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Systematic, well-designed research provides the most effective
approach to the solution of many problems facing highway
administrators and engineers. Often, highway problems are of local
interest and can best be studied by highway departments
individually or in cooperation with their state universities and
others. However, the accelerating growth of highway transportation
develops increasingly complex problems of wide interest to
highway authorities. These problems are best studied through a
coordinated program of cooperative research.

In recognition of these needs, the highway administrators of the
American Association of State Highway and Transportation
Officials initiated in 1962 an objective national highway research
program employing modern scientific techniques. This program is
supported on a continuing basis by funds from participating
member states of the Association and it receives the full cooperation
and support of the Federal Highway Administration, United States
Department of Transportation.

The Transportation Research Board of the National Research
Council was requested by the Association to administer the research
program because of the Board’s recognized objectivity and
understanding of modern research practices. The Board is uniquely
suited for this purpose as it maintains an extensive committee
structure from which authorities on any highway transportation
subject may be drawn; it possesses avenues of communications and
cooperation with federal, state and local governmental agencies,
universities, and industry; its relationship to the National Research
Council is an insurance of objectivity; it maintains a full-time
research correlation staff of specialists in highway transportation
matters to bring the findings of research directly to those who are in
a position to use them.

The program is developed on the basis of research needs
identified by chief administrators of the highway and transportation
departments and by committees of AASHTO. Each year, specific
areas of research needs to be included in the program are proposed
to the National Research Council and the Board by the American
Association of State Highway and Transportation Officials.
Research projects to fulfill these needs are defined by the Board, and
qualified research agencies are selected from those that have
submitted proposals. Administration and surveillance of research
contracts are the responsibilities of the National Research Council
and the Transportation Research Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make significant
contributions to the solution of highway transportation problems of
mutual concern to many responsible groups. The program,
however, is intended to complement rather than to substitute for or
duplicate other highway research programs.

Note: The Transportation Research Board, the National Research Council,
the Federal Highway Administration, the American Association of State
Highway and Transportation Officials, and the individual states participating in
the National Cooperative Highway Research Program do not endorse products
or manufacturers. Trade or manufacturers’ names appear herein solely
because they are considered essential to the object of this report.
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FOREWORD
By Edward T. Harrigan

Staff Officer
Transportation Research

Board

This report presents the findings of a research project to evaluate procedures for
(1) estimating the design life of metal-tensioned systems in new geotechnical installa-
tions and (2) determining the condition and remaining service life of systems already
in place. It presents a recommended practice for assessing the present condition and
remaining service life of metal-tensioned systems with nondestructive testing tech-
niques and an appropriate prediction model. The report will be of particular interest 
to geotechnical engineers with responsibility for design, construction, inspection, and
maintenance of metal-tensioned systems.

Transportation agencies use metal-tensioned systems to solve geotechnical engi-
neering problems associated with construction and repair of foundations, retaining
walls, and excavated and natural soil and rock slopes. Metal-tensioned systems include,
but are not limited to, rock bolts, ground anchors, tiebacks, and soil nails. These
systems are anchored by various means, including mechanical systems, epoxy and
polyester resins, and cement grout, and may have varying levels of active or passive
corrosion protection.

Metal-tensioned systems have been widely used for almost 25 years, and some of
the earliest examples have been in place for more than 35 years. If the predicted 
50-year design life of these systems is reasonable, then the useful lives of the earliest
examples are more than half over. Once installed, metal-tensioned systems are vulner-
able to failure by corrosion of the metal elements, loss of anchorage, or both, but visual
observations of the conditions at the element head assembly often do not indicate actual
or potential problems, and cases of premature failure have already been documented.
Any failure has the potential to cause injury or loss of life, substantial property damage,
significant economic loss to the public, and large rehabilitation costs to transportation
agencies.

Under NCHRP Project 24-13, “Evaluation of Metal-Tensioned Systems in Geo-
technical Applications,” the D’Appolonia Engineering Division of Ground Technol-
ogy, Inc., undertook research to identify or refine tools to predict the remaining useful
life of existing installations of metal-tensioned systems and the design life of new
installations, with the goal of producing a recommended practice, suitable for adoption
by AASHTO, for assessing their condition and estimating their remaining service life.

The research team surveyed the literature on the application of nondestructive test-
ing (NDT) methods to the problem of detecting corrosion and loss of anchorage in
buried metal-tensioned systems. It identified several electrochemical tests, including
measurement of half-cell potential and polarization current, that can detect the presence
of corrosion and gauge the integrity of any corrosion protection systems. However, it
found that mechanical nondestructive tests, principally wave propagation methods such
as impact and ultrasound techniques, must be used to determine whether corrosion has
caused loss of element cross section in the metal-tensioned system. A suite of selected



NDT methods was first evaluated in the laboratory and in controlled field installations
and then validated through a program of testing metal-tensioned systems installed at
eight field sites in New York State; Washington, D.C.; North Carolina; and Texas.

Information obtained through NDT must be used in conjunction with an appro-
priate prediction model to estimate remaining service life. For this purpose, the team
chose an existing model expressed in terms of simplifying equations and nomographs;
the model uses input data describing the corrosivity of the groundwater and surround-
ing soil and rock mass at a metal-tensioned system installation.

Finally, the research team developed a recommended practice that permits trans-
portation agencies to tailor the application of NDT and other tests assessing site
conditions to the degree of hazard associated with possible failure of a specific metal-
tensioned system installation. This practice, in turn, is incorporated in a suggested
agency management plan for its metal-tensioned system installations. The plan
addresses (1) development of a metal-tensioned system inventory, (2) prioritization of
the installations for detailed evaluation of site and metal-tensioned system element con-
ditions, and (3) what actions agencies may take in response to the estimate of remain-
ing service life provided through the recommended practice. Possible actions include
doing nothing, conducting further NDT to more closely assess in situ conditions, per-
forming invasive (i.e., destructive) testing, or initiating rehabilitation or retrofitting of
the existing metal-tensioned system.

The final report includes summaries of existing metal-tensioned system practice
and of a critical literature review on NDT methods and prediction models, a detailed
description of the NDT methods selected for use with the recommended practice (see
also Appendixes C–F), a discussion of the development and features of the recom-
mended practice (see also Appendix A) and the metal-tensioned system management
plan, details of the field validation studies, and six supporting appendixes:

• Appendix A: Recommended Practice for Evaluating Metal-Tensioned Systems
Used in Geotechnical Applications;

• Appendix B: Percentage Points of the t-Distribution;
• Appendix C: Recommended Test Method for Half-Cell Potential Measurement

of Rock Bolts, Ground Anchors and Soil Nails (2002);
• Appendix D: Recommended Test Method for Measurement of Polarization Cur-

rent for Rock Bolts, Ground Anchors and Soil Nails (2002);
• Appendix E: Recommended Test Method for Impact Echo Test of Bar-Type

Rock Bolts, Ground Anchors and Soil Nails (2002); and
• Appendix F: Recommended Test Method for Ultrasonic Probe of Rock Bolts,

Ground Anchors and Soil Nails (2002).

This published report includes the entire text of the final report and all appendixes.
The Phase I interim report was previously published as NCHRP Web Document 27. 
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Buried metal-tensioned systems include prestressed ground anchors (i.e., strands and
bars), soil nails, and rock bolts. These systems have been used with increasing fre-
quency by transportation agencies for the construction and repair of foundations, of
retaining walls, and of excavated and natural soil and rock slopes. Some early rock bolt
and ground anchor installations are approaching a service life of approximately 30 to
40 years. Because visual observation of conditions at the element head assembly often
does not indicate potential problems, the overall condition of existing systems is uncer-
tain. Transportation agencies, faced with the task of allocating budgets to rehabilitate
aging facilities, need a protocol for performing condition assessment and estimating the
remaining useful service life.

NCHRP Project 24-13 was to develop procedures to evaluate the condition and
remaining useful service life of buried metal-tensioned systems. The specific objectives
of this project were to (1) evaluate and select viable performance-monitoring systems,
(2) identify viable mathematical models to estimate remaining service life, (3) evaluate
new and existing metal-tensioned systems installed at selected field sites, (4) develop a
recommended practice for assessing condition and estimating remaining service life of
existing and new metal-tensioned systems, (5) develop the framework of a database for
summarizing performance data, and (6) prepare a work plan for agencies to use for col-
lecting and analyzing performance data.

In the project, corrosion was identified as a major source of distress for metal-tensioned
systems. Four different nondestructive testing (NDT) methods are recommended for con-
dition assessment of buried metal-tensioned systems. Electrochemical tests, including
measurement of half-cell potential and polarization current, are used to assess whether
corrosion is present and the integrity of installed corrosion protection systems. Results
from these tests may indicate that corrosion is occurring or can occur, but mechanical
tests are needed to determine whether the condition of the element has been compromised
by loss of cross section. Wave propagation techniques, such as impact and ultrasonic
tests, are used to assess the existing condition of elements (i.e., severity of corrosion).
Impact tests are also useful for identifying elements with loss of prestress, which may be
due to other factors affecting service life, including creep.

SUMMARY

RECOMMENDED PRACTICE FOR 
EVALUATION OF

METAL-TENSIONED SYSTEMS IN
GEOTECHNICAL APPLICATIONS



Equipment for performing the NDT is commercially available, and the NDT may
be performed by people with limited specialized training. Knowledge of corrosion
processes, wave mechanics, and signal processing are helpful for data processing and
interpretation, and these tasks should be performed by a qualified engineer. Results
from NDT must be supplemented with more certain, detailed information from inva-
sive tests (e.g., lift-off tests). The value of NDT is to screen and identify element loca-
tions where more detailed invasive testing may be recommended.

The work plan proposed describes a rational approach to estimate future mainte-
nance, rehabilitation, and retrofit needs for existing installations of metal-tensioned
systems. The plan has four basic components: (1) develop an inventory of sites 
with installations of buried metal-tensioned systems within the agency’s jurisdiction, 
(2) establish priorities regarding the need for detailed evaluation of site and element
conditions, (3) formulate and implement a test protocol for condition assessment, and 
(4) formulate a recommended action plan. Recommended actions may include doing
nothing, further NDT, invasive testing, or design of rehabilitation or retrofit of the exist-
ing metal-tensioned system.

The recommended practice describes a corrosion assessment model, a sampling strat-
egy for element condition assessment, and parameters and input required for service-life
prediction modeling. A simple decision tree is incorporated into the recommended
practice to identify sites with a high risk of corrosion. Risk is the combined consider-
ation of hazard at a site and vulnerability of the elements. A few parameters that
describe the subsurface conditions are all that is required to describe site hazard. Ele-
ment vulnerability depends on the age of the element, type of element, and level of cor-
rosion protection afforded to the element.

A sampling strategy is needed because at many sites it is not feasible to test every
element. A table, based on probability, is presented that permits for a simple decision
on number of samples to test using the total number of elements at the site, the impor-
tance of the facility relative to the consequences of failure, and the anticipated level of
performance as input.

Remaining service life is estimated using equations and nomographs, which relate
rate of corrosion to factors associated with the corrosivity of the surrounding soil or rock
mass. Service-life prediction models require results from testing soil, groundwater, and
rock samples as input. Results from the service-life prediction and the condition assess-
ment are compared in order to formulate a recommended action plan.

Eight sites were included in the field study to demonstrate application of the work
plan and recommended practice for condition assessment and estimation of remaining
service life for existing metal-tensioned systems. The field sites were located in the
northeast, southeast, and southwest United States. Information was obtained for each
site, including type of anchorage application (e.g., rock bolts, tieback, or wall anchors);
type of element (i.e., bar or strand); date of installation; element vulnerability; subsur-
face conditions and site hazard; and prestress level.

The ages of the elements included in the field study range from 2 to 33 years old.
Different anchorage types, including mechanical and cement- or resin-grouted anchor-
ages within a variety of soil and rock types, are represented in the site inventory. Not
all the elements were installed with corrosion protection systems that meet today’s stan-
dards, and this fact is reflected in the different element vulnerabilities. A range of site
conditions is also present, and the study includes sites corresponding to hazard condi-
tions ranging between low and high. In addition to potential hazard due to corrosion,
several of the sites have hazards related to distress from creep movement or poor
drainage conditions.

2



3

Results from the field studies contribute to a database documenting the performance
of in-service, metal-tensioned systems. Performance data obtained so far are consistent
with risk assessment models that identify sites where corrosion is likely and with math-
ematical models of service life, which estimate rate of corrosion. Although corrosion
was observed at many of the sites, significant distress was not identified at sites with
installations less than 20 years old and ground conditions that were not highly aggres-
sive relative to corrosion.
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CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

Buried metal-tensioned systems include prestressed ground
anchors (i.e., strands and bars), soil nails, and rock bolts. These
systems have been used with increasing frequency by trans-
portation agencies for the construction and repair of founda-
tions, retaining walls, and excavated and natural soil and rock
slopes. Although soil nailing is a more recent innovation, rock
bolts were first used in the mining industry and later adopted
for use by the transportation industry in the early 1960s. The
use of permanent ground anchors in public-sector projects
became common in the United States in the late 1970s.

Thus, some of the earlier rock bolt and ground anchor instal-
lations are approaching a service life of approximately 30 to 40
years. Because visual observation of conditions at the element
head assembly often does not indicate potential problems,
the condition of existing systems is uncertain. Transportation
agencies, faced with the task of allocating budgets to rehabili-
tate aging facilities, need a protocol for performing condition
assessment and estimating the remaining useful service life.

This report presents results from Phase II (Tasks 8–14)
of NCHRP Project 24-13, “Evaluation of Metal-Tensioned
Systems in Geotechnical Applications,” which is a study to
develop procedures to evaluate the condition and remaining
useful service life of in-place, buried, metal-tensioned sys-
tems. The results of Phase I (Tasks 1–7) are published as
NCHRP Web Document 27.

Project 24-13 consisted of the following tasks:

• Task 1—Review and evaluate existing practice, perfor-
mance data, and research findings;

• Task 2—Evaluate and summarize technical information;
• Task 3—Evaluate and select viable performance-

monitoring systems;
• Task 4—Identify viable mathematical models to esti-

mate remaining service life;
• Task 5—Develop work plans for field evaluations to val-

idate Tasks 3 and 4;
• Task 6—Develop work plans for installation of new sys-

tems and monitoring;
• Task 7—Prepare and submit an interim report;
• Task 8—Implement the Task 5 work plans;
• Task 9—Develop the recommended practice;
• Task 10—Implement the Task 6 work plans;
• Task 11—Tabulate relative cost-benefit data for metal-

tensioned systems;

• Task 12—Develop a database for summarizing perfor-
mance data;

• Task 13—Prepare a work plan for collecting and analyz-
ing performance data; and

• Task 14—Prepare a final report.

A technical description of each task is presented in the fol-
lowing sections.

1.1 TASK 1—REVIEW AND EVALUATE
EXISTING PRACTICE, PERFORMANCE
DATA, AND RESEARCH

Survey, review, and evaluate relevant practice, performance
data, case studies, research findings, and other information,
from both public and private organizations, related to the use-
ful life of existing and new installations of metal-tensioned
systems, factors affecting their useful life, and test and analysis
methods required for service-life estimation. Work presently
being carried out for other applications—such as pretensioned
concrete systems, bridge cables, buried pipelines, and other
situations that involve environments having characteristics of
interest—are studied for potential application to buried metal-
tensioned elements.

1.2 TASK 2—EVALUATE AND SUMMARIZE
TECHNICAL INFORMATION

Evaluate and summarize technical information on (1) types
of metal-tensioned systems and anchoring techniques that
are now installed or currently available for new installations,
(2) corrosion of the metal elements in tensioned systems in
soil and rock, and (3) other potential failure mechanisms for
these systems.

1.3 TASK 3—EVALUATE AND SELECT VIABLE
PERFORMANCE-MONITORING SYSTEMS

Several nondestructive tests are evaluated and selected for
monitoring and condition assessment of buried metal-tensioned
systems. Electrochemical tests, such as half-cell and polar-
ization measurements, are used to explore the nature of the
corrosion process. Mechanical tests, including impact and
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ultrasonic tests, based on the principal that the vibration char-
acteristics of the element are affected by features encountered
by waves traveling along its length, are used to distinguish
locations of distress along the element.

1.4 TASK 4—IDENTIFY VIABLE MODELS TO
ESTIMATE REMAINING SERVICE LIFE

Identify mathematical models for use in predicting the
remaining useful service life of existing and newly installed
metal-tensioned systems. Study the significance of parame-
ters required as input to the model, and describe the test meth-
ods and procedures for determining the required parameters,
including NDT methods selected in Task 3 for condition
assessment.

1.5 TASK 5—DEVELOP A WORK PLAN FOR
FIELD INVESTIGATION TO VALIDATE
TASKS 3 AND 4

Prepare a detailed work plan for field investigation of exist-
ing metal-tensioned systems representing a range of types,
subsurface conditions, and ages to validate the measurement
methods selected in Task 3 and the models for estimation of
remaining useful life identified in Task 4. Use information
obtained in Tasks 1 and 2 to identify features of installations
and conditions that may significantly affect the performance
of existing systems. The field investigation should include
sites that are potentially problematic, as well as those where
significant deterioration or loss of performance is not antici-
pated. Contact selected individuals from state and federal
transportation agencies and specialty contractors to compile
a list of potential test sites, and pay particular attention to
sites where demolition of the facility is planned and anchors,
rock bolts, or soil nails may be exhumed.

1.6 TASK 6—DEVELOP A WORK PLAN FOR
INSTALLATION OF NEW SYSTEMS AND
MONITORING

Prepare a detailed work plan for field investigations of new
metal-tensioned systems to permit measurement of their con-
dition throughout their useful lives. Identify instruments and
monitoring systems that may be installed with metal-tensioned
anchor systems. Identify potential sites using information
obtained from Task 1 and contacts with transportation agen-
cies, designers, and specialty contractors.

1.7 TASK 7—PREPARE AND SUBMIT AN
INTERIM REPORT

The interim report is a summary of the findings from Tasks
1 through 6, which constitute the first phase of the project.

Chapter 2 is a summary of the findings described in the interim
report. These findings provide the basis for Tasks 8 through
13, which were undertaken in the second phase of the project.

1.8 TASKS 8 AND 10—CONDUCT A FIELD
STUDY TO EVALUATE EXISTING AND NEW
METAL-TENSIONED SYSTEMS

Application of the test protocol and recommended practice
is demonstrated at selected field sites. Preliminary evaluations
are described at several sites, which are useful for evaluation
and verification of the NDT methods. These preliminary eval-
uations are followed by presentation of detailed evaluations
of metal-tensioned systems supporting retaining walls and
rock slopes. Subsurface conditions at each site are described,
and results from measurement of soil pH, soil resistivity, and
sulfate and chloride ion concentrations are provided, followed
by results from the NDT. Whenever possible, anchor element
visual inspections that confirm results from the NDT are
reported.

1.9 TASK 9—DEVELOP A RECOMMENDED
PRACTICE

A recommended practice is proposed for element condition
assessment and estimation of remaining service life of exist-
ing metal-tensioned systems. The practice includes recom-
mendations for assessment of ground hazard and element vul-
nerability, including necessary test methods, sampling plans
for condition assessment, new test methods for condition
assessment, and selection of parameters for service-life pre-
diction models.

A draft of the recommended practice was submitted to the
project panel in June 2001, and comments were received from
the panel and discussed at a meeting in Washington, D.C., on
August 8, 2001. The comments received from the panel are
incorporated into the current version of the recommended
practice.

1.10 TASK 11—TABULATE RELATIVE COST-
BENEFIT DATA FOR METAL-TENSIONED
SYSTEMS

The costs of implementing the proposed work plan and
maintaining a performance database are compared with the
benefits (i.e., associated cost savings related to maintaining,
rehabilitating, or retrofitting existing metal-tensioned sys-
tem; and the risks and costs associated with element failure).

1.11 TASK 12—DEVELOP A DATABASE

Results from the field study are included within the frame-
work of a database summarizing performance data of existing
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metal-tensioned systems. The database provides needed infor-
mation for validation, calibration and improvement of risk
assessment and service-life prediction models.

1.12 TASK 13—PREPARE A WORK PLAN

A recommended work plan is proposed for collecting and
analyzing performance data to validate the test methods and
service-life prediction models used for condition assessment
of buried metal-tensioned systems. The first step in the work
plan is to establish an inventory of sites where metal-tensioned
systems are installed, followed by application of a screening

exercise to decide which sites need detailed evaluation of
remaining service life, and, finally, by development of a rec-
ommended action plan.

1.13 TASK 14—SUBMIT A FINAL REPORT

Chapters 2 thorough 5 of this final report describe findings
from Tasks 8 through 13; Chapter 6 provides interpretation,
appraisal, and application of the findings, including limita-
tions; and Chapter 7 presents conclusions and recommenda-
tions for future work.
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CHAPTER 2

SUMMARY OF FINDINGS FROM PHASE I OF THE PROJECT

This chapter summarizes the findings from Phase I of
NCHRP Project 24-13. Phase I activities included a survey of
existing practice, evaluation of NDT techniques, a study of
service-life prediction models, and preparation of work plans
for monitoring and condition assessment of new and existing
systems. The work plans were implemented during the sec-
ond phase of the project.

2.1 SURVEY OF EXISTING PRACTICE

The survey of existing practice included a literature search
and solicitation of information from state agencies, industry
specialists, and consultants involved in the design and instal-
lation of metal-tensioned systems. The survey covered types
of metal-tensioned systems in use, factors affecting their ser-
vice life, performance data (including case histories), recom-
mended practice, mathematical models used for service-life
prediction, and testing techniques that may be used to moni-
tor the condition of the metal-tensioned system throughout its
useful service life.

2.1.1 Types of Metal-Tensioned Systems

Geotechnical applications of metal-tensioned systems
include ground anchors, rock bolts, and soil nails. Table 2-1
summarizes key features of the different types of metal-
tensioned systems.

Tensioned elements of the system include bar and strand
components. The steel grade and level of prestress employed
in these systems are relevant to the type of corrosion prob-
lems that may occur and prediction of service life. Soil nail
systems use bar elements, but ground anchors and rock bolts
may be either bar or strand. Bar elements are available in a
variety of steel grades, ranging from Grade 60 to Grade 160.
Strand elements are manufactured from Grades 250 and 270
high-strength steel. Wire tension systems, using the button
head anchorage of BBRV and Prescon, were used in some
early applications, but are now obsolete. These systems are
not discussed further in this report.

Current guidance documents (PTI, 1996; Sabatini et al.,
1999) recommend incorporating corrosion protection mea-
sures into the design of metal-tensioned systems. Corrosion
protection measures include the use of coatings, protective

sheaths, passivation with grout, encapsulation, and electrical
isolation. Passivity refers to the loss of chemical reactivity
experienced by certain metals and alloys under particular envi-
ronmental conditions.

Ground anchors include an anchored or “bonded” zone
and a free-length or “unbonded” zone. The bonded zone is
anchored to the soil or rock with cement grout. Recent instal-
lations use Class I or Class II protection as recommended by
PTI (1996). For Class I protection, the anchor is encapsulated
(often referred to as double corrosion protection), and, for
Class II, the anchor is protected by grout (often referred to as
single corrosion protection). Double corrosion protection is
recommended for ground anchors in aggressive ground con-
ditions and permanent installations. Products on the market
today all offer systems that comply with the current standards.
However, many of the older installations (1) do not incorpo-
rate details that meet today’s standards or (2) may have been
installed without any corrosion protection beyond the passi-
vation of the grouted portion of the tensioned elements.

Rock bolts either are installed with mechanical anchorages
or are grouted into rock using cement grout or resin. Older-
style rock bolts with mechanical anchorages may have no
corrosion protection. Grouted or resin-grouted rock bolts are
surrounded by grout, but the bolts heads are often not encap-
sulated. There is also the possibility of voids along the grouted
length.

Soil nails are surrounded by grout, and both rock bolts and
soil nails may be epoxy coated.

2.1.2 Performance

The main factors affecting the service life of metal-tensioned
systems are corrosion, loss of prestress because of creep or
loss of bond within the bonded zone, loading not considered
in the design (such as stress from bending), cyclic loading, ice
loads or hydrostatic pressures, and anchorage failure.

Particularly for the higher-strength steel, corrosion is often
localized and evident in the form of pitting. Stress crack cor-
rosion is aggravated by high tension from prestressing, which
is often required for ground anchors and rock bolts.

Compared with failure from corrosion, less information is
available in the literature describing the effect of creep on ser-
vice life of metal-tensioned systems. However, some infor-
mation is described relative to evaluating conditions for which



creep may be a problem and the performance testing of
anchors used to evaluate the potential for creep deformations
during the service life of the structure.

In addition to geotechnical applications, the performance of
metal-tensioned systems in other applications was reviewed.
Other applications include prestressed containment structures
built by the nuclear power industry, prestressed concrete pipe
and tanks, and prestressed reinforced concrete for bridge and
building construction. After a review of the performance of
metal-tensioned systems, the research team has reached con-
clusions that are similar to those of Telford (1986):

• Most of the corrosion problems documented in the liter-
ature have been correlated with the presence of aggres-
sive ground conditions or stray currents.

• The majority of corrosion problems tend to occur near
the element head or within the free length of the tendon
element.

• There have been only a few documented cases where cor-
rosion problems were observed within the bonded zone.
Cracking of the grout has been observed in the transition
zone between the bonded zone and the free length. Dur-
ing prestressing, there is a concentration of strain in this
area, which can lead to cracking of the grout. The cracks
may compromise the ability of the grout to passivate
the metal element and may provide electric conductiv-
ity between the element and soil electrolyte, which facil-
itates corrosion. This is a particular concern if ground-
water is located at or near the transition zone.

• For systems with a properly installed and intact corro-
sion protection system, corrosion is not a problem, not
even with aggressive ground conditions.

According to the above conclusions, the performance and
service life of metal-tensioned systems depend on the details
of the design, manufacture, and installation of corrosion pro-
tection systems, particularly with respect to encapsulation at
the tensioned element head. If stray currents are present in
the ground or if aggressive ground conditions exist, then the
elements should be electrically isolated.

For strand tendons, the sheathing should be extruded onto
the strand stressing length. Care must be taken during trans-

8

portation and installation of tendon elements so as not to dam-
age sheathing or disturb the grease or corrosion inhibitor com-
pound surrounding the metal element. If grease is heated by
the sun, it may lose viscosity and flow, leaving the upper por-
tions of the tendon element exposed. The type of grease or cor-
rosion inhibitor should be selected such that it does not have
an affinity for water, does not promote microbacterial-induced
corrosion, and contains an effective corrosion inhibitor.

2.1.3 Recommended Practice

Standards are available for assessment of aggressive ground
conditions. If aggressive ground conditions are present, the
condition of the existing anchor system is suspect. Further
testing is needed to check whether corrosion protection sys-
tems are intact, whether corrosion is occurring, and the cur-
rent condition of the metal-tensioned element. There is a
European standard for electric resistance testing of grouted
ground anchors, but this standard requires that each tendon
element be electrically isolated from the rest of the system. In
practice, this isolation is rare or may be difficult to achieve.
Results from the electrical resistance test indicate whether the
corrosion protection system has been compromised, but do not
indicate whether corrosion is occurring or the existing condi-
tion of the metal element. Thus, NDT techniques are needed
to obtain information about the condition of the system.

Some NDT techniques have been employed for monitor-
ing the condition of other types of metal elements, including
buried pipe, concrete reinforcement, and prestressing steels.
Standards for these tests either are available or are currently
under development. Existing NDT techniques were evalu-
ated in Phase I of this study relative to their potential appli-
cation to monitor the condition of metal-tensioned systems.

2.2 EVALUATION OF NDT TECHNIQUES

NDT techniques with the potential for application to metal-
tensioned systems were reviewed. On the basis of the review,
a number of techniques were further evaluated in the labo-
ratory to study their application to condition assessment of
ground anchors, rock bolts, and soil nails.

TABLE 2-1 Summary of types of metal-tensioned systems



9

TABLE 2-2 Summary of NDT methods considered for condition assessment



2.2.1 Literature Search

Literature was searched to collect information on NDT
techniques that could potentially be implemented for condi-
tion assessment of buried metal-tensioned systems. Mechan-
ical and electromagnetic wave propagation techniques and
electrochemical-type tests were studied. Tests were evaluated
on the basis of their potential for success, ease of application,
cost of instrumentation, and availability of needed equipment.
Table 2-2 summarizes the test methods considered. The table
identifies each method, describes previous research or appli-
cation, and indicates (1) the level of expense and training
required for operation of the equipment and (2) the relative
ease by which the technique may be implemented with metal-
tensioned systems.

2.2.2 Laboratory Evaluation of NDT for
Implementation with Metal-Tensioned
Systems

Using results of the literature survey, the research team
identified the impact echo test, ultrasonic test, half-cell poten-
tial measurement, and polarization measurement as tests that
had the potential for successful implementation for condition
assessment of rock bolts, soil nails, or ground anchors. Details
of these test methods are described in Chapter 3.

Test methods were evaluated in the laboratory using bench-
scale and in situ specimens. The objective of the laboratory
evaluations was to study implementation of the test methods
with metal-tensioned systems, the sensitivity of the methods to
changing parameters, the range of performance for a given
test method, and the ability of a test method to detect defects
along the length of an element. On the basis of the results of
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the literature search and laboratory evaluation, the research
team recommends the impact echo test, ultrasonic test, half-
cell potential, and polarization measurements for implemen-
tation at selected field sites. Implementation of the testing
techniques at field sites, as well as study of the test results and
data collected, was included in Phase II of this research.

2.3 MATHEMATICAL MODELS FOR 
SERVICE-LIFE PREDICTION

This study adopted (1) the power law similar to that applied
by Elias (1990) for service-life prediction of buried steel soil
reinforcements and (2) the approach resulting from NCHRP
Project 10-46 for estimating the service life of steel pile foun-
dations. Details of the service-life prediction model are pro-
vided in Chapter 4.

2.4 FIELD SITES FOR PHASE II

Eight field sites were identified for Phase II of the investi-
gation. Details of the sites and results from the field studies
are included in Chapter 5. Pertinent information for each site
includes the application as rock bolts, as tiebacks (i.e., grouted
anchorage), or as anchors (i.e., “deadman” anchorage) for
a retaining wall system; the type of element (either bar or
strand); the date of installation; the existence of a corrosion
protection system; the availability of soil data; whether or not
the elements are prestressed; and site-specific comments.

The ages of the elements planned for the condition assess-
ment range from 3 years old to 40 years old. Not all the ten-
dons at the sites considered were installed with corrosion pro-
tection systems that meet today’s standards.

TABLE 2-2 (Continued)
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CHAPTER 3

CONDITION ASSESSMENT AND DESCRIPTION OF NDT

NDT techniques are used to probe the elements, and the
results are analyzed for condition assessment. In Phase I of the
project, four NDT techniques were investigated for applica-
tion to buried metal-tensioned systems. This chapter describes
the test techniques and their application to metal-tensioned
systems. Chapter 4 describes how the NDT techniques are
incorporated into the Recommended Practice (Appendix A)
for performance evaluation of buried metal-tensioned systems.

Electrochemical tests, including measurement of half-cell
potential and polarization current, are used to assess (1) whether
corrosion is present and (2) the element surface area vulner-
able to corrosion. Results from these tests may indicate that
corrosion is occurring or can occur, but mechanical tests are
needed to determine whether the condition of the element has
been compromised by loss of cross section. Wave propaga-
tion techniques, such as impact and ultrasonic tests, are used
to assess the existing condition of elements (i.e., severity of
corrosion).

While most of the equipment considered for NDT can be
obtained commercially, the equipment’s specific application
to buried metal-tensioned elements is described in this chap-
ter. A general description of each test method and necessary
equipment is presented, followed by a general description of
data acquisition and processing. Detailed recommended test-
ing procedures are presented in Appendixes C through F.

3.1 ELECTROCHEMICAL TESTS

3.1.1 Half-Cell Potential

The half-cell potential, Ecorr, is the difference in potential
between the metal element and a reference electrode, as shown
in Figure 3-1. Equipment required for measuring half-cell
potential includes a half cell, a high-impedance voltmeter, and
a set of lead wires. Lead wires are attached to the end of the
test element and the half cell. The lead from the half cell is
connected to the negative terminal of the voltmeter, and the
element lead is connected to the positive terminal. A copper/
copper sulfate reference electrode (CSE) was used in this study.

For a given material in a given environment, the potential
is an indicator of corrosion activity. Interpretation of the data
must consider whether the element under testing is electri-
cally isolated.

In general, as element corrosion becomes greater, the half-
cell potential becomes increasingly positive. This trend is
useful if the element is electrically isolated. The possibility
that relatively greater corrosion has occurred along the sur-
face of an element may be identified if its half-cell potential
is more positive relative to the potentials observed for other
elements at the same site. As a guide, the half-cell potential
(with respect to CSE) of clean, shiny, low-carbon steel in
neutral soils and water ranges from −500 mV to −800 mV.
The half-cell potential of rusted, low-carbon steel in neutral
soils and water is generally between −200 mV and −500 mV.
Although the test results may be useful to identify where cor-
rosion has occurred, they do not indicate whether the corro-
sion process is still taking place.

More negative half-cell potentials indicate a greater poten-
tial for corrosion at that element. This trend is useful if elec-
trical connectivity exists between elements. Here, the element
with more positive half-cell potential acts as cathode and the
element with the lower potential is the anode, where corrosion
can occur. As a guide, considering reinforcing steel bars
embedded in concrete, limits recommended by ASTM C876
(ASTM, 2001) suggest that half-cell potentials more positive
than −200 mV indicate a low likelihood that corrosion is
occurring, while values more negative than −300 mV indicate
a high likelihood that corrosion is occurring. Although the
potential for corrosion may be indicated by this condition, it
does not necessarily mean that corrosion has occurred.

Half-cell potentials are affected by a number of environ-
mental factors, and in some instances, the trends described
above may be different. For this reason, the environmental
conditions of elements surrounded by resin grout need to be
evaluated to establish the range of half-cell potential typi-
cally encountered for noncorroding and corroding elements,
respectively.

Further details and a recommended test method for mea-
suring half-cell potential of rock bolt, ground anchor, and soil
nail installations are described in Appendix C.

3.1.2 Polarization Measurements

The polarization measurement method, shown in Figure
3-2, involves installing a common ground at some distance
from the measurement location, applying a known voltage



between the metal element and the ground bed, and observing
the relationship between surface potential and impressed cur-
rent (E versus log I). Impressed current flows through the
soil/water electrolyte from the element to the ground bed. Neg-
atively charged ions within the soil/water electrolyte migrate
toward the positively charged element. Current is increased in
increments, and the change in potential of the element surface
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is observed. The basic premise of the test is that a level of cur-
rent is reached for which the surface of the element is polar-
ized and saturated with negatively charged ions. For the test
data to be meaningful, the tested elements must be electrically
isolated from the remainder of the system.

The equipment needed for the test includes a power sup-
ply with a rheostat, an ammeter, a high-impedance voltmeter,
and a reference electrode (i.e., half cell). This equipment is
standard and relatively inexpensive, and the components are
readily available. Test components were assembled into a
special portable unit, which was convenient for measure-
ments made in the field. Three separate bus bars were arranged
in the unit such that only three external connections (i.e., test
bar, half cell, and ground bed) were required to set up the test.

