown in
Figure 6. The proposed duration of the plan is 12 years. Task
1 has a duration of 30 months and begins at the inception of
the plan. Task 2 and Task 4 run for the entire 12-year period.
Task 3 starts in the fourth year and runs through to the end of
the program. The start of this task was delayed to reduce the
annual budget of the program in the first years when the field
sites are being set up. Task 5 starts at the beginning of the
thirty-first month (as field corrosion probes begin to be
removed and analyzed) and runs through to the end of the
program. Task 6 begins on the thirty-first month of the plan
and runs through to the end of the program. Task 7 begins on
the thirty-first month and runs through year 5. Task 8

v

Phase |

Phase il

Phase Iii Phase IV

Figure 6. Strategic Research Plan program schedule.
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TABLE 8 Strategic Research Plan program budget

TASKS Year | Year | Year | Year | Year | Year | Year | Year | Year | Year | Year | Year
1 2 3 4 5 6 7 8 9 10 11 12

Task 1 — Instrumentation Develop. 20 20 10
Task 2 - Field Studies 110 121 108 60 60 60 60 60 60 60 100 70
Task 3 — Pile Database 15 15 15 15 15 15 15 15 8
Task 4 — Laboratory Support 13 13 5 15 15 15 15 15 15 15 15 8
Task 5 — Statistical Modeling 6.5 13 13 13 13 13 13 13 13 13
Task 6 — Marine Applications 20 50 15 15 15 15 15 15 15 8
Task 7 — Stray Current Corrosion 10 25 25
Task 8 — Recom. Practice Update 8 8 8 8 8 8
Task 9 — Analysis/Reporting 40 40 40 40 40 40 40 40 40 40 40 80

All budget numbers are in thousands of 1997 U.S. dollars, not corrected for inflation.

involves periodic input on a biannual basis. Task 9 runs the
duration of the program.

For costing purposes, the Strategic Research Plan is
divided into four phases. Phase I runs from program incep-
tion and has a duration of 30 months. This is a very labor-
intensive phase in which instrumentation development is
completed (Task 1), all of the nonmarine sites are installed
(Task 2), and the soils from the field sites are analyzed
(Task 4). Phase II runs for a period of 3 years, beginning
on the thirty-first month. In this phase, the field sites will
be monitored and the first corrosion probes will be
removed (Task 2). The pile database will be started (Task
3) and soils from the pile sites will be analyzed (Task 4).
The modeling effort will begin (Task 5) and the marine
corrosion sites will be installed and monitoring will begin
(Task 6). The stray current corrosion task will be per-
formed (Task 7) and updating the Recommended Practice
will be continued.

In Phase III of the program, the monitoring activities of the
field sites in Tasks 2 and 6 will be continued. The pile data-
base task (Task 3) also will be continued, as will the model-

ing, laboratory support, and Recommended Practice updat-
ing tasks. In the final phase of the program (Phase IV), the
field sites will be terminated. The nondestructive examina-
tion of the installed pipe piles at those sites will be performed
and the piles will be removed and examined. The modeling
activities will be completed and the final report will be
issued.

The budget breakdown by task and year is shown in
Table 8. The budget numbers represent thousands of 1997
U.S. dollars and are not corrected for inflation. As shown,
Phase I of the program is very labor intensive with the
installations of the field sites and the database development.
Phase 1 has a duration of 30 months and a total cost of
$485,000. The rate of spending on Phase II also is high
because of the start up of the Tasks 3, 6, and 8. Phase II has
a duration of 36 months and a total cost of $592,000. In
Phase III, most of the tasks are continued, with the excep-
tion of Tasks 1 and 7. The duration of Phase III is 36 months
and the total cost is $486,000. Phase 1V is the completion
phase of the program and has a duration of 42 months. The
estimated total cost of this phase is $638,000.
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APPENDIXES B AND C

Appendix B, “Task 1 Questionnaire,” and Appendix C, “Database of Questionnaire Responses,”
are not published herein. Copies may be obtained on request to NCHRP.



