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FOR EWO RD 	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-

By Staff tice in evaluating and predicting corrosion. A recommended practice for the assessment 
Transportation Research of steel piling in nonmarine applications and a strategic plan to develop means to deter-

Board 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 nonmarmne 
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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CORROSION OF STEEL PILING IN 
NONMARINE APPLICATIONS 

SUMMARY 	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. 
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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 eighttasks: 

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. 

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- 
The technical approach for each task is given below 	tice for (1) assessing the environmental conditions causing 



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 
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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. 

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: 

Buffalo, New York (Buffalo)—Corrosive, 
CC Technologies (CCI) in Dublin, Ohio—Non-
corrosive, and 
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 0, 
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 

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, 
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, 
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 nonmarmne 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 

Rate 
Meisured 

DOT Tndajtion' of C ortoson a I chnaua 

Pipe pile piers in lake/reservoir locations have shown signs of Excavate to expose piles and 
Alberta corrosion at the water line. Not able to coat piles below water line y examine piles visually. Extract 

due to constant levels.  piles for visual investigation. 

CA Corrosion of steel pipe piles exhumed from structure in San 
y 

Visual examinations and ultrasonic 
piles to Francisco Bay area (Attachment A). 

CT Enclosed copies of references regarding corrosion. y eloresearch conducted by R.P. 

GA Steel H-piles in brackish water. y Physical measurements. 

IL Sheet pile walls and piles supporting bridge abutments. y Aware of an FHWA Method. 

No major problems. Do experience corrosion of steel pile at Pulling piles that were installed for 
IA groundline in pile bent type piers; Piles that are not encased in y the purposes of checking on 

concrete or at the bottom of the concrete encasement, corrosion at specific bridge sites. 

KS Very few cases - web rusted through. n - 

MN Corrosion at water line. y Measurements of loss of section 
sing standard technique: 

Nil Corrosion just below 'stub' abutments when soil sloughs from 
n 

There was a report and computer 
program referencing corrosion of 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 n 

+1- years of service. 

OH Just a few projects involving monotube-type capped pile piers. n 

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 n 
through wet/dry cycles, causing corrosion. 

Ontario Have seen minor corrosion damage - visual observation only. n 

PA We have had some casesin limestone with water flow. y We are aware, but have not used. 

TN We have observed corrosion on steel piles that were exposed due to 
n erosion beneath abutment capbeams. This is not a major problem. 

TX Steel H-piling submerged in freshwater with high iron content. n 

TX 
Generally older bridges suffer at ground/water line due to lack of 
maintenance or continual attack over many years. Probably typical y We use visual methods with hand- 

held meas 	ing devices 

wv Settlement of fill under abutment exposed piling. Piling have 
n 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 n 

anaerobic sulfate-reducing bacteria. 

WY 	I Some corrosion and loss of section in high alkaline soils. n 

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 lI—Design Considerations for New Pu- 



ing, and Part 111—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 (1) 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" X 1" X ¼"), 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/CuSO4) 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, 

Medium to fine sand with 12% moisture as deionized 
water, 
—200 mesh bentonite with 24% moisture as 10 ppm 
NaCl water, 
Medium to fine sand with 12% moisture as 10 ppm 
NaCl water, 
CCI (field site) soil (#3, 6'-9' depth) with 3 1 % mois-
ture, as-received, and 
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 El. Photo-
graphs of the soil cells containing soil from the Buffalo and 
CCI 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/CuSO4) and 
+20 mV (Cu/CuSO4) 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. 

1COr = 

	

(1) 
PR 

Where i 0, is the corrosion current in A/cm2, 13 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 El in Appendix E. Analyses of the soils from 
the Buffalo and CCI field sites are given in Tables Fl and 
Gl, 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 E4 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: 

Sand with 12% moisture over bentonite with 24% 
moisture, 
CCT soil (#3, 6'-9' depth) with 3 1 % moisture over sat-
urated CCT soil (#3), and 
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 
CuJCuSO4  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: 

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. 
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. 
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. 

torn of the cells, but approacheci the corrosion rates for 
rings at the top of the soil cells in the Buffalo and CCI 
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 El 1 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 Talel 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, 13a and I3, 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 (13) was calculated 
for the Stern-Geary equation. 

= 
	

(0.) (01) 	 (2) 
2.3(13 + PJ 

Corrosion currents were calculated by dividing the Tafel fac-
tor by PR, in ohms-cm2. 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: 

Buffalo, New York (Buffalo)—Corrosive, 
CC Technologies (CCI) in Dublin, Ohio—Non-
corrosive, and 
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. 

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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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 CuJCuSO4  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/CuSO4  electrode. The potentials of the rings 
also were measured with respect to a platinum electrode. The 

TABLE 2 Analysis of steel used in corrosion probes and 
specification for A36 (K02600) steel 

Elenwst loser Steel Pipe Outer Steel Pipe 7X36 

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 macrocells. 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 Fl 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 F! 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. 
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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 in (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/CuSO4  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 FlO and Fig-
ures F12 through F14, respectively. Figures Fli and F15 
summarize these potentials with respect to Cu/CuSO4  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 Fl 1 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/CuSO4  and Pt electrodes over the exposure period is  

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/CuSO4  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 Gi 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 Gi 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 anaerobic 
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/CuSO4  and Pt, throughout the exposure period, as a func-
tion of depth, are shown graphically in Figures G4 through 
G9 and Gil through G14, respectively. Figures GlO and 
G15 summarize these potentials with respect to Cu/CuSO4  
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 CuJCuSO4  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 
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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 G 18, 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 
corrosivity 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  

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 I. 

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 9(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 Hi 
in Appendix H. Figures Hi 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/CuSO4  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 H 11, respectively, in Appendix H. 
Figures H7 and H12 summarize these potentials with re-
spect to Cu/CuSO4  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 CuJCuSO4  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 CuJCuSO4  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 CuJCuSO4  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 Hi 8  

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: 

Soil pH measurements by three different test methods, 
Effects of shipping delays on soil pH and as-received 
resistivity, 
Effects of sample containment on soil moisture, pH, 
and as-received resistivity, 
Corrosion potentials measured with respect to 
CuJCuSO4  and Pt reference electrodes, and 
Corrosion rates calculated from electrochemical and 
gravimetric data obtained from laboratory soil cells 
with data from field corrosion probes. 

Figures Ii through 13 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 
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1:1 soil: water slurry (ASTM Method D 4972). However, the 
ASTM Method G 51, Standard Test MethodforpH of Soilfor 
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 Ii). 

The data in Figures Ii through 13 further show that pHs 
measured in a soil:0.01 M CaC12  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 14 and 15 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 15 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 

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 17, 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 18 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 115 graphically show the difference in 
corrosion potentials measured with respect to Cu/CuSO4  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/CuSO4  with those measured with 
respect to Pt showed fairly consistent differences during any 
one measurement time, but the magnitude of these differ-
ences changed over 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/CuSO4  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 04, 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. 

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-rn 
(40-ft) wide by 33.5-rn (llO-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 mY, for instance, ECOff  = 

—750 mV shifted to Ecor, = — 450 mY. 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. 

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. 

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. 
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TABLE 3 Raw data used in the statistical analysis 

Wjoss Sample Qtael Sand 4ns CEC Rca ioñde utfat Molture  

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 5.53 7.3 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 4.97 -677 

6.715 5 72.2 2266 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 	1 2.67 0.31 7.18 	1 11000 8200 10 1 	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: 

Wjoss 	Corrosion rate calculated from weight-loss measurements, mpy 
Sample 	Sample number from Tables Fl, Gl, and Hi 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/lOOg 
pH 	pH based on ASTM Method D 4972 measured in calcium chloride water 
Res_rec 	Resistivity, as-received, ohm-cm 
Ressat 	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 (fmal measurement) 
Polar 	Corrosion rate calculated from polarization resistance (PR) measurements, mpy (fmal measurement) 
Pot_last 	Corrosion potential, mY, with respect to copper/copper sulfate (CuICuSO4) reference electrode (final measurement) 

Additional predicted variables are 

FITS 1 - Predicted (or Fitted) values for corrosion rates from weight-loss data from the statistical model 
RESII - 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 ()K_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 R2  is very high (96.6%) as well 
is the Adjusted R2  (95.3%) that adjusts the normal R2  for 
the available degrees of freedom. Both pH and chloride are 
significant at the 95 percent confidence level (as seen by 
P :5 0.05). Perhaps even more encouraging are the rela-
tively small residuals from the model. The residuals 
(REST 1) are the difference between the model predicted 
value (FITS 1) 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 (Wjoss) 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 

Wks cltael Sand Phes CC H sj Rfia Ch1otde a1tt Matsia Qa Poln 

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 1 	-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 S Statistical parameters and analysis of variance for 
the model 

1 1 

Constant -17.182 6.625 -2.59 0.049 

Chloride 0.0007608 0.0001859 4.09 0.009 

pH 1 	2.5188 0.9192 2.74 1 	0.041 

S = 0.6526 	R2  = 96.6% R2(adj) = 95.3% 

Analysis of Variance 

Regression 2 60.943 30.472 71.56 0.000 

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 con3puter 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. 

TABLE 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 
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LONG-TERM RESEARCH 
	

REVISED RECOMMENDED PRACTICE 

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 
probes 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 theuse 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." 

Modifications 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 
Proj ect 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 

All water analyses, 
CEC analyses, and 
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 CCTfield 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 

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 

U Cl, ppm (as NaCl) 	 i Data. Cl + SO4  

:::: 

-- 
:::::::  

EEEE 

-... - 

100 	 1000 
	

10000 

Concentration, ppm 

Figure 4. Resistivity as a function of anion concentration of soils sampled at various field 
sites compared with theoretical data plotted for CaSO4  and NaCl solutions at ambient 
temperature. 
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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  

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 
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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. 



TABLE 7 Evaluation of Recommended Practice for corrosive and non-corrosive pile sites 

Loatiôn 
with 'oiou .11 	1.111 1111111 

Ag Iespeet t $oil Tesisth4ty Thckess iae Liifotm ahrank Coaet 
Latin . Type pfl Lcs % y* C 	RItte C 	e Pdtctiou 

Buffalo, NY (ii) 32 At or Near st/slag/crndcr 9.0 733 32 2.2 Low High Yes 

Hartford, CT (/2) 29 Above clay/coal/ash 3.8 380 65 4.2 High High Yes 

Sparrows Point, MD (13) 18 At or Near slag/sand/cinder 3.7 1130 29 4.4 High High Yes 

Boardman, NC (13) 37 At or Below fine sandy loam 3.4 1240 40 1.4 High High Yes 

Sardis Dam, MS (13) - 5 Below riprap/gravel 3.0 610 19 1.7 High High Yes 

Grenada Dam, MS (13) - Above silty sand 6.4 4000 19 3.1 Low Low No 

Stoplog Dam, TX (10) 21 Above silty clay 7.5 150 P 	(50 mils) 2.4 (P)*** Low High No 

Stoplog Dam, TX (JO) 21 Below clay/silty clay 7.2 100 0 0 Low Low Yes 

Minnesota City, MN (10) 29 Above sand 7.2 36000 p (10 mils) 0.3 P Low Low Yes 

Minnesota City, MN (10) 29 Below silty sand 4.7 1860 0 0 Low Low Yes 

Dresback, MN (10) 27 Above sand 7.5 44000 P (55 mils) 2.0 P Low Low Yes 

Dresback, MN (10) 27 Below sand/silt 6.8 3100 P (10) 0.3 P Low Low Yes 

Winona, MN (10) 28 Above sand 7.5 41000 P (55 mils) 2.0 P Low Low Yes**** 

Winona, MN (10) 28 Below silty sand 6.8 2660 0 0 Low Low Yes 

Buffalo, NY (10) 36 Above clay/silty sand 7.8 1610 P (50 mils) 1.4 P Low High No 

Erie, PA (10) 32 Above sand 7.9 23000 P (65) 2.0 P Low Low Yes 

Fairport, OH (10) 30 Above clay/sand/gravel 8.0 4200 - <0.7 Low Low Yes 

Fairport, OH (10) 30 Below clay/sand/gravel 7.2 1120 0 0 Low Low Yes 

* One-Sided Corrosion Rate, mpy *** Maximum Rate of Isolated Pitting 
** Isolated Pitting 	 Isolated pitting is not considered to seriously affect piling life 

t.J 
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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. 

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. 
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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- 

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 R2  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 
anions 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—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 are given below. 
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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  

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. 
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Task 4—Laboratory Support. The purpose of this task 
is to provide technical support to Tasks 2 and 3. The soil sam-
pies 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 ZRAs. 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 
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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- 

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 

YEARS 
1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 

TASK 1 - - + Instrumentation Dovelopment 

TASK 2 
Field Studies 	 • 

TASK 3 
Pile Database 

TASK 4 
Laboratory Support 

TASK 5 
Statistical Modeling - 	 F 

TASK 6 
Marine Applications 	 F 

TASK 7 
Stray Current Corrosion 	 F 	- 

TASK 8 
Recommended Practice Update 

TASK 9 - - - - - - - - - - - 
Analysis/Reporting 

Phase I T Phase 11 T Phase III T Phase v 

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

Year Year Year Year Year Year Year Year Year Year Year Year 
TASKS 

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—StatisticalModeling 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—AnaiysislReporting 40 40 40 40 40 40 4040 80 

TDTAL .83 

. 
2 200 224 

. 
1.3 16 $8 

. 
1$ 

. 
16 

. 
19S.  

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 I 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 IV 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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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 	+ 3e  
Oxygen Reduction 02  + 2H20 + 4e -. 40W  
Water Reduction 2H0 + 2e - H2  + 20W  
Hydrogen Ion Reduction 2H 	+ 2e 	-. H2   
Formation of Rust 2Fe 	+ 3H20 -. Fe203  + 6H  

There are many other possible corrosion products in soil environment, including magnetite (Fe304), iron 
hydroxide (Fe(OH)3), 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 reactionsare 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 presenj 
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 oxygai 
rich layers, such as porcxis sands, become the cathodes. Further discussion of the effects of resistivity and 
other parameters on corrosion is given below. 

Factors Controllina Pilina 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 below the water table, even in corrosive soils. This was 
one of the major conclusions of the original NBS work by Romano# and that conclusion has stood the test 
of time. A recent example is described by Picozzi. 6  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 is readily 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 tIe 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 tie water table, even when the region 
above the water table was in corrosive soils. Again this behavior 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. 8  
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 	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 pm and 75 pm 
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. 5  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. °  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 °  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 2  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. 

Soil 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 corrosion rate with increasing value of this product but the scatter in the data is large, as 
indicated by the low R2  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 [log10R - Log10  (2160-2490 Log10  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 toperforation 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 showing the effect of salt content on the resistivity of single salt solutions are shown in 
Figure D-3."4  These data show a systematic trend of decreasing resistivity with increasing concentration for 
the calcium sulfate (as sulfate, SO4) and sodium chloride (as chloride, CL) solutions. A similar behavior would 
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be expected for more complex salt solutions. Romanoff 11  reported on one study of the effect of choincal 
composition of soils, including soluble salts, on the corrosion behavior of an uiilerground 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 tie 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 other 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 pctential 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 the soil 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 ether 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 the 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 Soii'D or Corrosion Potential of Steel in Soil95  

CORROSIV1TY 
Eh 

mV (SHE) 
CORROSION POTENI1AL 

niV CS) 

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, ongUO)  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 esablished. 16  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 cells. On the 
other hand, several studies 1719  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.'1  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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Case Histories of Significant Piling Corrosion 



Location: 
Date of Examination: 
Date of Installation: 
Age of Pile: 
Steel Type: 
Original Thickness: 
Minimum Thickness: 
Maximum Section Loss: 
Percent Section Loss: 
One-Side Corrosion Rate: 

Location of Maximum 
Corrosion Rate: 

Sweet Home Road Bridge - Buffalo, NY 
June 1988 
1981 
7 years 
Carbon Steel 

Moderate to Heavy Section Loss 

At Transition Between Cinders and Clay in 
Poorly Drained Area 

Soil Properties at Location 
of Maximum Corrosion: 	pH: 	- 

Resistivity: - 
Chlorides: - 
Sulfates: 	- 

Description: In June 1988, the west abutments for the 1-990 ramp over Sweet 
Home Road, Buffalo, New York, were reconstructed. During original 
construction in 1981-1982, cinders were used as lightweight backfill for the 
reinforced earth abutments. Severe corrosion of the reinforcing strips in the 
cinders backfill was observed. The backfill was found to be poorly drained and 
the severity of corrosion increased with moisture content of the backfill. 
During the reconstruction, the cinder fill was removed and the pilings were 
examined. At the transition between the cinder backfill and the in situ clay 
soil, the H-piles showed moderate to heavy section loss. 