The “E versus log I” curve (see Figure 3-3) is developed
by applying increasing amounts of current for equal periods
of time and plotting the polarized potentials versus the loga-
rithm of the applied current until a definite break in the curve
is obtained. The plotted data should result in a curve having
an initial straight-line section curving into a second straight-
line section (at a different slope). If this shape is not obtained,
it is probable that a wide enough range of current was not used
in the test. The second straight-line portion of the curve is
known as the Tafel slope and should not have a slope greater
than 0.1 volt per decade. The first point on the curve corre-
sponding to the Tafel slope gives the polarization current.

Polarization measurements may be correlated with surface
area of bare metal in contact with the ground. According to
unpublished data compiled by the pipeline industry, for bare
metal in contact with soil, approximately 21 milliamperes
(mA) is required to polarize each square meter of surface
area. Using this constant, the surface area of steel in contact
with the ground can be computed using the measured current
requirement, Ip.

Figure 3-1. Half-cell potential measurement.

Figure 3-2. Schematic of E versus log I measurement.



Using the surface area of the steel element (As), the theo-
retical polarization current may be computed as Itheory (mea-
sured in milliamperes) = 21 × As (measured in square meters).
The estimated current requirement, Itheory, can be compared
with measured current requirement, Ip, with three possible
outcomes:

• If Ip << Itheory, the element is probably electrically well
insulated and well protected.

• If Ip < Itheory, the element is probably coated or protected
over just some part of its surface. Using the measured
protection current (Ip), the unprotected length of the ele-
ment can be estimated.

• If Ip > Itheory, more surface area is probably involved than
was initially assumed, and electrical contacts with other
elements having surface areas in contact with the ground
may not have been considered.

This information can be used to assess the integrity of exist-
ing corrosion protection systems, which may involve plastic
sheathing or other dielectric material surrounding or coating
the element.
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Further details and a recommended test method for mea-
suring polarization current of rock bolt, ground anchor, and
soil nail installations are provided in Appendix D.

3.2 MECHANICAL TESTS

For both the impact and ultrasonic tests, vibrations mea-
sured at the head of the element are recorded. Characteristics
of the reflected waves are compared for different elements.
One simple way to study the data is to compare the arrival
times of the reflected waves. Other data-processing techniques
include observing characteristics of the frequency response
after transforming the signal into the frequency domain.
Anomalies are located by comparing results with known
installation details and comparing results of different ele-
ments at the same site. Also, measurements at the same site
may be archived and results from testing at different times
compared.

Using currently available equipment, loss of cross section
less than approximately 25 percent is not detectable. As
described by Briaud et al. (1998), the critical loss of cross

Figure 3-3. Typical polarization measurement showing characteristic curve.



section for a ground anchor corresponding to the end of use-
ful service life can be computed assuming, initially, that the
anchor is subjected to 60 percent of its yield strength under
constant load. If the useful service life of the anchor is assumed
to extend until the yield stress is reached, there is a corre-
sponding section loss of 40 percent. Therefore, the results from
NDT may indicate that substantial loss of cross section has
occurred with some warning before the end of the service life
is reached. It must be noted, however, that this correlation
applies to uniform corrosion and does not address loss of
tensile strength from pitting and the possibility of hydrogen
embrittlement and stress crack corrosion.

3.2.1 Impact Echo Test

The impact echo test, as shown in Figure 3-4, may be used
to evaluate cracking of grouts, fracture of tendons, and loss
of element section. The specimen is impacted using a ham-
mer or ball device, which generates elastic compression waves
with relatively low-frequency content. The traveling waves
are reflected whenever a change in material or geometry is
encountered along the length of the element. Equipment
required for the impact echo test method includes an impact
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device, an accelerometer, velocity or displacement transducer
for measuring the specimen response, and a data acquisition
system. The signal is processed with a signal conditioner that
also includes a power supply with necessary excitation. As
shown in Figure 3-4, tests may be conducted with the impact
and receiver placed at the same end of the bar.

The accelerometer used in this study is a high-shock sen-
sor (PCB Model U350A14) that has a sensitivity of 9 mV/g,
a frequency range of 1–7,000 Hz, a resonant frequency of 56
kHz, and a measurement range of ±5,000 g. This accelerom-
eter can measure the response of high accelerations associ-
ated with metal-to-metal impacts. The accelerometer may be
fixed on a mounting base, which is attached to the specimen
by special adhesives or magnets, or threaded directly to a
drilled and tapped specimen face.

The signal conditioner (PCB Model 480E09) is battery
powered and portable for applications in the field. The device
supplies a DC excitation of 5 V, and the output has a range
of selectable gain from 1 to 100.

A number of impact devices were evaluated for introduc-
ing the stress wave into the metal-tensioned systems. Small
and medium-sized instrumented hammers and light ham-
mers, such as tack hammers, were used with and without a
centering punch.

Figure 3-4. Schematic of impact echo test.



The medium-sized hammer is a modally tuned device
(PCB Model 086C05) that has a frequency range of 1–5 kHz,
a sensitivity of 1 mV/lbf, a resonant frequency of 28 kHz, a
mass of 454 g, and head and tip diameters of 25 mm and 6.3
mm, respectively. The hammer is equipped with an impact
force sensor and a built-in amplifier and is designed to reduce
double hits during impulse testing. The small hammer is
equipped with an impact force sensor (PCB Model 208A03).
Catalog cuts with details of the instrumentation and hardware
for the impact echo test, and calibration certificates for each
accelerometer, are presented in NCHRP Web Document 27.

The impact test procedure involves (1) striking the element
with the impact device to generate compression waves along
the specimen and (2) detecting reflected waveforms with an
accelerometer attached to one end of the element. Test results
are processed in both time and frequency domains.

Further details and a recommended test method for impact
echo testing of rock bolt, ground anchor, and soil nail instal-
lations are described in Appendix E.
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3.2.2 Ultrasonic Test

The ultrasonic testing (UT) method is another technique for
evaluating grout condition, fracture of elements, and abrupt
changes in the element cross section. The method has many of
the features of the impact echo technique, except that the trans-
mitted signal contains relatively higher frequencies. Ultrasonic
waves are radiated when an ultrasonic transducer applies peri-
odic strains on the surface of the test object that propagate as
stress waves.

With the pulse echo method (a single-probe operation)
shown in Figure 3-5, the times for sound pulses, generated at
regular intervals, to pass through the specimen and return are
measured. The transducer, which is acoustically coupled to the
exposed end of the element, receives a shock excitation and
generates a short ultrasonic pulse. The transducer receives
echoes of the pulses after reflection. The return of the leading
edge of the first echo can be easily detected by visual means
from the time history of transducer output. Good acoustic

Figure 3-5. Schematic of ultrasonic test.



coupling between the transducer and the face of the element is
a requirement for UT, and the face of each element must be flat
and smooth. Care must be taken to ensure that the element
faces are properly prepared for testing.

The equipment used included a Panametrics high-voltage
pulser-receiver, Model 5058PR, and a V1011 piezoelectric
transducer. The pulser-receiver unit can generate pulses with
selected pulse repetition frequency rates of 20 Hz, 50 Hz, 100
Hz, 200 Hz, 500 Hz, 1,000 Hz, and 2,000 Hz, and damping
and amplitude of the pulse can be varied. The signal may be
attenuated (0–80 dB) or filtered by providing low-frequency
cutoff points at 0.03 MHz, 0.1 MHz, 0.3 MHz, and 1 MHz or
high-frequency cutoff points at 0.5 MHz, 1.0 MHz, 3 MHz,
and 5 MHz. The equipment features a shock-excitation volt-
age of approximately 900 V, which was necessary to meet
the high-energy requirements for generating acoustic waves
in the bar system.

The Model V1011 is a low-frequency, broadband trans-
ducer that generates and receives compression waves. The
V1011 sensor operates at a frequency of approximately 100
kHz. Although this frequency is relatively low for steel eval-
uation, it was necessitated by the high attenuation of the
ultrasound in a metal specimen. The 38-mm diameter of the
V1011, while a bit oversized compared with most element
cross sections, was justified by the ability of the unit to gen-
erate sharper, less diverging beams for a given frequency;
have better penetration properties; and handle high-pulse
energy without saturation. Further details and specifications
of the instrumentation and hardware used for the ultrasonic
test evaluation are provided in NCHRP Web Document 27.
Appendix F is a recommended test method for ultrasonic
probe of rock bolt, ground anchor, and soil nail installations.

3.3 MONITORING OF NEW INSTALLATIONS

The electrochemical and mechanical tests described in
Sections 3.1 and 3.2 apply to new installations. Special pro-
visions may be included during installation to allow easy
access to the anchor heads of selected elements. If necessary,
selected elements may be electrically isolated to facilitate
performance of electrochemical tests.

Nondestructive tests of existing elements are limited by
the placement of a single instrument at or near the head of the
element. New installations provide an opportunity to refine
the detail of NDT measurements by placing additional instru-
mentation along element lengths prior to installation. For
example, more powerful electrochemical measurement tech-
niques are possible if reference electrodes are placed along
the element. Additional instruments provide the ability to track
compression wave propagation, thus enhancing results from
impact testing. Several techniques for instrumenting the ele-
ments and the enhancements offered to the NDT techniques
are available.

Improvements in electrochemical test results are possible
if reference electrodes are placed closer to steel working ele-
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ments. Better electrode placement reduces the contribution to
electrical resistance from grout or soil electrolytes. A com-
mercially available system called the Vetek V2000TM Corro-
sion Monitoring System offers a method for installing the
reference electrode during the manufacture of encapsulated
anchors. The V2000 monitoring system consists of a silver/
silver-chloride wire that surrounds the metal element and that
serves as a reference electrode. The reference electrode wire
exits the system through the anchor head assembly for con-
nection to electrochemical test equipment. Using this system
and instrumentation available from Vetek, measurements of
half-cell potential, polarization resistance, and electrochem-
ical noise can be made. Thus, the metal-tensioned element
can be monitored over time for the onset of corrosion, the
intensity of the corrosion, the area involved in the corrosion,
and whether or not pitting corrosion is present. The system is
very simple and similar in many details to electrochemical
measurements being evaluated for existing systems. There-
fore, much of the hardware and data acquisition equipment
needed for the tests is common to that described in Section 3.1.

For mechanical tests, such as the impact echo technique,
sensitive strain gauges placed along bar elements may be used
to track compression wave propagation. Multiple instruments
allow easy identification of (1) reflections from different
sources and (2) changes in compression wave velocity (i.e.,
material properties). Changes in compression wave velocity
along the lengths of elements can be correlated with element
distress, including changes in cross section, or voids in grout
surrounding an element. In the future, data from multiple
instruments could serve as a useful tool to calibrate analyses
and improve test techniques applied to existing installations,
which must rely on data from a sole transducer placed at the
element head.

New installations offer the benefit of obtaining readings
before installation, immediately after installation, and at sub-
sequent intervals throughout the service life of the facility.
Documentation should be obtained during installation, includ-
ing the free and bonded lengths of the element, corrosion pro-
tection afforded to the system, anchor head protection, and
splice locations. This information is useful for interpreting
data obtained after installation. For some systems, where the
test results are not significantly affected by the surrounding
soil medium (e.g., encapsulated anchors), the effects of
installation on the system integrity may be observed by com-
paring results obtained before and after installation. Read-
ings taken immediately after installation are a useful refer-
ence for comparison with future readings.

3.4 DATA PROCESSING

The data acquisition (DAQ) equipment used for this proj-
ect is manufactured by National Instruments and Compaq
Computer Corporation. The system uses a multifunction data
acquisition board (National Instruments Model DAQCard-
1200) with eight differential analog inputs, each of which has



a 12-bit precision. The board has the capability of perform-
ing analog or digital triggering and is equipped with an A/D
converter having a maximum sampling rate of 100 kHz (100k
samples per second). The DAQ board was incorporated into
a Compaq Presario laptop computer, which has a 500-MHz
processing speed, a 5.58-GB hard disk, and 64 megabytes of
random access memory (RAM).

The VirtualBench software package was used for data
acquisition and data processing. VirtualBench is a product of
the National Instruments Corporation. VirtualBench acquires,
displays, processes, and stores data. The software can emulate
a digital oscilloscope (“Scope”), or can function as a dynamic
signal analyzer (DSA) to perform dynamic signal processing
in real time. The Scope program allows eight channels of
input to be accessed with real-time selection of sampling rate,
with record lengths ranging from 550 to 660,000 points, with
time base ranging from 10 ns per division to 100 ms per divi-
sion, and with a sensitivity range of 2 mV per division to 10 V
per division. The program has real-time waveform analysis
capabilities that permit the calculation of statistical parame-
ters such as mean, root mean square, and peak-to-peak value.
The DSA program can monitor two channels of input and
permits data to be viewed, simultaneously, in time and fre-
quency domains with the use of various built-in windowing
functions.

Most of the data for this project were acquired using the
Scope program, and data were processed manually after the
test. Data include scatter, noise, and oversaturation at partic-
ular frequencies. Important signal characteristics—including
frequency content, signal attenuation, damping, and arrival
times of reflected waves—are enhanced by signal processing,
which facilitates data interpretation. Raw data are processed
with a moving average to reduce noise and scatter from the
real-time signal. Weaker signals appearing at longer time
intervals are enhanced by application of a scaling function.
An autocorrelation function is used to help identify periods
corresponding to arrivals of reflected waves.

The time history is transformed to the frequency domain by
means of the Fast Fourier Transform (FFT), and then the
amplitude spectra are computed from the Fourier coeffi-
cients. Peak and predominant frequencies in the amplitude
spectra are used to identify physical features of test elements,
including length, geometry, and level of prestress.

The element response corresponding to a particular range of
frequency is studied in the time domain using a band-pass fil-
ter. Band-pass filters are applied to the amplitude spectra and
the corresponding window inverted back to the time domain.

Processed data are presented graphically and interpreted
visually to determine characteristics of the waveforms, which
can be correlated with element condition. The following sec-
tions describe salient details of the data-processing techniques
used to analyze the data. Further details of the data-processing
techniques are described by Santamarina and Fratta (1998).
These techniques are used to process the data presented in
Chapter 5. Chapter 5 presents comparisons that demonstrate

17

how signals from elements with defects or loss of tension look
different than signals from conforming or intact elements.

3.4.1 Moving Average

Application of a moving average tends to smooth data and
reduce scatter. To obtain a three-period moving average for
a set of data, three consecutive data points are averaged and
the value is placed in the middle bin location of three data
points. For example, if the values 3, 4, and 5 reside in bins 1,
2, and 3, the values are averaged and the average, 4, is placed
in the second bin. The next average is taken of numbers in
bins 4, 5, and 6 with the average placed in bin 5. This process
is repeated similarly until the end of the data set. A five-period
moving average would take five values at a time and average
them. The higher the period, the greater the smoothing that
occurs. Too much smoothing is counterproductive because
information within the averaged interval may be lost. Figure
3-6 is an example of the raw data plot versus data processed
with a three-period moving average.

The vertical axis in Figure 3-6 is called the “volt ratio.”
The volt ratio is the voltage output at each time step divided
by the maximum voltage reading obtained during the test. All
data presented in this report that include measurements of
voltage output from an accelerometer or ultrasonic transducer
are normalized in this fashion for plotting.

Microsoft ExcelTM may be used to apply a moving aver-
age to the raw data. After the raw data are plotted, a trend
line is added. Plotting the raw data and the moving average
on the same plot portrays the relative amount of smoothing
that occurs.

3.4.2 Scaling in the Time Domain

The time histories from the ultrasonic test begin with the
trace of the transducer excitation, called the “bang,” followed
by wave arrivals corresponding to reflections from features
encountered along the element length. Because of the high
attenuation of sound waves traveling through steel, wave
reflections from distant features are often overshadowed by
the bang. A scaling function can be used to enhance the sig-
nal such that reflected signals appear more distinct. Equation
3-1 is an exponential function multiplied by a constant that
is well suited to this purpose.

A′(t) = a(A(t))e(bt) (3-1)

where

A′(t) = modified amplitude of the signal at time t (s),
A(t) = recorded amplitude of the signal at time t (s),

and
a and b = constants.



The a parameter serves to attenuate the amplitude of the
bang, and b amplifies the reflections from distant features. If
b is too high, small errors at the end of the signal will appear
to dominate the record. If b is decreased to reduce this ten-
dency, then the value of a should be reduced so that the
“bang” does not overshadow the results. The best values of a
and b for use in Equation 3-1 may be found by trial and error.

Figures 3-7 and 3-8 compare the original record from an
ultrasonic test to the same signal enhanced with the scaling
function. Figure 3.7 shows a reflection received at approxi-
mately 1.25 ms that is enhanced by application of Equation
3-1 in Figure 3-8 (a = 0.1 and b = 3,000).
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3.4.3 Autocorrelation in the Time Domain

Signals are embedded in output data that relate to informa-
tion specific to each element. The information corresponds to
lengths and other features of the element geometry. Because
the signal is correlated to itself, the signal can be amplified
where prominent waveforms exist and the return period of
wave reflections can be identified.

Table 3-1 is a spreadsheet from Santamarina and Fratta
(1998) describing the algorithm for autocorrelation. Each col-
umn in the central blocks shows the shifted signal (xi + k) for
increasing values of k; each k value corresponds to a shift in

Figure 3-6. Ultrasonic test data and corresponding moving average plots.

Figure 3-7. Example raw data record from ultrasonic test.



time. The unshifted signal (xi) is multiplied by the shifted sig-
nal in each column. The sum of each column is equal to the
autocorrelation of x for each shift k: the first column corre-
sponds to zero shift, k = 0, the second column for a shift of
one time interval, k = 1, etc. The autocorrelations are plotted
versus k, and points where the autocorrelation is strongest
appear as peaks in the autocorrelation function. The k values
correspond to reflected wave travel times.

3.4.4 Amplitude Spectra

Data were recorded in real time, rendering the output sig-
nal in the time domain. To observe the amplitude spectrum
and corresponding peak and predominant frequency con-
tents, the signal is transformed into the frequency domain.
This is achieved by application of the Fast Fourier Transform
(FFT). Howell (2001) provides an in-depth explanation of
the FFT.
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Microsoft’s Excel data analysis package was used to per-
form FFT. Raw data in plain text were imported into an Excel
workbook. To properly perform FFT, the total number of sam-
ples in the set needs to be a power of two (i.e., 2; 4; 6; 8; . . .
1,024; 2,048; 4,096). Excel can perform FFT for a maximum
of 4,096 data points. For data files with more than 4,096 sam-
ples, the signal outputs are truncated. This truncating has no
adverse effect because all the signal periods have fewer than
4,096 bins. For data sets with fewer than 4,096 samples, the
ends of the data sets are padded to provide a total sample
number to the nearest power of two (e.g., if the number of
data points is 2,000, the end of the data set is padded with 48
zeros). Figure 3-9 is a typical amplitude spectrum from an
impact test performed on a bar element. The “amplitude ratio”
on the vertical axis of the spectrum shown in Figure 3-9 is a
normalized scale similar to the “volt ratio” used in the time
domain as described in Section 3.4.1. Each amplitude in the
frequency domain is divided by the maximum amplitude
computed for the spectrum. All of the amplitude spectra

Figure 3-8. Example scaled data record from ultrasonic test.

TABLE 3-1 Sample spreadsheet showing autocorrelation process



included in this report have an amplitude scale normalized
in this fashion.

The observed dynamic response can be compared with the
response predicted with equations based on one-dimensional
wave propagation along a slender bar. These equations can
be used to relate element length, compression wave velocity,
and fundamental frequency.

For a slender bar that is fixed at each end (e.g., bolted at
the anchor head with a grouted anchorage at the other end),

(3-2a)

where

fn = natural frequency of vibration (Hz),
m = an integer Vc = compression wave velocity ≈ 5,500

m/s for steel, and
L = length (m).

For a slender bar that is free at one end and fixed at the other
(e.g., the dynamic response of a tendon extension beyond the
anchor head assembly),

(3-2b)

In Chapter 5, Equations 3-2(a) and 3-2(b) are used to relate
frequency content to the location of reflection sources along
the lengths of test elements. This use assumes that wave prop-
agation is one-dimensional and does not account for the effects
of dispersion (i.e., the velocity of wave propagation is assumed
to be independent of frequency).
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3.4.5 Band-Pass Filters and Windowing in the
Time Domain

Filtering is a method of processing data where specific fre-
quencies inherent to the signal are identified and isolated.
The amplitude responses of waveforms having specific fre-
quency contents are studied in the time domain. Using this
technique, vibration characteristics, otherwise obscured by
dominant frequencies in the signal, are made more prominent.
A number of specialized data analysis software packages are
available that apply different types of data filters. Excel was
used on this project; however, this use required many steps
in the analysis to be performed manually.

Peak frequencies are identified from the amplitude spec-
trum of the signal. Frequency bands are isolated and centered
with respect to a particular peak frequency.

Example: Consider an amplitude spectrum that exhibits
three peak frequencies. The spectrum ranges from 0 Hz to
50,000 Hz, and peak frequencies occur at 5,000 Hz, 10,000
Hz, and 15,000 Hz. Frequency bands are identified surround-
ing each peak. If minimum amplitudes occur between the
peaks at 0 Hz, 7,500 Hz, 12,500 Hz, and 17,500 Hz, this
would describe frequency bands in ranges 0–7,500 Hz,
7,500–12,500 Hz, and 12,500–17,500 Hz.

Once the frequency bands are established, an inverse FFT
is performed on each frequency band to transform the data
back into the time domain. This results in signal time histo-
ries corresponding to particular frequency contents. Differ-
ent frequency bands are identified and graphed separately in
the time domain.

To perform the inverse FFT, data need to be prepared in the
same manner explained earlier in the section on amplitude
spectra (Section 3.4.4). An inverse FFT selected from the

Figure 3-9. Typical amplitude spectrum for impact test.



Excel data analysis software is performed on a specific fre-
quency band. The null bins, before and after the frequency
band, are padded with zeroes such that the inverse FFT is per-
formed on the same number of samples, and the frequency
band has the same bin position, as the original transformation.
Figure 3-10 is an example of the total time history from an
impact test performed on a bar element. Figure 3-11 is the fil-
tered time history corresponding to the same data. A reflection
at approximately 2.5 ms is apparent in the filtered data, but is
not as clear in the original time history.

The band-pass filter must be selected carefully because a
narrow band-pass filter deforms the signal, creating phantoms
of the signal before the true signal appears in time.

3.5 LIMITATIONS OF NDT TECHNIQUES

For the electrochemical tests, the following limitations
apply:

• Stray currents can negatively affect results from electro-
chemical tests. Stray current can enter the element and
make obtaining stable readings difficult. The presence
of stray currents must be eliminated at a site for the tests
to be performed successfully. Potential sources of stray
current may include buried electric transmission lines,
railway tracks for electric-powered trains, waterfront
structures in salt water, or nearby welding shops.

• Results are not meaningful if elements are not electri-
cally isolated. If elements are not electrically isolated,
components that are electrically connected should be
identified. After identifying the components, the tests
may be performed, but the location of corrosion, or com-
promised corrosion protection, will not be identified, and
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components other than the element (e.g., steel soldier
piles) may be the site of corrosion.

• If results from half-cell potential and polarization current
test are being compared at different times, (1) the posi-
tion of the half cell and ground bed and (2) the dielectric
properties of the electrolyte must be consistent. Al-
though placement of instruments may be controlled, the
moisture content of the soil/rock mass may vary and,
thereby, affect the results.

• A good electrolyte must be present to successfully per-
form the electrochemical tests. If the electrolyte has a
very high resistance, it will be difficult to achieve a high
enough current level to observe the transition in the E
versus log I response.

• None of the NDT described in this research can detect
the occurrence of hydrogen embrittlement. This type of
corrosion is important with respect to the service life of
high-strength steels, typical of those used for preten-
sioned strand-type elements. 

• The effect of different grout types on the measurement
of half-cell potential is unknown. Criteria were estab-
lished from observations made on steel elements within
neutral soils and water. These may not apply to the dif-
ferent chemical environments for elements surrounded
by cement, epoxy resin, or polymer-type grouts. There-
fore, the relationship between corrosion and measured
half-cell potential is uncertain.

For the wave propagation techniques, including impact
and ultrasonic tests, the following limitations apply: 

• Loss of less than 25 percent of cross section is not easily
detected with impact or ultrasonic tests. This estimate of
the sensitivity of measurement is conservative. Many

Figure 3-10. Typical time history for impact test.



specimens used in bench scale and in situ test evalua-
tions of NDT included defects representing approxi-
mately 25 percent loss of cross section, and these defects
were detected by NDT. Other researchers have reported
that loss of less than 25 percent of cross section is diffi-
cult to observe with NDT. Improvements in NDT hard-
ware, signal conditioning, and data interpretation may
allow increased sensitivity of NDT measurements in the
future.

• Element diameter must be at least approximately 25 mm
for an impact test. The diameter at the base of the accel-
erometer is approximately 12.5 mm. The element needs
to be approximately 25 mm in diameter to allow the
accelerometer to be mounted near the perimeter, leav-
ing room for the impact to be applied near the center of
the element. This limitation may be overcome through
improving the impact method.

• The nature of defects cannot be identified from the results
of NDT. The data are interpreted to determine the arrival
times of the reflections. Features may be located along the
length of the element, but the reflection from a coupling
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is not discernable from a break in the element. Therefore,
information about the element installation is required
to interpret the data for locations of distress. Also, type
of distress cannot be inferred from the data (e.g., the
difference between a reflection caused by severe grout
cracking is not recognized from a reflection caused by
loss of element cross section).

• The length of an element that can be probed is limited.
Impact test results show that it is difficult to probe ele-
ment lengths beyond approximately 10 m. The limit
depends on details of the installation, including the pres-
ence of grout surrounding the element.

• Data processing for an impact test requires special train-
ing. Some knowledge of wave mechanics and dynamics
is needed.

• The current method for applying impact is not repeatable
because impact is applied with a hand-held hammer, and
two different operators may apply different levels of
impact. Therefore, it is possible that, for the same ele-
ment, a reflection from a distant source appears in one
test record, but not in another.

Figure 3-11. Impact test results in time domain for a band-pass filter centered about a
fundamental frequency of 1,465 Hz.
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CHAPTER 4

RECOMMENDED PRACTICE

The following sections present details and background
information in support of the recommended practice included
in Appendix A. The recommended practice describes proce-
dures, parameters, test methods, and criteria necessary for col-
lecting and analyzing performance data.

The first step in the recommended practice is to establish
an inventory of buried metal-tensioned systems. The inven-
tory should include data for soil nail, tieback retaining wall,
and rock bolt sites. The inventory provides information nec-
essary for screening sites and establishing priorities for eval-
uation and condition assessment and serves as a repository to
archive results from NDT performed on elements at a site.

Sites are screened to establish priorities for detailed evalua-
tions. Information required for screening includes (1) geolog-
ical conditions, including soil and rock properties at a site, and
(2) details of the metal-tensioned systems. The screener first
considers relevant site conditions and then evaluates the haz-
ard with respect to corrosion and other factors that may affect
the condition of metal-tensioned elements. A decision tree,
which includes a corrosion assessment model, is presented.
The decision tree allows the user to begin from a description
of the character of a site and arrive at an opinion with respect
to the degree of hazard presented by a site. The degree of haz-
ard is subjectively described as high, moderate, or low.

Next, the screener reviews details of the metal-tensioned
system. A second decision tree is presented that allows the
user to begin from knowledge of the type of element, anchor-
age details, corrosion protection system employed, and date
of installation, and arrive at an opinion regarding the vulner-
ability of the installation. Similar to site hazard, element vul-
nerability is subjectively described as high, moderate, or low.

The final part of the screening process is to combine the
level of hazard and vulnerability at a site into an index describ-
ing risk of damage or distress to elements installed at a site.
For instance, risk at a site with high hazard and low vulnera-
bility may be relatively low compared with a site where the
hazard is moderate but the elements are highly vulnerable.
Depending on the risk assessment for a site, a recommenda-
tion is made to either (1) evaluate and perform a condition
assessment of elements at the site or (2) do nothing except to
rescreen the site at a later date. Risk assessment and screen-
ing processes are management tools that help ensure that
scarce resources are allocated toward the greatest need.

A third decision tree is presented to describe the process
when evaluation and condition assessment are recommended.
The user begins by determining the number and location of
elements to be tested and then performs several nondestruc-
tive tests to monitor the condition of the elements. Data from
the NDT are analyzed and interpreted to determine whether
corrosion is occurring and to locate any anomalies or signs
of distress along the length of the element. The remaining
service life is evaluated on the basis of the observed condi-
tion and of results from service-life prediction models. The
user then makes recommendations that may include contin-
ued monitoring at selected intervals, more intensive monitor-
ing at frequent intervals, invasive testing, or retrofit (such as
replacement of anchors).

The following sections describe the recommended prac-
tice for selecting the levels of ground hazard, element vulner-
ability, risk assessment and screening, and condition assess-
ment and evaluation of service life at a site.

4.1 ESTABLISHING INVENTORY

Installation details and descriptions of subsurface condi-
tions should be included in the inventory. Installation details—
including the type of element, anchorage details, date of instal-
lation, steel type, and level of corrosion protection afforded
to the system—can be collected from agency construction
records. If agency construction records are not available,
information can be found on appropriately dated standard
installation details distributed by suppliers.

For many sites, subsurface information related to the design
and construction of the installation has been archived. Typi-
cally, subsurface explorations and soil data maintained by dif-
ferent agencies do not include parameters needed for assess-
ment of corrosion. Therefore, it may be necessary to collect
subsurface information in two phases. During the first phase,
readily available information is collected, including (1) the
elevation, fluctuation, and chemistry of the groundwater;
(2) soil or rock type; and (3) the presence of artificial fills and
nearby structures. Possible sources of this subsurface infor-
mation include local and national geological surveys, the U.S.
Department of Agriculture, and state departments of trans-
portation. If information is not available on soil resistivity,
pH, and sulfate and chloride content, such information should



be obtained in the second phase, which includes sampling
and testing for these parameters as described in the recom-
mended practice (Appendix A). Sites included in the Phase
II assessment are those that include clayey or layered sand/
clay soils, artificial fills, or aggressive groundwater condi-
tions or sites where only a portion of the element is above the
groundwater level.

Soil, rock, and groundwater samples that represent mate-
rials surrounding a metal-tensioned element should be taken.
Several different types of soil, rock, or both may need to be
sampled if conditions vary along the length of the element.
Soil samples should be tested for physical and chemical
properties, as described in Table 4-1. Care should be taken
during sampling to avoid contaminating the soil being sam-
pled, mixing soil types, and losing moisture during storage
and sample transport to the laboratory. A relatively large
sample, approximately 1,500 g of soil sample finer than 2.00
mm (passing the U.S. #10 sieve) is needed because of the
requirements of the soil resistivity test.

If possible, rock outcrops representative of rock bolt or
ground anchor installations should be located and the rock
type identified by visual inspection. If no outcrops are avail-
able, rock samples should be obtained by diamond core drill-
ing techniques, as described in ASTM D2113 (ASTM, 2001).
Rock joints should be observed, and those with infill materi-
als that daylight at the outcrop should be sampled. Samples of
joint infilling should be subjected to the soil tests described in
Table 4-1.

Recommended test methods for analysis of water samples
are described by AASHTO T263 (AASHTO, 2000). Table
4-2 lists five tests for qualitatively assessing the potential
aggressiveness of groundwater.

24

4.2 RISK ASSESSMENT AND ASSIGNMENT OF
PRIORITIES

Information from the inventory is used to screen sites
according to the risk that remaining service life is affected by
corrosion or loss of anchorage. The risk that metal-tensioned
elements will fail to perform their function is evaluated in
terms of (1) the hazard inherent to a site and (2) vulnerabili-
ties related to the element installation details. A corrosion
assessment model, based on past performance of buried met-
als (including ground anchors), is recommended for recog-
nizing conditions corresponding to the occurrence of corro-
sion. The intent is to distinguish among different levels of
ground hazard and element vulnerability. Ground hazard is
the presence of conditions that make the occurrence of corro-
sion possible or increase the likelihood that corrosion may
occur for unprotected, buried metal elements. Element vulner-
ability addresses the strengths or weaknesses of the installed
metal-tensioned system in terms of its ability to resist attack
from corrosion (e.g., the level of corrosion protection afforded
to the system). Risk of loss of element service life from cor-
rosion is the combined consideration of ground hazard and
element vulnerability.

There is also a risk that elements will lose anchorage capac-
ity from sources of distress other than corrosion, such as creep
behavior of the soil in the anchorage zone, and from anchor-
age details that are not effective over the anticipated service
life of the element.

4.2.1 Ground Hazard

Figure 4-1 is a decision tree to assess the ground hazard
at a site. The decision tree describes a model to assess the

TABLE 4-1 Soil testing

TABLE 4-2 Parameter limits for aggressive groundwater conditions



Figure 4-1. Decision tree for assessing ground hazard.



potential for corrosion. Parameters required by the corrosion
assessment model include soil resistivity, pH, and sulfate and
chloride ion content. Sites in the inventory that do not include
corrosion assessment model parameters, and that do not
require a Phase II subsurface exploration as described in Sec-
tion 4.1, are categorized as low hazard relative to corrosion.

As shown in Figure 4-1, the ground hazard assessment
begins with characterizing the site as either soil or rock. Some
metal-tensioned elements may be entirely within soil or rock,
while others may include a free length within soil and a
bonded zone within rock. In the latter case, the most vulner-
able part of the element is that within soil, and, therefore, the
soil branch of the decision tree should be followed.

Although soil resistivity and pH are considered the most
influential parameters affecting the aggressiveness of soil, the
decision tree recognizes that AASHTO T288 (AASHTO,
2000) for measurement of soil resistivity is a laboratory test
where moisture content is varied and the minimum resistivity
of the soil samples is reported. In general, resistivity decreases
as the water content and degree of saturation, Sr, increases.
The corrosion of mild steel increases when the soil moisture
content exceeds about 50 percent. Research data strongly
suggest that maximum corrosion rates of mild steel occurs at
Sr ≈ 60–85 percent (Darbin et al., 1986). Therefore, the deci-
sion tree separates soils with Sr < 50 percent as being a low
corrosion hazard for installation involving mild steel. For
soils with Sr > 50 percent, the corrosion hazard is determined
using measurements of soil resistivity and pH. Degree of sat-
uration and the resistivity of the soil are environmental con-
ditions that may change with the seasons. The evaluation
should consider the degree of saturation at the worst time
of year, and this may be correlated with known changes in
groundwater conditions.

At low moisture contents, a pitting-type corrosion attack
is more likely. For high-strength steels, pitting corrosion is
more of a hazard, particularly in low-pH environments, and
this fact is accounted for in the decision tree.

For rock materials, the hazard is determined on the basis of
the characteristics of the infilling material that may be present
in the joints, open bedding planes, or both and on the basis of
the aggressiveness of the groundwater flowing along the open
joint or bedding planes. If no infilling material or groundwater
is present, the hazard relative to corrosion is low. If the infilled
joint is a conduit for groundwater, the possibility exists for
macrocell corrosion. For this case, the hazard condition for
infilling is assessed, as for soils.