APPENDIX D

State-of-the-Art Survey of Piling Corrosion



APPENDIX D
State-of-the-Art Survey of Piling Corrosion
Case Histories

Case histories of documented incidences of significant corrosion of steel piling were compiled in Task 2.
These case histories are given at the end of this appendix, following the references. This is not purported to
be an all-inclusive listing of incidences, although all examples of significant piling corrosion found in the
literature are included. Significant corrosion is arbitrarily defined as a general loss of greater than 15% of the
thickness of the piling at any single location. Isolated pitting is excluded from the criterion and this pitting is
usually deeper than 15% of the thickness. The case histories are organized chronologically, starting with the
most recent examples.

Table D-1 is a summary of these case histories. All of the incidences of corrosion in Table D-1 occurred
in disturbed fill soils. In all cases, the soils were layered and the attack was confined to one of the layers. This
behavior is consistent with a differential aeration cell mechanism for the attack. The highest corrosion rates
reported generally occurred in man-made products such as ash, slag, and cinders. With the exception of the
Sardis Dam Outlet, the attack also occurred at or above the water table. The piles at the Sardis Dam Outlet
were examined in October (1959) and it is possible that the water table was unusually high at that time. With
the exception of the Grenada Dam Spillway, the soils also would be classified as corrosive based on their
resistivity, their pH or both. It is interesting to note that a layer of soil immediately above the corrosive layer
at the Grenada Dam Spillway had a pH of 4.4, which is two units lower than the value recorded for the most
corrosive layer.

The case histories described in Table D-1 are all examples of soil corrosion of pilings. Corrosion of
pilings in fresh water above the ground level also is a problem, as described above. Attack in fresh water can
be more severe than attack in soil, especially where the water level fluctuates. For example, the exposed
portion of the piling in the Lumber River that experienced a 40% thickness loss in the soil experienced a 76%
loss in the river water.

Further details on the soil conditions causing corrosion are given below.

Mechanism of Piling Corrosion

A general definition of corrosion is the degradation of a material through environmental interaction. This
definition encompasses all materials, both naturally occurring and man made, and includes plastics, ceramics,
and metals. All commonly used engineering metals, such as steel, corrode because they are thermodynamically
unstable. One principle of thermodynamics is that a material always seeks the lowest energy state. A
significant amount of energy is put into a metal when it is extracted from its ores, placing it in a high energy
state. In the corrosion process, the energy of the metal is reduced as it reverts to a corrosion product, which
in many cases is an ore such as hematite.

Corrosion of metals in aqueous (water containing) environments, such as in soils, is almost always
electrochemical in nature. The metal atoms are oxidized (lose electrons) and species such as water, protons,
or oxygen are reduced (gains electrons). The metal ions generated by the oxidation of the metal normally then
react with water or other species in the environment to create oxides, hydroxides, and other corrosion products.
In the case of steel, these products of corrosion are what we call rust. Products also are created by the
reduction reactions. These products include hydroxide and hydrogen. A summary of typical reactions for the
corrosion of steel is given below.
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Oxidation of Iron Fe - Fe™ + 3¢ ¢))]

Oxygen Reduction 0, + 2H,0 + 4¢” -~ 40H 2)
Water Reduction 2H,0 + 2¢” -~ H, + 20H" 3)
Hydrogen Ion Reduction 2H + 2 - H, )]
Formation of Rust 2Fet + 3H,0 ~ Fe,0; + 6H" )

There are many other possible corrosion products in soil environment, including magnetite (Fe,0,), iron
hydroxide (Fe(OH);), and various carbonates and sulfates. The composition of the corrosion products is
dependent on the species present in the environment. For example, the corrosion products are dominated by
reduced (lower oxidation state) iron species such as magnetite where oxygen is not present.

Because the common engineering metals are thermodynamically unstable in natural environments, the
useful life of an engineering structure is determined by the rate of corrosion, referred to as the corrosion
kinetics. The corrosion kinetics can be controlled by the rate of the oxidation reaction, the rate of the reduction
reaction, or current flow between the locations on the metal surface where the two reactions are occurring. For
example, oxide films may form on the metal surface that are tenacious and protective, limiting the rate of metal
oxidation. Stainless steels and aluminum are corrosion resistant in many environments because they form thin
protective oxide films. Carbon steels also form protective oxide films in elevated pH and in some carbonate
environments.