Reference: Anon., 1-990 Ramps Over Sweet Home Road: Replacement of 
West Abutments With Reinforced Earth," State of New York, Department of 
Transportation, Soil Mechanics Bureau & Materials Bureau, PIN 5216.24, 
February 1990. 

Case 1 
	

Case 2 

Location: Father Baker Bridge - Buffalo, NY 
Date of Examination: October 1989 
Date of Installation: 1957 (approximate) 
Age of Pile: 32 years 
Steel Type: A-36 Carbon Steel 
Original Thickness: 0.436 inches 
Minimum Thickness: 0.297 inches 
Maximum Section Loss: 0.139 inches 
Percent Section Loss: 32% 
One-Side Corrosion Rate: 2.17 mpy 

Location of Maximum 
Corrosion Rate: 	 At or Near Water Table in Dark Green Slag 

Soil Properties at Location 
of Maximum Corrosion: 	pH: 	9.0-9.3 

Resistivity: 733-1133 ohm-cm 
Chlorides: 	223-267 ppm 
Sulfates: 	115-176 ppm 

Description: In October, 1989, nine piles from the abutments on the Father 
Baker Bridge were removed and examined during a reconstruction project. The 
bridge was located on Route 5 south of Buffalo, NY in Erie County. The piles 
were initially driven through miscellaneous fill including locally produced 
industrial waste, containing cinders and slag. Soil samples were obtained from 
test pits dug adjacent to the piles and analyzed. 

Severe corrosion occurred on some piles with the most significant attack in the 
vicinity of the water table. Other piles experienced much less attack in spite 
of the fact that the results of the analyses of the soils were similar. It was 
concluded that there was not a good correlation between the results of the 
analyses performed (pH, resistivity, chlorides, and sulfates) and the extent of 
corrosion attack. 

Reference: 	S. E. Lamb and 0. E. Picozzi, "Reconstruction of Route 5 Father 
Baker Bridge, Cities of Buffalo & Lackawana, Erie County," State of New 
York, Department of Transportation, Soil Mechanics Bureau & Materials 
Bureau, PIN 5034.43, D500769, February 1990. 



Case 3 
	

Case 4 

Location: 
Date of Examination: 
Date of Installation: 
Age of Pile: 
Steel Type: 
Original Thickness: 
Minimum Thickness: 
Maximum Section Loss: 
Percent Section Loss: 
One-Side Corrosion Rate: 

Location of Maximum 
Corrosion Rate: 

Soil Properties at Location 
of Maximum Corrosion: 

1-84 / 1-91 Interchange, Hartford, CN 
October 1988 
1959 
29 years 
Carbon Steel 
0.375 inches 
0.131 inches 
0.244 inches 
65% 
4.21 mpy 

Above water table in clay with coal/ashes 

pH: 	3.8 
Resistivity: 380 ohm-cm 
Chlorides: - 
Sulfates: 	- 

Location: 
Date of Examination: 
Date of Installation: 
Age of Pile: 
Steel Type: 
Original Thickness: 
Minimum Thickness: 
Maximum Section Loss: 
Percent Section Loss: 
One-Side Corrosion Rate: 

Location of Maximum 
Corrosion Rate: 

Soil Properties at Location 
of Maximum Corrosion: 

Sparrows Point, MD 
November 1960 
1942 
18 years 
Carbon Steel 
0.550 inches 
0.390 inches 
0.160 inches 
29% 
4.43 mpy 

Near Water Table in Slag/Cinder/Fine Sand 

pH: 	3.7 
Resistivity: 	1130-4000 ohm-cm 
Chlorides: - 
Sulfates: 	- 

Description: In 1988, a renovation and enlargement was begun on the 1-84 / 
1-91 interchange in Hartford, CN. The excavation process uncovered the upper 
portions of most of the original piles. At least thirty piles exhibited losses in 
cross section of greater than 30% and losses were as high as 65%. The 
corrosion occurred in a narrow (<1 meter) zone, 1.5 to 5 meters below the 
surface. Above and below this zone, attack was negligible. The soil around 
the attacked piles consisted of layers of natural and man-made materials. The 
most severe attack occurred in a thin layer of clay containing coal and ashes. 

References: R. H Long and F. C. Huang, "Corrosion of Driven Steel Piles," 
Civil Engineering Department, School of Engineering, University of 
Connecticut, Stons, Connecticut, JHR 90-193, May 1990. 

N. D. Greene, R. P. Long, I. Badinter, and P. R. Kambala, "Corrosion of Steel 
Piles," Corrosion/95, Paper No. 17. 

Description: In 1942, several 14 inch x 140 feet H-piles were driven at the 
Sparrows Point Plant of Bethlehem Steel Company. Two piles were extracted 
in November 1960. The area was originally a shallow water marsh which was 
filled with slag and cinders. The pattern and extent of corrosion was similar 
for the two piles. Significant corrosion was confined to two areas; in the 
cinders/slag in the water table zone and at a depth of about 115 feet where the 
piling passed through a sand and gravel bed. Near the water table, average 
reductions in cross section were 14 to 29%. In the deep sand/gravel zone, 
reductions in cross section were 4 to 9%. 

Reference: 	M. Romanoff, "Corrosion of Steel Pilings in Soils," National 
Bureau of Standards Monograph 58, October 1962. 



Case 5 
	

Case 6 

Location: 
Date of Examination: 
Date of Installation: 
Age of Pile: 
Steel Type: 
Original Thickness: 
Minimum Thickness: 
Maximum Section Loss: 
Percent Section Loss: 
One-Side Corrosion Rate: 

Location of Maximum 
Corrosion Rate *: 

Soil Properties at Location 
of Maximum Corrosion: 

Lumber River, Boardman, NC 
December 1958 
1921 
37 years 
Carbon Steel 
0.26 inches 
0.156 inches 
0.104 inches 
40% 
1.41 mpy 

Near Water Table in Gray Fine Sandy Loam 

pH: 	3.4 
Resistivity: 1240 ohm-cm 
Chlorides: - 
Sulfates: 	-  

Location: 
Date of Examination: 
Date of Installation: 
Age of Pile: 
Steel Type: 
Original Thickness: 
Minimum Thickness: 
Maximum Section Loss: 
Percent Section Loss: 
One-Side Corrosion Rate: 

Location of Maximum 
Corrosion Rate: 

Soil Properties at Location 
of Maximum Corrosion: 

Sardis Dam Outlet, Sardis, MS 
October 1959 
1939 
20.5 years 
Carbon Steel 
0.375 inches 
0.304 inches 
0.071 inches 
19% 
1.73 mpy 

In Fill/Riprap about 5 Feet Below Water Table 

pH: 	3.0 
Resistivity: 610 ohm-cm 
Chlorides: - 
Sulfates: 	- 

Description: In 1958, 120 piles were removed from a bridge support over the 
Lumber River near Boardman, NC. The piles formed a rectangular cofferdam 
for the bridge support structure. The structure was removed in connection with 
road improvements. The piles were interlocking I beams, 8 inch x 20 feet with 
a wall thickness of 0.25 inches. Approximately 2.5 feet of each pile was above 
ground and exposed to partial or total immersion about 50% of the year. The 
highest corrosion rates were in the above ground portions of the piles, with 
wall losses exceeding 76% (one-side corrosion rate of 2.56 mpy). In the below 
ground portion of the pile, the highest corrosion rate occurred directly below 
the soil line, in a gray, fine, sandy loam. 

Reference: 	M. Romanoff, "Corrosion of Steel Pilings in Soils," National 
Bureau of Standards Monograph 58, October 1962. 

* For the below-ground portion of the pile. As described above, the highest 
corrosion rate was found in the above-ground portion of the pile which was 
exposed to seasonal water fluctuations. 

Description: In October 1959, a 19 5/8' wide x 3/8' thick arch-type pile was 
pulled from the Sardis Dam Outlet channel on the Little Tallahatchie River near 
Sardis, Mississippi. The upper soil layer consisted of four feet of riprap fill, 
followed by one foot of gravel, and layered lignite clay and sand below the 
gravel. The water table was above the ground surface elevation. The most 
severe attack (19% section loss) was observed in the gravel bed, five feet 
below the surface. 

Reference: 	M. Romanoff, "Corrosion of Steel Pilings in Soils," National 
Bureau of Standards Monograph 58, October 1962. 



Case 7 

Location: Grenada Dam spiiway, Grenada, MS 
Date of Examination: March 1960 
Date of Installation: October 1948 
Age of Pile.' 11.4 years 
Steel Type: Carbon Steel 
Original Thickness: 0.375 inches 
Minimum Thickness: 0.304 inches 
Maximum Section Loss: 0.071 inches 
Percent Section Loss: 19% 
One-Side Corrosion Rate: 3.11 mpy 

Location of Maximum 
Corrosion Rate*: 	 Above Water Table in Red Silty Sand with 

pieces of gray shale. 

Soil Properties at Location 
of Maximum Corrosion: 	pH: 	6.4 

Resistivity: 4000 ohm-cm 
Chlorides: - 
Sulfates: 	- 

Description: In March 1960, 15' wide X 3/8" thick arch-type piles from the 
wing walls of the upstream wingwalls of the Grenada Dam Spillway, on the 
Yalobusha River, were exposed and examined. About seven feet of the piles 
were exposed and examined, from three feet below the surface to ten feet below 
the surface. The water table was greater than ten feet below the surface. The 
upper soil layer consisted of eight feet of fill soil. This soil was a reddish-
brown, fine, sandy loam with clods of clay. The remaining two feet of soil 
exposed consisted of a mixture of light rust-colored, silty sand with pieces of 
gray shale. The most severe attack (19% section loss) was observed in the 
lower undisturbed soil layer near the interface with the fill soil. 

Reference: 	M. Romanoff, "Corrosion of Steel Pilings in Soils," National 
Bureau of Standards Monograph 58, October 1962. 



APPENDIX E 

Laboratory Soil Cell Data 



Table E-1. Analysis of Sand and Bentonite. 

Soil 

Particle Size Analysis 

(USCS Classification) 
%Gravei I  %Sand '%Fines 

CEC 
meqlIoOg 

pH 

ASTM D 4972 
D1H2O 	CaCl2  H20 

ResIstivity 

(Saturated) 
£3 - cm Corrostvlty 

Soluble Chloride 
mglkg 

AASHTO T 291 

Soluble Sulfate 
rngkg 

AASHTO T 290 
% Moisture 

AASHTO T 265@60°C 

Sand 0.00 99.62 0.38 0 3.04 3.23 7,300 Mildly Corrosive 27 120 0 

Bentonite 0.00 0.00 100.00 76 7.42 7.52 230 Very Corrosive 1,133 197 3.99 

Table E-2. Soil Cell Data For Sand and Bentonite. 

- - - Polarization Resistance Coupon Wt. Potential, my (CCS) 
£3 - cm2  (mpy) Loss  

Mstr. Mstr. 9/13196 9/20/96 9/26196 10)3/96 1014/96 10110/96 10/17/96 1116/96 12/6/96 12/6/96 I13I96 9/20196 9/26/96 10/3/96 10/4/96 10/10/96 10I17/96 11/6/96 12/6196 
Soil % Comp. 1 Day 8 Days 14 Days 21 Days 22 Days 28 Days 35 Days 55 Days 85 Days 85 Days I Day 8 Days 14 Days 21 Days 22 Days 28 Days 35 Days 55 Days 85 Day 
Sand 12 Dei6nizec 7,418 371,318 470,762 660,514 - 873,211 1,072,794 2,390,220 - 0.71 -660 -522 -491 -475 - -472  -433 - 

.1. Water (1.98) (0.04) (0.03) (0.02) (0.02) (0.01) (0.006) 
0 

Sand 12 10 ppm 193,731 287,537 330,344 - 400,702 515,465 428,099 283,336 5,083,57 1.14 -666 -545 -513 - -490 -481 -457 -441 -426 
J. NaCl (0.08) (0.05) (0.04) (004) (0.03) (0.03) (005) (0.003) 

5.4 
Bentonite 24 Deionizec 44,787 60,371 56,403 67,883 - 101,795 106,217 125,944 246,272 0.85 -453 -398 -392 -372 - -363 -352 -314 -276 

.i- Water (0.44) (0.32) (0.36) (0.29) (0.20) (0.19) (0.16) (0.08) 
24 

Bentonite 24 10 ppm 75,196 87,704 74,063 - 105,380 136,250 109745 305,558 341,752 0.83 -416 -397 -397 - -359 -356 -334 -269 -116 
J. NaCl (0.26) (0.23) (0.27) (0.19) (0.15) (0.18) (0.06) (0.06) 

18 



Table E-3. Soil Cell Data From Soil Sampled at the Buffalo Site. 

Soil Mstr.  

Polarization Resistance 
- cm2  (m y) 

Coupon Weight 
Loss (mpy)  

Potential, mY (CCS) 

0113/96 9/20/96 9/26/96 10/4/96 10110/96 10117/96 1116196 12/6166 9/196 9/20166 9/26166 1014/96 10110196 10/17/96 11/6196 

Sample No. % 1 Day 8 Days 14 Days 22 Days 28 Days 35 Days 55 Days 85 Days 1 Day 8 Days 14 Days 22 Days 28 Days 35 Days 55 Days 

6 12 276,0811 144,277 89,075 100,856 148,885 90,918 88,542 3.77 -864 -865 -862 -847 -854 -847 -836 

1. (0.08) (0.015) (0.25) (0.22) (0.15) (0.24) (0.25) 
5.3 



Table E-4. Soil Cell Data From Soil Sampled From the CCT Site. 

Soil Mstr. 

Polarization Resistance 
a - cm2  'mpy) 

Coupon Weight 
Loss (mpy)  

Potential, mV (CCS) 

9/13196 9/20/96 9/26196 10/4196 10/19/96 10/17/96 11/6(96 12(6(96 9/13(96 9/20/96 9126/96 19/496 10/19/96 10/17(96 1116/96 
Sample No. % 1 Day 8 Days 14 Days 22 Days 28 Days 35 Days 55 Days 85 Days 1 Day 8 Days 14 Days 22 Days 28 Days 35 Days 55 Da)1 

3 31 24,735 36,924 30,083 83,963 141,910 220,627 1,173,444 1.95 -812 -807 -812 -797 -783 -749 -560 
.1. (0.82) (0.55) (0.68) (024) (0.14) (0.09) (0.02) 
7 



Table E-5. Laboratory Corrosion Probe Data From Sand/Bentonite Soil. 