For potential problems posed by groundwater, Table 4-2
provides parameter limits from five tests for qualitatively
assessing the potential aggressiveness of groundwater. The
limits assume that the groundwater is stagnant or flowing
very slowly and that the attack is immediate and unaffected
by the presence of grout around the metal. To use Table 4-2,
assign the highest level of aggression from the results of any
single test or, if the results of any two tests are in the upper
quarter of any level, assign the next higher aggression level.
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The possibility of creep and poor drainage should also be
considered as potential ground hazards. At existing sites, evi-
dence of creep may be observed in soils from scarps along
the ground surface, bulging at a wall face, or heaving at the
base of a wall or stabilized slope. Although some softer rock
deposits may exhibit evidence of creep movement, creep
may be difficult to recognize from a visual inspection of
harder rocks. For rock slope sites, therefore, the user will
need to rely on historical records of incidents of creep fail-
ures to determine whether this hazard exists at a given site.

Drainage problems may be identified by observing seeps
along a slope or wall face or at metal-tensioned element loca-
tions. Excess pore water pressures associated with poor drain-
age may contribute to loads not considered in the original
design, and groundwater flow paths may contribute to the pos-
sibility of localized corrosion. Climate is a key factor, and the
amount of precipitation and cycles of (1) wetting and drying
and (2) freezing and thawing may affect element vulnerability.

The presence of either creep or poor drainage may mean
that elements are subjected to load levels not considered in
the original design. Creep may also cause a loss of resistance
along the bond length, decreasing element capacity and con-
tributing to an overloaded condition. If poor drainage or creep
is recognized as a problem at the site, a condition assessment
should be recommended.

4.2.2 Element Vulnerability

Element vulnerability is assessed relative to corrosion
processes and details of the anchorage (e.g., grouted or
mechanical). Figure 4-2 is a decision tree to be followed in
assessing element vulnerability at a particular site. The
assessment of element vulnerability requires information
regarding the type of metal-tensioned element, anchorage
details, and date of installation. Description of element type
includes consideration of whether the element is a bar or strand
and what type of steel (i.e., mild or high-strength steel) was
used to manufacture the element. Anchorages are described
as grouted (i.e., using cement- or resin-based grouts) or
mechanical (which may include wedge sets or expansion shell
anchorages).

The decision tree divides the elements into older and newer
installations. Older installations were installed before 1985,
when resin grouting became more popular and mechanical
anchorages were used less. Also, the types of sleeves used
in corrosion protection systems are different for newer sys-
tems. After 1985, the use of wrapped tendons declined, and
extruded plastic sheathes became more popular.

Newer installations are not considered vulnerable, unless
the element consists of high-strength steel and is not pro-
tected from corrosive environments. Steel with an ultimate
tensile stress (FPU) greater than 1,000 MPa is more vulnerable
to attack from hydrogen embrittlement and corrosion stress
cracking. Generally, high-strength steel is used to manufac-



ture wire strand–type elements (FPU ≈ 1,700–1,900 MPa).
Without adequate corrosion protection, strand-type elements
are more vulnerable to corrosion than bar-type elements are
because strand-type elements have more surface area than, but
the same outside diameter and steel type as, bar-type elements.

The recommended practice assumes that reasonable care
was used during construction, and so construction quality is
not an issue. However, new installations should not be cate-
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gorically considered in good condition if the inventory data
suggest poor construction quality in the installation or sug-
gest that the corrosion protection was compromised. Good
construction quality includes quality control (to limit scratch-
ing and tearing of sheathing) and implementation of suc-
cessful grouting practices (which preclude the existence of
voids and ensure that the tendon is full of grout to its highest
point without bleeding of the grout).

Figure 4-2. Decision tree for assessing vulnerability of elements to corrosion and loss of anchorage
capacity.



Installations that employ mechanical anchorages are con-
sidered vulnerable because older systems of this type were not
fully grouted. Compared with grouted anchorages, mechani-
cal anchorages are more dependent on unknown or uncertain
rock mass characteristics.

For grouted anchorages, the vulnerability depends on the
degree of corrosion protection (i.e., Class I, II, or none as
defined by PTI [1996]), whether the element is mild or high-
strength steel, and the level of quality during construction.

4.2.3 Assignment of Priority Rating

A rating system is recommended for establishing site pri-
orities for condition assessment. The recommended practice
is used to describe the site hazard and element vulnerability
as high, medium, or low. Risk from corrosion attack is the
combined consideration of hazard and vulnerability.

Table 4-3 is recommended for assigning priority ratings,
relative to corrosion, for each site listed in the inventory. The
agency may then proceed to perform condition assessments
according to site priority as budget, time, and other resources
permit.

A rating of 1, 2, or 3 is assigned to low, medium, or high
element vulnerability; 0, 1, or 2 is assigned to site hazard
conditions. Users compute the priority index by multiplying
the vulnerability rating and the hazard rating. The resulting
priority index ranges from 0 to 6.

Condition assessments should be recommended at sites
with a priority index of 6, followed by those with lower prior-
ity indexes. Sites with an index of 0 are last on the list of sites
recommended for condition assessments. With this approach,
all sites with low site hazard relative to corrosion are given a
low priority. This low priority reflects the fact that corrosion-
induced failures of ground elements are mostly associated with
sites having very aggressive ground conditions.

When an agency begins to perform condition assessments
at sites with a priority index of 0, it may distinguish among
sites with high, moderate, or low vulnerability and perform
condition assessments at the most vulnerable sites first.

Sites where there are problems with creep or poor drainage
should be assigned a priority index of 4 or 6.
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4.3 PROTOCOL FOR SITE AND CONDITION
ASSESSMENTS

The purpose of a condition assessment is to evaluate and
monitor existing installations of metal-tensioned systems;
apply NDT techniques in the field; and correlate results of the
nondestructive tests with subsurface conditions, details of the
installation, and expectations that are based on service-life pre-
diction models. If expertise is not available in-house, agencies
may need to seek outside professional advice. Measurement of
half-cell potential and linear polarization resistance is becom-
ing a routine practice for assessment of bridge decks. How-
ever, specialized equipment and techniques are employed
to measure polarization current for buried metal-tensioned
systems. The impact and UT techniques are less common,
although an agency may have some experience with their
application to condition assessment of concrete structures,
unbonded prestressing strands and ducts, and cable stays.

The electrochemical tests described in Chapter 3, includ-
ing measurement of the half-cell potential and E versus log I
relationship, are useful in assessing the integrity of the cor-
rosion protection system, the element surface area vulnera-
ble to corrosion, and whether corrosion is occurring. Wave
propagation techniques (i.e., impact and ultrasonic tests), as
described in Chapter 3, are used to assess the existing condi-
tion of elements (i.e., severity of corrosion).

The NDT protocol is described in Table 4-4 as it applies
to bar or strand elements. The protocol is similar for soil
nails, rock bolts, or ground anchors. Soil nails are bar ele-
ments, and the faces of the elements are usually encased in
grout, which must be removed for testing. Rock bolts are
usually bar elements, but sometimes strand elements are used
for transferring very high levels of prestress. Many times, the
head of the element is exposed, but access may be challeng-
ing because of the terrain. Ground anchor tendons may be bar
or strand elements, and anchor heads may be exposed, cov-
ered by a grease-filled cap, or encased in grout.

If access is easy and the element faces are exposed, many
elements may be tested with electrochemical tests and fewer
elements selected for impact and ultrasonic tests. Conversely,
if access is difficult, electrochemical and mechanical tests
should be performed on all the elements accessed and pre-
pared for testing.

If relatively easy access to a grease-protected sheath in the
free length of a strand-type element is available, an attempt
should be made to obtain sterile grease samples. Grease sam-
ples will be tested for bacteria content, which may be corre-
lated with biological activity. An attempt should also be
made to obtain grease samples from the vicinity of areas
where corrosion is identified. Biological activity in these
types of systems may produce sulfides as a byproduct, con-
tributing to the potential for hydrogen embrittlement of the
steel strand. If a hydrogen sulfide gas odor is detected, it
should be documented. Special kits are available for sam-
pling and testing for biological activity; alternatively, a micro-

TABLE 4-3 Screening assignment of priority index for
condition assessment



biologist may be consulted for advice on the best sampling
strategies and test methods.

NDT results obtained from a number of different elements
at a given site are compared with one another, with known
installation details, and with signatures that represent the
response of typical elements. Elements should first be screened
with the electrochemical tests to determine locations where
corrosion is likely to occur according to agency records or
visual observations made at the site. The results from elec-
trochemical tests can be supplemented with results from the
impact response, ultrasonic tests, or both to identify and locate
defects along the length of the element. The value of NDT is
to screen and identify locations where more detailed invasive
inspection may be recommended. Performance tests (i.e.,
load tests) are recommended at elements where signs of dis-
tress have been identified. Invasive observations, proof test-
ing, or both are always preferred alternatives to NDT, and the
use of NDT will sometimes be an inviable option.

4.3.1 Sampling Criteria

After a site has been screened and a decision has been
made to monitor the existing condition of elements at the site,
the user needs to determine the number and locations of ele-
ments to be tested. A sampling plan should be developed to
determine how large to make the sample size and what to use
as acceptance criteria according to the results of the testing
program. In specifying an acceptance sampling plan, two risks
must be balanced: (1) the risk of overestimating remaining ser-
vice life and (2) the risk of specifying retrofit for elements that
are actually in good condition. A statistical approach is rec-
ommended such that the risks associated with the sampling
and acceptance criteria are considered with respect to the costs
of retrofitting the elements and the potential loss from damage
caused by failure of the elements.

The number of elements that should be tested (n) out of the
total number (i.e., population) of available elements (N) must
be established. The probabilistic approach described herein
recognizes that risk is inherent to the decision-making process,
although the acceptable risk can be quantified and controlled
by the agency. An important risk factor to consider is the
amount of randomly located, distressed elements with unde-
sirable characteristics that the agency is willing to accept.
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Depending on the results of the NDT, the element condi-
tion will be broadly designated as conforming or noncon-
forming. Conforming elements are elements for which NDT
results correlate well with details of the installation and no
significant distress can be identified. NDT results for non-
conforming elements display an anomaly, which may be cor-
related with element distress. This designation recognizes
that the results from NDT may indicate an anomaly reflected
by an unexpected feature (i.e., nonconformity), not neces-
sarily distress.

The decision on the number of elements to test (n) depends
on the allowable percentage of nonconforming elements,
the allowable sampling error, and the confidence that can be
placed on the overall result. The agency should answer the
following questions to define the input necessary to develop
the sampling plan:

• How many nonconforming elements, expressed as a per-
centage of the entire population, are expected? The
expectation is based on the age of the system, knowledge
of past performance of similar systems, and the level of
quality during construction. This percentage should be
considered a threshold, beyond which some action should
be taken by the agency. As an example, the agency might
decide that if less than 2 percent of the elements are non-
conforming, no changes will be made to the monitor-
ing plan. If 5 percent are nonconforming, the agency
will order more frequent monitoring. If more than 10
percent are nonconforming, aggressive action in the
form of performance testing, or retrofit measures, may
be implemented.

• What is the allowable sampling error? The sampling
error is the difference between the percentage of non-
conforming elements in the sample and the percentage
of nonconforming elements in the entire population.

• What confidence limit is acceptable? Confidence limit
defines the probability that the acceptable percentage of
nonconforming elements will be exceeded.

A number of factors may affect the agency’s decision with
respect to adopting the acceptance criteria, allowable sam-
pling error, and confidence limits. These factors include the
following:

TABLE 4-4 NDT protocol



• The importance of an individual element relative to the
overall system performance. For instance, a soil-nailed
slope may have more redundancy than tiebacks for an
anchored wall system. Therefore, an anchored wall sys-
tem may require more detailed testing than a soil-nail
system.

• The system performance history given the physical and
environmental conditions at the site. If the history of
performance for a given system is available, the user
may anticipate potential problems. If problems are sus-
pected, more detailed testing may be ordered.

• The cost or restricted schedule. (This factor is to be
determined by the agency.)

• The site access and test feasibility. At some difficult
sites, accessing an element for testing may be a major
expense, making the cost differential between testing or
retrofitting an element relatively small.

The following formulas are recommended to compute the
sampling interval meeting the requirements for acceptance cri-
teria, sampling error, and confidence limits. First, the sampling
interval (no) required for a population of infinite size is com-
puted, and then it is adjusted for a finite-size population (N).

(4-1a)

(4-1b)

(4-1c)

where

α = confidence limit;
prob = probability;

p = maximum acceptable percentage of nonconforming
elements in a selected sample, on the basis of which
a follow-up decision should be made;

q = minimum acceptable percentage of conforming ele-
ments and is equal to 1 − p;

d = allowable sampling error;
P = percentage of nonconforming elements in the entire

population; and
t = student t-distribution value, which is a function of no

and α.

Obtain the number of tests, n, by adjusting no according to
population size, N, as follows:

(4-2)

Equation 4-1(a) demonstrates that a zero-tolerance accep-
tance criterion, which does not allow for any nonconforming
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elements, is unrealistic. Equation 4-1(a) can be rewritten as
t 2 = n0d 2/pq, and if no nonconforming elements are allowed
(p = 0 and q = 1), t = ∞, for which there is a zero probability
of exceeding the acceptance criteria.

Equation 4-1 accounts for the expected percentage of non-
conforming elements and the acceptance criteria, sampling
error, and confidence limits adopted for the site. Sampling
requirements increase as the acceptance criteria becomes
broader (i.e., as p increases). That is, the greater the percent-
age of nonconforming elements anticipated, the more testing
is necessary. Thus, at a site where conditions are expected to
be poor, more testing should be required.

The number of tests, n, can be decreased as the required
confidence interval is increased. Fewer tests are required if a
lower precision can be tolerated. Increasing the confidence
limit, α, from 0.05 to 0.10, reduces n0 by approximately 40
percent.

If no sampling error is allowed, n0 is infinity, and NDT
must be performed on each element of the system (i.e., n = N).
Doubling the sampling error, d, reduces n0 by approximately
75 percent. Equation 4-2 describes the relationship between
sample size and population size. For the range of practical
interest, the sample size is always less than the population.
Because n0 is associated with an infinitely large population,
as N increases, n approaches n0. As the population becomes
small, the value of n approaches N.

Application of this approach is illustrated by the follow-
ing examples for a ground support system consisting of 50
elements:

• Case 1: Access is available to all elements, and the
agency decides to optimize the number of samples to
reduce the chances of overestimating or underestimat-
ing the percentage of success of the tested elements.

• Case 2: Access is available to all elements, and the
agency decides to accept a higher risk in tested elements
because of limited budget, restricted schedule, or both.
The agency decides to reduce the number of tested ele-
ments and doubles the confidence interval (i.e., 2α),
which means that the percentage of nonconforming ele-
ments in the sample can be overestimated or underesti-
mated by α.

• Case 3: Access is limited to selected elements because
of difficulty in reaching some elements (e.g., a rock
slope where bolts are higher than the reach of available
lift trucks) or because of the effort required to expose the
ends of the elements for testing. For this case the agency
could decide to conduct NDT, mechanical tests, or both
on all or just some of the accessible elements or on a lim-
ited number of elements that are exposed by preparation.
The agency thereby estimates the probability of success
of the whole system by testing a sample of all the ele-
ments. For this case, the agency decides to accept higher
risk and use a confidence interval equal to 2α.



To determine the required number of samples to test for
Cases 1 and 2, assume the following:

• p = 0.05 (if 5 percent of the elements are nonconform-
ing, monitoring will continue),

• q = 0.95,
• d = 0.1 (acceptable sampling error is 10 percent), and
• α = 0.05.

Standard tables from texts on statistics and probability give
values of t for different values of ν (n0 − 1) and α (for exam-
ple, see the table in Appendix B). Because t depends on n0,

Equation 4-1 must be solved by iteration. The standard nor-
mal distribution (Z-distribution) may be used to obtain n0 for
the first iteration. If n0 is estimated to be more than 30, using
a normal standard distribution will provide sufficient accu-
racy for most applications.

To use the Z-distribution to find n0 for Case 1:

1. Adopt t = Z (α/2 = 0.025) = 1.96
Substituting:

2. t (n0 = 18, α/2 = 0.025) = 2.110
Substituting:

3. t (n0 = 21, α/2 = 0.025) = 2.086
Substituting:

4.

Therefore, 15 elements should be tested to meet the agency-
specified sampling error, confidence level, and acceptance
criteria. For this example, note the difference in the com-
puted value of n using the t-distribution and the normal dis-
tribution. For n0 = 18 (i.e., initial estimate made using the
normal distribution), n = 14, which is approximately 7 per-
cent less than n using the t-distribution. Therefore, in some
cases, even when n is less than 30, the normal distribution
can provide a practical estimate of n. However, for better
refinement of n, the t-distribution should be used.

To use the Z-distribution to find n0 for Case 2:

1. Initially, adopt t = Z (α = 0.05) = 1.645
Substituting:

n =
+ − =21

1 21 1
50

15( )  elements

n0

2

2
2 086 0 05 0 95

0 1
20= × × =( . ) . .

( . )

n0

2

2
2 11 0 05 0 95

0 1
21 15 21= × × = ≈( . ) . .

( . )
.

n0

2

2
1 96 0 05 0 95

0 1
18 25 18= × × = ≈( . ) . .

( . )
.
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2. t (n0 = 13, α = 0.05) = 1.782
Substituting:

3. t (n0 = 15, α = 0.05) = 1.761
Substituting:

4.

Therefore, 12 elements should be tested to meet the agency-
specified sampling error, confidence level, and acceptance
criteria. Note the difference in n for Cases 1 and 2. For Case
2, the agency decided to be more conservative by accepting
the percentage of success to be underestimated (i.e., the num-
ber of nonconforming elements can be overestimated), and n
for Case 2 was 20 percent less than n for Case 1, where the
agency decided to reduce the chances of overestimating or
underestimating the percentage of success in tested samples.

To determine the required probability of success for Case
3, assume the following:

• n = 5 (anchors that can be accessed),
• p = 0.05 (if 5 percent of the elements are nonconform-

ing, monitoring will continue),
• q = 0.95, and
• d = 0.1 (acceptable sampling error is 10 percent).

Then take the following steps:

1.

n0 = 5.44 ≈ 5

2.

t(α = ?, no = 5) = 1.025

3. α = 0.196
4. Probability of success (i.e., percentage of conforming

elements)

Ps = 100% − 19.6% = 80.4%

n t
0

2

2
0 05 0 95

0 1
5= ∗ ∗ =. .

( . )

n
n
n=

+ − =0

01
1
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n =
+ − = =15

1 15 1
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11 7 12( ) .  elements
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2

2
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0 1
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( . )
.

n0

2

2
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0 1
15 08 15= × × = ≈( . ) . .

( . )
.

n0

2

2
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0 1
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4.3.1.1 Potential Site Risk

The overall risk of failure of a structure supported by metal-
tensioned elements is a combination of the probability of fail-
ure of an individual nonconforming element (or number of
nonconforming elements) and the consequences of failure.
Thus, while the probability of failure may be high according
to NDT results, the potential site risk could still be low if the
consequences of failure are small. This concept is described
for soil nail, rock bolt, and anchored structures.

A distressed soil nail wall is expected to significantly
deform before failure, which should give enough warning
time to take action and fix a potential problem. A soil nail
typically supports a relatively small area, and a loss of ser-
vice from a relatively small percentage of randomly located
soil nail elements is unlikely to cause catastrophic failure.
Therefore, a site having a soil nail system may be character-
ized as having a low consequence from failure of individual
elements. For an anchored wall system, an anchor is usually
supporting a larger area than that of a soil nail and typically
has relatively high internal stresses.

If an anchor system does not have redundancy, the loss in
load-carrying capacity from distressed anchors may not be
redistributed to surrounding in-service anchors. With loss of
service from individual anchors (i.e., elements), excessive
wall deformation or local failure may occur at the location of
these elements, or a catastrophic failure of parts of the wall
may occur. Because the consequences of having distressed
anchors are relatively significant and usually costly, a site hav-
ing an anchored wall system may be characterized as a site
with high consequences from element failure.

A rock bolt usually supports part of a rock block and likely
acts independently from other rock bolts. A distressed rock
bolt may cause an isolated and localized rock instability or fail-
ure. The significance of potentially failed rock bolts can be
determined by level of exposure of public safety. For instance,
an interstate highway with a limited clearance from a rock bolt
system may be characterized as a high potential risk site. How-
ever an interstate highway having an adequately designed
catchment system below a rock bolt support system and a
steel net along the face of the supported slope may be char-
acterized as having low consequences from individual rock
bolt failures.

4.3.1.2 Simplified Sampling Criterion

A simplified criterion is presented. It is based on the statis-
tical analysis presented in the previous sections, but does not
require the user to have a background in statistics. An engi-
neer will estimate the percentage of nonconforming elements
at a site (p) and decide the consequences of failure at the site.
The following statistical parameters are recommended:

• d = 0.1;
• For low consequences of failure, α = 0.1 and t = 1.282; 
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• For moderate consequences of failure, α = 0.05 and t =
1.645; and

• For high consequences of failure, α = 0.01 and t = 2.326.

Figures 4-3, 4-4, and 4-5 summarize the number of required
samples (n0) for low, moderate, and high consequences of fail-
ure, respectively, using p = 0.01, 0.05, and 0.1. Note that n0

was adopted to equal the total number of elements (N) when N
is less than or equal to 10. The recommended sampling crite-
rion is simplified and summarized in Table 4-5. Note that
ranges of n0 are recommended for different levels of risk
(defined in terms of probability of element failure and conse-
quences of failure). For the given ranges, the lower value of n0

corresponds to N = 10, and the upper value of n0 corresponds

Figure 4-3. Sampling criteria for low consequences of
failure.

Figure 4-4. Sampling criteria for moderate consequences
of failure.



to N = 200. For an intermediate N value between 10 and 200,
n0 can be approximately obtained using linear interpolation.

4.3.2 Condition Assessment

Figure 4-6 illustrates the process for condition assessment
and service-life evaluation of buried metal-tensioned ele-
ments. The user begins by determining the number and loca-
tion of elements to be tested and then performs several non-
destructive tests to monitor the condition of the elements.
Data from the NDT are analyzed and interpreted to determine
whether corrosion is occurring and to locate any anomalies or
signs of distress along the length of the element. The remain-
ing service life is evaluated using the observed condition and
the results from service-life prediction models. The user then
makes recommendations that may include continued moni-
toring at selected intervals, more intensive monitoring at fre-
quent intervals, invasive testing, or retrofit (such as replace-
ment of anchors).

4.4 SERVICE-LIFE PREDICTION

After examining the test data for anomalies, results are com-
pared with the estimated service life based on mathematical
models. Currently available corrosion models do not directly
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account for any type of corrosion (i.e., localized or environ-
mental cracking) other than uniform attack.

Romanoff (1957) proposed the following power law to
predict rates of uniform corrosion of buried metal elements:

X = Ktr (4-3)

where

X = loss of element thickness or radius (µm),
K = constant (µm),
t = time (years), and
r = constant.

Equation 4-3 can be rearranged to compute the time for a
given loss of element thickness as

(4-4)

For a round bar, loss of radius corresponds to symmetric
loss of element thickness. The critical radius, which defines
the service life of the bar element undergoing corrosion loss,
is determined by computing the critical radius at which the
yield stress is reached under constant load. The yield stress
for steel types used to manufacture ground anchors and rock
bolts are often relatively close to the ultimate stress. For a
25.4-mm-diameter steel bar (A0 = 507 mm2) conforming to
the specifications described in ASTM A722-95, the mini-
mum yield strength is 880 MPa and the working stress, σ =
0.6σy, is 528 MPa. For the 25.4-mm-diameter bar:

(4-5)

The critical radius computed above represents a symmet-
rical loss of thickness of the element equal to 24.5 mm/2 −
9.84 mm = 2.86 mm = 2860 µm.

No reliable correlation exists between the soil model pa-
rameters (K, r) and the electrochemical properties of the soil.
However, there are limited data showing a dependence on
corrosion rate with respect to measured soil parameters,
including conductivity, pH, and salt concentration. The infor-
mation contained in the recommended practice is intended to
provide general guidance on adjustment of parameters relative
to soil conditions that may be considered minimally aggressive
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= −Figure 4-5. Sampling criteria for high consequences of
failure.

TABLE 4-5 Minimum number of samples (n0) for 10 ≤ N ≤ 200



Figure 4-6. Process for condition assessment and service-life evaluation of buried metal-tensioned elements.



(i.e., normal), aggressive, and very aggressive. Table 4-6 pro-
vides general measures of corrosion potential using the results
from resistivity and pH testing of soil and groundwater.

For low-carbon steels, Romanoff (1957) recommends val-
ues of r ranging between 0.5 and 0.6 and K ranging between
150 µm and 180 µm. The data used by Romanoff were devel-
oped from a wide range of burial conditions, which, for the
purpose of the recommended practice, are considered normal
ground conditions. According to these parameters, a 25-mm-
diameter bar with a yield strength of 880 MPa has an esti-
mated service life of approximately 100 years (≈30 µm/year).
Using these same parameters, a 25-percent loss of cross sec-
tion, which is approximately the sensitivity of the recom-
mended NDT, would be estimated after approximately 42
years of burial.

More aggressive ground conditions were considered dur-
ing French laboratory tests (Darbin et al., 1986). Because of
this work, r values for carbon steel range from 0.65 to 1, and
the constant K ranges from 3 µm to 50 µm. The highest val-
ues of the corrosion parameters correspond to an aggressive
environment, characterized by soils with relatively low resis-
tivities and high concentrations of chlorides and sulfates. If
r = 1 and K = 50 µm are assumed for an aggressive environ-
ment, a 25-mm-diameter bar with a yield strength of 880
MPa has an estimated service life of approximately 57 years.
For the same aggressive soil, a 25-percent loss of cross sec-
tion is anticipated to occur after approximately 34 years of
burial.

For extremely aggressive ground conditions, there are lim-
ited data in the literature describing measurement of very
high corrosion rates. Beavers and Durr (1998) monitored
corrosion rates of steel piles that were embedded in very
aggressive ground conditions with chloride concentrations
between 2,000 mg/kg and 5,000 mg/kg. Measurements indi-
cate corrosion rates of approximately 340 µm/year. Assum-
ing uniform corrosion, symmetric loss of cross section, and
a corrosion rate of 340 µm/year, a 25-mm-diameter bar with
a yield strength of 880 MPa has an estimated service life of
8.4 years.

The preceding discussion describes recommendations to
estimate corrosion rate using a general description of the
aggressiveness of the soil environment. Although this esti-
mation relates to electrochemical properties of the soil, a more
direct correlation incorporating measurements of soil con-
ductivity and pH would be a more powerful tool. A number
of studies relating to the corrosion of buried metal culverts
have attempted to draw some conclusions regarding this rela-
tionship (TRB, 1978). However, there is no consensus on the
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validity of the results that have been presented to date. How-
ever, since some of the information is in reasonable agree-
ment with observations, it is worth including observations
from studies of buried metal culverts as additional guidance
for estimating service life of buried metal elements.

Figure 4-7 is a nomogram that shows a relationship
between corrosion rate and soil environment, described by
pH and resistivity. According to Figure 4-7, for low to mod-
erately aggressive soil conditions, average rates of corrosion
vary from 10 µm to 35 µm per year (for steel: 1 g/m2/year ≈
0.127 µm/year). Rates of corrosion for aggressive soils range
from 20 µm to 58 µm; and for very aggressive soils, rates
range from 77 µm to 200 µm. These ranges are somewhat
consistent with corrosion rates predicted with the Romanoff
(1957) equation, discussed in the preceding paragraphs.

Cracks often initiate at sites showing evidence of pitting
corrosion. The effect of pitting corrosion needs to be consid-
ered to adapt the models to metal-tensioned elements that
may be vulnerable to this type of corrosion. This need is par-
ticularly true for elements made from high-strength steel,
subjected to high levels of prestress. This problem is more for
strand than for bar-type elements.

The results from several studies where the effects of pit-
ting corrosion have been considered are described below to
provide some guidance on these effects. Pitting corrosion has
a greater effect than uniform corrosion on the service life of
metal-tensioned elements.

The effect of nonuniform corrosion losses has been consid-
ered statistically (Elias, 1990) using test results that relate the
relative loss of tensile strength to relative average thickness
loss. Elias (1990) studied data obtained from samples of buried
metal reinforcements that had undergone significant corrosion.
Weight loss measurements were divided by the total surface
area to compute average loss of thickness. The data strongly
suggest that the loss of tensile strength, expressed as a per-
centage of the original strength, is twice as high as the average
loss of element thickness.

Using the factor of two suggested by Elias (1990), the ser-
vice life of a 25-mm-diameter bar element subject to pitting
corrosion corresponds to an average loss of cross section of
approximately 21 percent. Considering an aggressive soil envi-
ronment with r = 1 and K = 50 µm and conditions that favor
pitting corrosion, a 25-mm-diameter bar element has an esti-
mated service life of approximately 28 years (≈ 100 µm/year).
If very aggressive ground conditions are considered, the esti-
mated service life of the same bar subjected to pitting corrosion
is 4.2 years (≈ 680 µm/year). These service lives are consider-
ably less than those anticipated assuming uniform corrosion.

The nomogram shown in Figure 4-7 estimates the rate of
pitting corrosion that may occur in ground anchor applica-
tions. The steels used for ground anchors are different from
those used for metal culverts, and rates of pitting corrosion
may be significantly different. However, Figure 4-7 is con-
sidered a good place to begin to estimate rates of pitting cor-
rosion for bar-type elements.

TABLE 4-6 Corrosiveness of soils



4.4.1 Estimated Service Life

Equations 4-4 and 4-5 and Tables 4-6 and 4-7 are recom-
mended for estimating the useful service life of bar elements
assuming uniform corrosion and symmetric loss of cross sec-
tion. The estimated service life serves as a benchmark that
may be compared with the observed performance of the ele-
ments. These service-life predictions do not consider the
presence of corrosion protection systems. If the service-life
prediction model described in this section estimates signifi-
cant loss of cross section, but NDT results do not indicate the
presence of corrosion or element distress, the corrosion pro-
tection system may be intact and functioning as intended.

Loss of element thickness corresponding to the end of the
useful service life and appropriate values for the parameters
K and r are needed for input to Equation 4-4. Loss of thick-
ness for use in Equation 4-4 may be computed as the origi-
nal radius minus the critical radius (ro − rcrit). Equation 4-5 is
recommended for computing the critical radius of the bar ele-
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ment corresponding to the yield strength of the steel and the
initial cross-sectional area of the bar. Finally, the constants K
and r for use in Equation 4-4 may be estimated using knowl-
edge of soil or rock mass electrochemical properties (e.g.,
resistivity and pH) and the data from Tables 4-6 and 4-7.

Pitting corrosion should be considered for low pH envi-
ronments (i.e., when pH < 5). To consider pitting corrosion,
the critical thickness loss (X) computed from Equation 4-3
should be divided by two. To consider service life, X/2
should be used in Equation 4-4 in place of X. For a bar with
a diameter of approximately 25 mm, the critical loss of cross
section is approximately 20 percent at the estimated end of

TABLE 4-7 Recommended parameters for 
service-life prediction model

Figure 4-7. Nomogram for estimating the corrosion rate of steel.



TABLE 4-8 Recommended action plan

the service life. This loss of cross section is near the sensi-
tivity of NDT measurement. Therefore, it is possible for NDT
to indicate the problem, but with little warning before failure,
meaning remedial action must be taken immediately.

Because of the increased surface area of a strand element
compared with a bar element, the estimated service life will
be much lower for strand elements than that for bar elements.
This analysis does not consider the substantial benefit on ser-
vice life from properly installed grease and sheathing sur-
rounding the elements. Because the integrity of the corrosion
protection system is known to significantly affect the service
life of strand elements, the condition assessment should focus
on obtaining information on the system’s integrity (e.g., elec-
trochemical tests, sample and test grease for microbiological
activity, and ultrasonic test for continuity of grout in trumpet
assembly).

Corrosion processes, such as hydrogen embrittlement and
stress-corrosion cracking, are known to lead to sudden fail-
ure in strand-type elements without any significant loss of
element cross section. Therefore, NDT described for condi-
tion assessment will not be useful for indicating the severity
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of distress from hydrogen embrittlement or stress-corrosion
cracking. If a user observes conditions that can contribute to
hydrogen embrittlement or stress-corrosion cracking—such
as a low pH soil environment, high concentrations of sul-
fides and chlorides, and a compromised corrosion protection
system—immediate action should be recommended.

4.5 RECOMMENDED ACTION PLAN

The estimated remaining service life is compared with the
observed condition of elements at the site. Four results from
interpretation of the test data are possible, each leading to dif-
ferent recommended actions, as described in Table 4-8.

Where there is little or no consequences of failure, a “no
action” alternative may be appropriate for Cases 2, 3, and 4 of
Table 4-8. “No action” means monitoring conditions by visual
observation and allocating budget, time, and other resources as
required in response to events such as element failure, exces-
sive slope or wall movement, and rock falls. At some sites,
where there are little or no consequences of failure, this action
may be appropriate.
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CHAPTER 5

FIELD INVESTIGATION AT SELECTED SITES

Eight sites were included in a field study to demonstrate
application of the recommended practice for condition assess-
ment and estimation of remaining service life for existing
metal-tensioned systems. Table 5-1 summarizes pertinent
information for each site, including (1) the application as
rock bolts, tiebacks, or wall anchors (tiebacks are anchored
with a grouted zone or self-contained mechanical anchorage,
and wall anchors are tied to deadmen); (2) the type of element
(i.e., either bar or strand); (3) the date of installation; (4) the
element vulnerability; (5) the site hazard; (6) the prestress
level; and (7) special comments.

The age of the elements included in the field study range
from 2 years old to 33 years old. Different anchorage types—
including mechanical, cement, and resin-grouted anchorages
within a variety of soil and rock types—are represented in the
site domain depicted in Table 5-1. Not all the tendons were
installed with corrosion protection systems that meet current
standards, and this fact is reflected in the vulnerabilities of the
different elements. A range of site conditions is also present,
and the study includes sites corresponding to hazard conditions
ranging between low and high. In addition to potential hazard
due to corrosion, several of the sites have hazards related to
distress from creep movement or poor drainage conditions.

The first site (Site 1) listed in Table 5-1 is the test bed
constructed at the State University of New York at Buffalo
that was used to evaluate the NDT methods during Phase I
of the project. Results from tests performed during Phase I
are presented in NCHRP Web Document 27. Subsequent test-
ing was performed at the testing facility prior to exhuming of
the elements. Anchors were also exhumed as part of planned
reconstruction/demolition at the Buffalo Inner Harbor Site
(Site 2).

Preliminary studies were conducted at the Inner Harbor
Project in Buffalo, New York (04/19/00), and at the recon-
struction of New York State (NYS) Route 5 in Sennet, New
York (05/03/00). These studies are considered preliminary
because during field studies for this project, excavation for
reconstruction was underway, the elements were partially
exhumed, and only a few elements were included in the con-
dition assessment. In addition to NDT, visual inspection over
part or all of the length of selected elements was performed
at these sites. At the Buffalo Inner Harbor site, bar-type ten-
dons were studied; in Sennet, New York, strand-type tendons
were evaluated.