The rate of general corrosion of carbon steels is usually limited by the rate of the reduction reaction. In
the case of underground corrosion of steels, oxygen reduction is the dominant reduction reaction controlling
the corrosion rate. In this environment, pH values are not normally low enough for hydrogen ion reduction
to be significant and the rates of water reduction are low. For the oxygen reduction reaction, the rate
controlling process is generally the diffusion of oxygen through the soil or electrolyte to the metal surface.
This rate is controlled by the concentration of oxygen in the soil and the thickness of the water layer through
which the oxygen must diffuse. The most severe conditions are generally those where a thin water layer is
present on the metal surface, providing a short diffusion path for the oxygen. These conditions are normally
encountered in moist, but not saturated porous soils, especially in zones that are alternately wet and dry due
to fluctuations of the water table,

The electrochemical reactions can occur uniformly on a metal surface, leading to a general corrosion of
the metal. At one instant in time, metal oxidation may be occurring at a location, while one of the reduction
reactions may occur at the same instant on an adjacent atom, consuming the electrons liberated by the metal
oxidation reaction. An instant later, the location of the reactions may switch. For most underground steel
structures, rates of general corrosion are usually low and can be predicted. Therefore, general corrosion rarely
causes service failures.

It is also possible for the oxidation and reduction reactions to be separated on a metal surface, where the
metal oxidation occurs predominantly at one site while the reduction reaction occurs predominantly at another
site. This is referred to as a macrocell. One type of macrocell is a differential aeration cell, shown
schematically in Figure D-1. The differential aeration cell is probably the most common corrosion cell that
is experienced on pilings, pipelines, and other types of underground structures. The site where net oxidation
occurs is called the anode and the site where net reduction occurs is called the cathode. In the metal, the
electrons liberated by the oxidation reaction flow from the anode to the cathode where they are consumed by
the reduction reaction. In the soil, electrical (positive) current, in the form migrating ions, must flow from the
anode to the cathode to maintain charge neutrality. The current flows through the aqueous phase in pore spaces
between the soil particles.

In general, macrocells are especially insidious in that, once the oxidation and reduction reactions become
separated, the electrochemical reactions create local environments that exacerbate the attack. For example,
the reduction reactions cause an increase in the electrolyte pH at the cathode. Steels form tenacious protective
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Figure D-1.  Schematic Showing Differential Aeration Cell.



films in elevated pH environments. Therefore, the rate of metal oxidation at the cathode is educed. On the
other hand, hydrolysis of the iron atoms at the anode creates hydrogen ions that reduce the electrolyte pH.
The low-pH, acidic environment created at the anode destabilizes any oxide films that may have been preseng
increasing the rate of attack. As the pH at the anode decreases, the direct reduction of hydrogen ions may
occur locally, further increasing the rate of attack.

Factors that affect the rate of differential aeration corrosion include the relative area ratio of the anode
and the cathode, soil resistivity and stratification of the soil. Where the cathode is large and the anode is
small, a larger current is supported by the cathode and that current is concentrated at the anode, leading to
high rates of attack at the anode. Where the soil resistance is high, a high current flow between the anode
and cathode cannot be supported due to the high voltage (IR) drop in the high resistance soil path. The
maximum separation distance of the anodes and cathodes also is limited by a high soil resistance.
Stratification of the soil creates ideal conditions for the development of the differential aeration cells.
Oxygen deficient layers, such as wet clays or regions below the water table, become the anodes while oxyge
rich layers, such as porous sands, become the cathodes. Further discussion of the effects of resistivity and
other parameters on corrosion is given below.

Factors Controlling Piling Corrosion
Position of Water Table

The position of the water table with respect to the pile is probably the most important factor affecting
corrosion of steel piling. Little evidence of corrosion has been found where the entire piling is below the
water table or where a concrete piling cap extends telow the water table, even in corrosive soils. This was
one of the major conclusions of the original NBS work by Romanoff® and that conclusion has stood the test
of time. A recent example is described by Picozzi® An investigation was conducted on steel H-piles in
an industrial waste environment in conjunction with rehabilitation of the Buffalo Skyway. The water table
was above the concrete pile cap. In spite of the presence of disturbed fill soils and corrosive soil
characteristics, little corrosion loss of the piles was detected.