- 
- Galvanic Current Polarization Resistance Wt. Loss Potential, mV (CCS) 

iAJ cm2  (mpy)   C - cm2  (mpv)  (mpy)  

Mstr. Depth, 9124196 1014196 10110196 10117196 11/14196 12113/96 1/10197 9124196 1014/96 ioiioias 10/17/96 11114/96 12113/96 1/10/97 1/10/97 9/24/96 10/4196 10/10/96 10/17/96 11114196 12/13/96 1/10/97 

Soil % mm 5 Days 15 Days 21 Days 28 Days 56 Days 85 Days 113 Days 5 Days 15 Days 21 Days 28 Days 56 Days 85 Days 113 Days 113 Days 5 Days 15 Days 21 Days 28 Days 56 Days 85 Days 113 Days 

Sand 12 5.57 - - - - - - - 45 194,000 282,182 172,444 91,294 59,124 49,664 0 418 -527 -475 -503 415 -529 -522 

(32.8) (0.08) (0.05) (0.08) (0.16) (0.25) (0.30) 

Sand 12 17.43 28.36 0 -0.121 -0.347 0.739 1.414 0.236 - - - - - - - 0 - - . - - - 
(13.41) (0) (-0.057) (-0.164) (0.350) (0.699) (0.112)  

Sand 12 30.83 41.13 0.172 0.366 1.175 2.118 6.248 6.479 - - - - - - - 	. 0 - - - - - 
(19.44) (0.081) (0.173) (0.555) (1.002) (2.954) (3.063)  

Sand 12 43.53 288.83 -0.125 0.683 5.054 8.170 12.415 13.802 - - - - - - - 0 

(136.55) (-0.069) (0.323) (2.390) (3.863) (5.870) -6.526  

Benlonite 24 56.97 -662.691 1.503 0.673 .8.153 5.088 12.033 -6.976 - - - - - - - 2.431 - - - - - - 
(-313.307) (0.711) (0.318) (.3.854) (2.406) (5.689) (-3.298)  

Benlonite 24 68.71 2220.14 -5.484 -6.188 4.900 -0.170 -12.970 -0.260 - - - - - - 7.021 - - - - - - 
(1049.64) (-2.583) (-2.926) (-2.316) (-0.080) (.6.132) (-0.123)  

Bentonite 24 80.97 2585.56 4.483 4.470 7.940 -18.689 -24.121 -17.140 - - - - - - 4.803 - - - - - 
(1222.40) (2.120) (2.113) (3.754) (-8.836) (-11.404) (-8.104) 

Benlnnite 24 93.67 - - - - - 690 17,897 10,924 8.123 3,300 1.780 1,810 2.258 410 433 450 -410 7536 -627 -623 I 
(28.8) (1.12) (1.82) (2.44) (6.02) (11.16) (10.97) 

Positive values indicate that these rings were cathodic (non-corroding). 



Table E-6. Laboratoiy Corrosion Probe Data From Soil Sampled at the Buffalo Site. 

Galvanic Current1  Polarization Resistance Weight LosE Potential, mV (CCS) 

iA/cm2  (mpy) Cl - cm2  (mpy) (mpy) 

9/25196 10/4/96 10/10/96 10/17/96 11/14/96 12/13/96 1110/97 9/25196 10/4/96 10/10196 10117/96 11114196 12/13/96 1/10197 1/10/97 9/25/96 10/4/96 10/10/96 10I17I96 11/4/96 12113196 1/10/97 Soil Mstr. Depth, 

SampleNo. % mm 6Days 15Days 21 Days 28Days 56Days 85Days 13Day 6Days 15Days 21 Days 28Days 56Days 85Days 13Day 113Days BDays 15Days 21 Days 28Days 56 Days 85Days 113Days 

8 12.6 6.46 - - - - - - - 332500 7,980 5,503 4,092 6,320 7,785 8,992 

(0.067) (2.78) (4.04) (5.43) (3.52) (2.85) (2.47) 5.639 -788 -602 -589 -591 -613 -607 -598 

8 12.6 17.22 3.864 6.003 12.239 -17.295 17.161 24.230 17.862 - - - .. .- - . - - - - - -. 

(1.827) (2.838) (5.786) (-8.177) (8.113) (11.455) (8.445) 1.900 

8 12.6 30.38 1.467 2.876 -6.298 14.510 12.950 17.343 12.812 - 
1 

- 
(0.694) (1.360) 0.276) (6.860) (6.122) (8.199) (6 1.380 

8 	. 12.6 43.25 19.716 13.345 30.685 7.941 -3.647 -8.769 -7.041 - - 
(9.321) (6.309) (14.507) (3.754) (-1.724) (-4.146) (-3.329) 4.915 

9 32 55.61 -29.117 -17.638 -31.245 -25.852 -10.096 -16.034 -6.858 - - 
(-13.766 (-8.339) (-14.772) (-12.222) (-4.773) (-7.581) (-3.242) 6.305 

9 32 68.16 4.255 1.904 -6.763 -2.616 -6.522 -8.796 -9.386 - - - - - - - - - - - - -. 
(2.012) (0.900) (-3.198) (-1.237) (-3.084) (-4.159) (-4.438) 4.751 

9 32 81.88 -1.626 -3.672 -10.252 -8.771 -8.802 -10.305 -11.657 - - . .. 
______ (-0.769) (-1.736) (-4.847) (-4.147) (-4.161) (-4.782) (-5.511) 5.565 

9 32 93.72 - - - - - - - 

... 

25,379 1,963 1,863 1,155 3,067 3,505 2,003 
(0.088) (11.32) (11.93) (19.24) (7.25) (6.34) (11.09) 2.259 -827 -662 -710 -672 -767 -804 -761 

1 
Positive values indicate that these rings were cathodic (non-corroding). 



Table E-7. Laboratory Corrosion Probe Data From Soil Sampled at the CCT Site. 

Oolvonlc C,renl' POlo1ot/on Rooitofloe Wt. Loon Poteotll, oV (CCS) 

Soil sA/ o' 	(ropy) 0- cnrr (rrrpy) (rrrpy) 

8.n,ple Moir. D.pth 9/25/96 1014196 10110196 10117196 11114196 11/27/96 12/13/96 1/10/97 9/25/96 1014196 10/10/96 18/17196 11114106 11/27/96 12113106 1/10107 1/10/97 9/25190 1014/98 10/10/96 10/17/96 11/14196 11/27/96 12113196 1110/97 

No. 16 rrnn 5 Doy. 14 Doy. 20 DOy.  27 Doy. 55 Soy. 68 Soy. U Soy. 112 Soy. 5 Soy. 14 Soy. 20 Soy. 27 Soy. 55 Soy. 08 Soy. 84 Soy. 112 Soy. 112 Soy. 5 Soy. 14 Soy. 20 Soy, 27 Soy. 55 Soy. 68 Soy. 04 Soy. 1/2 Soy. 

3 31 4.45 - - - - - - - - 5,172 7.943 5,233 4,633 6,178 7.539 7,669 8.554 2.359 -740 .741 -700 .714 -754 -763 -771 -769 
(3,93) (2.56) (3.88) (4.39) (3.29) (2.70) (2.65) (2.36) 

3 31 14.73 2.400 1.383 2.735 3.986 1.673 1.145 1.495 0.770 - - - - . - - - 1.171 _757 . . . . _ - - 

3 31 25.51 4.180 1.418 3.499 6.976 1,974 1,511 1.259 0,879 . . - . . - . - 0.991 .762  

3 3/ 41,19 -0.538 -0.481 -0.401 4.485 -0.552 0096 -1,039 0.842 - - - - - - - - 1.704 -791  

3 Sot 45.80 0.209 3.441 2.005 -2.445 -1.455 -1.195 -1.139 -1.022 - - - 
--- - ------------------------ 

- . - - - 1,671 .789 - - - - - - - 

3 Sot 56.34 -2.739 -2.793 4.149 -3.491 -1.243 -1.141 -1.128 -0.943 - - - - - - - - 1,765 .803  

3 Sot .2.834 -3.997 -3.791 -1,130 -0.760 -0.257 -1.063 - - - - - - - - 2.039 -806 - - - - - - t [4-1.340) J0 (-0,534) /.8.l - 
3 St - - - - - - - 3.057 6,268 6,190 6,794 8,843 7.115 9.787 1,997 I.A. -808 -807 -809 -800 -820 -826 -832 -801 

1  Positive values indicate that these rings were cathodic (non-corroding). 



Table E-8. 	Tafel Slopes and Factors Determined from Anodic and Cathodic Potentiodynamic 
Polarization Curves. 

-SoiI 

Sample Moisture, 

TeISlo&1) 

Tafel 
Fáctr 

E mV 

Anodic 
ure 

Cathodic 
Curve  

Sand - 12 0.156 0.128 0.031 -688 -662 

Bentonite - 24 0.213 0.177 0.042 -463 -463 

Buffalo 6 12 0.193 0.251 0.047 -802 -807 

CCT 2 30.8 0.157 0.265 0.043 -788 -787 

LaGuardia 8 17.6 0.204 0.196 0.043 -606 -619 

Literature references indicated that 13a = Pc  = 0.120 volts/decade. 
Literature references indicated a value of 0.026. 
EC  = Corrosion Potential. 



Figure E- I. 	Photographs of Soil Test Cells Containing Bentcnite (Left) and Sand (Right) Used for Polarization Resistance Measurements. 
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Figure E-2. 	Photographs of Soil Test Cells Containing Soil from the Buffalo, New York Field Site (Left) and CC Technologies Field Site (Right) Used 
for Polarization Resistance Measurements. 
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Figure E-4. 	Photograph of Laboratory-Sized Corrosion Probe for Galvanic Current Measurements. 
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Figure E-6. 	Galvanic Currents as a Function of Depth and Time, for Coupled Laboratory Corrosion Probe Rings, in Sand and Bentonjte. 
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Figure E-7. 	Galvanic Currents as a Function of Depth and Time, for Coupled Laboratory Corrosion Probe Rings, in Soil Sampled from the Buffalo 
Site (Soil Samples #8 and #9). 
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Figure E-8. 	Galvanic Currents as a Function of Depth and Time, for Coupled Laboratory Corrosion Probe Rings, in Soil Sampled from the CCT Site 
(Soil Sample #3). 
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Figure E-9. 	Corrosion Potentials as a Function of Depth and Time, for Laboratory Corrosion Probe Rings, in Sand and Bentonite. 



50 

0 

—50 

—100 

—150 

—200 

—250 

c-) —300 

—350 

—400 

—450 

—500 
41 

—550 

—600 

—650 

—700 

—750 

—800 

—850 
—94 	 —6 

Depth, millimeters 

Figure E-10. 	Corrosion Potentials as a Function of Depth and Time, for Laboratory Corrosion Probe Rings, in Soil Sampled from the Buffalo Site (Soil 
Samples #8 and #9). 
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Figure E-1 1. 	Corrosion Potentials as a Function of Depth and Time, for Laboratory Corrosion Probe Rings, in Soil Sampled from the 
CCT Site (Soil Sample #3). 
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Figure E-12. 	Potentiodynamic Polarization Curves for Sand Containing 12% Moisture. 
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Figure E-13. 	Potentiodynamic Polarization Curves for Bentonite Containing 24% Moisture. 
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Figure E-14. 	Potentiodynaniic Polarization Curves for Soil Sampled at the Buffalo Site (Sample #6) Containing 12% Moisture. 
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Figure E-15. 	Potentiodynamic Polarization Curves for Soil Sampled at the CCT Site (Sample #2) Containing 30.8% Moisture. 
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Figure E-16. 	Potentiodynamic Polarization Curves for Soil Sampled at the LaGuardia Site (Sample #8) Containing 17.6% Moisture. 
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Table F-i. Analyses of Soil Sampled at the Buffalo, New York Site. 

Sample 

Number 

Field 

Sample 

Identity 

Depth, 

Feet 

Depth, 

Inches 

Description 

Particle Size Analysis 

(USCS Classification) CEC, 

g' 

pH Resistivity, )-cm 

Corrosivity' 

Soluble Chloride,0  

mglkg 

AASHTO 1291 

Soluble Sulfate, 

mgikg 

AASHTO 1290 

/. Moisture 

AASHTO 1265 

@ 60°C 

ASTM 
G51 

ASIM D 4972 As- 

Received Saturated %Gravel I %Sandl %Fines DiHO1  CaCI, H00 

1 691 0.0- 1.5 18 Gravol and Sand. 43.65 48.41 7.94 2.80 7.7 8.24 7.30 12,000 1,120 Corrosrve 93 60 9.07 

2 BS2T 1.5-3.0 23 Top5uIo:coanoirwnnd. 68.82 26.85 4.33 2.89 8.4 8.30 7.49 9,080 1,258 Corrosive 82 65 7.04 

3 BS2B 1.5-3.0 36 Bottonl3utoan,pin; tinar-groinad. 55.47 40.33 4.20 6.56 7.6 8.24 7.91 434 111 Very Corrosive 2163 194 12.74 

4 BS3 3.0-4.5 54 Mioedlit, cobble, gruvnl.oand,brivk&glou, 35.17 57.99 6.84 3.76 7.8 8.25 7.95 110 420 Very Corrosive 5593 260 10.22 

5 694 4.5-6.0 72 Mio,d lit, travel. cinders, olag&oond 72.20 22.66 5.14 4.51 7.7 8.39 8.00 127 120 Very Corrosive 5065 215 26.87 

6 BS5 1 	6.0-7.5 90 Miundlill,gruvol, cinders. nlag&b,ivk 83.62 1 14.651 1.73 1.56 Toorock 8.30 8.20 1 	1,150 348 Very Corrosivc 2261 724 12.00 

7 BS6 7.5-9.0 108 Miundlill,cobble, gravel. cinders &sIag 82.081 16.12 1.80 1.87 7.9 8.22 8.12 340 110 Ve,yCorrosiv 2612 1380 15.01 

8 BS7 9.0 - 10.5 126 (WalorlabIe @ 9.21 Miundlill.glaeo,trovel,bnck.vindars & slag 80.94 17.09 1.97 1.87 7.9 8.38 8.22 480 270 Very Corrosive 2781 1249 12.64 

9 BS9 12.0 - 13.5 162 Miood till, cobble, wood, travel, cinders & eand 73.271 23.68 3.05 4.28 Too rocky 7.69 7.65 Already eoloraled 145 Very Corrosive 682 729 32.41 

10 BS1 OT 13.5 - 15.0 167 TopS' of sarople; cindor, gravel and lharuus malarial 62.69 33.44 3.87 5.31 8.2 7.64 7.60 Already oularated 500 Very Corrosive 585 1080 27.50 

11 BS1 OB 13.5 - 15.0 180 eotlon, 13 oleo,nple; cinders, gravel, eand and Snee 14.33 70.14 15.53 9.38 9.1 7.87 7.75 592 725 Very Corrosiv 543 96 17.02 

12 BS11 15.0-16.51 198 Sandand 1mev 1.02 84.11 14.87 6.25 6.7 1 7.92 7.75 580 653 VeryCorrosic 398 96 20.16 

'Contained one large cobble. The cobble in Sample No. 4 was a brick. 
2 Methylene Blue Methenol 

Based on resistivity 

Corrected for moisute content soil 



Table F-2. Analysis of Groundwater Sample Taken at the Buffalo, New York Site. 

Parameter 	' Valup 

pH 7.3 

Conductivity, pS/cm 6.7 

Chloride, mg/L 327 

Sulfate, mg/L 91 

Bacteria, Bacteria/mL (Days) 
General Aerobic >10,000 (2) 
General Anaerobic 1,000 - 10,000 (4) 
Acid-Producing 100 - 1000 (2) 
Sulfate-Reducing 0 (28) 
Iron-Related >10,000 (4) 



Table F-3. Soil Cell Data From Soil Sampled at the Buffalo Site. 

Soil Mstr. 