Four sites involve tieback or anchored wall systems, and
the remaining three are rock bolt sites. The rock bolt site in
Ellenville, New York, was selected because of the presence of
different types of rock bolts, the density of the rock bolt pattern,
the rock conditions, and the ease of access to the site. In 1992,
a rock slide occurred at this location, and a report was prepared
by NYSDOT (Johnston, 1996) describing the condition of rock
bolts exhumed from the site subsequent to the slide. The site
at Dresden, New York, was evaluated because load cells had
been installed on several of the rock bolts at this site. The wall
site at Texas A&M University National Geotechnical Experi-
mentation Site (TAMU-NGES) was also selected because a
number of the ground anchors were instrumented.

5.1 DESCRIPTION OF DATABASE

The performance database includes details of the subsur-
face conditions and installation details similar to that included
in the inventory. Additional information is collected as part
of the site evaluation, performance monitoring, and element
condition assessment.

Table 5-2 presents the format for the database and includes
information from the inventory of sites included in the field
studies listed in Table 5-1. The following is a brief summary
of the information archived in the performance database:

• Site evaluation
– Soil parameters for condition assessment, including

soil resistivity, pH, chloride and sulfate content, and
groundwater chemistry

– Level of site hazard, element vulnerability, and pri-
ority rating, as described in Figures 4-1 and 4-2 and
Table 4-3

– History of maintenance, performance monitoring, and
retrofit 

– Estimated remaining service life based on application
of Equations 4-4 and 4-5 and Tables 4-6 and 4-7

• Performance monitoring
– Performance criteria—expected percentage of dis-

tressed elements
– Consequences of failure at site—high, moderate, or low
– Total number of elements at site
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– Number of elements tested at the site 
• Element condition assessment

– Half-cell potentials—percentage of elements where
corrosion is likely

– Polarization current—percentage of elements with
compromised corrosion protection systems

– Impact testing and UT—percentage of elements with
suspected voids behind the bearing plate

– Impact testing and UT—percentage of elements with
anomalous reflections or suspected defects

– Number of elements tested with invasive tests
– Number of distressed elements observed from inva-

sive tests
• Summary of recommended actions

– Compare condition assessment with estimated service
life and performance criteria—assign case number
according to Table 4-8

– Is invasive testing recommended?
– Is retrofit recommended?

• General comments

5.2 SUMMARY OF SITE EVALUATIONS AND
CONDITION ASSESSMENTS

The following sections are summaries of the site evalua-
tions and condition assessments performed at each of the
sites listed in Table 5-1. The summaries include details of the
installations, subsurface conditions, results from previous per-
formance monitoring (if available), description of NDT and
condition assessment, and conclusions from the site evalua-
tion and element condition assessment.

5.2.1 SUNY at Buffalo, Buffalo, New York

In 1999, a special test bed was constructed for this project
at the State University of New York at Buffalo (UB), North
Campus. The test bed is located near the northwest corner of
the civil engineering laboratory (Ketter Hall), within an open
grassy area, which is approximately 1,500 m2 in plan. The
test bed features different types of metal elements, with known
features and initial conditions, installed in the ground.

TABLE 5-1 Sites for Phase II field studies
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The anchor elements were installed in vertical test holes.
Auger borings with a diameter of 150 mm were advanced to
a depth of 2.75 m at each element location. The specimens
were centered within the hole, and the auger borings were
backfilled with native soil. As the holes were advanced, soils
were sampled continuously using a split-barrel sampler, and
the standard penetration test (SPT) resistance was obtained
at 0.6-m intervals in general conformance with ASTM D1586

(ASTM, 2001). The soil samples were tested in the laboratory
for moisture content, Atterberg limits, and grain size.

5.2.1.1 Subsurface Information

Soil samples collected at the site were identified as fill. The
fill is predominantly a fine-grained soil with varying amounts

TABLE 5-2 Performance database for condition assessment and evaluation of service life of metal-tensioned system
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of gravel. The SPT N values of the fill range from 15 to 44
(blows per 0.3 m). The higher N values are apparently inflated
because of the gravel content, and the lower N values, between
15 and 20, indicate a relatively stiff, fine-grained soil. Mea-
sured moisture contents ranged from 8 to 13.5 percent, most
likely corresponding to the moisture content during com-
paction of the fill, and the degree of saturation ranged between
60 and 90 percent. Grain size analysis confirmed that the mate-
rial is predominantly fine grained, with 60 to 70 percent finer
grain than the 200 sieve. The liquid and plastic limits of the fill
soil were measured as 22.9 percent and 10.8 percent, respec-
tively. Using these laboratory test results, the fill is classified
as CL by the Unified Soil Classification System (USCS) in
conformance with ASTM D2487 (ASTM, 2001).

5.2.1.2 Element Construction and Installation

The UB test facility is pictured in Figure 5-1. Eight ele-
ments, each with a length of approximately 3 m, were installed.
The elements were placed along two rows and separated by
approximately 4.5 m. All of the elements have a 0.3-m-long
grout bulb at their lower end to simulate anchorage of the
bars and tendons in soil. The grout bulbs were precast at the
bottom end of the specimens prior to installation.

Four types of elements were installed at the UB Test Facil-
ity. These included

• 32-mm-diameter, plain Dywidag bars;
• 32-mm-diameter, epoxy-coated Dywidag bars;
• 32-mm-diameter, plain Dywidag bars surrounded by

grout encased in a 2.7-m-long, 10-mm-diameter plastic
pipe; and

• 15-mm-diameter, seven-wire Polystrand coated with
grease, surrounded by an extruded high-density poly-
ethylene (HDPE) sheath.

Two specimens were installed for each type of element, the
first intact without any defect and the second with a defect.
Bar element defects were constructed as a notch placed about
1 m from the far end of the bar. The notch removed approx-
imately 25 percent of the bar cross section over a length of
75 mm. For grouted specimens, the notch extends through
the grout and into the bar. For strand elements, the defect was
created by stripping a 75-mm length of the HDPE sheath and
exposing the strand to the subsurface environment.

5.2.1.3 NDT Performed at Site

Results from initial NDT conducted in the fall of 1999 and
spring of 2000—including electrochemical testing, impact
testing, and UT—were presented in NCHRP Web Document
27 (D’Appolonia Consulting Engineers et al., 2001). A few
of the important results are presented here to describe the
observed trends.

Electrochemical test results include half-cell potentials and
observation of the E versus log I relationship. The ground bed
used for the E versus log I test consisted of three 1-m-long,
copper-plated rods, located approximately 30 m south of Ele-
ment 1. The half cell was located on the ground surface
within approximately 0.3 m of each respective element dur-
ing testing. Table 5-3 is a summary of results from electro-
chemical tests, where

• Ecorr = free corrosion potential with reference to the half
cell (mV),

• Ip = polarization current observed from the E versus log
I relationship (mA),

• As = Ip/21 = estimated surface area of the element in
contact with the ground (mm2), 

• Le = As/(d = length of the element corresponding to As

(m2), and
• d = element diameter (mm).

Figure 5-1. Plan view of in situ specimens at UB test facility.
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Compared with the potential of −200 to −500 mV CSE
typically observed for rusted low-carbon steel in neutral soils
and water, the corrosion potentials shown in Table 5-3 indi-
cate that corrosion has occurred in Elements 5 and 8. The
lengths of exposed element (Le), estimated from the E versus
log I test, are consistent with the known conditions of the ele-
ments. Element 1 is in direct contact with the ground for the
majority of its length, and, by contrast, Element 5 is insulated
with grease and plastic sheathing. This insulation is reflected
in the relatively large and small values of Le for Elements 1
and 5, respectively. Elements 4 and 6 have Le roughly cor-
responding to the existence of the 75-mm-long defect. The
larger Le of Element 8 includes some exposed metal near the
top of the element in contact with the ground.

Figures 5-2 and 5-3 show results from impact tests per-
formed on epoxy-coated bars, with and without defects (Ele-
ments 3 and 4). Reflections at intervals of approximately
0.0011 s are observed in the time domain. These reflections
correspond to the time for compression waves to travel the
length of the bar and back (2 × 3 m ÷ 5,500 m/s = 0.0011 s).
For the bar with the defect, an additional reflection appears
that becomes more apparent as energy from reflections at the

end of the bar attenuate. The presence of a defect along the
length of the bar is also characterized in the frequency
response presented in Figures 5-4 and 5-5. Compared with
the intact specimen, the lower fundamental frequencies are
relatively more predominant in the frequency response of the
defected bar. Table 5-4 is a summary of the fundamental fre-
quencies observed in the impact test results for each of the
elements at the UB test bed.

Figures 5-6 and 5-7 show results from ultrasonic tests con-
ducted on the same epoxy-coated elements (Elements 3 and
4) for which impact test data were presented. Similar to the
results obtained with the impact test, a distinct reflection is
observed approximately 0.0011 s after the ultrasonic excita-
tion pulse. Compared with the results from the intact bar, the
relatively small amplitude of the reflection from the end of
the defected bar is readily apparent. The smaller amplitude is
due to reflections and refractions from the defect and associ-
ated loss of energy. An additional reflection is perceptible for
the bar with the defect. Thus, the presence of the defect is
manifested in the test results. The data from the ultrasonic
test confirm the results obtained from the impact test. The data
are very useful because similar results are obtained when the

TABLE 5-3 Summary of electrochemical test results from UB test bed specimens

Figure 5-2. Impact test on epoxy-coated bar without defect at UB test facility.
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same elements are tested using different NDT methods. This
similarity demonstrates the validity of either test method.

5.2.1.4 Conclusions from NDT

The half-cell potentials are consistent with the known con-
ditions of the elements, and the measured polarization current
correlates with the known lengths of the elements exposed to
the surrounding soil. Results from impact and UT are con-
sistent with the known lengths of the elements and presence
of defects. 

5.2.2 Buffalo Inner Harbor, Buffalo, New York

In 1967, a 12-m-high, sheet-pile quay wall was constructed
at the future site of the Buffalo Inner Harbor Development
Project. The wall was supported with a single row of anchors
located approximately 1.0 m below the top of the wall. The
wall anchors consisted of smooth bar elements (i.e., upset
rods) threaded at each end. The bars were threaded at each
end, made from mild steel with a diameter of 64 mm at the
upset end and 51 mm along the shaft. The bars were anchored
to a sheet pile deadman located approximately 17 m behind
the wall face. Double-channel walers were attached to the

Figure 5-3. Impact test on epoxy-coated bar with defect at UB test facility.

Figure 5-4. Amplitude spectrum from impact test on epoxy-coated bar without defect at UB
test facility.
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inside of the wall face and along the back side of the sheet-
pile deadman. Bars were attached to the walers with nuts and
bearing plates at each end.

Approximately 8.5-m-long bars were coupled to span
between the wall face and the anchor sheets. A corrosion pro-
tection system was not included in the design of the anchors.
Because of the age (more than 15 years old), level of corro-
sion protection (none), and steel type (mild), element vulner-
ability was considered moderate.

Figure 5-8 is a photograph showing the partially exhumed
anchors. Couplings can be seen in the photograph at the right
side of the excavation. The waler along the inside of the wall
face is visible at the left edge of the excavation.

5.2.2.1 Subsurface Information

In support of the Buffalo Inner Harbor Development Proj-
ect, test borings were advanced behind the existing quay wall
and soil samples were retrieved for laboratory testing. Bedrock
was located at the toe of the wall at a depth of approximately

12 m from the ground surface. Soil deposits on top of the
bedrock include approximately 9 m of natural soil deposits
followed by 3 m of granular fill. The mean lake elevation,
and corresponding groundwater level, was approximately 3 m
below the ground surface (and the top of the wall). Using this
information and observations of the elements made during the
NDT at the site, the wall anchor elements were located within
the fill and completely above the groundwater table.

Laboratory testing conducted on the granular fill included
moisture content analysis, grain size analysis, and chemical
analysis (including pH), as well as measurement of trace com-
pounds typical of those conducted for environmental assess-
ment. The pH measured on two samples of the fill was 7.0
and 6.4, and sulfides were not present above the detection
limit of 11 mg/kg. The results of the grain size analysis are
presented in Table 5-5.

In summary, the fill is relatively free draining and is clas-
sified as poorly graded gravel, GP (ASTM, 2001). Although
the soil resistivity was not measured directly, a free-draining
gravel material with neutral pH has an estimated resistivity
of more than 5,000 ohm-cm. Because of this information,

Figure 5-5. Amplitude spectrum from impact test on epoxy-coated bar with defect at UB test
facility.

TABLE 5-4 Summary of fn for bars tested at UB
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and because the wall anchor elements were located above the
water level, site hazard is considered low.

5.2.2.2 NDT Performed at Site

During the spring and summer of 2000, the existing quay
wall was demolished and a new quay wall was constructed
approximately 15 m behind the location of the original wall.
During construction of the new quay wall, the backfill behind
the old wall was excavated and the anchor bars were exhumed.

The coupling was unearthed, and its location (approximately
8.5 m from the end of the bar) was documented. Visual obser-
vation of the exposed bars indicated that the bars were in very
good condition and had a relatively uniform coating of rust
surrounding the bars. No significant loss of cross section or
surface pitting was observed. Access to the end of the anchors
was available from the excavation on the back side of the
sheetpile deadman.

NDT was performed on three adjacent elements at the site
that were located at a spacing of approximately 2 m. Bar 1 was
located in the middle, and Bars 2 and 3 were located approxi-

Figure 5-6. Ultrasonic test results for epoxy-coated bar without defect at UB test facility.

Figure 5-7. Ultrasonic test results for epoxy-coated bar with defect at UB test facility.
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Ultrasonic tests were performed on bar ends that did not
receive any special preparation or surface treatment. Valvo-
line grease was used as an acoustic couplant between the
ultrasonic transducer and the end of the bar. The ultrasonic
transducer was a Panametrics Model V1011. This device has
an operating frequency of approximately 100 kHz and a con-
tact surface with 38-mm diameter.

Results from testing Bars 1, 2, and 3 are shown in Figure
5-11. A clear reflection is indicated at approximate 3.2 ms in
the test results for Bar 1, which is consistent with the reflec-
tions observed in the impact test results. The same reflection
is not clearly visible in the test results for Bars 2 and 3. This
lack of clearly visible reflection may be due to the relatively
poor, uneven end conditions for Bars 2 and 3 compared with
the end conditions for Bar 1. Poor end conditions can nega-
tively affect acoustic coupling between the transducer and
the end of the bar, which lessens the ability of the transducer
to transmit and receive the sound wave signals. Because of
this observation, preparation of bar ends is recommended
prior to performing the ultrasonic test. Surface preparation
may be necessary to achieve a flat surface parallel to the cross
section of the bar. This preparation involves (1) squaring the
bar ends with a power saw (i.e., a gas-powered chop saw)
suitable for cutting through steel and (2) surface grinding to
remove irregularities as necessary.

Tests on new bar elements. In addition to tests performed
on the existing quay wall anchor elements, a few nondestruc-
tive tests were performed on new bars stockpiled on-site for
construction of the new quay wall. The new bars were approx-
imately 45-mm-diameter, Grade 150, Dywidag bars that were
protected by a grout-filled plastic sheath. Ultrasonic tests
were performed on two bar elements designated New Bar 1
(length ≈ 7.5 m) and New Bar 2 (length ≈ 5.0 m). Ultrasonic
test results for New Bars 1 and 2 are compared in Figure 5-12.
The time of arrival of the reflected waves was approximately
0.0022 s and 0.0033 s for New Bars 2 and 1, respectively.
The ratio of the arrival times (New 1/New 2 = 0.0033/0.0022
= 1.5) corresponds to the ratio of the element lengths. Given
the length of wave propagation, the travel wave velocity is
computed as 4,400 m/s, which is less than the compression
wave velocity along a cylindrical steel bar. The travel time
of the bar surrounded by grout is reduced compared with the
travel time of bare steel because the grout affects the dynamic
response of the element.

Bars exhumed during archeological dig. During con-
struction activities for the Buffalo Inner Harbor Development
Project, foundation relics were being studied as part of an
archeological dig east of the old quay wall. Three additional
anchor elements were exhumed that, according to archeolo-
gists conducting the excavation, were installed around 1930.
Details of the element type and installation are similar to
details observed behind the old quay wall. Although NDT
was not conducted at the archeological dig, the observed

mately 2 m east and west of Bar 1, respectively. NDT at the
site of the Buffalo Inner Harbor included impact and ultrasonic
tests. Electrochemical tests were not performed.

For the impact test, a PCB Model 086C05 steel-tipped,
instrumented hammer (described in Chapter 3) was used to
apply the impact force. The accelerometer was glued to the
end of the bar using a special detachable base with a threaded
hole in the middle. Figure 5-9 compares time histories from
testing performed on Bars 1, 2, and 3. A reflection at 3.1 ms
is clearly evident in the test results from Bars 1 and 3, and,
although present for Bar 2, it is less discernible. The reflec-
tion at 3.1 ms is consistent with the observed location of a
mechanical coupling about 8.5 m from the end of the bar
(8.5 m × 2 ÷ 5,500 m/s = 0.0031 s).

Results from impact testing were transformed to the fre-
quency domain, and the amplitude spectra for Bars 1, 2, and 3
are shown in Figure 5-10. The amplitude spectra for the three
bars are similar, although there is a shift in the predominant
frequencies, particularly at frequency levels above 5,000 Hz.
It appears that Bar 1 has the highest frequency response, fol-
lowed by Bar 3. Bar 2 does not show significant peaks in the
higher frequency response range of the amplitude spectrum.
According to the results of research conducted at the Univer-
sity of Aberdeen (Famiyesin et al., 1997), the frequency
response of tensioned metal elements is related to tension
level in the bar. An increase in the main frequency content is
realized when tension applied to the element is increased.
This fact may explain the differences noted in the frequency
response presented in Figure 5-10. Because of the results pre-
sented in Figure 5-10, Bar 1 is believed to have a higher level
of tension than Bars 3 and 2.

Figure 5-8. Thirty-three-year-old bars in free-draining
gravel behind old quay wall unearthed at Buffalo Inner
Harbor project.

TABLE 5-5 Grain size of gravel fill at Buffalo Inner Harbor



Figure 5-9. Comparison of time histories from impact tests performed on Bars 1–3 at
Buffalo Inner Harbor.



Figure 5-10. Amplitude spectra from impact tests on Bars 1–3 at Buffalo Inner Harbor.



Figure 5-11. Results from ultrasonic tests on Bars 1–3 at Buffalo Inner Harbor.
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conditions of the exhumed elements and surrounding soil envi-
ronment are reported herein. Conditions surrounding the ele-
ments discovered during the dig starkly contrast conditions
surrounding the bars exhumed behind the old quay wall.

Severely corroded elements were discovered at the dig
site. One element in particular, shown in Figure 5-13, was
completely corroded at the location of the coupling. The
other two bars, both located east of the element shown in Fig-
ure 5-13, exhibited loss of cross section, and measurements

of diameter taken at a number of different locations along the
length of the elements range from 41.9 mm to 50.8 mm.

Backfill within the area of the dig was much different from
what was observed behind the quay wall. Within the dig area,
slag and cinder ash were used as backfill. These materials,
which are waste products from steel manufacturing, are char-
acterized by neutral to slight alkalinity and high salt concen-
trations. Samples of the slag backfill were taken and tested for
pH, resistivity, sulfates and chlorides. Test results are presented

Figure 5-12. Ultrasonic tests on new bars at Buffalo Inner Harbor.
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in Table 5-6. The test results confirm that the backfill is very
aggressive and show a high hazard relative to corrosion.

5.2.2.3 Conclusions from Observations and NDT
at Site

According to the information gathered at the Buffalo Inner
Harbor site, the soil environment and corresponding level of
corrosion hazard has an important effect on the service life
and condition of buried metal elements. Similar elements were
buried in very different ground conditions, and the effect of
aggressive ground conditions on the service life of the ele-
ments is evident. The data presented relative to this site illus-
trate the profound effect that ground condition has on the ser-
vice life of buried metal elements.

5.2.3 NYS Route 5, Sennet, New York

The site is located in the town of Sennet, New York, along
NYS Route 5 in Region 3 of the NYSDOT. A tieback sheet-
pile wall constructed in 1994 supports a railway embankment
that serves as the approach to the elevated crossing of Con-
rail over NYS Route 5. Figure 5-14 shows the face of the wall
as it looked in the winter of 2000.

The height of the wall ranges from approximately 1 m to
4 m, and the wall supports a 4- to 7-m-high slope at a grade

of 2.5H�1V. The wall is supported by one or two rows of
grouted ground anchors. The tendon elements are seven-wire
strands, inclined at 15° with respect to the horizontal. At the
wall face, the strands are surrounded by a metal sheath that
extends through a wide flange beam waler. The anchor head
is covered by a grease-filled metal end cap. Each anchor
assembly includes two 12.7-mm-diameter, seven-wire strands
conforming to Grade 270 of ASTM Specification A416.
Anchors were spaced approximately 3.5 m c-c along the length
of the wall and were designed for an ultimate capacity of 270
kN. Each strand is coated with grease and surrounded by an
extruded plastic sheath. Along the free length, the strand pairs
are surrounded by a smooth polyvinyl chloride (PVC) pipe
sleeve.

5.2.3.1 Subsurface Conditions

A subsurface investigation was conducted in support of
reconstruction of NYS Route 5. Test boring logs were obtained
from the NYSDOT Region 3 Soils Engineer. Soil samples
were collected, and standard laboratory tests (including mois-
ture content, grain size analysis, and Atterberg limits) were
conducted. The soil behind the wall above the dredge line is a
loose-to-medium-dense silty gravel with SPT N values rang-
ing from 4 to 19 blows per 0.3 m and in-situ moisture contents
ranging from 8 to 12 percent. Below the dredge line is a stiff
soil consisting of alternating layers of clayey silt and silty clay,
having SPT N values ranging from 19 to 40 blows per 0.3 m
and moisture contents ranging from 6 to 21 percent. Measured
groundwater elevations are variable and were observed within
the alternating layers of clayey silt, silty clay soils. No chemi-
cal analyses of the soils were performed.

The free length of the ground anchors passes through the
gravel zone, and the bonded zone is located within the stiff soil
strata. According to information provided in the test boring
logs, ground anchors appear to be located above the observed
groundwater levels. Given the stratigraphy, however, perched
groundwater within the gravel layer of the free-length zone is
possible.

Figure 5-13. Corroded 70-year-old element backfilled in
slag, exhumed at east end of Buffalo Inner Harbor project.

TABLE 5-6 Electrochemical properties of backfill sampled
at the Buffalo Inner Harbor archeological dig

Figure 5-14. Tieback wall for railway embankment along
NYS Route 5 in Sennet, New York.
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5.2.3.2 NDT Performed at Site

As part of a highway reconstruction project that involved
establishing a grade crossing for the railroad, the embank-
ment was excavated and the wall was demolished in spring
2000. When the embankment excavation reached the elevation
of the tiebacks, the elements were severed along the exposed
back face of the sheetpile. During the site visit, the severed
ends of the tendons were exposed within the clayey silt soil,
which was wet and soft at the surface from a recent rain. The
exposed strands appeared to be in good condition. Uniform
corrosion was observed surrounding the exposed cut ends, but
this corrosion probably occurred after the demolition.

Three pairs of tendons were accessible at the east end of
the project. The equipment van was parked along the shoul-
der of the highway near the exposed tendons, and necessary
wiring was extended from the back of the parked van. A
portable generator was used to power the equipment.

Electrochemical measurements were made on one strand.
Three copper rods were driven into the ground at a distance
of approximately 6 m from the strand to serve as a ground
bed. The copper/copper-sulfate half cell was placed within a
half meter of the strand. A half-cell potential of −180 mV
was measured, indicating that corrosion had occurred along
the strand. Results from the E versus log I test rendered a cor-
rosion protection current of approximately zero, suggesting
that the plastic sheath was intact and that the strand was insu-
lated from the surrounding soil environment over the remain-
der of its length.

The ends of the tiebacks were ground flat and smooth with
a surface grinder in preparation for UT, as shown in Figure
5-15. Four strands were tested, which were from two pairs of
adjacent tiebacks. The test results, shown in Figure 5-16, were
processed with a scaling function to enhance the observed
reflection. The reflections from the four strands were observed
at approximately 0.0012 s, which corresponds to a distance
of 3.3 m from the cut end of the element. The observed
reflections are likely due to the interface between the bonded
and unbonded zones. At this point, the plastic sheath is dis-
continued and the steel strands are surrounded by grout. The
different impedance between the bonded and unbonded zones

along the length of the element results in a strong reflection
of the propagating wave.

5.2.3.3 Conclusions from NDT

NDT conducted at the site served to demonstrate applica-
tion of NDT to strand-type elements. Features of the anchor
head assembly were not present, but the ability to test iso-
lated lengths of strand was established.

Electrochemical test results were consistent with the antic-
ipated conditions. Some corrosion was evident because of
unprotected elements exposed to the environment subsequent
to demolition. These observations demonstrate the vulnera-
bility of strand-type elements when corrosion protection is
compromised. Attempts to measure polarization current indi-
cated that the plastic sheath was intact for most of the remain-
ing length of the unbonded zone.

Ultrasonic test results indicated that reflections could be
obtained from distant sources (approximately 3.3 m from the
face of the element) if the ends of the strand were cut and
ground smooth to obtain good acoustic coupling.

5.2.4 O Street, Washington, D.C.

Slope instabilities and creep-related slope movements have
been documented between Highland Drive and O Street in
Washington, D.C., since the late 1950s. With development
of the area through the early 1970s, the extent of the slope
instabilities and failures increased, and by 1974, some struc-
tures on Highwood Drive had reportedly been in danger of
serious structural damage. The O Street retaining wall was
constructed in 1978 to stabilize the slopes between Highland
Drive (North), O Street (South), Carpenter Street (East), and
Branch Avenue (West) in the Southeast quadrant of Wash-
ington, D.C. The O Street retaining wall is a diaphragm-type
concrete structure that was constructed using slurry trench
methods by ICOS Corporation of America (ICOS). Appar-
ently, slope movements continued after construction of the
wall, and, in 1995, significant distress was observed that led to
a geotechnical investigation and recommendations for repair-
ing the wall.

The site was selected for evaluation as part of NCHRP Proj-
ect 24-13 because of the potential presence of damaged or dis-
tressed ground anchors and because of the information col-
lected relative to the installation and history of the wall system.

5.2.4.1 Details of the Wall Installation

Background information and details of the wall construc-
tion and soil profile were obtained from the report prepared
by Thomas L. Brown Associates for the District of Colum-
bia Department of Public Works (1998). Figure 5-17 shows
the location of the wall, which was constructed with fiftyFigure 5-15. Strand ends tested at Sennet, New York.



Figure 5-16. Ultrasonic test results from strand elements at
Sennet, New York.



Figure 5-17. Plan view of O Street wall, Washington, D.C.
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6.7-m-wide, concrete diaphragm panels, numbered 1 through
50 starting at the west end of the site. The wall is 335 m long
and extends most of the length of O Street between Branch
Avenue to the west and Carpenter Street to the east. In gen-
eral, the ground surface at the top and base of the wall rises
toward the east end of the wall. The wall supports a sloping
ground surface (1V�3H) and ranges in height from 2.3 m to
9.6 m. The toe of the wall has an embedment depth ranging
from 5.2 m to 10.2 m. Table 5-7 shows the elevations at the
top, base, and toe along the east and west end of the wall.

Each concrete diaphragm panel is 0.6 m thick and con-
structed with concrete having a minimum unconfined com-
pressive strength equal to 21 MPa. The horizontal reinforcing
steel placed in each wall panel consists of Number 5 bars
spaced 457 mm center to center on each face. Vertical rein-
forcement in the diaphragm wall reportedly consists of Num-
ber 5 bars spaced 457 mm center to center along the front face
of the wall, and Number 9 bars spaced 406 mm center to cen-
ter along the back face of the wall. Weep holes, 100 mm in
diameter, were drilled along the base of many of the wall
panels, and a sloping asphalt swale was constructed immedi-
ately uphill of the wall and at the base of the wall to divert
any runoff.

Panels are supported with one to three rows of tiebacks for
a total of three to seven tiebacks per wall panel. Tiebacks are
32-mm-diameter Dywidag rods that conform to ASTM Spec-
ification A722. Tiebacks reportedly were installed at angles
ranging from 0° to 16° from horizontal. A 305-mm-diameter,
6-mm-wall-thickness pipe sleeve with a 533-mm-square,
6-mm-thick plate was set into the wall at each anchor bar
location. The sleeve was filled with grout and covered with a
356-mm-square, 13-mm-thick anchor plate. Beveled washers,
having a diameter of 114 mm, and anchor nuts were installed
at the exposed ends of the anchors. The ends of the anchor
rod and nut were not protected with an end cap. Along the
free length, bars are surrounded by grease, a plastic sheath,
and an 8-in.-diameter grouted annulus. Because the corro-
sion protection is Class II as defined by PTI (1996), element
vulnerability is considered moderate.

5.2.4.2 Subsurface Information

Test borings were advanced at the site as part of the initial
investigation and for investigations into the cause of distress

observed along the wall and slope. Test borings were advanced
along the top of the wall and along its toe. Two fairly well
defined soil strata underlie the site.

Typically, the first stratum was observed from below the
surface topsoils, pavement, and fill materials to elevations
ranging from 43 m (west) to 48 m (east) along Highwood
Drive. It slopes to elevations from 34 m (west) to 43 m (east)
along O Street. Compared with the wall elevations cited in
Table 5-7, at most locations the interface between Strata 1
and 2 is located near the dredge line of the wall, becoming
close to 3 m below the dredge line at the east side of the site.
Stratum 1 consists of interbedded layers of sand, silt, clay,
and some gravel. Water, believed to have been perched, was
somewhat erratically observed within this stratum.

The second stratum was typically observed to the depth of
the explorations. The soils within this stratum are predomi-
nantly clays, which exhibit a variety of colors, consistency,
and plasticity. Highly plastic and slickensided zones, as well
as water-bearing sand lenses, were observed frequently within
this stratum between elevations approximately 43 m and 34
m north and south of the wall. Below the clay stratum, sands
were observed in the lower depths of several borings.

Soils were sampled and sent to the laboratory for testing,
which included moisture content, Atterberg Limits, and gra-
dation analysis. Table 5-8 summarizes the results from test-
ing soils from Strata 1 and 2. Sand layers observed within
Stratum 1 were medium to fine grained with 20 to 30 percent
passing the Number 200 sieve. The in-situ moisture content
was measured to be 6 to 8 percent.

Soil samples from Strata 1 and 2 were collected during Jan-
uary 2000 as part of a subsurface investigation conducted by
Gannett Fleming, Inc., in support of plans for the remedial
design. Gannett Fleming, Inc., provided several jars of split
spoon soil samples representative of soils within Strata 1 and
2. Samples were sent to Geotechnics, Inc., for chemical analy-
sis, including pH, sulfate and chloride content, and resistivity.
Results are presented in Table 5-9. Because of the low pH’s
and resistivity measured for the soils at this site, the corrosion
hazard is considered high.

5.2.4.3 Wall Performance History

Shortly after wall construction was completed, several tie-
backs failed and stress crack corrosion was identified as the
cause. During June 1979, the Washington, D.C., Department
of Public Works (DPW) noted that Tiebacks 1A (Panel 1,
Tieback A) and 14C were broken, and Tieback 4A was bent
and its washer was missing. In response to DPW’s concerns
about the failed tiebacks, ICOS asked Mueser, Rutledge,
Johnston, and Desimone (MRJD) to investigate the problems
with broken tiebacks. MRJD (1979) concluded that the high-
tensile-strength Dywidag anchor rods were quite rigid and
brittle. When these rods were subjected to large strains, or
when the loads were not aligned longitudinally with the axis

TABLE 5-7 Wall elevations along O Street wall,
Washington, D.C.
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of the bar, high stress concentrations could result. Those high
stress concentrations, coupled with the mild corrosive effects
of the natural elements, caused failure of several anchor rods
by stress crack corrosion. Several problems with the original
installation were also cited as potentially contributing to the
observed distress. The anchor assembly did not include a
bearing washer with a seat to accept the anchor nut; this could
have contributed to slight rotation in the bar, which could
also create unacceptable stress levels and stress concentra-
tions. Additionally, an unacceptable level of deformation in
the 356-mm-square, 13-mm-thick anchor plate was observed
at several anchors, and that occurrence could also be related
to anchor failures. Consequently, the MRJD report recom-
mended that each anchor assembly be removed and replaced.
With respect to the corrosion issue, the MRJD recommended
that the entire anchorage assembly be protected against cor-
rosion by epoxy-based coating of all exposed parts, by pro-
tective shield, or by other special devices. Reportedly, ICOS
returned during 1980 and performed most of the work in
accordance with the MRJD report.

Although the stress crack corrosion problem appeared to be
remedied, in 1995 the wall began to show evidence of creep-
type failure. Between 1995 and the presentation of the report
by Thomas L. Brown, Inc., in 1998, a significant amount of
creep-type movements of the wall occurred. The area between
Panels 10 and 17 experienced the most distress. Within that
distress area, wall movement included as much as 2.44 m of
outward (i.e., downslope) wall movement, accompanied by
as much as 5° of rotation of the wall panels with respect to
the base. Because of this wall movement, Panels 15 and 16
displaced as much as 4 m from their original alignment.
Apparently, all bar anchors in these wall panels failed, and
the soils downslope of the wall were pushed toward O Street.
The toe of the slope failure was evidenced by a bulge that
developed along the ground surface approximately 30.5 m
downslope of the wall. Immediately behind (i.e., upslope) of
the diaphragm wall in the distressed area, the ground had set-
tled as much as 3.05 m, and downslope of the wall several
scarps were observed that further demonstrated the down-
slope movement of the wall.

Portions of the wall near Panels 32–34 displaced, but to a
much lesser degree compared with Panels 15 and 16. Although
no structural cracking was observed within or between these
panels, sinkholes were identified in several areas on the High-
wood Drive side of the wall, and soggy at-grade surface con-
ditions were identified at several areas immediately adjacent
to the O Street side of the wall.

Because of the observed distress, a remedial investigation
was conducted under the direction of T.L. Brown Associates.
Instrumentation installed along the wall in 1996 included four
monitoring wells, three inclinometers, and a number of sur-
vey points.

According to the data collected from the monitoring wells,
there was a perched water table behind the wall that fluctuated
near elevation 47.3 m. Data also indicated a separate ground-
water table below the wall near elevation 33.5 m. Throughout
the site, various areas of seepage were apparent from both the
face of the retaining wall and existing grades below the wall.
Generally, the occurrence of the seeps varies with extent of
precipitation, although some seeps are always active.

Inclinometer data were used to estimate the location of a
slide plane. Figure 5-18 is a cross section of the wall taken
near Panel 32, showing the wall cross section and location of
the slide plane. According to the information presented in
Figure 5-18, if the slide plane is present, it intersects the free
length of the anchor rods at a distance of approximately 6.7
m from the anchor head along the lower tier of anchors and
9.15 m from the head along the top tier of anchors.

A number of factors may contribute to the observed wall
distress and condition of ground anchors. According to the
ICOS construction drawings, the only provision for preclud-
ing or preventing groundwater buildup behind the diaphragm
wall was the placement of four weep holes per diaphragm
panel. The weep holes were located approximately 150 mm
above the excavation line in front of the wall. Many of the
weep holes in the diaphragm wall appeared to be clogged
and/or ineffective, and many of these weep holes appeared to
not have been constructed or were beneath the existing
grades on the downhill side of the wall (i.e., the wall had set-
tled more than 150 mm).

TABLE 5-8 Soil moisture content and Atterberg limits at O Street,
Washington, D.C.