Mechanistically, the effect of water table position on corrosion isreadily explained. As described above,
most instances of severe underground corrosion are the result of differential aeration cells. Where the entire
structure is below the water table, oxygen concentrations near the piling are low and tle differential aeration
cells do not develop. The dissolved oxygen content in an aqueous phase is only 8 ppm as compared with
20% (200 000 ppm) in the atmosphere.

The position of the water table also may influence piling corrosion in instances where the water table
is below the top of the pile. In one Army Corp of Engineers Report{” it was observed that corrosion attack
of pilings was low where the majority of the piling was located below tle water table, even when the region
above the water table was in corrosive soils. Again thisbehavior can be explained based on a differential
aeration cell mechanism. With a corrosion cell, the most severe attack occurs where the cathode (oxygen-
rich area) is large and the anode (oxygen-deficient area) is small. This would represent conditions where
most of the piling is above the water table.

Soil Moisture Content

Fully saturated soil below the water table is one extreme in soil moisture content. The other extreme
is dry soil. In the case of general corrosion, there is a maximum in soil corrosivity at an intermediate
moisture content. At low moisture contents, there is insufficient water to support the corrosion process
while, at high moisture contents, oxygen is excluded from the metal surface and corrosion rates are low.®
A pile located below the water table is representative of the latter situation.



Macrocell corrosion also cannot occur at very low moisture contents. However, macrocells can operate
at high moisture contents where stratified soils are present and oxygen can reach the metal surfaces in one or
more soil strata. Since macrocells are responsible for many of the instances of severe corrosion of underground
structures, one would expect a correlation to exist between soil moisture content and underground corrosion.
Such correlations are found in the literature, For example, Booth et al,® found that only resistivity and redox
potential were better predictors of corrosivity than moisture content. Soils containing greater than 20 weight
percent water were considered to be aggressive while those containing less than 20 weight percent were non-
aggressive.

Soil Type

Soil type is also an important factor affecting piling corrosion. This is a broad category that includes soil
particle-size distribution, soil stratification, man-made versus natural soils and cation-exchange capacity. The
classification of soils is based on particle-size distribution. In the Unified Soil Classification System (USCS),
clays are defined as having a grain size of less than 5 pm while silt has a particle size between 5 um and 75 um
and sand has a particle size between 75 pm and 4.75 mm. Because of their small particle size and chemical
properties, clays hold moisture better than silt and sand and tend to be deficient in oxygen. When a pile is
driven through a stratified soil containing layers of clay and silt or sand, the clay strata become the anodes in
the differential aeration cells and the silt or sand become the cathodes. All of the severe cases of piling
corrosion have been observed in stratified soils.

Man-made products such as slag and cinders also were present in the majority of severe cases of piling
corrosion. In those cases, the soils were stratified, with layers of man-made products and clays. The man-
made products are corrosive for a number of reasons; they are porous, allowing oxygen access to the pile, have
low resistivities, and frequently have a low pH.

Disturbed natural soil is relatively less aggressive than man-made products, but can be porous, allowing
oxygen to reach the pile. On the other hand, undisturbed natural soils are relatively non-corrosive, even above
the water table, regardless of the properties.(s) Undisturbed soils are non-corrosive for the same reasons that
corrosion is negligible below the water table. Under these conditions. the soils are deficient in oxygen. It
should be cautioned that this conclusion should be put in perspective. Few pilings are installed in completely
undisturbed soil. Usually, the upper portion of a piling is exposed to some type of fill soil.

Recently, the cation-exchange capacity (CEC) of clays has been shown to affect corrosivity.(lo) The CEC
is defined as the capacity of a clay to attract cations from solution. This phenomenon occurs as a result of the
charge of the clay particles. Long(w) found that the corrosivity of a clay increased with increasing CEC. Clays
that have a high CEC, such as montmorillonite (bentonite), were found to be more corrosive both with respect
to general corrosion and differential aeration cell corrosion. This relationship between CEC and corrosivity
of a clay is not unreasonable in that the ability of a clay to hold moisture and corrosive ions increases with
increasing CEC.