Polarization Resistance 
- cm2  (mpy) 

Coupon Weight 
Loss (mpy)  

Potential, mV (CCS) 

9/13/96 9/20/96 9/26/96 10/4/96 10/10/96 10/17/96 11/6/96 126/96 9/13/96 9/20/96 9/26/96 10/4/96 10/10/96 10/17/96 11/6/96 
Sample No. % 1 Day. 8 Days 14 Days 22 Days 28 Days 35 Days 55 Days 85 Days 1 Day 8 Days 14 Days 22 Days 28 Days 35 Days 55 Days 

6 12 276,0811 144,277 89,075 100,856 148,885 90,918 88,542 3.77 -864 -865 -862 -847 -854 -847 -836 
.1 (0.08) (0.015) (0.25) (0.22) (0.15) (0.24) (0.25) 

5.3  



Table F-4. Laboratory Corrosion Probe Data From Soil Sampled at the Buffalo Site. 

Galvanic Current1  Polanzation Resistance 	 fi Weightfl Potential, mV (CCS) 

vA/cm2  (mpy) 0 - cm2  (mpy) 	 Loss (mpy) 

Soil Mstr. Depth 9/25/96 	1014/96 	10/10196 	10117/96 	11/14/96 	12/13/96 	1/10/97 9/25/96 	10/4/96 	10/10/96 	10/17/96 	11/14/96 	12/13/96 	1/10/97 	1/10/97 9/25/96 	10/4/96 	10/10/96 	10/17/96 	11/4196 	12/13/96 	1/10/97 

SampleNo % mm 6Days 15 Days 21 Days 	28Days 	56Days 	85Days 	13Day 6Days 115Days 21 Days 	28Days 	56Days 	85Days 	13Day 	13Day 6Days 15Days 21 Days 	28Days 56Days 85 Days 113 Days  

8 12.6 6.46 - - - - - - - 332,500 7,980 5503 4,092 6,320 7,785 8,992 

(0.067) (2.78) (4.04) (5.43) (3.52) (2.85) (2.47) 5.639 -788 -602 -589 -591 -613 -607 -598 

8 12.6 17.22 3.864 6.003 12.239 -17.295 17.161 24.230 17.862 - . .- - - - -, - - - -- - - - 
(1.827) (2.838) (5.786) (-8.177) (8.113) (11.455) (8.445) 1.900 

8 12.6 30.38 1.467 2.876 -6.298 14.510 12.950 17.343 12.812 - -. - 
(0.694) (1.360) (-3.276) (6.860) (6.122) (8.199) (6.057) 1.380 

8 12.643.2519.71613.34530.685 7.941 -3.647 -8.769 -7.041 - - - -- - - - - -. - - - - - 
(9.321) (6.309) (14.507) (3.754) (-1.724) (-4.146) (-3.329) 4.915 

9 32 55.61 -29.117 -17.638 -31.245 -25.852 -10.096 -16.034 -6.858  

(-13.766 (-8.339) (-14.772) (-12.222) (-4.773) (-7.581) (-3.242) 6.305 

9 3268.164.255 1.904 -6.763 -2.616 -6.522 -8.796 -9.386 - - - - - - - - - - .- - - - 
(2.012) (0.900) (-3.198) (-1.237) (-3.084) (4.159) (-4.438) 4.751 

9 32 81.88 -1.626 -3.672 -10.252 -8.771 -8.802 -10.305 -11.657 - - - - - - - - - .- - - 
(-0.769) (-1.736) (-4.847) (-4.147) (-4.161) (-4.782) (-5.511) 5.565 

9 32 93.72 - - - - - - - 25,3793 1,963 1,863 1,155 3,067 3,505 2,003 

(0.088) (11.32) (11.93) (19.24) (7.25) (6.34) (11.09) 2.259 -827 -662 -710 -672 -767 -804 -761 

1 	Positive values indicate that these rings were cathodic (non-corroding). 



Table F-5. Field Corrosion Probe Data From the Buffalo Site. 

Galvanic Current' Polarization Resistance Weight Loss Potential 
pA/cm2  (mpy) - cm2  (mpy) (mpy)  mV (CCS) 

10/15/96 12/3/96 10/15/96 12/3/96 12/3/96 10/15/96 12/3(96 12/3/96 Soil Field Probe Rings 

Sample No. Depth, Inches 1.5 Hours 49 Days 1.25 Hours 49 Days 49 Days 0 Hours 49 Days 49 Days, 1/2 Hour 

4 42.25-46.25 0.652 -1.984 - - 7.69 -480 -682 -685 
(0.308) (-0.938)  

4 46.50 - 50.50 -0.060 0.389 - - 6.97 -492 -673 -674 
(-0.028) (0.184)  

4 50.75 - 54.75 0.757 0.344 29,450 4,467 6.43 -500 -671 -672 
(0.356) (0.163) (0.75) (4.97)  

5 55.00- 59.00 0.157 3.293 - - 5.97 -500 -659 -658 
(0.074) (1.557)  

5 69.25-73.25 -0.187 -1.048 - - 7.46 -540 -694 -697 
(-0.089) (-0.495)  

6 73.50 - 77.50 -0.442 -0.741 - - 5.95 -556 -696 -698 
(-0.209) (-0.350)  

6 77.75-81.75 -0.300 -0.195 50,250 11,552 5.55 -560 -689 -691 
(-0.142) (-0.092) (0.44) (1.92)  

6 82.00 - 86.00 -0.659 -0.606 - - 5.32 -556 -690 -692 
(-0.312) (-0.287) 

1 Positive values indicate that these rings were cathodic (non-corroding). 



Figure F-i. Location of Field Site in Buffalo, New York. 

Figure F-2. 	Plan View of Field Site; Sampling Performed Near Boring NQ 405 by Pier N9  3. 
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Figure F-3. Elevation View of Section A-A Near Pier N2  3. 

Figure F-4. Elevation View of Pier N2  3 and N2  4, North and South. 
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Figure F-5. 	Boring Log for Boring N2  405. 
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Figure F-6. 	Graphical Representation of Soil Analysis Data, as a Function of Depth, for the 
Buffalo, New York Site. 
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Figure F-7. 	Particle Size Distribution, as a Function of Depth, for the Buffalo, New York Site. 
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Figure F-8. 	Corrosion Potentials (Measured with Respect to a Copper/Copper Sulfate Reference Electrode) Immediately After Insertion of the 
Corrosion Probe, as a Function of Depth, at the Buffalo Site. 



Buffalo, New York Probe, 12-3-96, 49 Days 
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Figure F-9. 	Corrosion Potentials (Measured with Respect to a Copper/Copper Sulfate Reference Electrode) After 49 Days of Galvanic Coupling of 
Corrosion Probe Rings, as a Function of Depth, at the Buffalo Site. 
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Figure F- 10. 	Corrosion Potentials (Measured with Respect to a Copper/Copper Sulfate Reference Electrode) After 30 Minutes of Depolarization 
Following 49 Days of Galvanic Coupling of Corrosion Probe Rings, as a Function of Depth, at the Buffalo Site. 
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Figure F-il. 	Corrosion Potentials (Measured with Respect to a Copper/Copper Sulfate Reference Electrode) of Corrosion Probe Rings, as a Function 
of Depth and Time, for the Buffalo Site. 
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Figure F-12. 	Corrosion Potentials (Measured with Respect to a Platinum Electrode) Immediately After Insertion of the Corrosion Probe, as a Function 
of Depth, at the Buffalo Site. 
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Figure F-13. 	Corrosion Potentials (Measured with Respect to a Platinum Electrode) After 49 Days of Galvanic Coupling of Corrosion Probe Rings, as 

a Function of Depth, at the Buffalo Site. 
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Figure F- 14. 	Corrosion Potentials (Measured with Respect to a Platinum Electrode) After 30 Minutes of Depolarization Following 49 Days of Galvanic 
Coupling of Corrosion Probe Rings, as a Function of Depth, at the Buffalo Site. 
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Figure F- 15. 	Corrosion Potentials (Measured with Respect to a Platinum Electrode) of Corrosion Probe Rings, as a Function of Depth and Time, for 
the Buffalo Site. 
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Figure F-16. 	Companson of Conosion Potentials Measured with Respect to Copper/Copper Sulfate (CCS) Reference Electrode with Potentials Measured 
with Respect to Platinum (Pt) Electrode Immediately After Insertion of the Corrosion Probe, as a Function of Depth, at the Buffalo Site. 
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Figure F-i 8. Galvanic Currents 1.5 Hours After Coupling Corrosion Probe Rings, as a Function of Depth, at the Buffalo Site. 
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Figure F-19. Galvanic Currents 49 Days After Coupling Corrosion Probe Rings, as a Function of Depth, at the Buffalo Site. 



Galvanic Current 
500 

450 

400 

350 

300 

250 

200 

150 

100 

50 

0 

—50 

—100 

—150 

—200 

—250 
	10/15/96, 0 Hours 

—300 
	12/03/96, 49 Days 

Buffalo, New York Field Site 

—84 	—80 	—7.6 	—71 	—57 	—53 	—49 	—44 

Depth, inches 

Figure F-20. Galvanic Currents of Coupled Corrosion Probe Rings, as a Function of Depth and Time, for the Buffalo Site. 
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Figure F-2 1. 	Comparison of Corrosion Rates Calculated From Polarization Resistance (PR), Weight-Loss (W. Loss), and Galvanic Current 
Measurements of Field Corrosion Probe Rings, as a Function of Depth, at the Buffalo Site. 
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Figure F-22. 	Comparison of Corrosion Rates Calculated From Laboratory and Field Polarization Resistance (PR), Weight-Loss (WL), and Galvanic 
Current (GC) Measurements, with Soil Sampled at the Buffalo Site. 
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Table G-1. Analyses of Soil Sampled at the CCT Site. 

Sample 
Number 

Field 

Sample 
identity 

Depth, 
Feet 

Depth, 
inches 

Description 

Particle Size Analysis 	
1 

(USCS Classification) 	j 
% Gravell% Sandl% Fines] 

CEC, 

meqtlOO g 

pH 

ASTM

4Ca

ASTM 04972 
G51 	D1HC12I-isCj 

j 	ResIstivity, fl-cm 

As- 
Received Saturated Corrosivity4 

Soluble Chloride,5 

mg/kg 
AASHTO T 291 

Soluble Suitate,5 

mg/kg 
AASHTO 1290 

% Moisture 

AASHTO 1265 

@ 60°C 

1 CCTI 0.0-3.0 36 Sand 17.92 74.96 7.12 9.10 6.5 7.05 6.47 1,900 1,980 Oorrosive 16 44 25.66 

2 CQT2 72 Sand 23.15 63.12 13.73 4.88 6.4 7.28 7.12 6,900 2,550 MiidlyCorrosive 24 35 11.82 

 CCT3T ~6.O-  108 (Top) Water Table C 	6 tee Sand 11.91 77.53 10.56 5.53 6.4 7.53 7.30 (-f 2,220 Mildly Corrosive 6 56 30.81 

 CCT3B 6.0-9.0 108 (Bottom)Sand - - - - ND. ND. N.D. 4,800 ND. MildlyCorrosive N.D. N.D. 16.29 

1 Only resistivity and % moisture measured on samples taken from the top and bottom of CCT3. 
2 Methylene Blue Method 

Top portion of soil already saturated. Bottom portion appeared drier, so resistivity performed only on as-received sample. 
" Based on resistivity 

Corrected for moisture content of soil. 
6 N.D. = Not Determined 



Table G-2. 	Analysis of Groundwater Taken at the CC Technologies Site. 

Parameter Value 

pH 6.8 

Conductivity, pS/cm 1.4 

Chloride, mg/L 12 

Sulfate, mg/L 62 

Bacteria, Bacteria/mL (Days) 
General Aerobic >10,000 (2) 
General Anaerobic 1,000 - 10,000 (2) 
Acid-Producing 100 - 1000 (2) 
Sulfate-Reducing 1 - 10 (13) 
Iron-Related >io,000 (2) 



Table G-3. Soil Cell Data From Soil Sampled From the CCT Site. 

- Poladzatton Resistance 
-cm2  (mpy)  

Coupon Wgt. 
Loss (mpy) 

Potential, mV (CCS) 

Soil Mstr. 9/13196 9/20/96 9/26/96 1014/96 10/10/96 10/17196 11I6I96 12/6196 9113/96 9/20/96 9/26/96 10/4/96 0/10/96 10/17/96 11/6/96 
Sample No. % 1 Day 8 Days 14 Days 22 Days 28 Days 35 Days 55 Days 85 Days 1 Day 8 Days 14 Days 22 Days Days 35 Days 55 Days 

3 31 24,735 36,924 30,083 83,963 141,910 220,627 1,173,444 1.95 -812 -807 -812 -797 -783 
[28 

-749 -560 
.1. (0.82) (0.55) (0.68) (0.24) (0.14) (0.09) (0.02) 
7 



Table G-4. Laboratory Corrosion Probe Data From Soil Sampled at the CCT Site. 

- - 
- Galvanic Current' Polarization Resistance Wt.Loss Potential. my  (CCS) 

Soil jW cm' (mpy) 03- cm' (mpy) (mpy) 

Sample M.tr Depth 9125196 10/4/96 10110196 10/17/96 11114196 11121/96 12113196 1/10/97 9/29196 10/4196 10/10196 10/17/96 11114196 11/27/96 12/13/96 1/10/97 1/10197 9/25/98 10/4/96 10/10196 10/17/96 11/14196 11121/96 12/13196 1/10/97 

N.. % em. 5 Day. 14 Day. 20 Day. 27 Day. 55 Day. 68 Day. 84 Day. 112 Day. 5 Day. 14 Day. 20 Day. 27 Days 55 Day. 68 Day. 84 Day. 112 Day.  112 Day. 5 Day. 14 Day. 20 Day. 27 Day. 55 Day. 69 Day. 84 Days 112 Day. 

- 5.172 7,943 5,233 4.633 6,178 7.539 7.669 8,554 2.359 -740 -741 -700 -714 -754 -763 -771 -769 
3 31 445 - - - - - . 

(3.93) (2.56) (3.86) (4.39) (3.29) (2.70) (2.65) (2.38) 

3 31 I4.73 2.400 1,383 2.735 3.986 1,673 1.145 1.495 0770 - - - - - - - - 1.171 457 - 

(1.135) (0.654) (1.293) 1,865) (0.791) (0.541) (0.707) (0.364) 

3 31 25.51 4.180 1.418 3.499 6.976 1.974 1.511 1.259 0.879 - - - - - - - - 0.991 -762 - - - - - - - 
1 	

(1.976) (0.671) (1.854) (3.298) (0.933) (0.714) (0.565) (0.416) 

3 31 41.19 -0.536 -0.481 -0.401 -1 465 -0.552 0.096 -1.039 0,842 - - - - - - - - 1.704 -791 - - - - - - - 

(-0.254) (-0.228) (-0.190) (.0.702) (-0,261) (0.045) (-0.491) (0.398) 

3 Sat 45.80 0,209 3,441 2,005 -2.445 -1.455 -1.195 -1.139 -1.022 - - - - - - - - -789 - - . - - - - 

(0.099) (1.627) (0.948) (-1,156) (-0.688) (-0.565) (-0.539) (-0.483) 

3 Sat 56,34 -2.739 -2.793 -4,149 -3.491 -1.243 -1.141 -1.128 -0.943 - - - - - - - -  .803  

(-1.295) (-1 320) -1.961) (-1,851) (-0 588) (-0,539) (-0.533) -0.446) 

P2.O38 
3 Sat 66.30 -2.497 -2.834 -3.997 .3,791 -1.130 -0.780 .0,257 -1.063 - - - - - - - -  -806 

(-1.180 (-1.340) (-1.890) (-1.792) (-0.534) (-0.359) (-0.121) (-0.502) 

3 Sat 7604 - - - - - - - - 3,057 6,288 8.190 6,784 8,643 7,115 9,787 1,997  -808 -807 -809 -800 -820 -826 -832 -801 

(8.65) (324) (3.28) (3.00) (230) (2,86) (2.08) (10.18) 

Positive values indicate that these rings were cathodic (non-corroding). 