TABLE 5-9 Chemical analysis of soils at O Street, Washington, D.C.



Figure 5-18. Cross section of O Street retaining wall near Panel 32, Washington, D.C.
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Each tieback was designed to carry an anchor load of 445
kN. Anchor elements were reportedly 9.0–34.5 m long, and
the bonded zone of many of the anchors penetrated into the
second clay stratum. Considering that these anchors had
been in place in a relatively wet environment for more than
20 years, it was reasonable to speculate that the ground
anchors could have been subjected to distress from corro-
sion. Using available service-life prediction models as dis-
cussed in Chapter 4 (Romanoff, 1957; TRB, 1978; Darbin
et al., 1986; Elias, 1990), and considering that the ground
conditions were aggressive, the estimated loss of cross sec-
tion for unprotected ground anchors over the 22-year life of
the system was estimated to be approximately 27 percent.

In general, with the notable exception of distressed Panels
10–17, the remaining tiebacks appeared to be in place. Excep-
tions included Anchors 37A and 41B, which were listed as
having possibly failed according to visual observations con-
ducted by Thomas L. Brown Associates (1998).

5.2.4.4 NDT Performed at Site

A detailed field evaluation was conducted at the site of the
retaining wall. Fifteen bar elements were tested out of 176
tiebacks installed along this approximately 335-m-long, tied-
back, concrete diaphragm wall. The locations of the tested
elements were evenly distributed along the length of the wall.
Twelve of the elements were located near the base of the wall
along Panels 2, 33, 41, and 44; three of the elements were
located along the upper level from Panels 6 and 7. Accord-
ing to the sampling strategy described in Chapter 4, this sam-
pling interval means that if one is searching for a failure rate
of 1 out of 10 elements (p = 0.1), there is a 96.6-percent prob-
ability that this sampling domain will correctly represent the
entire domain (i.e., there is a 4.4-percent chance that more
than 1 out of every 10 anchors at the site are distressed),
although less than this proportion is represented in the sam-
pling interval. This analysis assumes a sampling error of
approximately 10 percent. At the time of the evaluation, the
wall was being retrofit so that access to the front of the wall
was available via a ramp installed by the contractor. There-
fore, the equipment van could be located within several feet
of the wall face. The ends of the anchor rods were exposed
at the anchor head, and connections could be made without
the need to remove any of the existing wall face. The ends of
the anchors were cut square with a chop saw and ground
smooth prior to testing. Testing consisted of electrochemical
measurements, impact tests, and ultrasonic tests.

Electrochemical tests were performed by clamping one end
of an eight-gauge wire to the exposed end of the anchor rod,
as shown in Figure 5-19. The half cell was pushed into the
ground in front of the wall panel. Different placements of the
half cell were also evaluated, including using a wet sponge to
make contact with the wall face. Measurements of half-cell
potential were not sensitive to placement of the half cell.

To polarize the elements and measure the E versus log I
relationship, a ground bed was established, and a 6-V source
was applied to impress current on the system. For most of the
tests, copper-plated rods were used as the ground bed. The
rods were pushed into the ground at distances of approxi-
mately 15 m from the front of the wall face. A range of current
from approximately 0.2 to 200 mA was impressed on the sys-
tem. In several instances, neighboring elements were used as
ground beds, and results were compared with those obtained
using the copper-plated rods. Test results did not appear sen-
sitive to the type of ground bed employed.

Using the diameter of the elements and the known length
obtained from the as-built records, the current required to
polarize the elements assuming they are electrically isolated
was computed. All of the observed test results indicated that
the current required for polarization was much higher than
the computed value, and, given the voltage source used at the
site, it was not always possible to reach a polarized state. This
limitation indicates that the surface area involved in the cir-
cuit was large and electrical continuity existed between ele-
ments. This information is useful for interpreting the results
from half-cell potential measurements of the individual ele-
ments. Table 5-10 presents measurements of half-cell poten-
tial at the site.

If electrical continuity exists, the potential for galvanic cor-
rosion relates to the difference in half-cell potential between
neighboring elements. Given the data presented in Table 5-10,

Figure 5-19. Electrical measurements being made at O
Street wall, Washington, D.C.
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the occurrence of corrosion is not likely for elements along
Panel 2 because the half-cell potentials for Elements 2a, 2b,
and 2c are relatively close. It is likely that corrosion is present
along Panels 33 and 44. Apparently, Elements 33c and 44c
are corroding because they have the most negative potential
relative to neighboring elements, such that they act as anodes.
During the corrosion process, anode potentials shift, becom-
ing less negative. Positive potentials observed for Elements
33a, 33b, 41a, 41b, and 41c may be due to previous corrosion
and corresponding shift in potential.

Impact test accelerometers were attached to the ends of the
anchor rods using glue-mounted, threaded baseplates. The
baseplates were mounted off center such that impacts could
be applied at the center of the elements. The test sequence on
each bar included the use of different impact hammers and

methods of applying impact to the ends of the bars. Hammer
types included an instrumented, modally tuned hammer, which
allowed observation of the hammer response, and a ball peen
hammer that was not instrumented. A centering punch was
employed for some of the tests to focus the energy near the
center of the element face. Impact was applied in both the
longitudinal and transverse directions. The repeatability of
the tests was observed by performing at least three impacts
for each case (e.g., three impacts with a ball peen hammer
and punch and three impacts for the ball peen hammer with
no center punch). Test results obtained from using the ball
peen hammer and punch will be discussed here because this
technique appeared to direct the highest energy down the axis
of the element, and reflections could be observed for longer
time intervals.

Figure 5-20 displays a typical impact test result for a bar
element tested at the O Street site. Reflections are observed
from two locations at relatively long distances from the face of
the element. Figure 5-21 is a schematic of the bar installation
and indicates points along the length of the bar where wave
reflection and refraction may occur because of a change in
geometry. The first reflection is presumed to be from the end
of the unbonded (i.e., free) length of the bar, where the plastic
sheath is terminated, and the return signal from the refracted
wave is from the end of the bar. The impact test results in Fig-
ure 5-20 indicate that Bar 33c has an unbonded length of
approximately 12 m and a total length of approximately 21.5
m. Construction records from the installation of the elements
document that the length of the bar is approximately 20 m,
which compares well with the length indicated from the
impact test. Given the total and the unbonded length of the ele-
ment, the bonded length is computed as approximately 9.5 m.

TABLE 5-10 Half-cell potential observed at O Street,
Washington, D.C.

Figure 5-20. Typical impact test results from bar at O Street site, Washington, D.C.
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Table 5-11 is a summary of results from impact tests per-
formed on 12 bar elements at the O Street site. For each ele-
ment tested, the unbonded and total lengths observed from the
test results are presented, along with the computed bonded
length and the documented length of the bar obtained from
the construction records. Observed bar lengths are within 5
percent of the documented lengths of the bar elements. How-
ever, for Bar 33a, the research team did not observe reflec-
tions corresponding to the end of the bar. This lack of visible
reflections may be due to a severe loss of cross section, frac-
ture of the bar within the bonded zone, or severe cracking of
grout within the bonded zone.

As described in the condition report for the wall prepared
prior to the NDT evaluation, Panel 33 is damaged and is dis-
placed relative to its original position. Therefore, it is very
likely that some element distress exists at this location.

Table 5-11 also indicates that Bar 41a may be distressed
because the length of 4.5 m does not correspond very well to
the anticipated length of the unbonded zone. If 4.5 m were
the correct length of the unbonded zone, the length of the
bonded zone would be computed as 11.5 m, which is several
meters longer than the bonded lengths for other elements
determined from the impact test.

The interpretation of test data from the O Street site demon-
strates how distress is indicated in the test results. Although
the severity of the distress is not quantified, the fact that a
reflection is not evident from features at distances corre-
sponding to observations from other, nearby elements is con-
sidered an indication of an anomalous condition along the
length of the bar element.

Figure 5-22 presents typical results from UT performed
on bar elements at the O Street site. The high-frequency sig-
nals transmitted to the bar are attenuated within a relatively
short distance compared with results obtained from impact
testing. However, the test can be useful for observing fea-
tures within the first few meters from the face of the element.
Figure 5-22 shows that a first reflection is observed at approx-
imately 384 mm from the face of Bar 6D. This observation
is assumed to correspond to the point within the trumpet
assembly where the plastic sheath begins, designated as L0

in Figure 5-21.
Table 5-12 summarizes the results from UT performed on

15 bar elements tested at the O Street site. Measurements of
L0 range from 229 mm to 439 mm, with an average L0 of 343
mm. This range seems reasonable given that the length of the
trumpet assembly is approximately 600 mm.

Figure 5-21. Schematic of bar element installed at O Street, Washington, D.C.
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Ultrasonic test measurements are compared with results
from the impact test, where L0 is determined from the fre-
quency response of the bar and application of Equation 3-2(a).
The range of L0 measured from the impact test is 256 mm to
488 mm, with an average of 389 mm. Generally, the measure-
ments from UT and from impact testing are within ±75 mm.

The test results presented in Table 5-12 demonstrate that
the ultrasonic test method is useful for detecting features that
are relatively close to the face of the element and that results
from UT compare reasonably well with those obtained from
the impact test.

5.2.4.5 Conclusions from NDT

Electrochemical tests performed at the O Street site indicate
that corrosion may be occurring because of galvanic action
between some of the elements. Panels 33, 41, and 44 were
identified as areas where corrosion may be occurring or has
occurred in the past. Further evidence of corrosion is suggested
by rust stains observed on the face of these panels, and the rust
stains could be seen directly beneath the bars at some locations.

According to results from impact testing, 2 out of 12 bars
tested appear to be distressed. The distressed bars are iden-

TABLE 5-11 Results from impact tests at O Street, Washington, D.C.

Figure 5-22. Typical ultrasonic test results from bar element at O Street, Washington, D.C.
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tified as Bars 33a and 41a. Bar 33a appears to be distressed
along the bonded length; Bar 41a appears to be distressed
along the free length.

For most of the elements, impact test data displayed a
reflection corresponding to the known length of the bar ele-
ment. This display demonstrates that the bars are not severed
or subject to such severe distress that wave energy cannot be
transmitted to the end of the bar. Along Panel 33, where some
deformation was observed at the wall panel, the bar elements
most likely failed in shear within the bonded zone, along the
interface between the grout and soil. It is not clear whether
the shear resistance was overcome because of a reduced shear
resistance along the bonded length or because load transferred
to the wall face was not anticipated in the original design. The
source of the reflection, observed approximately 5 m from the
known end of Element 33a, may have been from fractured
grout or from a kink in the bar along the bonded length.

Impact test data also exhibit a reflection assumed to roughly
correspond to the beginning of the bonded length of the ele-
ment. However, at many locations, this is where inclinometer
data approximately indicate a slip surface behind the wall.
Therefore, this reflection may also correspond to the location
of a bend, or kink, in the bar due to relative movement of soil
on either side of the slip surface.

Half-cell measurements conducted on Bar 41a indicate
that corrosion may have occurred, and so an early reflection
may indicate a loss in cross section from corrosion along the
free length of Bar 41a. However, given the history of soil
movement at the site, the early reflection may also be from a
kink or bend along the free length.

Data obtained from the ultrasonic test indicate that con-
ditions within the trumpet assembly are as expected given
the installation details described in the engineering reports.
Results obtained from the ultrasonic test are consistent with
results from the impact test.

5.2.5 Ellenville, New York

Rock bolts support a large rock cut along the alignment of
NYS Route 52 for a distance of approximately 2.2 km between
Milepost Markers 1,119 and 1,132 (1 mi = 1.67 km). The
rock slope is supported with up to three rows of rock bolts,
as shown in the photograph in Figure 5-23 and as shown
schematically in Figure 5-24. Several benches were cut along
the face of the rock slope, and rock bolts were installed
through the benches. The rock bolt anchorages extend below
the bedding joints passing beneath the base of each bench.

There are hundreds of rock bolts at this site, including older
expansion-shell, mechanical-anchorage-type and newer resin-
grouted bolts. Bethlehem Steel manufactured the 19-mm-
diameter, expansion-shell-type rock bolts, conforming to
ASTM Specification A306 (now A675) Grade 80 standards.
These bolts have a minimum ultimate tensile strength of 240
kN and were installed in 1972. On February 24, 1992, a rock-
slide occurred involving 475–650 m3 of rock that had been
stabilized with these bolts.

Subsequent to the rockslide, expansion shell anchorages
were replaced with resin-grouted bolts. Resin-grouted bolts
are 25-mm-diameter, Williams R71, Grade 150, all-thread

TABLE 5-12 Results from ultrasonic tests at O Street,
Washington, D.C.

Figure 5-23. Rock slope with benches and different levels
of rock bolts at Ellenville, New York.
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bars with a minimum ultimate tensile strength of 570 kN.
The newer, resin-grouted bolts were installed between 1992
and 1999.

Although no longer in service, many of the expansion shell
rock bolts were left in place, allowing evaluation of both
expansion shell and resin-grouted rock bolts at this site. The
subsurface conditions, including the characteristics of the rock
mass, are described in the next section, followed by informa-
tion collected by NYSDOT after the rockslide and a descrip-
tion of NDT performed at this site.

5.2.5.1 Subsurface Information

Rock bolts at the slope in Ellenville, New York, are installed
within a sandstone conglomerate, which is part of the Shawan-
gunk formation. The rock mass has steeply dipping bedding
planes with a dip direction approximately perpendicular to
the alignment of NYS Route 52. Open bedding joints, hav-
ing a dip angle of approximately 40°, are spaced vertically at
approximately 1- to 1.5-m intervals.

The bedding joints are infilled with a light brown, clayey
sand. Samples of infilling were collected by hand during the
site visit and were sent to the geotechnical testing laboratory
for determination of moisture content, grain size distribution,

Atterberg limits, and chemical analysis (including pH, resis-
tivity, and concentrations of sulfates and chlorides). Results
from soil testing are summarized in Table 5-13. Using the
information in Table 5-13, the infill material is classified by
the USCS as clayey sand with gravel (SC). Although the
measured pH is considered low, the infilling does not present
a high corrosion hazard because of its relatively high electri-
cal resistance.

A complete chemical analysis was performed on ground-
water from one well that tapped the Shawangunk formation,
located approximately 22 mi to the southwest of the Ellen-
ville site (Frimpter, 1970). The pH of the water at the time the
original fieldwork was done (June 1957) was 6.0. In March
1995, a field determination of pH by Johnston (1996) from
10 readings of water dripping from the slope were taken at
various locations using litmus paper. Readings obtained were
a consistent 6.0.

5.2.5.2 Condition of Rock Bolts Retrieved from
Rockslide

As reported by Johnston (1996), twenty-two 19-mm-
diameter, expansion-shell-type rock bolts were recovered
from the slide area. Laboratory measurements performed on

Figure 5-24. Schematic cross section of rock slope at Ellenville, New York.



64

each included photographs, length, and diameter of rock bolts
and diameter and depth of any visible pit on the surface.
Eight of the bolts were subjected to tensile strength tests.

All bolts had evidence of corrosion. The average loss of
diameter of the bolts was 2 mm, which corresponds to an
average loss of approximately 0.1 mm/year.

Estimated loss of load-carrying capacity ranged from 16
percent to 27 percent. None of the bolts exhibited a yield
point, indicating that hydrogen embrittlement, or some alter-
ation of the steel crystalline lattice structures, had embrittled
the steel.

No direct correlation was found between loss of material
(i.e., cross section) and loss of load capacity.

5.2.5.3 NDT Performed at Site

Two sections of the alignment, designated as Section I and
Section II, were selected for the NDT evaluation. A wide
shoulder and catchment ditch were available along the road-
side at these locations. This availability allowed the evaluation
team to secure a work area along the shoulder of the highway.

The sections were approximately 0.5 km apart, and each had
a length of approximately 30 m. Section I was close to Mile-
post 1119, encompassing approximately 30 bolts (including
20 resin-grouted bolts and approximately 10 expansion-shell-
type bolts). Section II was between Mileposts 1,122 and 1,123,
encompassing approximately 22 bolts (including 15 resin-
grouted and 7 expansion-shell-type bolts).

The bolt locations were referenced to stationing that was
previously established by NYSDOT along the alignment of
the highway. Stations were marked in 20-m intervals along
the west shoulder of the highway. Station 14+540 is close to
Milepost 1,119. Section I is between approximate Stations
14+540 and 14+570; Section II is between approximate Sta-
tions 15+100 and 15+120.

The top of the ditch at the base of the rock slope was
used as a datum for referencing rock bolt elevations. As shown
schematically in Figure 5-24, the lower bench is approximately

1–2 m above the ditch; the second bench is approximately 3–5
m above the ditch; and the third bench is approximately 6–7 m
above the elevation of the ditch. Many of the bolts along the
first bench were accessible while standing at ground level.
Those along the level of the second bench required the use of
a ladder. Access to many of the bolts along the third bench
required mountain climbing techniques using ropes and spe-
cial harnesses.

Sixteen bolts were tested from Section I, and 13 bolts were
tested from Section II. Tables 5-14 and 5-15 summarize the
locations and the tests performed on the older expansion shell
and newer resin-grouted anchorages, respectively. Bolt loca-
tions were numbered and bearing plates labeled with a white
permanent marking stick during the site visit.

Expansion shell bolts were tested near companion resin-
grouted bolts. Expansion shell bolts were identified with a
number followed by the letter “a.” The number is correlated
with the nearby resin-grouted bolt (e.g., expansion shell Bolt
2a is near resin-grouted Bolt 2).

The research team observed that Bolt 22a, one of the
expansion-shell-type rock bolts, was noticeably distressed.
The bolt head was not in contact with the bearing plate, and the
bolt appeared to be loose. The team extracted the upper por-
tion of the bolt and measured its length as approximately 1 m.

As a check on the repeatability and consistency of the test-
ing, tests were repeated on one of the resin-grouted bolts on
different dates. These tests were performed on Bolt 8 from
Section I, designated as Bolts 8 and 8R.

TABLE 5-13 Rock joint infilling test results in Ellenville, New York

TABLE 5-14 Summary of expansion shell rock bolts tested
in Ellenville, New York
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Electrochemical tests. The moist and porous rock forma-
tion, which included the presence of dripping, wet, infilled
bedding joints, acted as an electrolyte for performing elec-
trochemical tests. The half cell was placed within the infill of
a seam intersecting the rock bolt, at the base of the rock slope,
within a nearby water-filled core hole (if available), or on the
surface of the rock near the bolts. Responses from the same
bolt using different positions of the half cell were observed;
in most instances, results were not sensitive to the position of
the half cell.

Polarization measurements (E versus log I) were performed
using either a distant rock bolt or copper rods as the ground
bed. Copper rods could be inserted only where soft soil was
present at the base of the rock slope. For Section I, Bolt 2 was
used as ground bed for testing Bolt 1; subsequently, Bolt 1
was used as ground for testing Bolts 2, 2a, 3, 4, 5, 6, and 8R.
Bolt 4 was used as a ground for Bolts 7, 8, 9, 10, 11, 12, 13,
and 15. Bolt 7 was used as a ground for Bolt 14. For Section
II, copper rods were used as the ground bed.

Results for expansion shell anchorages. These results are
presented in Table 5-16, including half-cell potential and the
observed polarization current, Ip. The half-cell potential for
Bolt 22a is more positive compared with the other measure-
ments. Given that the rock bolts are electrically isolated from
each other, more positive half-cell potential measurements
indicate a higher likelihood that corrosion has occurred. Half-
cell potentials for Bolts 2a, 16a, 18a, and 21a are relatively
close, ranging from −399 mV to −475 mV. These half-cell

potentials are close to the borderline of –500 mV separating
the range of potentials associated with rusted and nonrusted
low-carbon steel in neutral soils and water. Therefore, accord-
ing to the half-cell measurements, although corrosion may
have occurred for other elements tested, more severe corro-
sion occurred along Bolt 22a.

Observed polarization currents are relatively low com-
pared with those corresponding to the length of the elements.
According to the polarization current requirement of 21 mA
per m2 of surface area, for a 19-mm-diameter element, the
polarization current is approximately 1.25 mA/m of element
in contact with the surrounding electrolyte. The observed
range, between 0.1 mA and 0.316 mA, corresponds to 80–250
mm of contact length. Because the joint infilling material
is more conductive than the surrounding rock, the contact
between the element and the joint infilling material is assumed
to dominate the response along length of the bolts. The results
for Bolts 2a, 16a, 18a, and 21a indicate that the bolts are in
contact with joint infilling material for a length of 175–250
mm, which is approximately equal to the thickness of infilled
seams. Bolt 22a appears to have a shorter contact length. This
phenomenon may be explained by the fact that Bolt 22a is
severed at approximately 1 m from its face. If the severed end
of the bolt does not fully penetrate the infilled seam, a lower
contact length will be measured. Therefore, the lower polar-
ization current measured for Bolt 22a may indicate that the
bolt is broken.

Results for resin-grouted anchorages. These results are
presented in Table 5-17. Bolt 2 has a very high half-cell poten-
tial compared with the other measurements. This high half-
cell potential could indicate that corrosion is taking place, or
it may be a manifestation of the use of Bolt 2 as a ground bed
prior to performing the half-cell measurement. During the E
versus log I test, the impressed current affects the potential
of the ground bed from the migration of positive ions, which
tends to increase its potential. Test results for other bolts used
as ground beds—including Bolts 1, 4, and 7—are not simi-
larly affected because testing was completed on these elements
prior to their use as ground beds.

The observed half-cell potentials for most of the tested
bolts (Numbers 1, 4–7, 9, 10, 11, 13, 14, 15, and 17–24) were
within the range (−800 mV < Ecorr < −500 mV) associated
with nonrusted, low-carbon steels. The observed half-cell
potentials for Bolts 3, 8, 12, and 16 were between −200 mV

TABLE 5-15 Summary of tests on resin-grouted rock bolts
in Ellenville, New York

TABLE 5-16 Summary of electrochemical test results for
expansion shell anchorages in Ellenville, New York
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and −500 mV, which indicates that corrosion may have
occurred at these locations. Bolt 8 had the highest measured
half-cell potential (except for Bolt 2); on the basis of the
readings taken on two different dates, this result was very
repeatable. Because of this observation, it appears that the
occurrence of corrosion is more likely for Bolt 8 relative to
the other resin-grouted bolts tested.

Compared with half-cell measurements for expansion shell
anchorages, generally lower half-cell potentials were observed
for resin-grouted bolts. The free lengths of the expansion shell
bolts were not grouted, but the resin-grouted bolts are sur-
rounded by grout for most of their lengths. For the latter, the
grout may afford some corrosion protection, and the expan-
sion shell bolts are 20–27 years older than the resin-grouted
bolts. Therefore, it is reasonable to conclude that, at this site,
the occurrence of corrosion is more likely for the expansion
shell bolts.

Polarization currents observed for the grouted anchors
range from 0.17 mA to 0.68 mA. For a 25-mm-diameter ele-
ment, the polarization current is approximately 1.68 mA/m,
so the corresponding contact lengths range from 120 mm to
405 mm. Similar results were obtained for the expansion
shell bolts. Table 5-18 compares contact lengths (Lc) for com-
panion expansion shell and resin-grouted rock bolts.

The comparison of polarization current measurements for
Bolts 8 and 8R is inconclusive because a different ground
bed was used for the repeat test. Bolt 2 was used as a ground
bed for Test 8R, and the maximum current impressed on the

system, with the 6-V power supply, was 0.43 mA. For Test
8, Bolt 4 was used as the ground bed, which is relatively
closer to Bolt 8, and 0.89 mA was achieved. If the results
plotted in the E versus log I space for Test 8R are extrapo-
lated, Ip is approximately 0.43 mA, which compares well with
the Ip observed for Test 8.

Impact tests were also performed on both expansion shell
and resin-grouted rock bolts. For the impact test, two different
methods of attaching the accelerometer to the end of the rock
bolts in the field were employed. In the first method, the end
of the rock bolt was drilled and tapped to receive the threaded
end of the accelerometer base directly. This method is recom-
mended by the manufacturer of the accelerometer. In the sec-
ond method, a special mounting base was glued to the end of
the rock bolt with threads that fit the base of the accelerome-
ter. For Section I, bolts were drilled and tapped, and the mount-
ing base was used in Section II. Bolt 20 was tested with and
without the mounting base. No significant difference in the
results was observed from testing the same bolt with the dif-
ferent methods of attaching the accelerometer.

The bolt head was impacted with a tack hammer, as well
as with a hand-held punch and tack hammer. Some impact
testing was also performed with an instrumented hammer.
Only a few impact tests were performed on the expansion-
shell-type bolts because the ends of bolts have a dish-shaped
cap that makes attachment of the accelerometer difficult.

Expansion shell bolts. Figures 5-25 and 5-26 present the
time history from impact tests performed on Bolts 21a and
22a, respectively. The response of Bolt 21a appears to include
vibration at the bolt head that decays with time, reaching rel-
atively small amplitude at approximately 2 ms. A reflection
is apparent in the signal at approximately 2.5 ms. This length
is assumed to correspond to the length of the element (6.9 m).
In contrast to Bolt 21a, the test results from Bolt 22a display
much less signal attenuation, and reflections at time intervals
of approximately 0.3 ms are dominant throughout the record.
A return signal at 0.3 ms corresponds to a length of approx-
imately 0.8 m, which compares very well with direct mea-
surement of the severed portion of the bolt extracted from the
drill hole. These results clearly demonstrate that the impact
test correctly identified the location of the severed end of
Bolt 22a.

TABLE 5-17 Summary of electrochemical test results for
resin-grouted anchorages in Ellenville, New York

TABLE 5-18 Comparison of contact lengths (Lc) measured
for companion expansion shell and resin-grouted rock bolts in
Ellenville, New York
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Results for the resin-grouted bolts. Waveforms gener-
ated from impact testing contained a number of peak fre-
quencies, as shown by the typical amplitude spectrum pre-
sented in Figure 5-27. In general, amplitude spectra observed
from different bolts exhibited similar frequency peaks. Table
5-19 is a summary of the range of peak frequencies observed
and the presumed sources of these characteristic vibrations.
Assuming that the theory of one-dimensional wave propaga-
tion can be applied, the length to each reflection source is
related to frequency by Equation 3-2(a). Four levels of peak
frequency content are described, including low, middle, upper
middle, and high. The lower and higher frequency contents

correspond to features farther away and closer to the bolt
face, respectively.

The length of the bolt corresponds to a relatively low fre-
quency, which exhibits a very small peak within the ampli-
tude spectrum, as shown in Figure 5-27, and is not deter-
mined with a high degree of accuracy. The low-frequency
range of approximately 450 Hz, shown in Table 5-19, is an
average from results of all the tested bolts. The correspond-
ing average bolt length of 6 m is considered reasonable con-
sidering the spacing of seams within the rock mass (≈ 1.5 m),
the bond length required to achieve the capacity of rock bolts
(≈ 4 m), the stock lengths of all-thread bar elements (12 m),

Figure 5-25. Impact test on Expansion Shell Bolt 21a (intact) at Ellenville, New York.

Figure 5-26. Impact test on Expansion Shell Bolt 22a (broken) at Ellenville, New York.
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and the fact that couplings are not employed for resin-grouted
anchors.

To evaluate the bolt lengths in more detail, the research
team studied data in the time domain after filtering the fre-
quency content and presenting a window of the time history
surrounding peak frequencies from approximately 7,500 Hz to
12,500 Hz. A typical example of filtered data is shown in Fig-
ure 5-28. Two main reflections of the waveform can be seen in
Figure 5-28 corresponding to lengths of approximately 1.8 m
and 6.3 m. These lengths are presumed to correspond to a
reflection from the location of the seam pierced by the rock
bolt and from the length of the bolt, respectively. Table 5-20
is a summary of distances to the seam location (LS) and rock
bolt lengths (LT) observed for all the resin-grouted bolts tested
by the impact method.

For Bolt 8, no reflection from the distant end was observed.
The repeatability of this result was checked, and Figure 5-29
shows the time histories from the impact tests performed on
August 8, 2001 (Bolt 8), and on August 21, 2001 (Bolt 8R).
The test results are consistent, showing reflections correspond-
ing to distances approximately 1.2 m from the bolt face. If
Bolt 8 has a length of approximately 6 m, similar to other ele-

ments at this site, distant reflections from the far end of the
bolt may be masked by relatively strong reflections from the
seam locations. The test results may indicate (1) distress at
the seam location from corrosion or (2) a more abrupt change
in geometry of the grout column compared with the other
bolts tested at this site.

In addition to the joint seam locations and the ends of the
bolts, wave reflections may also occur where the element
begins to be surrounded by grout. For resin-grouted bolts, the
grout column does not necessarily extend to the top of the
drill hole. During construction, resin grout packages con-
taining a predetermined volume of material are inserted into
the drill hole. As the resin grout is mixed, some of the non-
viscous resin grout may seep into rock joints or seams that
intersect the drill hole. Thus, upon completion of the instal-
lation, the drill hole may not necessarily be filled with grout
to the top, and there may be a gap behind the back of the bear-
ing plate and the top of the drill hole.

For most of the impact test results, the strongest wave reflec-
tion was from the beginning of the grout column, and the
upper-middle frequency was the dominant frequency within
the amplitude spectrum (e.g., fp = 9,277 Hz in Figure 5-27).

Figure 5-27. Typical amplitude from impact test of rock bolt at Ellenville, New York.

TABLE 5-19 Range of frequency peaks for bolts tested in Ellenville, New York
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Table 5-21 summarizes the dominant frequencies observed
from amplitude spectra of each bolt tested. The table also
shows the length to the top of the grout column, Lg, computed
with the dominant frequency. The dominant frequencies
observed for Bolts 5, 8, 11, 16, 18, and 19 do not correspond
to the range of values inherent in the remaining test results
(4,500 Hz < fp <10,000 Hz). Although not the most dominant

frequency, most test results for Bolts 5, 8, 18, and 19 exhibit
a peak frequency consistent within the range corresponding
to the top of the grout column. For these bolts, the less dom-
inant frequency was used to compute Lg. The presence of a
significant feature, beyond the beginning of the grout col-
umn, that returns a reflection with a relatively high-energy
content may be the source of the lower dominant frequency
for Bolts 5, 8, 18, and 19. Such a feature may be a defect
along the length of the element or cracking or change in cross
section of the grout column at a distant location.

Apparently, a reflection from the grout column was not
observed in test results for Bolts 11 and 16. For these bolts,
the grout column may extend to the back of the plates, and
no gap exists behind the back of the plate and the beginning
of the grout column.

Ultrasonic tests. Ultrasonic tests were performed only
on resin-grouted bolts. Waveforms obtained from the ultra-
sonic tests showed considerably more damping than did wave-
forms from the impact test. Most of the energy from waves
propagating within the grout column is dissipated before
being reflected back to the transducer. The fact that this dis-
sipation occurs indicates the integrity of the grout along the
length of the bolts. Typical results from the ultrasonic test
are presented in Figure 5-30. Reflections were observed cor-
responding to the beginning of the grout column and from the
seam location. Table 5-22 compares between results obtained
from UT with results from impact testing. The comparison
in Table 5-22 is presented in terms of the ratio of the ultra-
sonic test results to the impact test results for observations
of Lg and Ls.

Figure 5-28. Typical filtered time history from impact test on rock bolt at Ellenville, New York.

TABLE 5-20 Observed distance to seam location (Ls) and
total length of bolt (LT) from impact tests performed on resin-
grouted bolts in Ellenville, New York
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The average and standard deviation of the ratios presented
in Table 5-22 is 0.96 and 0.19, respectively. These results
demonstrate that the ultrasonic test yields similar results as
the impact test results for reflections observed from locations
within approximately 2 m from the face of the element.

Although impact tests were not performed on Bolts 23 and
24, the ultrasonic test data indicate that Lg for these elements

are 275 mm and 550 mm, respectively; and Ls is 1.8 m and
1.1 m, respectively.

Impact test results performed on Bolt 8 on August 7, 2001,
and August 21, 2001, are similar, and the results exhibit the
same values for Lg and Ls.

5.2.5.4 Conclusions from NDT

Electrochemical test results appear to be good indicators
of the occurrence of corrosion. The E versus log I relation-
ship and half-cell potential are affected by changes in con-
ductivity of the surrounding soil or rock mass (i.e., changes
in moisture content), and this fact should be considered when
comparing results from electrochemical tests performed at
different times. For polarization measurements, the same
ground bed should be used for each test interval.

The impact and ultrasonic test results provide useful sig-
natures that can serve as baselines with which future mea-
surements may be compared. For the Ellenville, New York,
site, element signatures are described in terms of (1) domi-
nant frequencies inherent to the amplitude spectra computed
from the results of impact tests and (2) reflections inherent to
the time history of the motions observed from ultrasonic and
impact test results.

In general, the electrochemical test results indicate that the
occurrence of corrosion is more prevalent for older, less pro-
tected expansion shell rock bolts compared with resin-grouted
rock bolts at this site. Two bolts are identified at sites where,
relatively speaking, the occurrence of corrosion is more likely.
One of the bolts (Bolt 22a) is an expansion shell bolt, and the
other (Bolt 8) is a resin-grouted bolt.

Figure 5-29. Impact tests on different dates on Bolt 8 at Ellenville, New York.

TABLE 5-21 Summary of most dominant frequencies for
bolts tested in Ellenville, New York
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The signatures obtained from the impact and ultrasonic
tests support the conclusions from electrochemical tests. Sim-
ilar signatures are obtained for most of the rock bolts tested.
Elements with anomalous signatures are identified, and the
potential for distress along the lengths of these elements is
considered. Expansion shell Bolt 22a was observed to be sev-
ered, and its signature is very different when compared with
nearby Bolt 21a.

The signature for Bolt 8 indicates that there may be loss of
cross section, a fracture, or other distress present within 2 m
of the face. Wave reflections corresponding to the presumed

length of the bolt are not observed, and, compared with other
bolts tested, a unique dominant frequency is observed for Bolt
8. This observation may be because the presumed length for
Bolt 8 is incorrect or because the bolt is distressed. Bolt 8 is
a candidate for further evaluation, which may involve more
NDT, invasive observations or performance testing (such as
a load or lift-off test), or both.

Future measurements are recommended to evaluate the pos-
sibility of corrosion-induced distress over time and to obtain
information relative to the remaining useful service life of the
rock bolts at Ellenville, New York. For future measurements
to be meaningful, test results should be reproducible. Mea-
surements were performed on Bolt 8 at 2-week intervals.
NDT test results—including half-cell measurements, polar-
ization measurement, impact testing, and UT—were all com-
pared for Bolt 8 and found to be repeatable.

5.2.6 NYS Route 22, Dresden Station, New York

The Dresden Station site is located along NYS Route 22
near Mile Post 1,642, in Dresden Station, which is north of
Whitehall, New York. A set of fifteen 32-mm-diameter, 6-m-
long, resin-grouted rock bolts were installed at this location
in 1992. The bolts are installed at the base of a near vertical
cut, as shown in Figures 5-31 and 5-32. A lower rock joint is
exposed near the base of the cut, which served as a bench for
accessing the bolt heads with climbing ropes and a ladder.
The site is of particular interest because four of the bolts are
instrumented with load cells. Wiring from the load cells to
the top of the slope can be seen in Figure 5-31. NYSDOT has
monitored the load cells on a quarterly basis since the instal-
lation of the load cells. Three of the bolts are prestressed to
220 kN, and one bolt is prestressed to 440 kN. Generally, the
measured loads remained stable, exhibiting only minor fluc-
tuations over the monitoring period.