Soil Resistivity

Soil resistivity is generally considered to. be a significant factor in underground corrosion of steels.
Romanoff! " reported that, in one study, 57% of a pipeline in 1000 ohm-cm soil required repair while the
repair was limited to about 3% of the pipeline in 11 500 ohm-cm soil. Typical guidelines for soil corrosivity,
taken from a text for the Appalachian Underground Short Course are given below:

0 to 1000 ohm-cm Very Corrosive

1000 to 2000 ohm—cm Corrosive

2000 to 10 000 ohm-cm Mildly Corrosive

above 10 000 ohm-cm Progressively Less Corrosive



Long(3) investigated the macrocell corrosion of steel pilings and concluded that where severe corrosion
occurred, contiguous layers of soil had resistivities below 1000 ohm-cm.

Soil resistivity affects corrosion in several ways. Low resistivity soils generally contain high
concentrations of soluble salts. The anions in the salts attack protective oxide films on the steels, accelerating
the rate of the electrochemical reactions at the metal surface. Ionic current flow in the soil must occur for
macrocells to develop. Where the soil resistivity is low, the magnitude of this current and the spacial
separation of the anodes and cathodes can be larger. Thus, macrocell corrosion rates can be higher and a larger
area of the pile can be affected.

Seil pH

Like resistivity, soil pH is considered to be one of the primary controlling factors in underground
corrosion. In low-pH environments, the protective corrosion product films on steel are destabilized, resulting
in localized corrosion or accelerated general corrosion. Where the pH is below about 4, rates of hydrogen ion
reduction are sufficiently high to increase rates of corrosion. On the other hand, steel develops protective
passive films in alkaline environments. As is the case with soil resistivity, there is a lot of scatter in corrosion
rate data and all of the known factors must be considered. For example, Table D-1 shows that high rates of
corrosion of pilings have been observed in pH 9 soils,

A simple analysis was performed to examine the combined effects of pH and resistivity on corrosion of
piles in soil above the water table. Data were obtained from Table D-1 and Romanoff.'” Included in the
analyses were cases where negligible corrosion was observed. Corrosion rate was plotted as a function of the
product of the pH and the log of the soil resistivity. Results are summarized in Figure D-2. These data show
a trend of decreasing corros1on rate with increasing value of this product but the scatter in the data is large, as
indicated by the low R value for the fitted curve.

The California State DOT has performed a similar analysis for culverts. In California Test 643, a
nomogram is provided for estimating the life from resistivity and pH measurements.

Years to Perforation in Years
(for 52 mil thick culvert) = 13.79 [log,,R ~ Log;, (2160 - 2490 Log,, pH)] 6)

‘A linear corrosion rate is assumed for extrapolation to thicker culverts. The calculated rate from this
equation is about a factor of two higher than that estimated from the linear regression shown in Figure D-2,
assuming that the culvert calculation represents a one- sided corrosion rate. For example, for a pH 7 soil
having a resistivity of 1000 ohm-cm, the culvert equation predicts a time to-perforation of 17.3 years for a 52
mil thick culvert. The linear regression shown in Figure D-2 predicts a perforation in forty-seven years.
However, if one takes the upper bound of the data shown in Figure D-2, the life estimates are much closer.

Soluble Salts

Very little direct data have been obtained on the effect of soluble salts on corrosion of steel pilings in soils.
On the other hand, it is generally recognized that soluble salts are detrimental. These salts decrease the
resistivity of the soil and directly affect the electrochemical reactions at the metal surface. Chlorides promote
the breakdown of the protective corrosion product films on the metal surface while sulfates can encourage the
activity of sulfate-reducing bacteria, which can lead to microbial-influenced corrosion (MIC).

Data showmg the effect of salt content on the resistivity of single salt solutions are shown in
Figure D-3. 9 These data show a systematic trend of decreasing resistivity with increasing concentration for
the calcium sulfate (as sulfate, SO,) and sodium chloride (as chloride, CL) solutions. A similar behavior would
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be expected for more complex salt solutions. Romanoff (1 reported on one study of the effect of chemical
composition of soils, including soluble salts, on the corrosion behavior of an uderground pipeline. It was
found that soil resistivity measurements, made at the same time on the pipeline, were as reliable as the
more detailed chemical analysis in identifying corrosive soils.