Table G-5. Field Corrosion Probe Data From CCT Site. 

Galvanic Current1  Polarization Resistance Wt. Loss Potential, mV (CCS) 
pAl cm2  (mpy) f2- cm2  (mpy) (mpy)  

10/3196 10/30/96 11127/96 1/2197 1/30/97 10/3/96 1/2/97 1/30/97 1(30/97 10/2/96 10/3/96 1/2/97 1(30/97 1(30/97 Soil Field Probe Rings 

ample No Depth, Inches 24 Hours 26 Days 56 Days 92 Days 120 Days 4 Hour 92 Day .  20 Day 120 Days 13 Hour 124 Hours 92 Day 20 Day 120 Days, 1 Hour 
2 44.50-48.50 0.493 0.196 0.142 0.108 0.087 - - - 0.350 -203 -132 -114 -118 -118 

(0.233) (0.093) (0.067) 0.051) (0.041) 

2 48.75-52.75 0.058 -0.008 0.007 0.010 0.007 - - - 0.280 -212 -135 -117 -120 -121 
(0.027) (-0.004) (0.004) (0.005) (0.008) 

2 53.00-57.00 -0.056 0.064 0.022 0.010 0.006 8204 32816 34,359 0.257 -201 -137 -118 -120 -121 
(-0.026) (0.030) (0.011) (0.005) (0.003) (2.48) (0.62) (0.59)  

2 57.25-61.25 -0.131 0.086 0.016 0.005 0.004 - - - 0.187 -212 -139 -118 -121 -121 
(-0.062) (0.041) (0.008) (0.002) (0.002) 

2 70.75-74.75 -0.127 -0.091 -0.045 -0.034 -0.026 - - - 0.315 -213 -140 -120 -122 -123 
(-0.060) (-0.043) (4021) (4016) (4012) 

3 75.00-79.00 -0.012 -0.084 -0.054 -0.045 -0.041 - - 0.268 -210 -139 -121 -123 -124 
(4006) (4040) (4026) (4021) (-0.019) 

3 79.25-83.25 -0.167 -0.074 -0.039 -0.034 -0.026 12,864 27,916 38,953 0.304 -216 -141 -120 -123 -123 
(4079) (4035) (4018) (4016) (-0.012) (1.58) (0.73) (0.52) 

3 83.50-87.50 -0.139 -0.101 -0.054 -0.041 -0.032 - - - 0.210 -212 -141 -120 -123 -123 
(4066) (4048) (4026) (4019) (4015)  

1 

Positive values indicate that these rings were cathodic (non-corroding). 
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Figure 0-1. 	Schematic of Subsurface Soil Probe. 
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Figure G-2. 	Graphical Representation of Soil Analysis Data as a Function of Depth for the CCT Site. 
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Figure G-3. 	Particle Size Analysis as a Function of Depth for the CCT Site. 
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Figure G-4. 	Corrosion Potentials (Measured with Respect to a Copper/Copper Sulfate Reference Electrode) 3 Hours After Insertion of the 
Corrosion Probe, as a Function of Depth, at the CCT Site. 
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Figure G-5. 	Corrosion Potentials (Measured with Respect to. a Copper/Copper Sulfate Reference Electrode) 24 Hours After Insertion of the 

Corrosion Probe, as a Function of Depth, at the CCT Site. 
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Figure G-6. 	Corrosion Potentials (Measured with Respect to a Copper/Copper Sulfate Reference Electrode) After 92 Days of Galvanic 
Coupling of Corrosion Probe Rings, as a Function of Depth, at the CCT Site. 
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Figure G-7. 	Corrosion Potentials (Measured with Respect to a Copper/Copper Sulfate Reference Electrode) After 0.75 Hours of 

Depolarization Following 92 Days of Galvanic Coupling of Corrosion Probe Rings, as a Function of Depth, at the CCT Site. 
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Figure G-8. 	Corrosion Potentials (Measured with Respect to a Copper/Copper Sulfate Reference Electrode) After 120 Days of Galvanic 
Coupling of Corrosion Probe Rings, as a Function of Depth, at the CCT Site. 
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Figure G-9. 	Corrosion Potentials (Measured with Respect to a Copper/Copper Sulfate Reference Electrode) After 1 Hour of Depolarization Following 
120 Days of Galvanic Coupling of Corrosion Probe Rings, as a Function of Depth, at the CCT Site. 
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Figure G-1O. Corrosion Potentials (Measured with Respect to a Copper/Copper Sulfate Reference Electrode) of Corrosion Probe Rings, as a 
Function of Depth and Time, for the CCT Site. 
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Figure G- 11. 	Corrosion Potentials (Measured with Respect to a Platinum Electrode) 3 Hours After Insertion of the Corrosion Probe, as a Function of 
Depth, at the CCT Site. 
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Figure G- 12. 	Corrosion Potentials (Measured with Respect to a Platinum Electrode) 24 Hours After Insertion of the Corrosion Probe, as a Function of 
Depth, at the CCT Site. 
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Figure G-13. 	Corrosion Potentials (Measured with Respect to a Platinum Electrode) After 120 Days of Galvanic Coupling of Corrosion Probe Rings, 
as a Function of Depth, at the CCT Site. 
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Figure G-14. 	Corrosion Potentials (Measured with Respect to a Platinum Electrode) After 1 Hour of Depolarization Following 92 Days of Galvanic 
Coupling of Corrosion Probe Rings, as a Function of Depth, at the CCT Site. 
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Figure G- 15. 	Corrosion Potentials (Measured with Respect to a Platinum Electrode) of Corrosion Probe Rings, as a Function of Depth and Time, for 
the CCT Site. 
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Figure G-16. 	Comparison of Corrosion Potentials Measured with Respect to a CopperlCopper Sulfate (CCS) Reference Electrode with Potentials Measured 
with Respect to a Platinum (Pt) Electrode Immediately After Insertion of the Corrosion Probe, as a Function of Depth, at the CCT Site. 
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Comparison of Corrosion Potentials Measured with Respect to a Copper/Copper Sulfate (CCS) Reference Electrode with Potentials Measured 
with Respect to a Platinum (Pt) Electrode 49 Days and 49 Days + 0.5 Hours After Insertion of the Corrosion Probe, as a Function of Depth, 
at the CCT Site. 
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Figure G-18. 	Galvanic Currents 24 Hours After Coupling Corrosion Probe Rings, as a Function of Depth, at the CCT Site. 
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Figure G- 19. 	Galvanic Currents 28 Days After Coupling Corrosion Probe Rings, as a Function of Depth, at the CCT Site. 
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Figure G-20. 	Galvanic Currents 56 Days After Coupling Corrosion Probe Rings, as a Function of Depth, at the CCT Site. 
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Figure G-21. 	Galvanic Currents 92 Days After Coupling Corrosion Probe Rings, as a Function of Depth, at the CCT Site. 
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Figure G-22. 	Galvanic Currents 120 Days After Coupling Corrosion Probe Rings, as a Function of Depth, at the CCT Site. 
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Figure G-23. 	Galvanic Currents of Coupled Corrosion Probe Rings, as a Function of Depth and Time, for the CCT Site. 
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Figure G-24. 	Comparison of Corrosion Rates Calculated From Polarization Resistance (PR), Weight-Loss (W. Loss), and Galvanic Current 
Measurements of Field Corrosion Probe Rings, as a Function of Depth, at the CCT Site. 
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Figure G-25. 	Comparison of Corrosion Rates Calculated From Laboratory and Field Polarization Resistance (PR), Weight-Loss (WL), and Galvanic 

Current (GC) Measurements, with Soil Sampled at the CCT Site. 
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Table H-l. Analyses of Soil Sampled at the LaGuardia, New York Site. 

Sample 
Number 

Field 

Sample 
Identity 

Depth, 
Feet 

- 
Depth, 
Inches 

Description 
] 	Parlicle Size Analysis 	] 

(USCSClasslficallon) 
- 

CEC. 

meg/laO 5 

pH Resistivily. £-cm 

Corroslvlty4  

Soluble Chloride.5  

mg/kg 
AASHTO T 291 

Soluble Sulfate 8  

mg/kg 
j AASHTO T 290 

% Moistre 

AASHTOT265 @ 605C 
FAS11 ASTMD4972 As- 

Received Salurated 
_ 

Gravel I % Sand I % Fines 
_ 
Dl H50 C8CI5H5O 

1 LG1-A 0.0-1.3 15.5 Blacktopeod.eittyeand, gravel 19.63 63.43 16.94 1.56 6.4 6.58 6.79 1 	52,000 6,600 1 MildtoLowCorrov.uty N.D. 68 13.08 

2 LG1-B 1.3-3.0 36.0 Modio,,,endlinessnd 3.03 93.59 3.38 0.62 6.4 7.34 7.20 61,000 15,000 LowCorrosivity N.D. 24 5.87 

3 LG2-A 3.0-4.1 49.4 Mediv,,,andfineeend,sIighlt,avel 3.70 91.29 5.01 0.52 6.1 7.48 7.30 43,000 12,000 LowCorrosivity N.D. 35 6.89 

4 102-C 4.1-5.2 62.0 Meabznandfineeend,ehghtgravel 3.41 94.36 2.23 0.52 6.4 7.51 7.24 64,000 18,000 LowCorrosivity N.D. 38 7.22 

5 LG2-D 5.2-5.9 71.1 Mediurnendfinevand,gravel 6.02 91.86 2.12 0.31 6.6 6.89 7.00 76,000 14,000 LowCorrosivily N.D. 16 6.94 

6 LG2-E ' - Mediorr,endfin.eend.gravol 8.40 83.51 8.09 0.69 6.8 6.93 7.00 83,000 9,000 MiIdloLowCorros6y N.D. N.D. 6.94 

7 LG3-A 5.9 - 7.7 92.1 Wvro, Table ti 92l Media,,, andfine sand, elight grave' 2.34 93.06 1 	4.60 0.41 6.5 7.08 7.00 37,000 8,400 Mdd to 1.5w Corroelviry N.D. 32 9.40 

8 LG3-B 7.7-8.9 107.1 Medion,andlineeend.elightgwvel 1.31 97.33 1.36 0.21 6.3 7.21 7.05 11,000 11,000 LowCorrosivily N.D. 28 17.63 

9 LG4-A 8.9-9.8 117.2 Median,ondflneeund 0.99 96.34 2.67 0.31 6.4 7.29 7.18 11,000 8,200 MildtvlvwCo,rvviv6y N.D. 32 17.89 

10 L64-B 9.8-10.0 120.5 Finecand 0.00 97.35 2.45 IS.°  6.9 7.52 7.32 IS.3  I.S. - N.D. 57 20.27 

11 104-C 10.0- 10.5 125.8 MedlrnnondOnoeond 0.00 90.72 9.27 0.70 6.9 6.88 6.88 1,600 1,300 Corrosive N.D. 815 32.93 

12 L04-D 10.5- 10.9 130.4 Media,,, endtneeand 0.00 98.60 1.40 0.27 6.8 7.36 7.27 12,000 10,000 Low Corroswity ND. 55 20.68 

13 LD4-E 10.9- 11.9 143.1 Modiontandlinecond 0.30 98.54 1.16 0.21 6.8 7.41 7.23 7,100 3,800 Mild Corrosivity ND. 186 17.56 

1 Four, one-inch segments from 3.2 to 3.3 feet, 4.1 to 4.2 feet, 4.5 to 4.6 feet, and 5.2 to 5.3 feet. 
2 Methylene Blue Method 

I.S. = Insufficient Sample 
' 	Based on resistivity 

Corrected for moisture content of soil. 
6 N.D. = Not Detectable, <10 mg/kg 



Table H-2. Field Corrosion Probe Data From the LaGuardia Site. 

Galvanic Current1  Polarization Resistance Weight Loss Potential, mV (CCS) 
jiA/cm2  (mpy) - cm2  (mpy) (mpy)  

Soil Field Probe Rings 10/25/96 214/97 10/25/96 10/25/96 2/4197 2/4/97 10/24/96 10125/96 2/4/97 2/4/97 
ampIe No. Depth, Inches 19 Hours 103 Days 0.5 Hours 19 Hours 103 Days 103 Days 0.5 Hours 19 Hours 103 Days 103 Days, 1/2 Hours 

7 72.00-76.00 0.056 0.134 - - - 1.305 -556 -680 -424 -359 
(0.027) (0.064)  

7 76.38-80.38 0.326 0.657 - - - 0.857 -511 -641 -402 -316 
(0.154) (0.311) 

7 80.75-84.75 0.195 0.375 90,847 110,744 490,244 1.292 -552 -680 -472 -419 
(0.092) (0.177) (0.22) (0.18) (0.04)  

7 85.00-89M0 0.085 0.175 - - - 1.537 -592 -715 -719 -718 
(0.040) (0.083)  

8 98.75- 102.75 -0.172 -2.002 - - - 0.993 -607 -724 -744 -745 
(-0.081) (-0.947) 

8 103.00- 107.00 -0.328 -0.405 - - - 1.006 -618 -731 -743 -746 
(-0.155) (-0.191)  

9 107.25 - 111.75 -0.451 -0.477 8,645 18,918 1,740 0.898 -607 -734 -741 -746 
(-0.213) (-0.226) (2.35) (1.07) (11.68)  

9 111.50-115.50 0.26 -2.256 - - - 0.925 -612 -723 -742 -745 
(0.123) (-1.067) 

1 Positive values indicate that these rings were cathodic (non-corroding). 
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Figure H-i 
	

Graphical Representation of Soil Analysis Data for the LaGuardia Site as a Function 
of Depth. 
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Figure H-2. 	Particle Size Analysis of Soil Sampled, as a Function of Depth, at the LaGuardia Site. 



LaGuardia, New York Probe, 10-24-96, 0.5 Hours 
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Figure H-3. 	Corrosion Potentials (Measured with Respect to a Copper/Copper Sulfate Reference Electrode) 0.5 Hours After Insertion of 

the Qorrosion Probe, as a Function of Depth, at the LaGuardia Site. 
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Figure H-4. 	Corrosion Potentials (Measured with Respect to a Copper/Copper Sulfate Reference Electrode) 19 Hours After Insertion of 
the Corrosion Probe, as a Function of Depth, at the LaGuardia Site. 



LaGuardia, New York Probe, 2/4/97, 103 Days 
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Figure H-5. 	Corrosion Potentials (Measured with Respect to a Copper/Copper Sulfate Reference Electrode) After 103 Days of Galvanic 
Coupling of Corrosion Probe Rings, as a Function of Depth, at the LaGuardia Site. 
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Figure H-6. 	Corrosion Potentials (Measured with Respect to a Copper/Copper Sulfate Reference Electrode) After 30 Minutes of 
Depolarization Following 103 Days of Galvanic Coupling of Corrosion Probe Rings, as a Function of Depth, at the LaGuardia 
Site. 



LaGuardia, New York Field Site 

—450 

(I) 

—500 

—550 

- 	—600 

C 
2 —650 
0 
0 

—700 

—750 

—800 

—850 

10/24/96, 	0 Hours 

10/25/96, 19 Hours 

02/04/97, 103 Days 

UThI 02/04/97, 103 days + 0.5 Hours 

114 	109 	105 	101 	87 	83 	78 	/4 

Depth, inches 

Figure H-7. 	Corrosion Potentials (Measured with Respect to a Copper/Copper Sulfate Reference Electrode) of Corrosion Probe Rings, 

as a, Function of Depth and Time, for the LaGuardia Site. 