Figure 5-30. Typical results from ultrasonic test on rock bolt at Ellenville, New York.

TABLE 5-22 Ratio of observed ultrasonic test results to
impact test results in Ellenville, New York
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5.2.6.1 Subsurface Information

The highway cut is made within a gneiss rock formation
that has a major joint, dipping obliquely to the alignment of
the highway. The joints are spaced at approximately 3- to
6-m intervals and have an aperture of approximately 50 mm,
infilled with fine sand.

Samples of infilling and rock were collected by hand dur-
ing the site visit. Infill samples were sent to the geotechnical
engineering laboratory for testing. Table 5-23 summarizes
the results of laboratory testing performed on the samples.
On the basis of these test results, the infilling was classified
by the USCS as well-graded sand with silt (SW-SM). Results

from chemical testing of the infill indicates that the pH is
close to neutral and the maximum measured resistance is high
enough that high rates of corrosion are not expected. Further-
more, resin grout surrounding the rock bolts tends to isolate
elements from the surrounding rock mass. However, because
resin grout may not completely surround elements, some of
the bolt lengths may be exposed. NDT is used to assess the
condition of the resin grout and to determine whether there
has been any significant loss of cross section.

5.2.6.2 NDT Performed at Site

Six rock bolts were evaluated by NDT at the site, and each
of the instrumented bolts (Bolts 1, 2, 3, and 4) was tested. Bolts
1 and 2 are at the south end of the site, and Bolts 3 and 4 are
40 m away at the north end. Bolts 5 and 6 (not instrumented)
are near Bolts 1 and 2. Bolt 6 is approximately 1.5 m north of
Bolt 1, and Bolt 5 is approximately 1 m below Bolt 6.

Half-cell potentials were observed for all six bolts, and
polarization measurements were taken on Bolts 5 and 6.
Impact tests were carried out on Bolts 1, 2, 3, and 4. The ultra-
sonic test was performed on all six bolts.

Electrochemical tests. In continuity checks, the bolts
appeared to be electrically isolated from one another. Half-cell
measurements from Bolts 1 through 6 are summarized in Table
5-24. The observed half-cell potentials for Bolts 1, 2, 5, and 6
range from −555 mV to −633 mV. With these low potentials,
the presence of corrosion is not likely. Half-cell measurements
from Bolts 3 and 4 were more positive, −144 mV and −200
mV, respectively. The more positive readings for Bolts 3 and

Figure 5-31. Rock cut along NYS Route 22 north of
Whitehall, New York.

Figure 5-32. Schematic of rock bolt at Dresden Station, New York.
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4 indicate that corrosion may have occurred at some point
along their length, most likely close to the rock face.

Table 5-24 also presents polarization current (Ip) measured
for Bolts 5 and 6. For a 32-mm-diameter bolt, approximately
2.1 mA/m is required to polarize the surface of the bolt. The
measured Ip is approximately 1.0 mA, which indicates that
Bolts 5 and 6 are not electrically insulated by resin grout for
a length of approximately 475 mm (L ≈ 1.0 mA ÷ 2.1 mA/m).
Results from impact and UT indicated that this phenomenon
was likely because the drill hole was not completely filled
with resin grout.

Impact tests. The evaluation of the impact test data indi-
cates that the amplitude spectrum for each bolt tested is a rea-
sonable signature of the element condition. The signature
appears to be repeatable and correlates well to known fea-
tures of the rock bolt installations. Figure 5-33 depicts the
frequency response in terms of the amplitude spectrum for
Bolt No.1, which is typical for all four of the bars evaluated
by impact testing. The amplitude spectrum exhibits five or
six peak frequencies.

Table 5-25 is a summary of peak frequencies observed for
all of the bolts tested by the impact method. Scatter in the data
corresponding to f1, f4, and f5 is relatively small, having a coef-
ficient of variance of approximately 10 percent. For f2 and f3,

the coefficient of variance is higher: 15 to 20 percent. In what
follows, the relative scatter in the data is rationalized consid-
ering the precision associated with the locations of physical
features, which are correlated with the observed peak fre-
quency ranges.

Five main features of the installation include the length of
the bolt, seam location, top of the grout column, and two plates
(one at each end of the load cell). These locations are desig-
nated as L1 to L5 in Figure 5-30. Table 5-26 correlates peak
frequency ranges observed in the amplitude spectrum and
features of the rock bolt installations.

The range of observed rock bolt lengths (L1) correlates
well with the known installed bolt lengths of approximately
6.1 m. The measurements corresponding to L5 and L4 for dif-
ferent bolts do not vary by more than 50 mm and 100 mm,
respectively. Features such as bolt length (L1) and locations
of bearing plates (L4 and L5) are controlled quantities related
to the supplied bolt length, specified plate thickness, load cell
profile, and length of drill hole. Therefore, data from these
measurements appear to have lower scatter relative to data
for more uncertain features, such as those corresponding to
L3 and L2.

According to the observed reflections corresponding to L3

and L4, the presumed gap between the back of the bearing
plate and the beginning of the grout column (L3 − L4) ranges
between 150 mm to 330 mm. The measured distance from
the rock face to the joint seam (L2 − L4) ranges from 1.3 m to
2.3 m. Because the locations of the top of the grout column
(L3) and the joint seam (L2) are not controlled during con-
struction, relatively high scatter in the data corresponding to
these measurements (i.e., f2 and f3) is expected.

The impact test results do not indicate significant levels of
distress along the lengths of the bolts. This finding is partic-
ularly evident in the signature amplitude spectra, which clearly
exhibit peak frequencies corresponding to the ends of the ele-
ments. If a loss of cross section was present, reflections from

TABLE 5-23 Summary of test results for rock joint infilling from Dresden
Station, New York

TABLE 5-24 Summary of electrochemical test results for
rock bolts tested along NYS Route 22 near Dresden Station
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the end of the bar would be weakened, and the correspond-
ing low energy levels would not prevail in the amplitude
spectra.

Ultrasonic tests. Reflections were evident in the ultrasonic
test results corresponding to features within approximately
2 m from the bolt face. Figure 5-34 shows the time history of
the transducer response at the face of the element for Bolt 2,
which is typical of all the bolts tested.

The signal shown in Figure 5-34 decays rapidly and damps
out within approximately 2 ms. Strong reflections are evident
corresponding to locations L5 and L4, which are relatively close

to the bolt face. Reflections at intervals of approximately
220 µs are also evident, corresponding to the top of the grout
column (L3). Much weaker reflections at intervals of approx-
imately 790 µs, corresponding to the seam location (L2), are
also evident. Reflections from the end of the element, corre-
sponding to L1, were not detected in the ultrasonic test results.
The amplitudes of these distant source reflections are very
small and may be masked by the larger amplitude reflections
from features closer to the face of the rock bolts.

Table 5-27 is a summary of the data from UT of Bolts 1
through 6. For Bolts 1, 2, 3, and 4, measurements from ultra-
sonic and impact testing are compared. The comparison of

Figure 5-33. Typical amplitude spectrum for rock bolt at Dresden Station, New York.

TABLE 5-25 Summary of peak frequencies for rock bolts tested in Dresden
Station, New York

TABLE 5-26 Correlation of peak frequencies to physical features of the rock bolt
installations in Dresden Station, New York
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observations from the different test methods is considered
good. The average ratio of the ultrasonic test result to the
impact test results is 0.99, and the corresponding coefficient
of variation is 11 percent.

The ultrasonic test data provide a useful verification of the
impact test data obtained at the Dresden Station site. This
verification affords a high degree of confidence in the ele-
ment signatures obtained from the impact test results.

5.2.6.3 Conclusions from NDT

The measured loads in Bolts 1 to 4 appear stable, indicat-
ing that the elements are not currently distressed. At the time
of the NDT evaluation, the bars had been in service for only
10 years; given the environment (i.e., pH, resistivity, and sul-
fate and chloride content), this time is not enough for the ele-
ments to have undergone significant corrosion. Results from
electrochemical tests indicate that corrosion may be occur-
ring, but results from wave propagation tests do not reveal

any significant loss of cross section. However, the impact and
ultrasonic test results correlate well with physical features of
the installation, including the observation of a gap between
the backside of the anchor plate and the grout column.

Because of the observed half-cell potentials indicating the
presence of corrosion along some of the bolts, and because
of the element vulnerability to corrosion near the anchor head,
future testing is recommended. The NDT results presented in
this report can be useful as baseline measurements with which
future NDT results can be compared. Future NDT will be use-
ful to monitor the condition of the elements over time and to
assess the potential impact of corrosion on the service life.

5.2.7 Pigeon Gorge, I-40, North Carolina

Interstate 40 follows the Pigeon River through its deep
gorge for about 35 km through western North Carolina and
into eastern Tennessee. The route crosses rugged terrain in
the Smokey Mountains, where relief between the river and

Figure 5-34. Typical ultrasonic test result for rock bolt at Dresden Station, New York.

TABLE 5-27 Comparison of ultrasonic and impact test data from bolts tested in
Dresden Station, New York
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the surrounding mountaintops often exceeds 600 m. Along the
roadway, rock cuts up to 100 m high are common. Many bolts
are located at elevations difficult to achieve without using a
special lift or undertaking difficult rock climbing.

Both planar and wedge-type rock slope failure mechanisms
have been problematic along an approximate 7-km stretch of
I-40 from the state line eastward into North Carolina (Glass,
1998). Slope repair projects were conducted in the 1980s and
after a 1997 rockslide. Work completed around 1985 included
relocation of the highway to provide for a catchment area,
excavation of unstable material, scaling, and installation of
approximately 12,000 linear meters of rock bolts, wire mesh,
and horizontal drains.

In 1997, a large rock wedge failure occurred approximately
1 km east of the state line. Rock bolts were installed around
the head of the slide and down the line of the wedge inter-
section. Hanging nets were also suspended across the slope
to slow falling rock and direct it into the existing catchment
area. Also, the catchment area was improved by construction
of a mechanically stabilized earth (MSE) wall at the edge of
the roadway.

An approximately 300-m-long section near the location
of the 1997 rockslide was selected for the evaluation. Figure
5-35 shows a picture of the area, including the rock slope and
the MSE barrier wall at the west end. Rock bolts at the section
selected for evaluation stabilize (1) potential failure mecha-
nisms, including wedge failures, along the line of intersection
of the joint and bedding surfaces, which dips approximately
40°, oblique to the highway alignment and (2) planar sliding
along the bedding surfaces. Rock bolts are 25-mm-diameter,
resin-grouted bars manufactured by Dywidag. The bolts were
installed approximately 15 years ago, and lengths range from
3 m to 20 m. The bars were reportedly prestressed to 178 kN
(Glass, 2000).

5.2.7.1 Subsurface Information

The rock unit at the Pigeon George site is the Pigeon 
Siltstone—a gray, thin-to-thick bedded metasiltstone con-
taining some layers of fine-grained metasandstone. Bedding

layers strike 20° northwest and dip southwest 30° to 35°. In
places, clay seams, up to 50 mm thick, have been observed
along the bedding surface. Joints, generally striking northeast
and dipping 60° to 65° to the southeast, intersect the bed to
form an unstable wedge of rock material dipping obliquely
into the roadway. Samples of rock were collected by hand
during the site visit. Clay seams were inaccessible, and infill
material was not sampled at this site.

5.2.7.2 NDT Performed at Site

The approximately 10-m-wide catchment at the side of the
road allowed the project team to pull off the highway and set
up equipment between the roadside Jersey barrier and the rock
face. Some of the bolts in this area were accessible with a lad-
der supplemented with mountain climbing techniques using
ropes and special harnesses. Nine bolts were tested at the site.
The eastern edge of the MSE barrier wall, constructed along
the edge of the roadway, is used as a reference for location.
Bolts 1 and 2 were located approximately 100 m east of the
MSE wall, along a bedding plane, at an elevation approxi-
mately 6 m from the base of the slope. Bolts 3 and 4 were
located near the east end of the MSE wall, along the south-
east dipping joint planes, at elevations of approximately 6 m
and 9 m, respectively, from the base of the slope. Bolts 5
through 9 were located in an area approximately 250 m east
of the MSE wall. These bolts were located to either side of
the line of intersection, formed by a bedding plane and rock
joint, daylighting approximately 5 m above the toe of the
slope. Bolts 5, 6, and 7 were spaced approximately 6 m apart
along the southwest dipping bedding plane. Bolts 8 and 9 were
spaced approximately 3 m apart along the southeast dipping
joint plane.

Bolts 1–9 were all evaluated with half-cell and electrical
resistance measurements, as well as impact and ultrasonic tests.

Electrochemical tests were performed using a nearby
bolt as the ground bed. The half cell was placed in colluvial
deposits near the base of the slope. Table 5-28 summarizes

Figure 5-35. Rock slope at Pigeon Gorge, I-40 in North
Carolina.

TABLE 5-28 Summary of electrochemical test results for
rock bolts tested along I-40 near Pigeon Gorge, North
Carolina
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the electrochemical test measurements, including the corro-
sion potential and polarization current for all of the bolts tested
at the Pigeon Gorge site. High half-cell potentials observed for
Bolts 4 and 6 may be due to the use of these elements as ground
beds prior to making half-cell measurements. With the excep-
tion of Bolts 5 and 7, the measured half-cell potentials for the
remaining bolts (Numbers 1, 2, 3, 8, and 9) are close to −500
mV. The higher half-cell potentials observed for Bolts 5
and 7, −378 mV and −341 mV, respectively, indicate that
corrosion may be present for these bolts.

Measurements of polarization current ranged from approx-
imately 0.5 mA to 1.0 mA at the western and central portions
of the site (Bolts 1, 2, 3, and 4); and from 4 mA to 6.3 mA at
the eastern end of the site (Bolts 5, 6, 7, 8, and 9). For 25-mm-
diameter bar elements, the computed polarization current
requirement is approximately 1.65 mA/m of element in con-
tact with the surrounding electrolyte. Therefore, along the
western and central portions of the site, the measured polar-
ization currents correspond to approximately 300 mm to 600
mm of contact length. This length corresponds to the distance
from the back of the bearing plate to the top of the grout col-
umn, which is consistent with measurements from the impact
test described in the next section.

Significantly more contact lengths (i.e., between 2.40 m
and 3.82 m) are apparent in the data from the eastern end of
the site. This observation indicates that bolts installed along
the eastern end of the site may be more vulnerable to corro-
sion. Joints and seams at the east end of the site appear to be
more abundant and/or more open compared with joints and
seams observed along the central and western portions of the

site. Thus, it is speculated that at the east end of the site, dur-
ing installation more grout seeped into the surrounding rock
mass through the joints and seams, resulting in relatively less
grout cover along the lengths of the bolts.

According to the results from electrochemical testing, Bolts
5 and 7 are candidates for more detailed evaluation because
polarization current measurements have identified them as
vulnerable to corrosion, and half-cell potential measurements
indicate that corrosion is present.

Impact tests. Figure 5-36 is the amplitude spectrum
obtained from the impact test performed on Bolt 2. A pre-
dominant frequency of 4,101 Hz is evident in Figure 5-36,
and Table 5-29 is a summary of the predominant frequencies,
fp, observed from the amplitude spectra of all bolts tested,
which range from 3,613 Hz to 6,993 Hz. The predominant
frequencies are presumed to correspond to wave reflections
associated with the beginning of the grout column. As shown
in the third column of Table 5-29, the lengths between the
beginning of the grout columns and the faces the elements
(Lg), computed from the predominant frequencies, range
from 393 mm to 761 mm. These lengths need to be adjusted
by approximately 300 mm, corresponding to the protrusion
of the element faces beyond the back sides of the bearing
plates, to render the range of gap distances between the backs
of the bearing plates and the tops of the grout columns of
approximately 100 mm to 450 mm.

Peak frequencies ranging from 250 Hz to 600 Hz are appar-
ent in many of the amplitude spectra, which are presumed to
correspond to the lengths of the elements (LT). These low

Figure 5-36. Amplitude spectrum for Bolt 2a at central portion of site along I-40, North
Carolina.



78

peak frequencies are present to varying degrees depending
on the lengths of the elements tested, and, apparently, the
degree to which the bolts are encapsulated by grout. A low
peak frequency of approximately 400 Hz is apparent for Bolt
2; but this bolt has a very small amplitude compared with the
predominant frequency shown in Figure 5-36. In contrast,
Figure 5-37 is the amplitude spectrum obtained for Bolt 6,
which exhibits a peak frequency at 512 Hz with nearly the
same amplitude as the predominant frequency. The predom-
inance of lower frequency content in the amplitude spectrum
for Bolt 6 may relate to the condition of the grout surround-
ing the element. If less of the element is surrounded by grout,
relatively more energy is reflected from the end of the ele-
ment. A similar trend is apparent from the amplitude spectra
of Bolts 5, 7, 8, and 9, which have higher amplitudes associ-
ated with low frequency peaks compared with amplitude spec-
tra corresponding to Bolts 1, 2, 3, and 4. This observation is
consistent with polarization measurements, which indicate that

elements at the east end of the site are not encapsulated by
grout to the same degree as those at the central and west ends
of the site. 

Because of the lack of precision and the difficulty of defin-
ing low frequency peaks in the amplitude spectra, the lengths
of the elements (LT) and distant reflections from seam locations
(Ls) are determined from time history data. After application
of a high-pass frequency filter, reflections corresponding to
lower frequencies are apparent in the waveforms. Figure 5-38
is the time history of accelerations for Bolt 2 corresponding to
a frequency window centered about the 13,000-Hz frequency
range. Reflections are apparent in the waveforms correspond-
ing to distances of 1,525 mm and 7,015 mm. These distances
are presumed to correspond to reflections from a distant seam
(Ls) and from the far end of the element (LT), respectively.
The last two columns of Table 5-29 summarize the values of
Ls and LT observed for all the elements tested. The observed
range of LT is about 5–18 m, which correlates well with the
knowledge that installed lengths at this location range from
3 m to 20 m.

The data presented in Table 5-29 do not indicate any sig-
nificant distress along the lengths of the elements. This con-
clusion is based on the observation of reflections, correspond-
ing to the ends of the element, that would otherwise be masked
by strong reflections from loss of element cross section along
the element length.

Reflections corresponding to LT for Bolts 5 and 7 are dis-
tinct, and, although data suggest that these bolts are more vul-
nerable, the bolts do not appear to be more distressed than
other bolts tested.

TABLE 5-29 Summary of impact test results for site along 
I-40 near Pigeon Gorge, North Carolina

Figure 5-37. Amplitude spectrum for Bolt 6a at eastern portion of site along I-40, North
Carolina.



79

Ultrasonic tests. Figure 5-39 is the time history of the ultra-
sonic transducer signal obtained from testing Bolt 1. Reflec-
tions corresponding to Lg and Ls of lengths 576 mm and 2,135
mm, respectively, are identified in Figure 5-39. These lengths
compare reasonably well with measurements from impact test-
ing. Table 5-30 is a summary of observations from ultrasonic
tests performed on all the elements tested at the site compared
with those from impact testing. The average ratio of ultrasonic

test result to impact test result is 1.046, and the data have a
coefficient of variation of approximately 12 percent.

These results demonstrate that consistent results can be
obtained from impact and UT. Either test may be useful to ver-
ify the results from the other. When both tests provide similar
data, more confidence may be placed upon the overall results.

Although reflections corresponding to distances more than 
2 m from the faces of the elements were not evident in the

Figure 5-38. Typical filtered time history of acceleration from impact test of rock bolt at Pigeon
Gorge site along I-40, North Carolina.

Figure 5-39. Ultrasonic test result from Pigeon Gorge site along I-40, North Carolina.
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majority of the ultrasonic test data, some of the data did exhibit
reflections corresponding to the length of the element. This
occurrence is particularly evident in the results for Bolt 1,
shown in Figure 5-39. Reflections from the ends of the elements
were also apparent in the test results for Bolts 2, 6, and 7.

5.2.7.3 Conclusions from NDT

The electrochemical test results indicate that some of the
elements at this site are vulnerable and corrosion may be
occurring. Element vulnerability appears to correlate with
location, and elements installed along the eastern portion of
the site are apparently more vulnerable.

Impact test results confirmed the vulnerability of elements
along the eastern portion of the site. Results from impact and
UT were consistent, and significant levels of distress were
not identified for any of the elements tested.

Given that elements at this site are identified as vulnera-
ble, future monitoring is recommended. Data presented in
this report may serve as baseline measurements with which
future data may be compared.

5.2.8 TAMU-NGES

In 1991, a tied-back soldier pile wall with wood lagging
was constructed at the Texas A&M University National Geo-
technical Engineering Experimentation Site (TAMU-NGES).
The wall was instrumented with strain gauges, load cells, and
inclinometers. Details of the wall construction and perfor-
mance monitoring during and after construction are reported
by Briaud et al. (1998). Salient details are presented here to
support the description of NDT performed at the site and
condition assessment of the tieback elements.

The wall, pictured in Figure 5-40, is approximately 7.6 m
high and 50 m long. One-half of the wall is supported by a
single row of ground anchors, while the other half is sup-
ported by two rows of ground anchors. Anchor forces are
transferred to soldier piles by walers, which are not continu-
ous along the length of the wall; each waler supports a sepa-
rate pair of piles, as shown in Figures 5-40 and 5-41.

Tieback elements are 32-mm-diameter, Grade 150, Dywidag
bars that were installed in 89-mm-diameter holes. Bonded
lengths are 7.3 m, and unbonded lengths are either 4.6 m or
4.9 m, depending on location (Briaud et al., 1998). Tieback
elements extend beyond the wall face for lengths of approx-
imately 1,300 mm, which includes the depth of the walers as
depicted in Figure 5-40. All anchors were installed 30° to the
horizontal, and pressure grouted in the bonded zone under
pressures ranging between 1.4 MPa and 4.1 MPa. In the
unbonded zone, elements were surrounded by grease and a
plastic sheath.

Generally, anchor loads, monitored with the load cells,
remained relatively constant for the 5-year period over which
the wall behavior was studied. A special experiment was
conducted during which anchor loads were released at two
locations, and the corresponding redistribution of load was
observed. Results from this experiment, and the documented
load recovery, suggest that the ends of the tiebacks were
properly bonded to the soil (Briaud et al., 1998).

Figure 5-40 shows that, at the time of the research team’s
site visit, the wall lagging was in poor condition. Sand behind
the retaining wall had raveled and sloughed; some lagging
boards were missing, and many were deformed from bend-
ing. In places, voids behind the wall coalesced into chasms,
forming a chimney along the back side of the lagging. This
back side daylighted near the base of the wall. Large chasms
could be seen in several places along the wall. Beneath these
chasms, piles of silty sand remained. If these chasms were
viewed from behind the wall face, ground anchor elements
were visible and one could inspect the bar and plastic sheath
surrounding the bar.

5.2.8.1 Subsurface Information

Soils at the site consist primarily of alluvial sand deposits.
Soils are described as medium-dense clayey sand or silty sand

TABLE 5-30 Summary of ultrasonic test data for site along
I-40 near Pigeon Gorge, North Carolina

Figure 5-40. Tieback wall at TAMU-NGES.
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Figure 5-41. Full-scale tieback wall at TAMU-NGES: front view.
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from the ground surface to a depth of 3.5 m; medium-dense,
clean, poorly graded sand from 3.5 m to 7.5 m; medium-
dense clayey sand from 7.5 m to 13 m; and hard clay below
a depth of approximately 13 m. In 1991, groundwater was
observed at a depth of 9.5 m below the top of the wall.

Several in situ tests were performed at the wall site during
1990 and 1991, including standard penetration tests (SPTs),
cone penetrometer tests (CMTs), preboring pressuremeter
tests (PPTs), dilatometer tests, and borehole shear tests. The
sand has the following average properties: total unit weight of
18.5 kN/m3, SPT blow count increasing from 10 blows/0.3 m
at the surface to 27 blows/0.3 m at a depth of 9.15 m, bore-
hole shear test friction angle of 32° with no cohesion, CPT
point resistance of 7 MPa, PPT modulus of 8 MPa, and PPT
limit pressure of 0.5 MPa. Also, a sand pH of 6.2 was mea-
sured following the procedure in ASTM Standard D-4972
(ASTM, 2001). During the site visit, samples of sand from
behind the retaining wall were retrieved for further testing.
The samples were sent to the geotechnical engineering test
laboratory for chemical analysis, including pH, resistivity,
and sulfate and chloride ion content. Results from testing are
summarized in Table 5-31.

According to the results from the chemical analysis, includ-
ing a pH close to neutral and a relatively high resistivity, the soil
at this site is not considered aggressive relative to corrosion.

5.2.8.2 NDT Performed at Site

During the site visit, access to the wall was accomplished
by driving the equipment van to the top of the excavation.
Anchor heads were accessed by ladder from the base of the
excavation and necessary wiring extended to the van at the
top. The site is equipped with a trailer and power supply, so
use of a generator was unnecessary.

Table 5-32 summarizes the NDT performed at this site,
and Figure 5-41 sketches the corresponding anchor locations
(Briaud et al., 1998). Ten anchors out of 19 available at this
site were tested. Impact and ultrasonic tests were performed
on all 10 anchors.

As shown in Figure 5-41, six of the tested anchors were
from the single-tier section of the wall (Bolts 9, 10, 11, 12, 13,
and 14); three were from the bottom row (Bolts 17, 18, and
19) and one from the top row (Bolt 6) along the two-tiered
section.

Four of the tested bolts were monitored with load cells, and
lock-off loads are documented for all the tiebacks. Loads in

the tested elements, indicated in the fourth column of Table
5-32, correspond to load cell readings from April 1996 or to
lock-off loads as reported by Briaud et al. (1998).

Electrochemical tests. Because of the connections between
anchor elements, walers, and steel soldier piles, single anchor
elements were not electrically isolated. However, it was pos-
sible to isolate a section consisting of two soldier piles, two
walers, and two ground anchors. The measured half-cell
potential of the isolated section was −409 mV, which indicates
that corrosion may be present. The corrosion is most likely
along the length of the driven soldier piles at the test location.

Results from the E versus log I measurements confirmed
that a large metal surface area was exposed to the environment.

Impact test. Several interesting features of the bar instal-
lation were apparent in the amplitude spectra. For example,
in Figure 5-42, which is the amplitude spectra for Test 6, sig-
nificant peak frequencies are not observed beyond a peak of
6,640 Hz, but Figure 5-43 exhibits a peak frequency of 8,300
Hz in the amplitude spectra for Test 8. This observation is
consistent with the concept that higher loads are correlated
with higher natural frequencies of vibration. Peak frequen-
cies corresponding to higher frequency contents of approxi-
mately 10,000 Hz were apparent in Tests 1, 3, 4, 5, 8, 9, and
10, but were not apparent in Tests 2, 6, and 7. According to the
loads presented in the fourth column of Table 5-32, measured
loads in the elements corresponding to Tests 2, 6, and 7 range
from 85 kN to 186 kN, which is lower than the range of 204
kN to 378 kN observed for the remainder of the elements.

The approximately 1,300-mm-long extension of the bar
elements beyond the face of the wall had a strong influence
on the frequency response of the elements. For a 1,300-mm-
long cylindrical element with boundary conditions fixed at
one end and free at the other, and with a compression wave
velocity of 5,500 m/s, the first fundamental frequency of
vibration is 1,057 Hz. Figures 5-42 and 5-43 both exhibit a
predominant frequency of approximately 1,057 Hz.

TABLE 5-31 Summary of soil tests from samples retrieved
from TAMU-NGES

TABLE 5-32 Summary of NDT elements at TAMU-NGES
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To help identify signals obscured by the very strong influ-
ence of vibrations associated with the element extension, a
band-pass filter was applied to the data. The signal corre-
sponding to a frequency bandwidth centered with respect to
a peak frequency between 3,500 Hz and 4,500 Hz was con-
verted to the time domain for analysis. Figure 5-44 is an exam-

ple of filtered data from the results of Test 6; it is typical of the
elements tested at TAMU-NGES. Reflections in the signal are
apparent at times of 0.0019 s and 0.0043 s (the beginning of
the bonded zone and the end of the element, respectively).

Table 5-33 compares observations from impact tests and
as-built details of the wall system for all of the elements

Figure 5-42. Amplitude spectrum for impact test on Bar 6a (prestress = 164 kN) at 
TAMU-NGES.

Figure 5-43. Amplitude spectrum for impact test on Bar 8 (prestress = 300 kN) at TAMU-NGES.
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tested at TAMU-NGES. The table presents information on
the unbonded lengths (Lunbonded), bonded lengths (Lbonded),
and the total lengths (Ltotal) of the tieback elements. The
unbonded and total lengths include the length that the tie-
backs extend beyond the wall face. In Table 5-33, the bonded
lengths are computed as differences between the total and
unbonded lengths.

According to the data presented in Table 5-33, the com-
parison between observations and as-built details is consid-
ered satisfactory. All of the measurement errors are within 20
percent, and two-thirds of the measurement errors are within
10 percent.

Figure 5-44. Typical filtered time history of impact test on Bar 6a at TAMU-NGES.

TABLE 5-33 Reflections observed from impact test results
and as-built details at TAMU-NGES

Figure 5-45. Typical ultrasonic test results from element at TAMU-NGES.
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Ultrasonic tests. Figure 5-45 is the time history of the ultra-
sonic transducer signal obtained from Test 6. Reflections are
observed at 0.002 s and 0.0047 s, which compares reasonably
well with reflections observed from impact test data for the
beginning of the bonded zone and the end of the element,
respectively. Table 5-34 compares UT results for all the ele-
ments tested at the site with the results from impact testing.
Reflections from the distant ends of the elements were not
observed in every test result.

The comparison of results from ultrasonic and impact test-
ing is considered good. The average ratio of UT result to

impact test result is 1.026, and the data have a coefficient of
variation of approximately 8.4 percent.

5.2.8.3 Conclusions from NDT

Results from NDT are consistent with the anticipated per-
formance of the elements. Element distress was not observed
from the results of NDT performed on elements at the TAMU-
NGES. Given the soil conditions, the age of the elements, and
the degree of corrosion protection afforded to the elements,
distress was not anticipated.

Features observed in the impact test data are consistent
with known details of the installation including levels of pre-
stress, and the unbonded, bonded, and total lengths of the ele-
ments. Data from UT were in good agreement with results
from impact testing. Thus, similar results were obtained from
two independent testing techniques.

Results from the field study performed at TAMU-NGES
indicate that the NDT technologies applied in this research can
be useful for validating the existing condition of the elements
and for identifying elements where geometry or load carried
by the element is anomalous relative to other elements tested.
Anomalous features so identified may be correlated with
element distress. Therefore, the NDT technologies are use-
ful devices for element condition assessment.

TABLE 5-34  Comparison of results from ultrasonic and
impact testing at TAMU-NGES
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CHAPTER 6

INTERPRETATION, APPRAISAL, AND APPLICATIONS

Transportation agencies are faced with the task of main-
taining existing installations of buried metal-tensioned sys-
tems and managing the operation of transportation facilities.
Reliable estimates of remaining service life are necessary for
rational decisions relative to rehabilitation or retrofit. Avail-
able service-life prediction models must be verified and cal-
ibrated with well-documented performance data, and reliable
methods of condition assessment must be developed for exist-
ing systems.

Major products of this research include the evaluation and
application of several NDT techniques for condition assess-
ments and the preparation of a working plan and recommended
practice for obtaining performance data and estimating the
remaining service life of existing metal-tensioned systems.

Field studies were conducted at eight different installations
of metal-tensioned systems in the northeast, southeast, and
southwestern United States. These field studies serve to vali-
date the work plan and recommended practice, demonstrate
application of NDT, and provide performance data for future
reference.

6.1 SUGGESTED WORK PLAN AND
RECOMMENDED PRACTICE

The suggested work plan in Chapter 3 and recommended
practice in Chapter 4 describe the use of NDT for condition
assessment of metal-tensioned systems and estimation of
remaining useful service life. The NDT techniques are use-
ful in determining whether corrosion can, or has, occurred and
whether an element is currently distressed. The work plan
describes administration of a systemwide agency program
for evaluating existing metal-tensioned systems. The rec-
ommended practice describes details of implementing the
condition assessment.

Four different NDT techniques are recommended, includ-
ing measurement of half-cell potential, measurement of polar-
ization current, impact echo testing, and UT. Half-cell poten-
tial and polarization current measurements are electrochemical
tests used to determine whether corrosion is present and to
evaluate the level of corrosion protection afforded to the sys-
tem. The impact echo and ultrasonic tests are mechanical wave
propagation techniques used to evaluate the current condition
of an element.

6.1.1 Suggested Work Plan

The suggested work plan describes a rational approach to
estimate future maintenance, rehabilitation, and retrofit needs
for existing installations of metal-tensioned systems. The plan
has four basic components: (1) develop an inventory of sites
with installations of buried metal-tensioned systems within
the agency’s jurisdiction, (2) establish priorities regarding the
need for detailed evaluation of site and element conditions,
(3) formulate and implement a test protocol for condition
assessment, and (4) formulate a recommended action plan.

Establishing an inventory is a necessary first step, but may
represent a major effort on behalf of the agency. This inven-
tory can help define the magnitude of the problem, identify
the types of facilities inherent to construction practices in
the region, and provide a means to screen facilities accord-
ing to the need for more immediate attention. Screening is an
assessment of risks associated with site corrosion hazards
and installed metal-tensioned system vulnerabilities. The test-
ing protocol describes the subsurface information required
and the sequence of tests for NDT of the elements.

Results from the service-life prediction and the condition
assessment are compared to formulate a recommended action
plan. Recommended actions may include no action; further
NDT; invasive testing; or design of rehabilitation for, or retro-
fit of, the existing metal-tensioned system.

6.1.2 Recommended Practice

The recommended practice describes procedures and input
necessary for performing element condition assessments. The
practice describes a corrosion assessment model, a sampling
strategy for element condition assessment, and parameters and
input required for service-life prediction modeling.

Corrosion is identified as a major source of distress for
metal-tensioned systems. Chapter 4 presents simple decision
trees that describe application of the corrosion assessment
model. The model requires details of the installation, includ-
ing the level of corrosion protection afforded to the system and
the subsurface conditions. A few soil parameters are required
for assessing the aggressiveness of the subsurface conditions
relative to corrosion, and some sampling and laboratory test-
ing of soils is also required.
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A sampling strategy is needed because, at many sites, it is
unfeasible to test every element. The strategy is based on a sta-
tistical analysis, but a background in statistics is not required
for application of the charts, which are presented to select
sample size. The charts allow the user to determine sample
requirements on the basis of the total number of elements at
the site, the importance of the facility relative to the conse-
quences of failure, and the anticipated level of performance.

Available service-life prediction models are used to esti-
mate the corrosion rate and the anticipated loss of element
cross section. The prediction models require results from
testing soil, groundwater, and rock samples. The practice
cites relevant test standards for sampling and testing soil,
groundwater, and rock. Equations and monographs from rel-
evant literature are presented for estimating corrosion rate.
The models are the result of previous studies conducted on
uniform corrosion of buried metal specimens, corrosion of
buried metal culverts, and corrosion of steel strips used for
soil reinforcement.

6.2 PERFORMANCE DATA

Results from the field study are included within the frame-
work of a database summarizing performance data of exist-
ing metal-tensioned systems. The database provides needed
information for (1) validation, calibration, and improvement
of risk assessment and (2) service-life prediction models.