Potential and Eh

Correlations have been established between corrosivity of soils and two types of potential
measurements; the free-corrosion potential of the underground steel structure and the soil redox potential
(Eh). The free-corrosion potential of steel is measured by placing acopper—copper sulfate (CCS) reference
electrode in the ground over the structure and measuring the voltage difference between the steel and the
reference electrode using a high impedance voltmeter. Where te soil is stratified, the potential measured
will be some average value. More accurate measurements of the potential of the steel within each stratum
can be obtained by boring down to the stratum and placing a reference electrode close tothe structure. The
corrosion potential of a metal is established by the corrosion kinetics, it represents the potential at which
the sum of the oxidation reactions (metal corrosion and any othe' non-corrosion oxidation reactions on the
metal surface) equals the sum of the reduction reactions (oxygen reduction + water reduction, etc.).

The Eh is measured in a similar fashion, but the patential of a platinum electrode, instead of the steel
structure, is measured. For the Eh measurement, the platinum electrode is placed in the soil stratum of
interest whereas the reference electrode can be placed on the ground surface. The Eh is a measure of the
oxidizing or reducing strength of the soil. Where thesoil is oxidizing (aerobic) the value is more positive
than where the soil is reducing (anaerobic). In unsaturated soil, aerobic conditions prevail and the Eh
values tend to be more positive.

Table D-2 provides guidelines for soil corrosivity based on eiher steel potential or Eh measurements.
The table shows that steel in the most corrosive soils has more negative potentials based on either type of
potential measurement. It should be cautioned that thee guidelines are based on years of experience with
pipelines and other underground structures that typically are above or atthe water table. A negative value
for the Eh or corrosion potential indicates that reducing sites are present and that the likelihoodof corrosion
by a differential

Table D-2. Corrosivity as a Function of Eh of Soif'? or Corrosion Potential of Steel in Soil. ¥

Non-corrosive >400 >-400

Slight 200 to 400 -400 to -500
Moderate 100 to 200 -500 to -600
Severe <100 <-600

aeration cell is high. In this context, these data are consistent with recent data obtained for piles. For
example, Long"? found an excellent correlation between galvanic current and the potential of the clay
layer, as shown in Figure D-4.

On the other hand, the guidelines in Table D-2 should not be applied to piles that are completely
beneath the water table. Under these conditions one would expect negative potential and Eh values yet
negligible corrosion.
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Microbes

The damaging effect of microbial influenced corrosion (MIC) on underground structures such as pipelines
is well established."® Microbes do not directly attack a metal; they promote corrosion by generating corrosive
environments. Although the effect of aerobic, acid-producing, and general anaerobic bacteria are not well-
documented in the literature, sulfate-reducing bacteria (SRB's) are commonly associated with accelerated
corrosion of underground pipelines. The corrosive environment generated by SRB's is reducing and contains
high levels of sulfides. These conditions can exacerbate the development of differential aeration celis. On the
other hand, several studies"™™ have reported high levels of sulfate-reducing bacteria (SRB) on the surfaces
of piles and yet the extent of corrosion was negligible. The regions of the piles analyzed for SRB's were well
below the water table suggesting that MIC, like other forms of corrosion, is not a problem for piles at locations
well below the water table. However, MIC should be considered as a possible contributor to corrosion of piling
at or above the water table.

Stray Current Corrosion

Piling and other underground structures can undergo accelerated corrosion as a result of stray current flow
in the soil.®" This form of corrosion is referred to as stray current corrosion or stray current electrolysis.
Sources of stray current include cathodic protection systems for other structures, direct current (DC) electric
transit systems, mining activity, and high voltage DC electric power lines. DC electric current, flowing parallel
to a structure, will jump onto that structure if that structure has a lower resistance in the direction of the current
flow than the soil. The structure is cathodically protected where the current jumps onto the structure and
corrosion is accelerated where the current leaves the structure. Stray current corrosion is most commonly
observed on structures that have large dimensions in one horizontal direction, such as pipelines. Sheet piling
and other piling that are electrically continuous also can experience stray current corrosion.
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