LaGuardia, New York Probe, 10-24-96, 0.5 Hours 
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Figure H-8. 	Corrosion Potentials (Measured with Respect to a Platinum Electrode) 0.5 Hours After Insertion of the Corrosion Probe, as 
a Function of Depth, at the LaGuardia Site. 
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Figure H-9. 	Corrosion Potentials (Measured with Respect to a Platinum Electrode) 19 Hours After Insertion of the Corrosion Probe, as a 
Function of Depth, at the LaGuardia Site. 



LaGuardia, New York Probe, 2/4/97, 10 Days 
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Figure H-i 0. 	Corrosion Potentials (Measured with Respect to a Platinum Electrode) After 103 Days of Galvanic Coupling of Corrosion Probe 

Rings, as a Function of Depth, at the LaGuardia Site. 



LaGuardia, New York Probe, 2/4/97, 103 Days 
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Figure H-i i. 	Corrosion Potentials (Measured with Respect to a Platinum Electrode) After 30 Minutes of Depolarization Following 103 Days 
of Galvanic Coupling of Corrosion Probe Rings, as a Function of Depth, at the LaGuardia Site. 
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Figure H-i 2. 	Corrosion Potentials (Measured with Respect to a Platinum Electrode) of Corrosion Probe Rings, as a Function of Depth and 
Time, for the LaGuardia Site. 
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Figure H-i 3. Comparison of Corrosion Potentials Measured with Respect to a Copper/Copper Suttate (CCS) Reference Electrode with 
Potentials Measured with Respect to a Platinum (Pt) Electrode InTnediately After Insertion of the Corrosion Probe, as a Function 

of Depth, at the LaGuardia Site. 
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Figure H-i 4. 	Comparison of Corrosion Potentials Measured with Respect to a Copper/Copper Sulfate (CCS) Reference Electrode with 
Potentials Measured with Respect to a Platinum (Pt) Electrode 49 Days and 49 Days + 0.5 Hours After Insertion of the 
Corrosion Probe, as a Function of Depth, at the LaGuardia Site. 
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Figure H-15. 	Galvanic Currents 19 Hours After Coupling Corrosion Probe Rings, as a Function of Depth, at the LaGuardia Site. 
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Figure H-16. 	Galvanic Currents 103 Days After Coupling Corrosion Probe Rings, as a Function of Depth, at the LaGuardia Site. 
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APPENDIX I 

Data Comparisons at Various Field Sites 
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Figure I-i. 	Comparative pH Data, Using Three Test Methods, for Soil Sampled at the Buffalo Site as a Function of Depth. 
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Figure 1-2. 	Comparative pH Data, Using Three Test Methods, for Soil Sampled at the CCT Site as a Function of Depth. 
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Figure 1-3. 	Comparative pH Data, Using Three Test Methods, for Soil Sampled at the LaGuardia Site as a Function of Depth. 
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Figure 1-4. 	Comparison of Soil pH Measured on Location, at the LaGuardia Site, with Measurements Performed in the Laboratory, Four Days Later, 
Using the ASTM G 51 Test Method. 
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Figure 1-5. 	Comparison of As-Received Soil Resistivity Measured on Location, at the LaGuardia Site, with Measurements Performed in the Laboratory, 
Four Days Later, Using the ASIM G 57 Test Method. 
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Figure 1-6. 	Comparison of Soil Moisture Measured Four Days After Sampling, in Soil which was Encased in Plastic, with Soil which was Double-Bagged 

on Location. Duplicate Samples were Obtained from Borings 30 Inches Apart at the LaGuardia Site. 
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Figure 1-7. 	Comparison of Soil pH Measured Four Days After Sampling, in Soil which was Encased in Plastic, with Soil which was Double-Bagged on 
Location. Duplicate Samples were Obtained from Borings 30 Inches Apart at the LaGuardia Site. 
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Figure 1-8. 	Comparison of Soil pH Measured On Location and Four Days After Sampling, in Soil which was Encased in Plastic, with Soil which was 

Double-Bagged on Location. Duplicate Samples were Obtained from Borings 30 Inches Apart at the LaGuardia Site. 
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Figure 1-9. 	Comparison of As-Received Soil Resistivity Measured Four Days After Sampling, in Soil which was Encased in Plastic, with Soil which was 
Double-Bagged on Location. Duplicate Samples were Obtained from Borings 30 Inches Apart at the LaGuardia Site. 
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Figure 1-10. 	Comparison of Corrosion Potentials Measured with Respect to a Copper/Copper Sulfate (CCS) Reference Electrode with Potentials 
Measured with Respect to a Platinum (Pt) Electrode Immediately After Insertion of the Corrosion Probe, as a Function of Depth, at the 

Buffalo Site. 
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Comparison of Corrosion Potentials Measured with Respect to a Copper/Copper Sulfate (CCS) Reference Electrode with Potentials 
Measured with Respect to a Platinum (Pt) Electrode 49 Days (and After 0.5 Hours of Depolarization) After Insertion of the Corrosion 
Probe, as a Function of Depth, at the Buffalo Site. 
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Comparison of Corrosion Potentials Measured with Respect to a Copper/Copper Sulfate (CCS) Reference Electrode with Potentials 
Measured with Respect to a Platinum (Pt) Electrode 3 Hours and 24 Hours After Insertion of the Corrosion Probe, as a Function of Depth, 
at the CCT Site. 
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Comparison of Corrosion Potentials Measured with Respect to a Copper/Copper Sulfate (CCS) Reference Electrode with Potentials 
Measured with Respect to a Platinum (Pt) Electrode 120 Days (and After 1 Hour of Depolarization) After Insertion of the Corrosion Probe, 
as a Function of Depth, at the CCT Site. 
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Figure 1-14. 	Comparison of Corrosion Potentials Measured with Respect to a Copper/Copper Sulfate (CCS) Reference Electrode with Potentials 
Measured with Respect to a Platinum (Pt) Electrode 0.5 Hours and 18 Hours After Insertion of the Corrosion Probe, as a Function of Depth, 
at the LaGuardia Site. 
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Comparison of Corrosion Potentials Measured with Respect to a Copper/Copper Sulfate (CCS) Reference Electrode with Potentials 
Measured with Respect to a Platinum (Pt) Electrode 103 Days (and After 0.5 Hours of Depolarization) After Insertion of the Corrosion 
Probe, as a Function of Depth, at the LaGuardia Site. 
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Figure 1-16. 	Comparison of Corrosion Rates Calculated from Laboratory and Field Polarization Resistance, Galvanic Current, and Weight-Loss 
Measurements of Soil from the Buffalo Site. 
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Figure 1-17. 	Comparison of Corrosion Rates Calculated from Laboratory and Field Polarization Resistance, Galvanic Current, and Weight-Loss 
Measurements of Soil from the CCT Site. 



APPENDIX J 

Appendix J, "Modeling," is not published herein. Copies may be obtained on request to NCHRP. 

APPENDIX K 

Appendix K, "Final Recommended Practice," is not published herein. Copies may be obtained from 
AASHTO by referencing AASHTO Provisional Standard PP36-97. 
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Justification for Soil Handling, Description, 
and Testing Methodology Modifications 

of AASHTO and ASTM Procedures 



Justification for Soil Handling, Description, and 
Testing Methodology Modifications of AASHTO and ASTM Procedures 

Information in this appendix is the justification and reasoning for selecting and modifying test 
methodology referenced in the AASHTO Standard Recommended Practice for Assessment of Corrosion of 
Steel Piling for Non-Marine Applications. Each topic for discussion references the appropriate section in the 
Recommended Practice. 

1.0 	SOIL COLLECTION (Section 5.2) 

1.1 	The objective of sampling is to obtain a representative portion of the subsurface having the 
orientation, physical, and chemical properties of the in situ soil. The size and type of soil 
samples obtained are dependent upon the type and number of tests to be performed and the 
particle size distribution of the soil. Most of the soil tests outlined in the Practice are 
performed on soil particle sizes less than 4.75 mm (No. 4 sieve). Thus, fewer samples may 
be needed to obtain the required volume of soil necessary for testing than if the -2mm size 
was used as specified in ASTM and AASHTO test methods. 

1.2 	Soil collection methods which cause the least soil disturbance are preferred. Man-made, 
landfill, and non-homogeneous soils have the greatest tendency toward corrosivity. Of 
primary concern are dissimilar soil layers within the vertical soil column which may lead to 
macrocell corrosion (galvanic attack) of bare steel piles. Thus, any soil collection methods 
which would preserve the integrity of soil layers are preferred. 

1.3 	Air is the preferred drilling fluid if split-barrel or core-drilled collection methods are used. 
Drilling muds and water should not be used as these fluids will contaminate the soil by 
dissolving soluble salts which are pertinent to the assessment of soil corrosivity. 

1.4 	Thin-walled tubes should not be coated with oil or any other material which may contaminate 
the soil sample for the same reasons as given in the above paragraph. 

2.0 	SAMPLE REDUCTION (Section 5.4.1) 

2.1 	The purpose of riffling or quartering is to reduce a large volume of soil to a workable volume 
while retaining properties representative of the soil mass. Visual examination, identification, 
and thickness of soil layers should be recorded, resistivity measurements should be made, and 
the pH should be determined, prior to riffling or quartering the sample. 

3.0 	DESCRIPTION AND IDENTIFICATION (Section 5.4.2) 

3.1 	The Unified Soil Classification System (USCS) was chosen because of the greater number 
of subdivisions used to classify coarse-grained particles. From the stand point of corrosion, 
the soil being tested should be representative of the particle size distribution found in the 
field. Thus, the soil test methods outlined in the procedures to follow utilize a particle size 
of less than 4.75 mm (No. 4 sieve) which is the USCS division between fine gravel and 
coarse sand. 

3.2 	The USCS System is used by the American Society for Testing and Materials (ASTM) and 
in many engineering applications. The primary difference between the two systems is the 
subdivision of gravel and sand. AASHTOs gravel (76.2 mm - 2 mm) is subdivided by 
USCS into coarse gravel (76.2mm - 19.05 mm), fine gravel (19.05 mm -4.75 mm), and 

coarse sand (4.75 mm - 2.00 mm). AASHTO's coarse sand (2.00 mm - 425 pim) is 
equivalent to medium sand as defined by the USCS. These differences are illustrated in 
Figure L-1. 

4.0 	pH (Sections 5.2.5.1 and 5.4.4)) 

4.1 	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 uniform 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. 

4.2 	ASTM G 51 Method, Standard Test Method for pH of Soil for Use in Corrosion Testing, is 
recommended for determining the pH of primarily medium- to fine-grained soils. This 
method is designed to be used in the field and relies on a sufficient amount of soil moisture 
being present to achieve stable, accurate pH measurements across the liquid junction of the 
electrode thus it is not reliable for coarse-textured soils. The pH measured by this method 
overestimates the activity of the hydrogen ions in solution due to the excessive soil-particle-
pH probe contact. Thus a lower pH would be expected using this method compared with 
values determined by ASTM Method D4972 and ASTM standards.>'> 

4.3 	ASTM Method D 4972 was chosen to determine the pH primarily of coarse-grained soils 
rather than AASHTO Method T 289 or ASTM Method G 51. The pH value measured with 
this technique should be reduced by 0.5 to 1 pH unit for comparison with pH measured by 
ASTM Method 051. 

4.3.1 	In ASTM Method D 4972, soil pH is measured in both distilled or deionized water 
and in a dilute salt solution. AASHTO Method T 289 uses a 1:1 soil water slurry 
similar to the ASTM Method D 4972, but only measures pH in a deionized/distilled 
water slurry. "Soil pH measured in water is the pH closest to the pH of soil solution 
in the field, but is dependent on the degree of dilution (the soil-to-solution ratio).(Z) 

The dilute salt solution (0.01 M CaCl2) is also used because of the advantages cited 
by Hendershot and Lalande: (1) the pH is almost independent of the soluble salt 
concentration for non-saline soils; (2) because the suspension remains flocculated, 
errors due to the liquid junction potential are minimized; and (3) no significant 
differences in soil pH determination are observed for moist or air-dried soil. 

4.3.2 A decrease of about 0.5 pH units is expected from the test using calcium chloride 
as compared with the pH obtained using deionized or distilled water due to 
displacement of some of the exchangeable aluminum, which then hydrolizes in 
solution. (3) 

4.3.3 ASTM Method D 4972 notes possible interferences to pH measurement due to a 
sedimentation potential or suspension effect, but further states that these effects can 
be mitigated by measuring pH when the electrode is placed in partially settled 
suspension. 

4.3.4 	Particle sizes less than 4.75 mm were chosen rather than the -2 mm size given in 
the ASTM and AASHTO Methods. The larger particle size was selected for the 
following reasons: (1) All other tests are being performed on-4.75 mm particles, 
(2) A limited volume of soil -2 mm may be available in non-homogeneous soils, 
and (3) ASTM Method D 4972 allows for soil fraction with particles larger than 2 
mm as long as the size is stated in the report. 
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Figure L-1 Comparison of USCS and AASHTO Soil Classification Systems. 

5.0 	RESISTWITY (Section 5.4.3) 

5.1 	Soil resistivity is generally considered to be a significant factor in underground corrosion of 
steels. Typical guidelines for soil corrosivity are: 4t 

0 to 1000 ohm-cm 	 Very Corrosive 
1000 to 2000 ohm-cm 	 Corrosive 
2000 to 10000 ohm-cm 	 Mildly Corrosive 
above 10 000 ohm-cm 	 Progressively Less Corrosive 

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

5.2 	ASTM Method G 57, Wenner Four-Pin technique was chosen for all soil resistivity 
measurements. The four-pin technique gives more reliable and consistent measurements 
compared with the results obtained from the two-pin technique described in AASHTO 
Method T 288. The two-pin technique is less accurate because of polarization effects. 

5.3 	ASTM Method G 57 is also preferable to the AASHTO Method due to its simplicity. The 
AASHTO Method requires incremental water additions and resistivity measurements which 
is a time-consuming process. The ASTM Method, on the other hand, is used to measure 
resistivity only on as-received and saturated soils. The saturated resistivity value is used as 
a "worst-case" resistivity value. 

5.4 	Resistivity measurements should be done in the field using the ASTM Method, but samples 
will need to be sent to a laboratory for saturated soil resistivity measurements. 

5.5 	A soil resistance meter which generates a 97 Hz (alternating current) square wave is the 
preferred instrumentation for resistivity measurement. (See Figure L-2 for an example of 
a typical meter.) 
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PROCEDURE FOR MEASURING GALVANIC CURRENTS 
IN A SOIL ENVIRONMENT 5.4 Electrical leads. 

5.5 Boring tool. 

1.0 	SCOPE 
6.0 	USE 

1.1 	This document describes the procedure for measuring galvanic currents with a 
corrosion probe in a soil environment. 6.1 A corrosion probe consisting of several electrically isolated rings is used to measure galvanic 

current. An example of a corrosion probe is shown in Figure M-1. The separate rings 

2.0 	PURPOSE 
enable galvanic current measurements to be performed at various depths in the soil. 
Electrically coupling the rings together serves to simulate a pile extending vertically through 

2.1 	The purpose of this document is to establish a field procedure for measuring the soil. Uncoupling one of the various rings allows characterization of that specific isolated 

galvanic current between corrosive soil layers, as defined from laboratory test area of the simulated pile. The direction of the galvanic current measured between the 

results. The results of the measurements are used to identify potential areas in the isolated ring and the remaining coupled rings indicates whether that area is an anodic or 

soil where severe corrosion may occur in steel piling in contact with those areas. cathodic Site on the simulated pile. 