Following are general interpretation comments based on
data collected and evaluated at eight different field sites:

• Results from the field study support the need for system
inventories and use of corrosion assessment models to
correctly identify sites where the occurrence of corro-
sion is likely.

• In general, no significant loss of cross section is observed
for installations less than 20 years old. This observation
is consistent with estimates of remaining service life
that indicate that distress is unlikely, even without cor-
rosion protection, unless the ground conditions are very
aggressive. For resin-grouted rock bolts, there may be
loss of grout cover because of flow of grout into rock
fractures during installation.

• Element distress can be identified by interpreting results
from NDT with respect to known features of the ele-
ment. If complete details of installations are unavail-
able, compare NDT results from a number of elements
at a site to identify anomalies.

• Most of the observed element distress is located along
the free length within 2 m of the element face. At a site
with a history of creep movement, NDT results indi-
cated distress along the bonded length of an element.

• Results from impact tests may be useful to detect loss of
element prestress.

6.3 COSTS AND BENEFITS FROM PROPOSED
WORK PLAN

The utility of maintaining the database may be appreciated
by cost-benefit analysis. The costs of implementing the pro-
posed work plan and maintaining a performance database are
compared with the benefits (i.e., the associated cost savings
related to maintaining, rehabilitating, or retrofitting an exist-
ing metal-tensioned system) and with the risks and costs asso-
ciated with element failure.

Costs of condition assessments are those related to (1) plan-
ning the work, including a preliminary field visit; (2) acquir-
ing equipment required for NDT; (3) getting access to element
head assemblies; and (4) meeting workforce requirements for
performing NDT, data interpretation, and reporting.

Benefits from implementing the proposed work plan and
maintaining performance data on buried metal-tensioned
systems include improved resource allocation and carefully
planned capital expenditures. An effective plan for retrofit
can be implemented when factors contributing to element
service life are identified. Improved service-life estimates
allow planning and evaluation of alternatives for the most
cost-effective retrofit design.

Resource allocation based on observed performance and
estimated remaining service life is an improvement over cur-
rent practice, where resources are applied in reaction to an
observed failure or to a severe loss in service. The latter prac-
tice may result in additional costs related to injury or conse-
quential damages and to implementation of unnecessary retro-
fit measures during crisis. Element failures and unnecessary
retrofit may be avoided if element condition is monitored
over time.

6.4 LIMITATIONS OF THE WORK PLAN

Details of limitations for each test method are provided in
Chapter 3. The limitations described here are more general,
as they apply to the proposed work plan and recommended
practice.

The ability to test strand-type elements is limited, and
strand-type elements are sometimes employed for rock and
ground anchor installations. The impact test is not applicable
because no method has been developed to monitor vibration
(i.e., it is unfeasible to attach an accelerometer to the surface
of the strand). Application of the ultrasonic test appears possi-
ble, but there is limited experience monitoring strand elements.
According to the observations documented so far, application
of the ultrasonic test to strand elements is promising.

High-strength, quenched and tempered steels, which are
sometimes used in the manufacture of strand-type elements,
are particularly vulnerable to stress crack corrosion and hydro-
gen embrittlement. Brittle failure from stress crack corrosion
or hydrogen embrittlement occurs suddenly, which is danger-
ous and aggravated by the fact that ground anchors may be
subjected to high prestress. It is impossible to monitor these
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corrosion processes using the electrochemical tests described
in the recommended practice.

Stray currents in the ground are a significant hazard rela-
tive to corrosion. The electrochemical tests cannot be applied
where stray electrical currents are present unless the stray
currents can be eliminated during the monitoring period.

Access to the ends of the element is required for NDT. At
some sites, this access may be difficult to bet because of loca-
tion (e.g., if the site is very high with respect to the highway)
or because the head of the elements are encapsulated. Evalua-
tion at some sites may be more expensive because of the need
for special equipment—such as lifts, cranes, and scaffolding—
and because of the time required to remove and replace the
encapsulation. Specially qualified personnel may also be
required to set up rigging and provide specific details of the
elements.

NDT can be used to detect and locate a defect. However,
loss of cross section less than 25 percent is difficult to detect
with NDT. Therefore, the tests are useful to indicate when

distress has reached significant levels, but the tests cannot
indicate the initiation of a problem. The size, shape, and nature
of the defect or anomaly are not determined using the data-
processing techniques developed so far. It is difficult to dis-
tinguish an anomaly related to installation details from loss
of cross section due to corrosion or other types of in-service
distress.

The length of an element that can be detected with NDT is
limited. Good results have been obtained for element lengths
of approximately 10 m, and some element lengths as long as
20 m have been detected. Success depends on how much of
the element is surrounded by grout. However, information
along the free length of a long element may still be obtained,
and many times problems occur within the first few meters
from the anchor head assembly.

Results from NDT must be verified from direct physical
observation of element condition, invasive testing, or both.
NDT is useful because it identifies elements requiring appli-
cation of more expensive, time-consuming invasive tests.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

7.1 CONCLUSIONS

This report describes the application of several NDT tech-
niques for condition assessment and estimation of remaining
service life of buried metal-tensioned systems, including
ground anchors, rock bolts, and soil nails. Equipment for per-
forming the NDT is commercially available, and the NDT
may be performed by people with limited specialized training.
However, knowledge of corrosion processes, wave mechanics,
and signal processing are helpful for data processing and inter-
pretation of the NDT, and these tasks should be performed by
a qualified engineer.

Electrochemical tests, including half-cell potential and
polarization measurements, are useful for indicating whether
corrosion is present and for assessing the integrity of existing
corrosion protection systems. However, results from these
tests do not indicate the severity of corrosion or the location
of the corrosion along the length of the element. Results from
electrochemical tests can be supplemented with results from
the impact response test, the ultrasonic test, or both to iden-
tify and locate defects along the length of the element.

NDT results are qualitative in the sense that data from each
element at a site can be compared with known installation
details, with each other, and with signatures that represent the
response of typical elements. Test data may be evaluated for
attributes such as good versus bad or conforming versus non-
conforming. Results from NDT must be supplemented with
more certain, detailed information from records documenting
element construction and from invasive tests (e.g., perfor-
mance load tests). Because invasive tests are more costly and
time consuming to perform, the value of NDT is to screen and
identify element locations where more detailed invasive test-
ing should be recommended.

This report proposes a working plan and recommended
practice that describe a program for evaluating existing metal-
tensioned systems and implementing NDT, condition assess-
ment, and estimation of remaining service life. The recom-
mended practice includes a simple decision tree to identify
sites with a high risk of corrosion. Remaining service life is
estimated using equations and nomographs, which relate rate
of corrosion to factors associated with corrosivity of the sur-
rounding soil or rock mass.

Application of the working plan and recommended prac-
tice are demonstrated using an inventory of eight sites in the

northeast, southeast, and southwest United States. The inven-
tory represents a variety of different installations of metal-
tensioned systems. Results from the field studies contribute
to a database documenting the performance of in-service,
metal-tensioned systems. Performance data obtained so far
are consistent with (1) risk assessment models that identify
sites where corrosion is likely and (2) mathematical models
of service life that estimate rate of corrosion. Although cor-
rosion was observed at many of the sites, significant distress
was not identified at sites with installations less than 20 years
old and with ground conditions that were not highly aggres-
sive relative to corrosion.

7.2 RECOMMENDATIONS FOR FUTURE
RESEARCH

The following sections address the need for (1) further ver-
ification of results from NDT; (2) personnel training to imple-
ment the work plan; (3) improvements in testing techniques,
data processing, and interpretation; and (4) improved service-
life prediction models.

7.2.1 Verification Studies

Results from NDT have been verified in the laboratory
at bench scale and at an in-situ testing facility using rela-
tively simple element installations and geometries. Condi-
tion assessments conducted in the field produced results that
correlated very well with known features of the installation.
Results from these studies serve as necessary, but insuffi-
cient, conditions for verifying NDT. In each of these trials,
the person conducting the condition assessment was aware of
features of the installation and aware of the location and
nature of any anomalies present (i.e., the assessments were
not demonstrations of “blind predictions”).

Element distress was indicated in the NDT data at two of
the sites included in the field study. According to the site con-
ditions and past performance of the facilities, the presence of
distress at the locations indicated by NDT is very likely. How-
ever, a direct visual examination of the elements after NDT
and invasive testing was impossible, so the actual condition
of the elements is uncertain.
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According to the laboratory test results, in situ testing, and
performance data obtained so far, there is strong evidence
that the NDT described in this research has merit, but uncer-
tainty about the precision, accuracy, sensitivity, reliability,
and limitations of the NDT remain. There is a need to exam-
ine the application of NDT under field conditions where cor-
rosion conditions and details of distressed elements are known.
To make the field observations serve as a “blind prediction,”
known details of the elements must not be shared with mem-
bers of the evaluation team. Therefore, an agency separate
from the evaluation team should be responsible for installa-
tion of the test elements.

Elements should be installed in the field using commonly
employed construction techniques and hardware. Approxi-
mately 10 elements should be installed, some intact and oth-
ers with corrosion and/or installation defects. The evaluation
team should be provided with information normally obtained
prior to a condition assessment (e.g., subsurface conditions;
total, free, and fixed lengths of the elements; drill hole diam-
eter; level of prestress; features of the corrosion protection
system; grout type; and details of the anchor head assembly),
but should not be given any information about the type or loca-
tion of defects or corrosion conditions. The evaluation team
will perform a condition assessment at the test site, process
and interpret the data, and report its findings. A review panel
will compare the findings with known details of element dis-
tress and tabulate the results.

The results of the study will be useful for evaluating the
precision, accuracy, and reliability of the test methods. This
information is valuable for assessing future results from NDT
and quantifying error. Improved confidence in the results from
NDT may reduce the number of invasive tests recommended
before a decision is made to design a retrofit or implement
a rehabilitation strategy. This reduction of invasive tests will
lead to lower costs associated with performing site evaluations
and implementation of the proposed work plan.

7.2.2 Training Program

Specialized training is necessary to provide awareness and
promote implementation of the proposed work plan and rec-
ommended practice, including condition assessment and
application of NDT. Development of training materials is
recommended to familiarize people in charge of operations
with the recommended working plan and to prepare the appro-
priate staff to carry out the working plan, perform NDT, and
interpret data for condition assessment.

A 2-day workshop is envisioned, covering topics related
to implementation of the work plan and recommended prac-
tice. A workshop format provides the opportunity for partic-
ipants to gain “hands-on” experience with the tools included
in the work plan and recommended practice, including per-
formance of NDT.

The first day of the workshop could be devoted to a general
overview of the products from this research. A case study

might be developed wherein participants are afforded an oppor-
tunity to apply the proposed risk assessment and service-life
prediction models. By following the proposed work plan and
recommended practice, workshop participants using the case
study would get an overview of condition assessment,
including application of sample criteria, use of NDT, inter-
pretation of results, and formulation of an action plan.

The second day of the workshop might be a primer on the
recommended NDT technologies. Well-known and established
concepts, theories, and technologies contribute to researchers’
understanding of the corrosion process and the basis for NDT.
Most engineers are familiar with the underlying principles of
corrosion and NDT, which are covered within the basic course-
work requirements at accredited four-year college and univer-
sity engineering degree programs. However, many civil engi-
neers involved in the operations of transportation facilities
are not familiar with the specific applications of NDT, perfor-
mance monitoring, and condition assessment. Furthermore,
the equipment and instrumentation used in pursuit of the rec-
ommended NDT methods are not traditional tools applied
within the civil engineering practice. The contents of the work-
shop should include the principles of the test technique; equip-
ment details; and performance of NDT, data acquisition, and
data processing. Participants could be given the opportunity to
perform NDT on bench-scale test specimens using a specially
constructed portable demonstration unit.

The anticipated audience for the workshop would be engi-
neers and technical staff at state transportation agencies. Oper-
ation managers may be more interested in the first day of the
workshop, and technical staff may be more interested in the
second day. The workshop could be custom tailored for pre-
sentation at specific DOT sites in an effort to best address
(1) the local inventory of metal-tensioned systems and (2) the
efforts made toward management and operation of trans-
portation facilities. Workshop materials could be made avail-
able to a wider audience through the development of a CD-
ROM and internet-based media intended for individual study.
The digitized versions would include the contents and sup-
porting materials of the workshop prepared in an interactive
form for self-training purposes.

7.2.3 Improvements in NDT Techniques

To increase data quality and consistency, improvements to
hardware should be implemented. The impact tests and ultra-
sonic tests employ hardware (i.e., an impact device and ultra-
sonic transducer) for delivering the excitation at the face of
the element. Important characteristics and parameters related
to the excitation should be identified and incorporated in the
design of the delivery system.

7.2.3.1 Impact Tests

Currently, the impact is administrated with a hammer and a
hand-held punch. This method is useful for directing energy
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along the axis of the element, but the duration, amplitude, and
frequency content of impacts are not controlled and are not
repeatable.

The loss of wave energy at each reflection relates to the
size of the defect and is manifested in the signal attenuation
or change in amplitude associated with each arrival of the
reflected wave. Wave scattering relates to the shape of the
defect and may be observed by the length of the reflected sig-
nal. It is necessary to control the impact directed at the end
of the element to study the trends associated with each of
these features of the signal.

Future development of the impact test should include use of
a hammer capable of applying a controlled, repeatable impact.
If this development is accomplished, more subtle features of the
signal—such as amplitude attenuation, damping, and scatter-
ing—could be compared between different tests. This ability
would allow more detailed signature analysis and system iden-
tification to be performed, as described in Section 7.2.4.1.

Results from research performed by others on applications
of the impact test to concrete plates and shells and to rock bolts
describe the design and application of special devices for
applying the impact. These devises are commercially avail-
able, although they are not necessarily designed to perform
optimally for condition assessment of metal-tensioned sys-
tems. The recommended research should explore the use of
existing designs and recommend modifications, if necessary,
to achieve improved performance for condition assessment of
metal-tensioned systems. If necessary, prototypes should be
designed and manufactured, and the performance of the pro-
totypes should be demonstrated on tendons installed using
commonly employed construction techniques and hardware.

7.2.3.2 Ultrasonic Tests

Ultrasonic waves propagating in a slender element are dis-
persive in nature. Therefore, for elements that are surrounded
by grout, wave energy is lost by dispersion into the surround-
ing medium. The effect of dispersion is to limit the length
of the element that may be probed with the UT technique.
Through improvements in transducer design, it may become
possible to probe longer distances along the tendons.

Parameters associated with the design of the ultrasonic
transducer, including the frequency content of the excitation
signal and the size and mass of the transducer components,
affect the transducer performance for a given application. Dis-
persion is less for high-frequency sound waves, which have a
small wavelength compared with the cross-sectional dimen-
sions of the specimen. However, a low-frequency sound wave
suffers less signal attenuation traveling through steel. These
two conflicting requirements must be balanced to achieve an
optimum transducer design.

In this study, two commercially available transducers were
employed having predominant frequencies of 100 kHz and 55
kHz. Because commercially available, “off-the-shelf” trans-

ducers were obtained, they are not necessarily optimized for
this application. The optimum transducer design may vary
depending on type of strand and details of the installation.

Research is recommended to identify the parameters of the
transducer design that affect the performance of the ultra-
sonic test for condition assessment of buried metal-tensioned
systems. After the significant parameters are identified, pro-
totype ultrasonic transducers that are tuned to the specific
application should be designed and manufactured. The per-
formance of the prototypes should be demonstrated on ten-
dons of different lengths installed using commonly employed
construction techniques and hardware.

7.2.4 Improvements in Data Processing and
Interpretation

Relatively simple techniques are described in this report for
interpretation of NDT data. These techniques rely on an exist-
ing body of knowledge related to the system response and
interactions with the surrounding environment. Information
about element condition beyond what current mathematical
models and techniques are able to identify and process is con-
tained in the data obtained from the NDT. Limited interpreta-
tion does not allow full realization of the benefits of NDT.
This section recommends research to extend the existing body
of knowledge related to data interpretation, to identify rela-
tively subtle features of the system response, and to provide
more details on the nature and characteristics of observed ele-
ment distress.

7.2.4.1 Electrochemical Tests

Measurement of half-cell potential appears to be a useful
indicator of the presence of corrosion. However, ranges of
half-cell potential cited in the literature for discerning corrod-
ing from noncorroding elements are based on data collected
from carbon-based steel in neutral soil and water. These con-
ditions are different from those surrounding metal-tensioned
elements. Many metal-tensioned elements are surrounded by
cement, polymer, or epoxy resin grouts. The effect of the grout
type on measurement of half-cell potential should be inves-
tigated. This study is necessary to identify conditions where
half-cell potential measurement may not be meaningful and
to study how the potentials of the steel elements may be
affected by different chemical environments.

7.2.4.2 Impact Tests

The method for interpreting impact test results described in
this report is useful to identify the location of defects or anom-
alies along the length of an element. However, information
about the size and shape of defects is not obtained. Unless
details of the installation are available, it is difficult to distin-
guish element distress from features of the installation (i.e.,
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reflections may be observed from couplings that are not dis-
tinguished from broken tendons). Data interpretation also
does not, at present, distinguish among different types of dis-
tress (e.g., reflections caused by severe grout cracking from
reflections caused by loss of element cross section).

The current data-processing technique applied to impact
test results does not consider details of the dynamic response
of the element, including signal attenuation, scattering, and
damping. Although the size and shape of anomalies along the
length of the element, as well as the level of prestress, influ-
ence the characteristics of the dynamic response, no simple
relationship exists. The relationship needs to be studied using
laboratory and numerical analyses. Numerical analyses allow
for the use of computer simulation to estimate the mechanical
behavior under sets of known conditions that vary over a
very large domain. Laboratory experiments help to verify the
numerical results and assumptions used in the analysis.

Applications of the impact echo test to concrete plate and
shell-type structures described in the literature demonstrate
the use of numerical analyses to develop signatures for sys-
tem identification. Some work has also been done by others
demonstrating how element prestress can be correlated with
the dynamic response of the element. Numerical analysis
packages are available and can be applied to this problem,
but the number of different scenarios to analyze needs to be
identified.

This numerical analysis is considered a long-term goal that
involves a considerable research effort. The research should
first be attempted as a pilot project, focused on a single type
of element (e.g., resin-grouted rock bolts). A typical defect
shape based on the observed condition of distressed elements
exhumed from the field should be selected for the pilot study.
Numerical analysis should be used to develop data showing
how the size of the defect is represented in element signatures.

If the results are encouraging, the research could be con-
tinued to another, more detailed phase. The product of this
recommended research effort will be a database of signatures
describing different element conditions. These signatures could
then be used for system identification and “finger printing” of
element conditions observed from NDT.

7.2.5 Improvements in Service-Life 
Prediction Models

High-strength steels used to manufacture prestressing strand
elements, and sometimes used as tendons for ground anchors
and rock bolts, are vulnerable to hydrogen embrittlement
and corrosion stress cracking. Service-life prediction models
described in this report were mainly developed from obser-
vation of uniform corrosion of buried specimens of mild steel.
There are limited data on rates of surface pitting, but no tech-
niques exist to predict when an element may fail from hydro-
gen embrittlement or corrosion stress cracking. A major part
of the problem is that the mechanisms contributing to these
types of corrosion are not completely understood; therefore,
factors controlling the rate of deterioration are not identified.

Environmental factors such as pH, soil resistance, the pres-
ence of sulfates and chlorides, and level of prestress are known
to contribute to the occurrence of stress crack corrosion and
hydrogen embrittlement. Ongoing research is attempting to
achieve accelerated corrosion in the laboratory that may
allow for scaling with respect to time. If successful, these tech-
niques may be used to collect corrosion data under controlled
laboratory conditions, leading to the development of service-
life prediction models.

The recommended scope of future research is to identify,
document, and evaluate results from recent and ongoing stud-
ies of hydrogen embrittlement and stress crack corrosion. The
utility of these results and the need for further research to
achieve a better understanding of the impact of these corro-
sion mechanisms on the service life of buried metal-tensioned
systems should be evaluated.

A series of experiments should be performed under differ-
ent environmental conditions and levels of prestress to under-
stand (1) the relationship between relevant factors and time
to failure of buried metal-tensioned, strand-type elements and
(2) the effectiveness of currently applied corrosion protection
systems. For these tests to be feasible, it may be necessary
to apply techniques to accelerate corrosion in the laboratory.
Therefore, the ability to perform this task may depend on the
results of ongoing research.
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APPENDIX A

RECOMMENDED PRACTICE FOR EVALUATING METAL-TENSIONED SYSTEMS
USED IN GEOTECHNICAL APPLICATIONS

AASHTO Designation

1. Scope

1.1 This Standard Guide is focused on condition assessment and estimation of remaining useful service life of rock bolts,
ground anchors and soil nails used as buried metal-tensioned elements for geotechnical applications.

1.2 The Standard Guide describes a corrosion assessment model, a sampling strategy for element condition assessment, and
parameters and input required for service-life prediction modeling.

1.2.1 The Standard Guide incorporates nondestructive test (NDT) methods including half-cell potential, polarization cur-
rent, impact response, and ultrasonic wave reflection measurements for element condition assessment. Details of these test
techniques are described in Appendices C, D, E and F.

1.3 The Standard Guide describes a rational approach for estimating future maintenance, rehabilitation and retrofit needs for
existing installations of metal-tensioned systems (MTS).

2. Preamble

2.1 Transportation agencies are faced with the task of maintaining existing installations of buried metal-tensioned systems
and managing the operation of transportation facilities. For many, the current practice is to react to situations as they arise.
This approach is not cost-effective, makes no effort to manage risk, and does not allow the agency to plan for allocation of
resources.

2.2 Reliable estimates of remaining service life are necessary for making rational decisions about rehabilitation, or retrofit.

2.2.1 Estimates of service life provide a basis for comparison with condition assessment.

2.2.1.1 Service-life prediction models are used to estimate the service life of unprotected elements. For systems installed
within oxygen deprived environments, or protected by passivation with grout, the rate of corrosion may be considerably less
than that anticipated by the service life prediction model.

2.3 NDT methods are used for condition assessment including the integrity of corrosion protection systems, and for detect-
ing significant loss of cross section, or loss of anchorage. 

2.3.1. Corrosion protection systems are necessary for the extended service life of buried MTS. Condition assessment of cor-
rosion protection systems provides an indicator to element vulnerability.

2.3.2 Results from NDTs may be used to assess the distress to an element such as loss of cross section from corrosion, or
other factors. NDT is not a direct measure of distress and results are subject to interpretation.

2.4 Performance monitoring and service-life prediction of buried metal-tensioned systems are complex problems. This Stan-
dard Guide describes a general approach and methodology to be followed.

2.4.1 NDTs and estimates of service life have limited application, and results are uncertain. Important limitations to the ser-
vice life prediction model and NDTs used for condition assessment are described in Section 6.



3. Referenced Documents

3.1 AASHTO Standards:

T88 Particle Size Analysis of Soils
T89 Determining the Liquid Limit of Soils
T90 Determining the Plastic Limit and Plasticity Index of Soils
T263 Chemical, Biological and Physical Analysis of Water
T265 Laboratory Determination of the Moisture Content of Soils
T288 Determining Minimum Laboratory Soil Resistivity
T289 Determining pH of Soil for Use in Corrosion Testing
T290 Determining Water Soluble Sulfate Ion Content in Soil
T291 Determining Water Soluble Chloride Ion Content in Soil 
R026 Standard Practice for Assessment of Corrosion of Steel Piling for Non-Marine Applications

3.2 ASTM Standards

D2113 Diamond Core Drilling for Site Investigation
D2488 Description and Identification of Soils (Visual-Manual Procedure)
D2487 Standard Classification of Soils for Engineering Purposes (Unified Soils Classification System)
D4220 Preserving and Transporting Soil Samples

3.3 Post Tensioning Institute (PTI)

“Recommendations for Prestressed Rock and Soil Anchors”

3.4 American Concrete Institute (ACI)

ACI 222.2R-01, “Corrosion of Prestress Steel”
ACI 423.4R-98, “Corrosion and Repair of Unbonded Single Strand Tendons”

4. Terminology

4.1 Active systems are prestressed during installation.

4.2 Passive systems are loaded as the soil or rock material deforms during installation.

4.3 Bar is a solid metal element having a cross section manufactured from a single piece of material. The bar may be smooth
or corrugated with threaded ends, or continuously threaded.

4.4 Strand is an element type with a cross section comprised of multiple wires that are twisted around a central or king wire.

4.5 FPU is the specified minimum tensile strength of the element.

4.6 Passivity refers to the loss of chemical reactivity experienced by certain metals and alloys under particular environmen-
tal conditions.

4.7 Pitting is localized corrosion where the corroded area has a width to depth ratio less than four. 

4.8 Stray Direct Currents are present in the ground as a result of electrical leaks, or failure to provide positive and perma-
nent electrical grounding.

4.9 Hydrogen embrittlement is the migration of atomic hydrogen into the metal lattice where hydrogen molecules are formed
producing internal pressure in the metal.
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4.10 Stress Corrosion Cracking is a type of locally concentrated corrosion defined as cracking that may result from the com-
bined action of corrosion and static tensile stress.

4.11 Creep is the time-dependent deformation of material under the action of constant load.

4.12 Hazard is the presence of conditions that make the occurrence of corrosion possible, or increase the likelihood that cor-
rosion may occur for unprotected or inadequately protected elements.

4.13 Vulnerability is the assessed ability of the installed metal-tensioned system to resist attack from corrosion.

4.14 Risk is the combined consideration of hazard and vulnerability.

4.15 Service-life is the length of time that a system or component performs its intended design function.

4.16 NDT are non-intrusive, nondestructive tests whereby the test element is not compromised by testing and does not need
to be taken out of service during or after testing.

5. Significance and Use

5.1 Transportation agencies are faced with the task of maintaining existing installations of buried metal-tensioned systems
and managing the operation of transportation facilities. Reliable estimates of remaining service-life of buried metal-tensioned
systems are necessary for rational decisions relative to the need and schedule for rehabilitation or retrofit.

5.2 This Standard Guide is used to: a) establish priorities regarding the need for detailed evaluation of site and element con-
dition, b) formulate and implement a test protocol for condition assessment and detailed evaluation, and c) formulate a rec-
ommended action plan.

5.3 Available service-life prediction models should be verified and calibrated with well-documented performance data and
reliable methods of condition assessment for existing systems where available. Much of this data is difficult to obtain and not
readily available.

6. Limitations

6.1 Condition assessment described in this Standard Guide is subject to the following limitations:

6.1.1 Access to the ends of the element is required for condition assessment and detailed evaluation. At some sites this may
be difficult due to location (e.g., height with respect to the base of a slope or wall), or because the head of the elements are
covered or encapsulated in grout, or concrete and may be blocked by structural and architectural elements.

6.1.1.1 Evaluation at some sites may be more expensive because of the need for special equipment, such as lifts, cranes, and
scaffolding, and the time required to remove and replace the encapsulation.

6.1.2 Available test methods used for condition assessment are not generally applicable to all element types, particularly
with respect to strand type elements.

6.1.2.1 The ultrasonic test may work well for strand elements, but has not been evaluated with wedge plates in place.

6.1.2.2 The impact test is not recommended for use with strand type elements.

6.1.3 Elements must be electrically isolated for electrochemical testing.

6.1.3.1 Wall tiebacks are not often electrically isolated due to waler connections, although isolation may be achieved for sys-
tems employing plastic trumpet assemblies. In some instances, elements may be decommissioned and isolated from wedge
sets or bearing plates before testing.
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6.1.3.2 Rock bolts are often electrically isolated.

6.1.3.3 Soil nails need to be isolated from steel mesh used to reinforce wall facing.

6.1.4 Available test methods have limited sensitivities.

6.1.4.1 Less than about a 25% loss of element cross-section is difficult to detect. This is a significant loss of cross section,
which for stand elements is near failure, and for bar elements is approximately a 30 percent increase in stress level.

6.1.4.2 Test results may indicate when distress has reached significant levels, but cannot indicate the initiation of corrosion.

6.1.4.3 The size, shape and nature of the defect, or anomaly, cannot be determined using existing data processing techniques.
It is difficult to distinguish an anomaly related to installation details from loss of cross section due to corrosion, or other types
of in-service distress.

6.1.4.4 The length of an element that can be detected with NDT is limited. Good results have been obtained for element
lengths of approximately 10 m and some element lengths as long as 20 m have been detected. Success depends on how much
of the element is surrounded by grout. However, information along the free length of a long element may still be obtained, and
most often problems occur within the first meter or two from the element head assembly.

6.1.4.5 Results from NDT must be verified from direct physical observation of element condition and/or invasive observa-
tions. The utility of the NDT is to identify elements requiring more expensive, and/or time-consuming, invasive observations.

6.1.5 It is not possible to monitor stress crack corrosion and hydrogen embrittlement using the condition assessment and
detailed evaluation described in this Standard Guide. This is very important as it applies to strand type elements.

6.1.5.1 High-strength (Fpu > 1000 MPa) quenched and tempered steels are particularly vulnerable to stress crack corrosion
and hydrogen embrittlement. These steels are not commonly used for ground anchor, rock bolt or soil nail installations in North
America.

6.1.5.2 Brittle failure from stress crack corrosion or hydrogen embrittlement occurs suddenly, which is dangerous. Stress
crack corrosion and hydrogen embrittlement are aggravated by the fact that ground anchors may be subjected to high prestress
(σprestress > 0.5Fpu).

6.1.6 The electrochemical tests, which are part of the detailed evaluation, cannot be applied at sites where stray electrical
currents are present, unless the stray currents can be eliminated during the monitoring period.

6.1.6.1 Stray electrical currents in the ground are a significant hazard relative to corrosion.

6.2 Service-life estimates described in this Standard Guide are subject to the following limitations:

6.2.1 Service life prediction models are empirical and not an exact prediction of service life. In general, they describe trends
relating the effects of time and simple descriptions of soil aggressivity to element condition in terms of loss of cross section
for bar elements.

6.2.2 Service-life predictions are based on uniform corrosion processes and cannot predict rate of corrosion from hydrogen
embrittlement and corrosion stress cracking. They are a useful starting point, but for extreme conditions, actual rates of cor-
rosion may be higher than estimated.

6.2.2.3 Results from corrosion assessment and NDT will provide useful performance data, which can be applied to calibrate
service life predictions.

7. Types of Metal-Tensioned Systems

7.1 Geotechnical applications of metal-tensioned systems include ground anchors, rock bolts and soil nails. Table A-1 sum-
marizes key features of the different types of metal-tensioned systems.
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7.2 Tensioned elements of the system include bar and strand components. The steel grade and level of prestress employed in
these systems are relevant to the type of corrosion problems that may occur and to the prediction of service life. Bar elements
are available in a variety of steel grades ranging from Grade 400 to 1100. Strand elements are manufactured from Grade 1700
and 1950 high-strength steel. Wire tension systems, using the button head anchorage, have been used in some early applications.

7.3 Current guidance documents (FIP, 1996; FHWA, 1996, 1998; PTI, 1996) recommend incorporating corrosion protec-
tion measures into the design of metal-tensioned systems. Corrosion protection measures include the use of coatings, protec-
tive sheaths, passivation with grout, encapsulation and electrical isolation. Corrosion protection has been recommended for
most permanent installations in the United States since approximately 1985.

7.3.1 Ground anchors include an anchored or “bonded” zone and a free length or “unbonded” zone. The bonded zone is
anchored to the soil or rock with cement grout. Recent installations use Class I or Class II protection as recommended by PTI
(1996). For Class I protection the anchor is encapsulated (often referred to as double corrosion protection) and for Class II the
anchor is protected by grout (often referred to as single corrosion protection). Double corrosion protection is recommended
for ground anchors in aggressive ground conditions and permanent installations. More protection is needed for active systems
because these usually involve stress levels greater than 50% of ultimate (σprestress > 0.5Fpu). Many of the installations do not
incorporate details that meet current standards, or were installed without any corrosion protection beyond the passivation of
the grouted portion of the tensioned elements.

7.3.2 Rock bolts have mechanical or grouted anchorages using cement grout or resin. Older style rock bolts with mechani-
cal anchorages may have no corrosion protection. Grouted or resin grouted rock bolts are surrounded by grout, but the bolt
heads are often not encapsulated. The possibility exists for voids along the grouted length and under the anchor plates, par-
ticularly for resin grouted systems using pre-measured cartridges.

7.3.3 Soil nails typically have a full-length grouted anchorage using cement grout. Soil nails are passive systems that are not
prestressed and generally subject to low working stress levels (σprestress < 0.5Fpu). As such, compared to other systems they are
not as vulnerable to stress corrosion cracking or hydrogen embrittlement.

8. Performance

8.1 The main factors affecting the service life of metal-tensioned systems are corrosion, loss of prestress due to creep or loss
of bond within the bonded zone, loading not considered in the design such as stress from bending, cyclic loading, ice loads or
hydrostatic pressures, and anchorage failure.

8.1.1 Details of the corrosion process and types of corrosion are described by FIP (1996).

8.1.1.1 Particularly for the higher strength steel (Fpu > 1000 MPa), corrosion is often localized and evident in the form of pit-
ting. Stress crack corrosion is aggravated by high tension from prestressing (σprestress > 0.5 Fpu), which is often required for
ground anchors and rock bolts.

8.2 The following observations are based on a review of the literature describing performance of metal-tensioned systems
(FIP, 1986; NCHRP 2000):
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8.2.1 Most reported corrosion problems are correlated with the presence of aggressive ground conditions as described in
Section 14, or stray currents. For systems with a properly installed and intact corrosion protection system, corrosion problems
have not been reported, even for aggressive ground conditions.

8.2.2 Nearly all documented corrosion problems were located within the free length of the element and most were within
one meter of the element head. The performance and service life of metal-tensioned systems depend upon the details of the
design, manufacture and workmanship during installation of corrosion protection systems, particularly with respect to encap-
sulation at the tensioned element head. If stray currents are present in the ground or in aggressive ground conditions, then the
elements should be electrically isolated. For strand tendons, the sheathing should be extruded onto the strand stressing length.
Care must be taken during transportation and installation of tendon elements not to damage sheathing or disturb the grease or
corrosion inhibitor compound surrounding the metal element. If grease is heated by the sun, it may lose viscosity and flow,
leaving the upper portions of the tendon element exposed. The type of grease or corrosion inhibitor should be selected such
that it does not have an affinity for water, does not promote micro-bacterial induced corrosion and contains an effective cor-
rosion inhibitor.

8.2.3 Very few documented cases describe corrosion problems located within the bonded zone. Cracking of the grout is antic-
ipated and has been observed in the transition zone between the bonded zone and the free length. The cracks may compromise
the ability of the grout to passivate the metal element and provide electric conductivity between the element and soil electro-
lyte, which facilitates corrosion. However, oxygen must be present for corrosion to occur, and the environment surrounding
the bonded zone is often oxygen deprived. This may explain why loss of service from corrosion of ground anchors within the
bonded zone is not an apparent problem. 

8.2.4 If water is present within greased and sheathed strand type elements, the protective coating of grease may, eventually,
undergo bacteriological degradation with associated byproducts including sulfur and organic acids. The environment created
by these by-products is conducive to hydrogen embrittlement and stress crack corrosion. Based on this, it appears that metal-
tensioned systems, with an unbonded grease protection system along the free length, may have a particular long-term possibil-
ity of corrosion, if the grease is not properly formulated and properly applied. Properly formulated grease includes a bacticide.