Long-term measurements are used to help assess the service life of steel piling and 
6.2 The corrosion probe should be used where the steel pile is designed to be at, or extend both 

as an indicator as to when corrosion mitigation procedures should be considered. 
above and below the water table, through soils having test results indicating a moderate to 
high possibility of macrocell corrosion. 

3.0 	SIGNIFICANCE 

3.1 	Corrosion can occur from galvanic current flow on a metallic surface exposed to 6.3 A qualified corrosion specialist should be consulted to assist in probe selection and field 

soil 	layers having differential oxygen concentrations or ionic 	strengths corrosion rate measurements. 

(macrocells). 	Disturbed, non-homogeneous, landfill, man-made, or highly 6.4 Galvanic currents should be measured periodically to ascertain macrocell developmen t. 
stratified unsaturated soils are likely candidates for macrocell development When 
bare steel piles are driven through these types of soil, anodic (corroding) sites 6.4.1 	The frequency of measurements and test duration should be established by the 
develop on the pile adjacent to fine grained, poorly drained, and/or low resistivity person(s) conducting the test on a site-specific basis. 
strata. Likewise, cathodic areas develop on the pile adjacent to coarse-grsinecl, 
well-drained, and/or high resistivity strata. 	Ionic current flow can become 6.4.2 	For long-term corrosion monitoring, repeat measurements periodically, over the life 
significant between the anodes and cathodes and eventually lead to severe of the pile, at intervals to be determined based on the test results.  
corrosion. 	In fact, all of the severe cases of piling corrosion reported in the 
literature have been in highly-stratified soils. Macrocells may also develop in steel 7.0 	PROCEDURE FOR PROBE PLACEMENT  
piling which straddle the water table. 

7.1 Measure the surface area of each probe ring and express the values in square centimeters.  
4.0 	APPLICABLE DOCUMENTS 

7.2 Measure the vertical distance to the top of each probe ring such that the probe may be placed 
4.1 	Schaschl, E. and G. A. Marsh, "Some New Views on Soil Corrosion," Materials Protection, at the desired depth and the depth of each ring is known. 

Vol. 2, No. 11, November 1963, p.  16. 

7.3 Bore a small diameter hole (less than the diameter of the probe) in the soil to within 30cm 
4.2 	Long, R. P., J. Badinter, and P. R. Kambala, "Investigation of Steel Pile Foundation in of the desired depth to aid in probe placement. 

Corrosively Active Areas, "Connecticut Department of Transportation, Report No. JHR 95- 
239, March 1995, pp. 54,92. 7.4 Install the probe in the small diameter hole such that it extends through the most corrosive 

layers, based on the results of the soil analyses. 
4.3 	Appendix P, NCHRP 10-46 Final Report (published herein). 

7.4.1 	A rotary hammer drill has been used successfully to place the probe shown in 

5.0 	EQUIPMENT Figure M-1. The chosen placement technique should not damage the threaded ends 
of the probe or extensions. 

5.1 	Corrosion Probe. 
7.4.2 	Bring electrical leads up through extension joints if required. 

5.2 	Zero resistance ammeter or equivalent. 
7.4.3 	Install a non-metallic test box on top of the last extension joint (if used) to house the 

5.3 	High impedance voltmeter, electrical wires from each of the probe rings. 



8.0 	GALVANIC MEASUREMENTS 

8.1 	Measure the corrosion potential of each probe ring with respect to a reference electrode if 
included in the corrosion probe. (See Appendix P.) 

8.2 	Electrically short all probe wires together. 

8.3 	Measure the galvanic current between each steel ring and the remaining shorted ring. Note 
the sign of the current. 

8.3.1 	Uncouple the first ring from the other rings and measure galvanic current with a 
zero resistance ammeter or equivalent. Recouple the ring. 

8.3.1.1 The direction (sign) of the potential difference between the isolated ring 
and the remaining ring may serve as a verification of the galvanic current 
direction. 

8.3.2 Uncouple the second ring and measure galvanic current as indicated above. 
Recouple the ring. 

8.3.3 	Continue to uncouple successive rings and measure galvanic current. 

9.0 REPORTING 

9.1 	Convert galvanic current measurements to current density in units of microamps/square 
centimeter. 

9.2 	Plot probe ring depth as a function of current density. See example of a typical plot in 
Figure M-2. 

9.2.1 	Large galvanic currents indicate the potential for macrocells. 

9.2.2 	Sign reversal of current density measurements on adjacent coupons also indicate 
the potential for macrocells such as shown for rings on either side of the water table 
in Figure M-2. 

9.3 	Galvanic current density may be converted to corrosion rate to help assess service life of the 
piling. For UNS K02600 (A36 mild steel): 

winly = (pA/cm2) x  (12.0086) 

mpy = (pm/y)/ 25.4 

where pxnfy = micrometers per year 
mpy = milsperyear 

Figure M-1 	Example of a Field Corrosion Probe for Soil. 
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PROCEDURE FOR MAKING POLARIZATION RESISTANCE 
MEASUREMENTS WITH A CORROSION PROBE IN A SOIL ENVIRONMENT 

1.0 SCOPE 

This document describes the procedure for making polarization resistance measurements with a corrosion 
probe in a soil environment. 

2.0 PURPOSE 

The purpose of this document is to establish a field procedure for making polarization resistance 
measurements in corrosive soil layers, as defined from laboratory test results. Electrochemical reactions 
can occur uniformly on a metal surface leading to uniform corrosion of the metal. For most underground 
steel structures, rates of uniform corrosion are usually low and rarely cause service failures. However, long-
term measurements of uniform corrosion can be used to help assess the service life of steel piling and as 
an indicator as to when corrosion mitigation procedures should be considered. 

3.0 APPLICABLE DOCUMENTS 

3.1 Appendix M, NCHRP 10-46 Final Report. 

3.2 Appendix P, NCHRP 10-46 Final Report. 

3.3 Appendix Q, NCHRP 10-96 Final Report. 

3.4 ASTM Method G 59, Standard Practice for Conducting Potentiodynamic Polarization Resistance 
Measurements. 

4.0 EQUIPMENT 

4.1 Corrosion probe. 

4.2 High impedance potentiostat or commercial PR monitor. 

4.3 High impedance voltmeter. 

4.4 Assorted resistors. 

4.5 Electrical leads. 

4.6 Boring tool. 

5.0 USE 

5.1 An example of a corrosion probe is shown in Figure N-i. 

	

5.1.1 	The corrosion probe should be used where piling is designed to be at or extend both above and below 
the water table, and in soils having moderate to high possibility of uniform corrosion. 

5.2 A qualified corrosion specialist should be consulted to assist in probe selection and field measurements. 

5.3 PR measurements should be made periodically to ascertain the rate of uniform corrosion. 	 Figure N-I 	Example of a Field Corrosion Probe for Soil. 

	

5.3.1 	The frequency of measurements and test duration should be established by the person(s) conducting 
the test on a site-specific basis. 



5.3.2 	For long-term corrosion monitoring, repeat measurements periodically at intervals to be determined 
	

8.1.4 	Scan ± 15 mV from the potential measured above. The scan should be conducted at a rate of 0.6 V/hr 
based on the initial test results. 	 if automated, or in 5 mV steps every 30 seconds if performed manually. Continue to measure PR on 

remaining pairs of rings. 
6.0 PROCEDURE FOR PROBE PLACEMENT 

9.0 REPORTING 
6.1 Measure the distance to the top of each probe ring from the probe tip, so that when the probe is placed in the 

soil to the desired depth, the depth of each ring is known. 

6.1.1 	The surface area of each probe ring should be measured and the values expressed in square 
centimeters. 

6.2 Bore a small diameter hole (less than the diameter of the probe) in the soil to within 30cm of the desired depth 
to aid in probe placement. 

	

6.2.1 	If steel piling is present, borings should be made as close to the pile as practicable using methodology 
appropriate for the type and depth of strata to be penetrated. 

	

6.2.2 	The hole should be drilled such that it extends through the most corrosive soil layers, based on the 
results of the soil analyses. 

6.3 Install the probe in the small diameter hole. 

	

6.3.1 	A rotary hammer drill has been used successfully to place the probe shown in Figure N-i. The chosen 
placement technique should not damage the threaded ends of the probe or extensions. 

	

6.3.2 	Attach extension joints and bring electrical leads up through extension joints, as required. 

	

6.3.3 	Install a non-metallic test box on top of the last extension joint (if used) to house the electrical wires 
from each of the probe rings. 

7.0 PR MEASUREMENTS - TWO ELECTRODE TECHNIQUE 

7.1 Measurements of polarization resistance (PR) on each successive pair of steel rings on the probe. 

	

7.1.1 	PR measurements should be performed using a high impedance L>l0' ohms) potentiostat or 
commercial PR monitor/instrumentation. 

	

7.1.2 	Attach the counter and reference leads to the first ring and the working lead to the second ring. 
Measure the voltage (potential) between the rings using a high impedance voltmeter. (See 
Appendix P) 

	

7.1.3 	Scan ± 15 mV from the potential measured above. The scan should be conducted at a rate of 0.6 V/hr 
if automated, or in 5 mV steps every 30 seconds if performed manually. Follow this procedure to 
measure PR on remaining pairs of rings. 

8.0 PR MEASUREMENTS - THREE ELECTRODE TECHNIQUE 

8.1 PR measurements of two sets of steel rings on the probe. 

	

8.1.1 	One ring is to serve as the working electrode, an adjacent ring will serve as the reference electrode, 
and the two rings on either side of these will serve as the counter electrode. 

8.1.2 PR measurements should be performed using a high impedance L>1012  ohms) potentiostat or 
commercial PR monitor/instrumentation. 

	

8.1.3 	Measure the voltage (potential) between the reference and working electrode rings.  

9.1 Calculate the surface area of the working electrode. Convert current measurements to current density by 
dividing the current by the surface area. Plot potential (volts) as a function of current (amps). Determine the 
PR as the slope of the tangent of the curve where the current is zero. The PR should be reported as ohm-cm. 

9.2 Convert PR to corrosion rate using the Stern-Geary equation and Faraday's Law: 

Rate = 1----' *20 802 
I, PR) 

	

where: Rate = 	Corrosion rate, mils per year 
PR 	= 	Polarization resistance, ohm-cm2  
20 802 = Conversion factor (assumes an environmental factor of 

0.044) 

9.3 Corrosion rate is converted to rate of area loss using the following equation. 

R = (CR) (L) (2.54 E-3) 

where: R 	= Rate of area loss, cns2/year 
CR 	= Electrochemical corrosion rate, mpy 
L 	= 	Perimeter length, cm 
2.54E-3 = 	Conversion factor for mils/year to cm/year 

9.4 	Corrosion rate measurements as a function of time can be used to help assess service life of the piling. (See 
Appendix Q) 
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PROCEDURE FOR MAKING POTENTIAL MEASUREMENTS 
WITH A CORROSION PROBE AND POTENTIAL MEASUREMENTS OF 

EXISTING STEEL PILING IN A SOIL ENVIRONMENT 

1.0 SCOPE 

This document descnbes the procedure for measuring free-corrosion potentials of a corrosion probe and 
of existing steel piling in a soil environment. 

2.0 SIGNIFICANCE 

The free-corrosion potential is the potential of an electrode (steel probe ring or piling) measured with 
respect to a reference electrode or another electrode when no current flows from or to it. Correlations have 
been established between soil corrosivity and corrosion potentials of steel at or near the water table in that 
more corrosive soils generally have more negative potentials. Potential differences greater than 50 mV 
within stratified, unsaturated soil may indicate areas where galvanic corrosion could occur. 

3.0 PURPOSE 

The purpose of this document is to establish a field procedure for measuring free-corrosion potentials with 
a corrosion probe and of steel piling with respect to a reference electrode placed in corrosive strata, as 
identified through prior laboratory test results. Potential measurements used in conjunction with 
polarization resistance (PR) measurements can be used to identify potentially corrosive sites where steel 
piling may need to be visually examined periodically for life assessment estimates. 

4.0 APPLICABLE DOCUMENTS 

B 
4.1 Appendix M, NCHRP 10-46 Final Report. 

4.2 Appendix N, NCHRP 1046 Final Report. 

4.3 Lee, R. U. and A. H. Clark, "Corrosion of Steel Pilings in Soil," Corrosion '93, Paper No. 6., National 
Association of Corrosion Engineers, 1993. 

5.0 EQUIPMENT 

5.1 Corrosion probe containing a reference electrode. 

5.2 High impedance voltmeter. 
0) 

5.3 Electric leads. I 

5.4 Boring tool. 

6.0 USE  

6.1 A corrosion probe should be used for potential measurements at sites where steel piling is not present or where 
potential measurements are made at depth when piling is present. An example of a corrosion probe is shown 
in Figure 0-1. I 
6.1.1 	The corrosion probe should be used where steel is designed to be at, or extend both above and below 

the water table, through soils having test results indicating moderate to high possibility of uniform 
corrosion. Figure 0-1. 	Example of a Field Corrosion Probe for Soil. 

6.2 A qualified corrosion specialist should be consulted to assist in probe selection and field measurements. 



6.3 Potential measurements should be made in conjunction with galvanic current and polarization resistance 
measurements (Appendix M and N, respectively). 

6.3.1 	The frequency of measurements and test duration should be established by the person(s) conducting 
the test on a site-specific basis. 

6.3.2 	For long-term corrosion monitoring, repeat measurements periodically at intervals to be determined 
based on the test results. 

7.0 PROCEDURE FOR PROBE PLACEMENT 

7.1 Measure the distance to the top of each probe ring from the probe tip, so that when the probe is placed in the 
soil to the desired depth, the depth of each ring is known. 

7.1.1 	The surface area of each probe ring should be measured and the values expressed in square 
centimeters. 

7.2 Bore a small diameter hole (less than the diameter of the probe) in the soil to within 30cm of the desired depth 
to aid in probe placement. 

7.2.1 	If steel piling is present, borings should be made as close to the pile as practicable using methodology 
appropriate for the type and depth of strata to be penetrated. 

7.2.2 	The hole should be drilled such that it extends through the most corrosive soil layers, based on the 
results of the soil analyses. 

7.3 Install the probe in the small diameter hole. 

7.3.1 	A rotary hammer drill has been used successfully to place the probe shown in Figure 0-1. The chosen 
placement technique should not damage the threaded ends of the probe or extensions. 

7.3.2 	Attach extension joints and bring electrical leads up through extension joints, as required. 

7.3.3 	Install a non-metallic test box on top of the last extension joint (if used) to house the electrical wires 
from each of the probe rings. 

8.0 POTENTIAL MEASUREMENTS 

8.1 Measurement of the potential of steel probe rings or steel piling with respect to a reference electrode or another 
electrode. 

8.1.1 	For potential measurement of steel piling, abrades small area of the steel pile to reveal afresh metallic 
surface. If the surface cannot be abraded, a screw may be inserted into a drilled and tapped hole in 
the piling for a suitable electrical connection. 

8.1.1.1 Using a high impedance voltmeter (multimeter) or equivalent device, connect an electrical lead 
from the fresh steel surface to the ground on the voltmeter. Connect the reference electrode on 
the probe to the positive terminal on the voltmeter. Be sure all connections are secure, clean, and 
not touching any other metallic surfaces. Turn on the voltmeter and read the value. Reverse the 
sign and record the potential value, sign, type of reference electrode used, and the location and 
depth of the corrosion probe reference electrode. 

8.1.1.2 The minimum input impedance of the voltmeter should be I e ohms. For high impedance soils, 
the voltmeter may "load down" and show significantly lower potential values. In these 
applications, a higher input impedance L> 1012  ohms) buffer or electrometer should be used. 
Ideally, the buffer or electrometer should always be used to ensure a correct potential reading. 

8.1.2 	For potential measurements of probe rings, connect the electrical lead from the probe ring to be measured to 
the ground on a high impedance voltmeter. Connect the reference electrode lead to the positive terminal on 
the voltmeter. Reverse the sign and record the potential value, sign, type of reference electrode used, and the 
depth of the probe ring. 

8.1.2.1 The minimum input impedance of the voltmeter should be 10 ohms. For high impedance soils, the 
voltmeter may 'load down" and show significantly lower potential values. In these applications, a higher 
input impedance (a 1012  ohms) buffer or electrometer should be used. Ideally, the buffer or electrometer 
should always be used to ensure a correct potential reading. 

9.0 REPORTING 

9.1 The potential values should be used for data analysis after reversing the sign of the measured values. 

9.2 Evaluated data for changes in potential greater than 50 mV within the soil and follow guidelines set forth in Figure 
K4 of the NCHRP Recommended Practice in Appendix K. 
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PROCEDURE FOR ESTIMATING SERVICE LIFE 
OF EXISTING STEEL PILING 

10 SCOPE 

This document describes the procedure for estimating the rate of degradation and the remaining 

service life of existing bare steel piling. 

2.0 PURPOSE 

Results of dimensional loss and/or polarization resistance (PR) measurements are used to 
establish the degradation rate of existing bare steel piling. These data are then used to assess 
remaining service life of the piling to help in the decision-making process as to continued use in 
rehabilitated structures, possible cathodic protection installation, or repair/replacement of the 
piling. 

3.0 APPLICABLE DOCUMENTS 
C, 

3.1 Appendix M, NCHRP 10-46 Final Report (published herein). 

3.2 Appendix N, NCHRP 10-46 Final Report (published herein). 

3.3 Federal, state and local criteria for pile failure. 
0 

3.4 Long, R. P. and F. C. Huang, "Corrosion of Driven Steel Piles," Connecticut Deparflnent of 
Transportation, May 1990. 

0 

4.0 EQUIPMENT 
0 

4.1 Calipers (in absence of PR data). 

4.2 Calculator. 

5.0 ESTIMATING THE RATE OF PILE DEGRADATION 

5.1 The rate of pile degradation is measured from (1) dimensional loss since pile installation, and/or (2) 
Electrochemical measurements converted to corrosion rates. 

5.1.1 	Dimension loss. 

5.1.1.1 	Dimension loss shall be determined by direct measurement with calipers or other 
applicable device. Figure P-I is an example of calipers used to measure the thickness 
of piles. 

5.1.1.2 	The region to be measured shall first be blasted with walnut hulls or other abrasive. 
Clean, graded, walnut hulls are preferred for blasting corroded areas. If sand or other 
hard abraaive is used, care should be exercised to avoid removal of metal. 

5.1.1.3 	The cleaned steel shall be inspected and evaluated. The surface shall be examined for 
evidence of general and localized attack. If pitting is observed, the pit depths of several 



5.1.1.4 Calipers, or equivalent, shall be used to measure thickness of the steel pile. Loss in 
cross-sectional area shall be calculated from original specifications or measurements and 
the results converted to corrosion rates. 

5.1.1.5 At minimum cross-section, determine remaining cross-sectional area from caliper 
readings. Convert to average rate of area loss using the following equation: 

... 	- A 
Rate of Area Loss = 	A ,rn==t 	final 

Years of Exposure 

5.1.2 	Electrochemical Measurements. 

Two types of electrochemical corrosion rate measurements may be performed, polarization 
resistance (PR) and/or galvanic current (GC). The time average value of the electrochemical 
parameter test period should be used for the calculation where both measurements are 
performed. The two should be summed: 

Corrosion Rate (Total) = Corrosion Rate ) + Corrosion Rate(oc)  

5.1.2.1 PR values are converted to corrosion rate using the following equation: 

Rate = .._L 
PR) 

*20 802 

where: Rate = 	Corrosion rate, mils per year 
PR 	= 	Polarization resistance, ohm-cm2  
20 802 = 	Conversion factor (assumes an environmental factor of 

0.044) 

5.1.2.2 Galvanic current measurements are converted to a corrosion rate using the following 
equation: 

CR 	- ix 0.47278 
- 	A 

where: 	 = Galvanic corrosion rate, mpy 
I 	= 	Galvanic current, pA 
A 	= 	Surface area of corrosion probe ring, cm2  
0.47278 	= Conversion factor specific to carbon steel 

5.1.2.3 Corrosion rate is converted to rate of area loss using the following equation: 

R = (CR) (L) (2.54 E-3) 

where: R 	= Rate of area loss, cm2/year 
CR 	= 	Electrochemical corrosion rate, mpy. 
L 	= 	Perimeter length, cm 
2.54E-3 = 	Conversion factor for mils/year to cm/year 

6.0 DETERMINATION OF SERVICE LIFE 

6.1 Criteria for pile failure. 

6.1.1 	Failure of steel piling, from a corrosion standpoint, is an average loss equal to 50% of the 
original cross-sectional area. 

6.1.1.1 The section-loss criteria is to be used in addition to existing federal, State, and local 
criteria to determine pile failure. 

6.2 Service life calculation. 

6.2.1 	The determination of service life is calculated from the rate of degradation determined in 
Section 5.0 and the criteria for pile failure given in Section 6.1. 

6.2.2 	The value for 50% of the cross-sectional area (Section 6.1), divided by the rate of area loss 
in Section 5.0, will give an estimate of the service life in years. 

7.0 EVALUATION OF RESULTS 

7.1 Compare estimate of service to design life of the structure. 

7.1.1 	Repair or replace pile if there is no remaining service life. 

7.1.2 	Install cathodic protection if remaining service life is less than design life. 

7.1.3 Install corrosion probe (Figure M-1, Appendix M, NCIIRP 10-46 Final Report, published 
herein) and monitor galvanic current if remaining service life is about equal to design life. 

7.1.4 	No action is necessary if remaining service life is greater than design life. 
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GLOSSARY OF TERMS 

anode: The electrode of an electrolytic cell at which oxidation is the principal reaction. (Electrons flow away 
from the anode in the external circuit. It is usually the electrode where corrosion occurs and metal ions enter 
solution.)° 

boulders: Particles of rock that will not pass a 300 mm square opening. 2  

cathode: The electrode of an electrolytic cell at which reduction is the principal reaction. (Electrons flow 
toward the cathode in the external circuit.)"1  

cation-exchange capacity (CEC): The sum total of exchangeable cations that a soil can absorb. Expressed in 
milliequivalents per 100 grants or per gram of soil.t3  

clay: (a) A natural substance of soft rock, which when mixed with water, forms a pasty, moldable mass that 
preserves its shape when air dried; (b) soil consisting of inorganic material the grains of which have diameters 
smaller than 0.005 mm; (c) fine-grained soil that has a high plasticity index in relation to the liquid limit and 
consists mainly of particles less than 0.074 mm (passing No. 200 sieve) in diameter.t41 

clay nsineraL Finely crystalline; hydrous silicates with a crystal structure of the two-layer type (e.g., kaolimte) 
or three-layer type (e.g., montmorillonite) in which silicon and aluminum ions have tetrahedral coordination 
with respect to oxygen.t41  

coarse gravel: see gravel, coarse. 

coarse sand: see sand, coarse. 

cobble: Particles of rock that will pass a 300mm square opening and be retained on a 76.2mm sieve2 

conductivity: The reciprocal of the resistance in ohms measured between opposite faces of a centimeter cube 
of an aqueous solution at a specified temperature."1  

corrosion: The chemical or elecirochemical reaction between a material, usually a metal, and its environment 
that produces a deterioration of the material and its properties."1  

corrosion potential: The potential of a corroding surface in an electrolyte relative to a reference electrode 
measured under open-circuit conditions."1  

disturbed samples: Soil samples obtained in a manner which destroys the original orientation and some of the 
physical properties of the naturally deposited material."1 

disturbed soil: Soil in which the original Orientation and physical properties have been altered. 

Eh: see redox potential. 

extractable acidity: syn: exchangeable acidity, extractable hydrogen. The measurement of exchangeable ions 
that contribute to soil acidity. 

fill: Man-made deposits of natural soils, rock products, or waste materials."1  

fine gravel: see gravel, fine. 

fine sand: see sand, fine. 

gravel: Particles of rock that will pass a 76.2mm sieve and be retained on a 4.75 mm (No. 4) sieve."1  

gravel, coarse: Particles of rock that will pass a76.2 mm sieve and be retained on a 19 mm sieve."1  

gravel, fine: Particles of rock that will pass a 19 mm sieve and be retained on a 4.75 mm (No. 4) sieve."1 

hydrolysis: (a) The reaction of a compound with water creating new chemicals. (b) The addition of water to 
a substance to alter its nature or create new substances."1  

macrocell corrosion: Corrosion from galvanic current flow on metallic surface exposed to soil layers having 
differential oxygen concentrations or ionic strengths. 

medium sand: see sand, medium. 

natural soil: see soil. 

nonmarine: Not relating to a body of brackish or saltwater (sea). 

open-circuit potential: The potential of an electrode measured with respect to a reference electrode or another 
electrode when no current flows to or from it."1 

oxidation: The loss of electrons by a constituent of a chemical reaction. 

permeability: The capacity of a rock to conduct liquid or gas. 

pH, soil: The negative logarithm of the hydrogen-ion activity of a soil. The degree of acidity (or alkalinity) 
of a soil as determined by means of a glass or other suitable electrode or indicator at a specified moisture 
content or soil-water ratio, and expressed in terms of the pH scale. 3  

polarization: The change from the open-circuit electrode potential as a result of the passage of current."1  

polarization resistance: The slope AEIAi at the corrosion potential of a potential (E) - current density (I) curve. 
(It is inversely proportional to the corrosion current density when the polarization resistance technique is 
applicable.)"1 

porosity: The ratio, usually expressed as a percentage of (a) the volume of voids of a given soil or rock mass, 
to (b) the total volume of the soil or rock msss.t2  

potentiostat: An instrument for automatically maintaining an electrode in an electrolyte at a constant or 
controlled potential with respect to a suitable reference electrode.t11  

redox potential: (Eh, oxidation-reduction potential) The potential of a reversible oxidation-reduction electrode 
measured with respect to a reference electrode, corrected to the hydrogen electrode, in a given electrolyte."1 

reduction: The gain of electrons by a constituent of a chemical reaction. 

resistance: The opposition that a substance offers to the flow of electric current, measured in ohms."1  

resistivity: Electrical resistance per unit length, area, or volume. Given in ohms per meter, ohms per square 
meter, or ohms per cubic meter. See resistance."1 



rust: A corrosion product consisting primarily of hydrated iron oxide. (A term properly applied only to ferrous 
afloys.)W 

sand, coarse: Particles of rock that will pass a 4.75 mm (No. 4) sieve and be retained on a 2.00 mm (No. 10) 
sieve. 2  

sand, 1flne: Particles of rock that will pass a 425 tim (No. 40) sieve and be retained on a 75 tim (No. 200) 

sieve. 2> 

sand medium: Particles of rock that will pass a 2.00 mm (No. 10) sieve and be retained on a 425 tm (No. 40) 

sieve.>2  

silt: (a) Soil passing a75 tim (No. 200) sieve that is non-plastic or very slightly plastic and that exhibits little 
or no strength when dry; (b) a fine-grained soil, or the fine-grained portion of a soil, with a plasticity index less 
than 4(2) 

soil: (a) The unconsolidated mineral material on the immediate surface of the Earth that serves as a natural 
medium for the growth of land plants; (b) the unconsolidated mineral matter on the surface of the Earth that has 
been subjected to and influenced by genetic and environmental factors of: parent material, climate (including 
moisture and temperature effects), macro- and microorganisms, and topography, all acting over a period of time 
and producing a product, soil, that differs from the material from which it is derived in many physical, chemical, 
biological, and morphological properties and characteristics. 3  

soil moisture: Water contained in the soil.>3  

undisturbed samples: A soil sample that has been obtained by methods in which every precaution has been 
taken to minimize disturbance to the sample.>3> 

undisturbed soil: In situ soil; not disturbed. 

uniform corrosion:. Corrosion disthbuted uniformally over the surface of a metal. 

water table: The upper surface of groundwater or that level below which the soil is saturated with water; locus 
of points in soil water at which the hydraulic pressure is equal to atmospheric pressure.>3  
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The Transportation Research Board is a unit of the National Research Council, which serves the 
National Academy of Sciences and the National Academy of Engineering. The Board's mission is 
to promote innovation and progress in transportation by stimulating and conducting research, facil-
itating the dissemination of information, and encouraging the implementation of research results. 
The Board's varied activities annually draw on approximately 4,000 engineers, scientists, and other 
transportation researchers and practitioners from the public and private sectors and academia, all of 
whom contribute their expertise in the public interest. The program is supported by state trans-
portation departments, federal agencies including the component administrations of the U.S. Depart-
ment of Transportation, and other organizations and individuals interested in the development 
of transportation. 

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distin-
guished scholars engaged in scientific and engineering research, dedicated to the furtherance of sci-
ence and technology and to their use for the general welfare. Upon the authority of the charter granted 
to it by the Congress in 1863, the Academy has a mandate that requires it to advise the federal gov-
ernment on scientific and technical matters. Dr. Bruce M. Alberts is president of the National Acad-
emy of Sciences. 

The National Academy of Engineering was established in 1964, under the charter of the National 
Academy of Sciences, as a parallel organization of outstanding engineers. It is autonomous in its 
administration and in the selection of its members, sharing with the National Academy of Sciences 
the responsibility for advising the federal government. The National Academy of Engineering also 
sponsors engineering programs aimed at meeting national needs, encourages education and research, 
and recognizes the superior achievements of engineers. Dr. William A. Wulf is president of the 
National Academy of Engineering. 

The Institute of Medicine was established in 1970 by the National Academy of Sciences to secure 
the services of eminent members of appropriate professions in the examination of policy matters per-
taining to the health of the public. The Institute acts under the responsibility given to the National 
Academy of Sciences by its congressional charter to be an adviser to the federal government and, 
upon its own initiative, to identify issues of medical care, research, and education. Dr. Kenneth I. 
Shine is president of the Institute of Medicine. 

The National Research Council was organized by the National Academy of Sciences in 1916 to 
associate the broad community of science and technology with the Academy's purpose of furthering 
knowledge and advising the federal government. Functioning in accordance with general policies 
determined by the Academy, the Council has become the principal operating agency of both the 
National Academy of Sciences and the National Academy of Engineering in providing services to the 
government, the public, and the scientific and engineering communities. The Council is administered 
jointly by both the Academies and the Institute of Medicine. Dr. Bruce M. Alberts and Dr. William 
A. WuIf are chairman and vice chairman, respectively, of the National Research Council. 

Abbreviations used without definitions in TRB publications 

AASHO 	American Association of State Highway Officials 
AASHTO American Association of State Highway and Transportation Officials 
ASCE 	American Society of Civil Engineers 
ASME 	American Society of Mechanical Engineers 
ASTM 	American Society for Testing and Materials 
FAA 	Federal Aviation Administration 
FHWA 	Federal Highway Administration 
FRA 	Federal Railroad Administration 
FTA 	Federal Transit Administration 
IEEE 	Institute of Electrical and Electronics Engineers 
ITE 	Institute of Transportation Engineers 
NCHRP 	National Cooperative Highway Research Program 
NCTRP 	National Cooperative Transit Research and Development Program 
NHTSA 	National Highway Traffic Safety Administration 
SAE 	Society of Automotive Engineers 
TCRP 	Transit Cooperative Research Program 
TRB 	Transportation Research Board 