8.3 Compared to the small number of failures from corrosion, less information is available in the literature describing the
effect of creep on service life of metal-tensioned systems. However, some information is available relative to evaluating con-
ditions for which creep may be a problem (FHWA, 1996, 1998; PTI, 1996) and the performance testing of anchors used to
evaluate the potential for creep deformations during the service life of the structure. Highly plastic clay-type soils surround-
ing the bonded zone are potentially susceptible to creep.

9. Summary of Approach

9.1 The systems approach described in this Standard Guide has four basic components:

9.1.1 Inventory of sites

9.1.2 Priorities for detailed evaluation

9.1.3 Detailed evaluation

9.1.4 Recommended action plan

9.2 It is strongly recommended that agencies catalog their inventory of rock bolt, ground anchor, and soil nail installations.
The inventory should include site locations, installation records, and subsurface conditions.

9.2.1 Section 10 describes installation details needed for the inventory.

9.2.2 Parameters for assessing corrosivity of the subsurface environment are described in Sections 11 and 12.

9.2.2.1 Section 11 describes a preliminary investigation (Phase I) to obtain pertinent available information on the subsurface
conditions at the site.
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9.2.2.2 In the Phase II subsurface investigation described in Section 12, soil, rock and groundwater sampling and testing is
performed as necessary.

9.3 Site priorities are established based on risk, as described in Section 14.

9.3.1 Site hazard is evaluated with respect to corrosion and creep. Section 14.3 describes the corrosion assessment model.
A simple decision tree is used to identify the corrosion hazard at a site.

9.3.2 Section 14.4 describes the assessment of element vulnerability. A simple decision tree is used to identify installations
that are vulnerable to corrosion or loss of anchorage.

9.3.3 Section 14.5 describes assignment of a risk-based priority index to each site in the inventory. Agencies may then sched-
ule detailed evaluation at sites according to priority.

9.4 Detailed evaluation includes condition assessment and estimation of remaining service life as described in Sections 15
and 16.

9.4.1 It usually not feasible to test every element at a site, and a sampling strategy as described in Section 15.3 is needed. A
sample size is recommended to establish a statistical basis for the test results. The recommended sample size is based on the
total number of elements at the site, the importance of the facility relative to the consequences of failure, and the anticipated
condition of the metal-tensioned system. More testing may be necessary for highly stressed elements (σprestress > 0.5 Fpu).

9.4.2 A flow chart is presented in Section 15.4 describing the process for condition assessment and evaluation of buried
metal-tensioned systems. Several NDTs are recommended. Data are analyzed and interpreted to determine if corrosion is
occurring and locate any anomalies or signs of distress along the elements.

9.4.3 Remaining service life is estimated, as described in Section 16, using a mathematical model relating rate of corrosion
to factors associated with the corrosivity of the surrounding soil or rock mass.

9.5 Results from service-life prediction and condition assessment are compared to formulate a recommended action plan, as
described in Section 17.

9.5.1 Recommended action may include doing nothing, further NDT, invasive observation and testing such as lift-off tests,
if possible, or design of rehabilitation or retrofit of the existing metal-tensioned system.

10. Installation Details

10.1 Possible sources of information for installation details include construction records available from State DOTs and/or
element installers, and typical details provided by suppliers of metal-tensioned systems.

10.2 Pertinent information includes the element type, anchorage details, installation date, steel type, prestress and corrosion
protection afforded to the system, and history of construction problems.

11.0 Phase I Preliminary Subsurface Investigation

11.1 The purpose of the Phase I Subsurface Investigation is to obtain pertinent available information on the subsurface con-
ditions to aid in the assessment of soil corrosivity (corrosion hazard). Information may be available on (1) the presence of envi-
ronmental contaminants, (2) characteristics of soil and rock at the site, and (3) location, fluctuation and chemistry of the
groundwater.

11.2 Possible sources of information for the Phase I Subsurface Investigation include (1) local and U.S. Geologic Survey,
(2) U.S.D.A. Soil Conservation Service, (3) U.S. and State DOTs, and (4) past or present construction activities near the proj-
ect site.

11.2.1 The performance history of buried metal elements in the general area of the structure should be documented.
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11.3 A Phase II Site Investigation is required unless:

11.3.1 The Phase I Site Assessment provides the necessary information outlined in the Phase II Site Investigation to estab-
lish the corrosion hazard at the site.

11.3.2 Priority for Phase II subsurface investigation should be given to those sites known to contain corrosive materials such
as slag, cinders, ash, or other manmade products; clayey or layered sand/clay type soils; or aggressive groundwater conditions.

12 Phase II Site Investigation

12.1 The purpose of the Phase II Site Investigation is to obtain information on soil properties to characterize the aggressiv-
ity of soil and assess the potential for corrosion of buried metal-tensioned elements at the site.

12.1.1 The groundwater level should be measured and fluctuations in the level should be recorded.

12.2 Sample Collection

12.2.1 Soil, rock or groundwater samples should be retrieved that are representative of materials surrounding a metal-tensioned
element. Several different soil and/or rock types may need to be sampled if conditions vary along the length of the element.

12.2.1.1 A relatively large sample is needed, due to the requirements of the soil resistivity test; approximately 1500 grams
of soil sample finer than 2.00 mm (passing the #10 sieve).

12.2.2 Care should be taken during sampling to avoid contaminating the soil being sampled, mixing soil types, and loss of
moisture during storage and sample transport to the laboratory. The intent, precautions and procedures of ASTM D4220
(Group B) are applicable to this Standard Guide.

12.2.2.1 Representative soil sample should be collected to a depth that is the lesser of 1 m below the water table or to the
end of the element.

12.2.3 If possible, rock outcrops representative of rock bolt or ground anchor installations should be located, and the rock
type identified by visual inspection. Rock joints should be observed and rock joints with infill materials that daylight at the
outcrop should be sampled.

12.2.3.1 If no infilling is available for sampling, groundwater should be sampled. Groundwater should be sampled from mon-
itoring wells if available, or from seepage zones at the face of the rock slope. Care should be exercised when sampling from
seeps because the pH may be affected when water is oxidized upon contact with the atmosphere.

12.2.3.2 If no rock outcrops are available, rock samples should be obtained to a depth which is the lesser of 1 m below the
water table or the end of the element by diamond core drilling techniques as described in ASTM D2113.

12.3 Laboratory Soil Testing

12.3.1 Description and identification

12.3.1.1 Soil samples should be visually examined in the as-received condition to determine uniformity/homogeneity and
particle size.

12.3.1.2 A log of the various soil layers should be recorded and include description, identification, and thickness measure-
ments of the soil layers. The location of rock infill should be recorded.

12.3.1.3 Applicable methods include ASTM D2488 and D2487. The Unified Soil Classification System (USCS) should be
used to classify soil.

12.3.2 Soil Samples should be tested for physical and chemical properties as described in Table A-2.
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12.3.2.1 Samples of rock joint infilling should be subjected to the same tests as soil samples.

12.3.3 Recommended test methods for analysis of water samples are described by AASHTO Test Standard T263. Table A-3
provides descriptions of five tests for qualitatively assessing the potential aggressiveness of groundwater.

13 Reporting

13.1 Report date, time, depth and method of sampling.

13.2 Report sample identification location and depth.

13.3 Report the position (depth) of the groundwater table.

13.4 Report test methodology if several methods are applicable.

14 Risk Assessment and Assignment of Priorities

14.1 The risk that metal-tensioned elements may fail to perform their function is evaluated in terms of: (a) the hazard inher-
ent to a site, and (b) vulnerabilities related to the element installation details.

14.2 Separate ratings are assigned to hazard and vulnerability, which are combined into an index for screening and assign-
ing site priorities.

14.3 Figure 1 is a decision tree that describes the corrosion assessment model. Corrosion hazard is described as low, medium,
or high.

14.3.1 Table 3 provides parameter limits from five tests for qualitatively assessing the potential aggressiveness of ground-
water. These parameters assess the aggressiveness of groundwater towards cement grout as well as metal surfaces.

14.3.1.1 The limits assume the groundwater is stagnant or flowing very slowly, and that the attack is immediate and unaffected
by the presence of grout around the metal.

14.3.1.2 Table 3 is used by assigning the highest level of aggression from the results of any single test, or if the results of
any two tests are in the upper quarter of any level, the next higher aggression level is assigned.

14.3.2 If poor drainage, creep, or excessive settlement at the wall face is recognized as a problem at the site, a condition assess-
ment should be recommended. The presence of creep, settlement or poor drainage may mean that elements are subjected to loads
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Figure A-1. Decision tree for ground hazard.



not considered in the original design. Creep may cause a loss of resistance along the bond length, thereby decreasing element capac-
ity and contributing to an overloaded condition. Excess pore water pressures associated with poor drainage may contribute to loads
not considered in the original design, and groundwater flow paths may contribute to the possibility of localized corrosion.

14.3.2.1 Evidence of creep may be observed in soils from scarps along the ground surface, bulging at a wall face, or heav-
ing at the base of a wall or stabilized slope.

14.3.2.2 Soft rock deposits may exhibit evidence of creep movement, but creep may be difficult to recognize from a visual
inspection of harder rocks. The user will need to rely on historical records of incidents of creep failures to determine if this
hazard exists at a given site.

14.3.2.3 Drainage problems may be identified by observing seeps along a slope, wall face, or at anchor head locations. Cli-
mate is a factor and the amount of precipitation, cycles of wetting and drying, and freezing and thawing may have an impact
on element vulnerability.

14.4 Figure A-2 is a decision tree to describe element vulnerability as low, medium, or high.

14.4.1 This Standard Guide assumes that reasonable care was used during construction so that workmanship and quality of
detailing are not issues. However, new installations should not be categorically considered in good condition if data suggest
that poor workmanship was present in the installation, or that the corrosion protection was inadequate or compromised.

14.4.1.1 Good detailing and workmanship during construction includes quality control to limit scratching and tearing of
sheathing, and implementation of successful grouting practices to preclude the existence of voids and ensure that the tendon
is full of grout to its highest point without bleeding of the grout.

14.5 Table A-4 is recommended for assigning priority ratings, relative to the potential for corrosion problems at a site. Site
condition assessments may proceed according to site priority as budget, time and other resources permit.

14.5.1 When an agency begins to perform condition assessments at sites with a priority index of zero, it may distinguish sites
with high, moderate or low vulnerability and perform condition assessments at the most vulnerable sites first.

14.5.2 Sites where problems with creep, excessive settlement at the wall face, or poor drainage have been identified should
be assigned a priority index of four or six.

15 Evaluation of Metal-Tensioned Systems

15.1 The purpose of a condition assessment is to evaluate and monitor existing installations of metal-tensioned systems;
apply NDTs in the field; and correlate results of the NDTs with subsurface conditions, details of the installation and expecta-
tions based on service-life prediction models.

15.1.1 Evaluation should include visual observation of the wall condition and conditions at the anchor head assembly. Obser-
vations may include the presence of corrosion products at the anchor head, cracking or bulging at the wall face, and the existence
of efflorescence on the surface of cementitious materials. Voids behind the anchor plate may often be observed by soundings, or
probing the perimeter of the plate with a thin wire.

15.2 If NDT expertise is not available in-house, agencies may need to seek outside professional advice. Measurement of
half-cell potential and linear polarization resistance is becoming a routine practice for assessment of bridge decks. However,
specialized equipment and techniques are employed to measure polarization current for buried metal-tensioned systems. The
impact and ultrasonic test techniques are less common.

15.2.1 Specially qualified personnel may be required to set up rigging and be familiar with installation details of the elements.

15.3 After a site has been screened, as described in Section 14.5, and a decision has been made to monitor the existing con-
dition of elements at the site, the user needs to determine the number and locations of elements to be tested. A sampling plan
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should be developed to determine how large to make the sample size and what to use as acceptance criteria based on the results
of the testing program.

15.3.1 The recommended sampling criteria is summarized in Table A-5 where p% is the estimated percent of distressed ele-
ments, N is the total number of elements at the site, and no is the minimum number of samples to test to achieve a statistical
basis for the test results.

15.3.1.1 The value of p% is an expectation based on the age of the system, knowledge of past performance of similar sys-
tems, detailing, and the level of workmanship during construction. The expected percentage of distressed elements may be
considered a threshold beyond which some action should be taken by the agency.

15.3.1.2 Risk of failure of a structure supported by metal-tensioned elements is a combination of the probability of element
failure, redundancy and the consequences of failure. Thus, while the probability of failure may be high, the potential site risk
could still be low if the consequences of failure are small. For instance, an interstate highway with a limited lateral clearance
from a rock bolt system may be characterized as a site with a high consequence of failure. However an interstate highway hav-
ing an adequately designed catchment system below a rock bolt support system and a steel net along the face of the supported
slope may be characterized as having low consequences from individual rock bolt failures.

15.3.1.3 Elements selected for testing should be distributed throughout the site. If there is reason to believe that problems
exist within a limited area, then additional elements should be tested at that locale.

15.4 Figures A-3a and A-3b illustrate the process for condition assessment and service-life evaluation of buried metal-
tensioned elements.

15.4.1 Recommended test procedures, data interpretation, and reporting requirements for half-cell potential measurement,
polarization measurement, and impact and ultrasonic tests are described in Appendices C, D, E, and F.

15.4.1.1 Electrochemical tests such as measurement of half-cell potential and polarization current may indicate the presence
of corrosion or the vulnerability of an element to corrosion (subject to the limitation of Section 6), but cannot indicate the
severity of corrosion.
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Figure A-3a. Process for condition assessment and service life evaluation of buried metal-tensioned elements.



15.4.1.2 Wave propagation techniques such as the impact echo and ultrasonic tests may be used to evaluate the severity of
corrosion, e.g. loss of element cross section, subject to the limitations described in Section 6. 

15.4.1.3 Alternative NDT technologies for probing the length of the element should also be considered for condition
assessment. 

15.4.1.4 Invasive observations and testing, such as lift-off tests, where practical, are always a preferred alternative to NDT.
The value of NDT described in this Standard Guide is to screen and identify locations where more detailed, invasive obser-
vations, may be recommended. At some sites, implementation of NDT may not be practical and invasive observations may be
prescribed without screening by NDT. 

15.4.1.5 Lift-off testing will not indicate the degree of corrosion, and caution must be exercised during testing because of
the danger associated with sudden failure of distressed elements having significant loss of cross section.

15.4.1.6 Lift-off testing is more difficult to implement on strand type elements.

15.4.2 Grease samples should be tested for bacteria and mold content, which may be correlated with biological activity. 

15.4.2.1 Grease samples are very difficult to obtain and reliable testing for bacteria and mold content may not be possible.
However, if a hydrogen sulfide gas odor is detected, this should be documented.

15.5 Data from nondestructive testing are analyzed and interpreted to determine if corrosion is occurring and to locate any
anomalies or signs of distress along the length of the element as described in this report.

15.5.1 NDT provides limited information and results may only locate points where there is a change in element geometry,
or condition.

15.5.2 Based on results from NDT alone, there is no way to identify what a change in signal (e.g. a wave reflection) has
detected. Results from NDT must be compared to expectations to gain insight into the possibility of distress such as the exis-
tence of voids behind a bearing plate, loss of element cross section, etc. 

15.6 The remaining service life is evaluated based on the observed condition, and results from service-life prediction models
described in Section 16.

A-15

Figure A-3b. Process for condition assessment and
service life evaluation of buried metal-tensioned elements.



15.7 The user then makes recommendations that may include continued monitoring at selected intervals, more intensive
monitoring at frequent intervals, invasive observations, or retrofit such as replacement of anchors as described in Section 17.

16 Estimation of Service Life

16.1 The estimated service life serves as a benchmark, which may be compared with the observed performance of the ele-
ments. These service-life predictions do not consider the presence of corrosion protection systems.

16.1.1 If the service life prediction model described in this section estimates significant loss of cross section for bar elements,
but NDT results do not indicate the presence of corrosion or element distress, this may mean that the corrosion protection sys-
tem is intact and functioning as intended.

16.1.1.1 The service life prediction model described in this Standard Guide is conservative because the benefits of corrosion
protection are not considered.

16.1.1.2 It may be that corrosion protection is functioning well and elements are not vulnerable to aggressive ground con-
ditions. NDT results may be a useful indicator of the integrity of corrosion protection.

16.2 Estimated service life for a bar element may be computed with Equation (1):

(1)

where, X = loss of element thickness or radius (µm), K = constant (µm), n is a constant ranging from 0.6 to 1.0, and t = time
(years).

16.2.1 Loss of thickness for use in Equation (1) may be computed as the original radius, ro, minus the critical radius; 
X = (ro − rcrit).

16.2.2 Equation (2) is recommended for computing the critical radius of the bar element corresponding to the initial cross
sectional area of the bar, Ao.

(2)

16.2.3 The constants K and n for use in Equation (1) may be estimated from knowledge of soil or rock mass electrochemi-
cal properties (resistivity and pH) and the data from Tables A-6 and A-7.

16.2.4 Due to the increased surface area of a strand element compared to a bar element, the estimated service-life will be
less than that for bar elements.

r
Ao

critical = 0 6.
π

ln( ) ln( ) ln( )t X K
N

= −
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TABLE A-6 Corrosiveness of soils

TABLE A-7 Recommended parameters for service life
prediction model



16.3 Pitting corrosion should be considered for low pH environments (pH < 5). To consider pitting corrosion the critical
thickness loss, (X) computed in Section 16.2.1, should be divided by two, and X/2 used in Equation (1) in place of X to com-
pute service life.

16.4 A reliable mathematical model is not available for estimating service-life under conditions favorable for hydrogen
embrittlement or stress-corrosion cracking.

16.4.1 Corrosion processes such as hydrogen embrittlement and stress-corrosion cracking may lead to sudden failure in
strand-type elements without any significant loss of element cross section.

16.4.2 Because the integrity of the corrosion protection system is known to have a significant effect on the service life of
strand elements, the condition assessment should focus on obtaining as much information on the integrity of this system as
possible (e.g. electrochemical tests, sample and test grease for microbiological activity, ultrasonic test for detecting voids
beneath bearing plates).

16.4.3 If conditions are observed which can contribute to hydrogen embrittlement or stress-corrosion cracking, such as a low
pH soil environment, high concentrations of sulfides or chlorides, and a compromised corrosion protection system, immedi-
ate action should be recommended as described in Section 17.

17 Recommended Action Plan

17.1 The estimated remaining service life is compared to the observed condition of elements at the site.

17.2 Four results from interpretation of the test data are possible, leading to different recommended actions as described in
Table A-8.

17.2.1 For sites where there is little or no consequences of failure, “no action” may be appropriate for cases 2, 3 and 4.
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TABLE A-8 Recommended action plan



17.2.1.1 “No action” means monitoring conditions by visual observation and responding to events as needed; allocating bud-
get, time and other resources as required in response to events such as element failure, excessive slope or wall movement, or
rock falls. 

18 Concluding Summary

18.1 This Standard Guide is a systems approach for identifying sites and element types where there is a high likelihood for
performance problems, and a need for detailed evaluation.

18.2 Performance monitoring and service-life prediction of buried metal-tensioned systems are complex problems. This
Standard Guide describes a general approach and methodology to be followed. More innovative test techniques, data inter-
pretations, and enhancements to service-life prediction models are encouraged.

18.3 Detailed evaluation involves condition assessment and testing of individual elements. Although element testing is an
important part of the process, considerable engineering judgment, risk assessment, and planning need to be exercised before
recommending and implementing courses of action.
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APPENDIX C

RECOMMENDED TEST METHOD FOR HALF-CELL POTENTIAL MEASUREMENT
OF ROCK BOLTS, GROUND ANCHORS AND SOIL NAILS (2002)

1.0 SCOPE

1.1 This document describes procedures for making half-cell potential measurements of existing installations of rock bolts,
ground anchors and soil nails; and guidance for interpretation of data. Figure C-1 is a schematic of a half-cell measurement.

2.0 SIGNIFICANCE

2.1 The free corrosion potential is the potential of a rock bolt, ground anchor or soil nail with respect to a reference elec-
trode when no current flows from or to it. For a given material in a given environment, the potential is an indicator of corro-
sion activity. Interpretation of the data needs to consider whether the element being tested is electrically isolated. In general,
the half-cell potential is more positive at sites where corrosion is occurring. For cases where electrical continuity exists between
metal elements, potential differences may indicate areas where galvanic corrosion could occur.

3.0 PURPOSE

3.1 The purpose of this document is to establish a field procedure for measuring free corrosion potentials of rock bolts,
ground anchors and soil nails with respect to a reference electrode. Potential measurements can be used to indicate the like-
lihood that corrosion has occurred, or can occur.

4.0 LIMITATIONS

4.1 This method cannot be used in rock formation unless it is extensively jointed with water intrusions that are conduc-
tive. It works well in soils that have electrical resistances less than 20,000 ohm-cm. The location of the reference electrodes
is important.

4.2 Half-cell measurements should not be performed when temperatures are below 0° C.

5.0 APPLICABLE DOCUMENTS

5.1 American Society for Testing and Materials (ASTM), 2000, “Test Method C876-91(1999) Standard Test Method for
Half Cell Potentials of Uncoated Reinforcing Steel in Concrete,” Annual Books of ASTM Standards, Volume 04.02, Concrete
and Aggregates, ASTM, West Conshohocken, PA, 6p.

5.2 National Association of Corrosion Engineers (NACE), 1997, “Measurement Techniques Related to Criteria for Cathodic
Protection on Underground or Submerged Metallic Piping Systems,” NACE Standard TM0497-97, Item N0. 21231, NACE
International, Houston, TX.

5.3 National Cooperative Highway Research Program (NCHRP), 2002, “Recommended Practice for Evaluation of Metal-
Tensioned Systems in Geotechnical Applications,” NCHRP Report 477, NCHRP, Washington, D.C.

5.4 AASHTO, “Recommended Test Method for Measurement of Polarization Current for Rock Bolts, Ground Anchors and
Soil Nails,” Appendix D of NCHRP Report 477.

6 EQUIPMENT

6.1 Half Cell. A rigid tube or container composed of a dielectric material that is nonreactive with copper or copper sulfate,
a porous ceramic plug that remains wet by capillary action, and a copper rod that is immersed within the tube in a saturated
solution of copper sulfate. The solution shall be prepared with reagent grade copper sulfate crystals dissolved in distilled or



deionized water. The solution may be considered saturated when an excess of crystals (undissolved) lies at the bottom of the
solution.

6.2 Voltmeter. The voltmeter shall have the capacity of being battery operated and have ±3% end-of-scale accuracy at the
voltage ranges in use. The input impedance shall be no less than 10MΩ when operated at a full scale of 100 mV. The divi-
sions on the scale used shall be such that a potential difference of 0.02 V or less can be read without interpolation.

6.3 Electrical Lead Wires. The electrical lead wire shall be of such dimension that its electrical resistance for the length used
will not disturb the circuit by more than 0.0001 V. This can be accomplished by using no more than 150 linear meters of at
least AWG No. 24 gauge wire. The wire shall be suitably coated with direct burial type of insulation.

7 EQUIPMENT CHECK

7.1 Inspect half cell and check that the tube is filled with solution.

7.2 Check for excess crystals at the bottom of the solution.

7.3 Follow procedures for care of the half cell as described in ASTM C876.

7.4 The porous tip on the half cell should be saturated.

7.5 Check battery on voltmeter.

7.6 Check that the voltmeter is set to the proper range. Voltage measurements should be made using the lowest practical
range on the instrument. A voltage measurement is more accurate when it is measured in the upper two-thirds of a range
selected for a particular instrument.

7.7 Check the performance of the voltmeter by comparing measurements made with different meters, or making measure-
ments from a known voltage source.
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Figure C-1. Half-cell potential measurement.



7.8 Check electrical lead wires for continuity.

8 PREPARATION OF TEST ELEMENT

8.1 Access is required to the anchor head assembly for attachment of necessary wiring. Protective caps, if present, should
be removed from the ends of the elements, and for encapsulated anchorages, grout may need to be chipped away from the end
of the element. For concrete encapsulated elements, concrete may need to be chipped away.

8.2 Scale, coatings or rust, if present, shall be cleaned from the end of the element to achieve good electrical contact.

8.3 Attach lead wire to the end of the element using clamps or other device. Do not weld to the prestressing steel or anchorage.

9 CONTINUITY CHECK

9.1 Check for electrical continuity between elements and/or between elements and the wall face. This may be accomplished
by measuring the resistance between elements or by comparing half-cell potentials between elements after a current has been
impressed upon the element to be tested.

9.1.1 If the measured resistance between elements is greater than 5 Ω, elements may be considered to be isolated. Alterna-
tively, using the same leads for the resistance check, the potential between two elements can be measured and should be greater
than 5 mV to verify that continuity does not exist.

9.1.2 If a current is impressed on one of the elements (see description of measurement of polarization current, Appendix D),
the half-cell potential measured for other elements should not be affected if the element is electrically isolated.

10 TEST PROCEDURE

10.1 Connect the test lead from the element to be tested to the positive terminal of the voltmeter as shown in Figure C-1.

10.2 Locate the half cell in close proximity to the element. To the extent possible, find a path between half cell and element
along a low resistance electrolyte. Examples include pressing the tip of the half cell into a clay-filled seam intersecting a rock
bolt, or within soil material along the toe or backfill of a tieback wall.

10.3 Connect the test lead from the half cell to the negative terminal of the voltmeter as shown in Figure C-1.

10.4 Turn on the voltmeter and read the value.

11 REPORTING

11.1 Record the potential value, sign, type of electrode used, the location of the element and details about the anchor head,
and the location of the reference electrode relative to the element.

11.2 If elements are electrically isolated, identify potentials that are more positive than the range of −500 mV to −800 mV.
Potentials more positive than −500 mV indicate that corrosion is present.

11.3 For elements that are not electrically isolated, evaluate data for changes in potential, i.e. identify areas of relatively high
or low potential measurements. Elements with relatively lower half-cell potentials are sites where corrosion is likely to occur.
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APPENDIX D

RECOMMENDED TEST METHOD FOR MEASUREMENT OF POLARIZATION
CURRENT FOR ROCK BOLTS, GROUND ANCHORS AND SOIL NAILS (2002)

1.0 BACKGROUND

1.1 For corrosion to occur, there must be an electrical path from the element through an electrolyte. The soil/water or rock
mass environment surrounding a rock bolt, ground anchor or soil nail (element) may serve as an electrolyte and contribute to
the corrosion process. Metal-tensioned elements are often installed with corrosion protection to isolate the element from the
surrounding ground. The integrity of the corrosion protection system may be evaluated by observing the response of the ele-
ment to impressed current.

1.2 The electrolyte provides a current path between an element and an established ground bed as shown in Figure D-1. Neg-
atively charged ions within the electrolyte migrate towards the positively charged element. A level of impressed current, Ip, is
reached for which the surface of the element is fully polarized. The surface area of the metal element in contact with the sur-
rounding ground is estimated from the measured Ip.

2.0 SCOPE

2.1 This document describes procedures for making polarization current measurements of buried metal-tensioned elements.
This recommended test method describes details for impressing current upon the system, measuring Ip, and interpretation of
data.

2.2 The test procedure is only applicable to elements that are known to be electrically isolated. An element is considered
electrically isolated if its potential is unaffected when current is impressed upon any other element.

3.0 SIGNIFICANCE

3.1 Approximately 21 mA/m2 is required to polarize buried bare metal surfaces. Using this constant, the surface area of steel
in contact with the ground can be computed using the measured Ip. As described in Section 12.4, this information can be used
to assess the integrity of existing corrosion protection systems, which may involve plastic sheathing, or other dielectric mate-
rial surrounding, or coating the element.

3.2 The polarization current for a fully protected system is close to zero.

4.0 PURPOSE

4.1 The purpose of this document is to establish a field procedure for measuring the approximate surface area of rock bolts,
ground anchors, or soil nails which is not protected, and, therefore vulnerable to corrosion.

5.0 LIMITATIONS

5.1 This method cannot be used in rock formation unless it is extensively jointed with water intrusions that are conductive.
The method works well in soils that have electrical resistances less than 20,000 ohm-cm. The location of the reference elec-
trodes is important.

5.1.1 Tests should be performed when the ground is saturated. It is difficult to perform the test during dry periods, and the
test is not suitable for arid climates.

5.2 Polarization measurements should not be performed when temperatures are below 0° C.

5.3 Elements must be electrically isolated prior to testing.



6.0 APPLICABLE DOCUMENTS

6.1 American Society for Testing and Materials (ASTM), 2001, “Test Method C876-91(1999) Standard Test Method for
Half-Cell Potentials of Uncoated Reinforcing Steel in Concrete,” Annual Books of ASTM Standards, Volume 04.02, Concrete
and Aggregates, ASTM, West Conshohocken, PA, 6 p.

6.2 National Association of Corrosion Engineers (NACE), 1997, “Measurement Techniques Related to Criteria for Cathodic
Protection on Underground or Submerged Metallic Piping Systems,” NACE Standard TM0497-97, Item N0. 21231, NACE
International, Houston, TX.

6.3 National Cooperative Highway Research Program (NCHRP), 2002, “Recommended Practice for Evaluation of Metal-
Tensioned Systems in Geotechnical Applications,” NCHRP Report 477, NCHRP, Washington, D.C.

6.4 American Association of State Highway and Transportation Officials (AASHTO), “Recommended Test Method for
Half-Cell Potential Measurement of Rock Bolts, Ground Anchors and Soil Nails,” Appendix C of NCHRP Report 477.

7.0 EQUIPMENT

7.1 The equipment needed for the test includes a power supply with a rheostat, an ammeter, a high impedance voltmeter and
a reference electrode (half cell).

7.2 A rheostat can be assembled using a battery pack and a set of variable resisters to control the output of current. The rheo-
stat, voltmeter, ammeter, and three bus bars may be housed within a portable casing. As shown in Figure D-2, the portable cas-
ing can be arranged such that only three external connections are required corresponding to the test bar, half cell, and ground bed.

7.3 Half cell. A rigid tube or container composed of a dielectric material that is nonreactive with copper or copper sulfate,
a porous ceramic plug that remains wet by capillary action, and a copper rod that is immersed within the tube in a saturated
solution of copper sulfate. The solution shall be prepared with reagent grade copper sulfate crystals dissolved in distilled or
deionized water. The solution may be considered saturated when an excess of crystals (undissolved) lies at the bottom of the
solution.
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Figure D-1. Test arrangement for measuring polarization current.



7.4 Ground bed. At least three copper-plated rods, approximately 16-mm diameter, and 1-m long should be used. The three
rods should be embedded at least 600 mm into the ground, spaced approximately 300 mm apart, and connected in series. For rock
bolts, it may not be possible to embed the rods in an area with good electrical communication to the elements being tested. In this
case, another rock bolt may be used as a ground if it is not electrically insulated. However, caution should be exercised because
the use as a ground will affect the measurement of half-cell potential, and some amount of protective corrosion product sur-
rounding the element will be discharged from the surface, increasing the vulnerability of the rock bolt to future corrosion.

7.5 Rheostat. A voltage source and a means to apply variable resistance may be used to vary the current applied to the cir-
cuit shown in Figure D-2. The rheostat should include an on-off switch to control the application of current to the circuit. A
12 V source is recommended.

7.6 Voltmeter. The voltmeter shall have the capacity of being battery powered and have ± 3% end-of-scale accuracy at the
ranges in use. The input impedance shall be no less than 10 MΩ when operated at a full scale of 100 mV. The divisions on the
scale used shall be such that a potential difference of 0.02 V or less can be read without interpolation.

7.7 Ammeter. The ammeter is used to measure applied current. A zero resistance ammeter should be used such that includ-
ing the ammeter in the circuit has no effect on the current being measured.

7.8 Electrical wire leads. The electrical lead wires shall be of such dimension that its electrical resistance for the length used
will not disturb the circuit by no more than 0.0001 V. This has been accomplished by using no more than 150 linear meters of
at least AWG No. 24 gauge wire. The wire shall be suitably coated with direct burial type of insulation.

8.0 PREPARATION OF TEST BAR

8.1 Access is required to the anchor head assembly for attachment of necessary wiring. Protective caps must be removed if
present. Grout may need to be removed to provide an area to attach wires.

8.2 Scale, or rust, must be removed if present to provide a good electrical contact.

8.3 Attach lead wire to the element using clamps that insure a tight connection.
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9.0 EQUIPMENT CHECK

9.1 Inspect the half cell and check that the tube is filled with solution. Check for excess crystals at the bottom of the solution.
The porous tip on the half cell should be saturated. Follow procedures for care of the half cell as described in ASTM C876.

9.2 Check battery on voltmeter and ammeter. Check the performance of the voltmeter and ammeter by comparing mea-
surements made with different meters, or by making measurements from a known voltage or current source.

9.3 Check that voltmeter and ammeter are set to the proper range. Measurements should be made using the lowest practical
range on the instrument. A voltage measurement is more accurate when it is measured in the upper two-thirds of a range
selected for a particular instrument.

9.4 Inspect the rheostat, and check that the batteries are charged.

9.5 Check electrical lead wires for continuity and for proper connections as shown in Figure D-2.

10.0 Continuity Check

10.1 Check for electrical continuity between elements and/or between elements and the wall face. This may be accomplished
by measuring the resistance between elements or by comparing half-cell potentials between elements after a current has been
impressed upon the element to be tested.

10.1.1 If the measured resistance between elements is greater than 5 Ω, elements may be considered to be electrically iso-
lated. Alternatively, using the same leads for the resistance check, the potential between two elements can be measured and
should be greater than 5 mV to verify that continuity does not exist.

10.1.2 If a current is impressed on one of the elements, the half-cell potential measured for other elements should not be
affected if the element is electrically isolated.

10.2 If the element is not electrically isolated, the test procedure described in Section 11 and data interpretation described
in Section 12 are not applicable.

11.0 TEST PROCEDURE

11.1 Connect the lead from the test element to Bus Bar #1 (see Figure D-2) in common with the positive lead from the rheo-
stat and the positive lead from the voltmeter.

11.2 Locate the half cell in close proximity to the element. To the extent possible, find a path between half cell and element
along a low resistance electrolyte. Examples include pressing the tip of the half cell into a clay filled seam intersecting a rock
bolt, or within soil material along the toe or backfill of a tieback wall.

11.3 Connect the lead from the half cell to Bus Bar #2 (see Figure D-2) in common with the negative lead from the voltmeter.

11.4 Establish the ground bed far enough away so as not to affect the measurement of half-cell potential. A distance of
approximately 30 m between the half cell and ground bed is usually adequate. Connect the lead from the ground bed to Bus
Bar #3 (see Figure D-2) in common with the negative lead from the ammeter.

11.5 Connect the negative lead from the rheostat to the positive terminal of the ammeter.

11.6 With the current off, check the half-cell potential.

11.7 Turn the current on, and with the variable resistance set to zero, record the maximum current. The maximum current
that can be obtained depends on the degree of corrosion protection offered to the system, and the resistance of the surround-
ing soil or rock mass.
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11.8 Turn the current off and wait for at least one minute.

11.9 Apply increments of current in two-minute intervals. The first increment should be approximately 1/100 of the maximum
current. At the end of each two-minute interval, record the half-cell potential and then increase the current for the next inter-
val. Apply approximately 15 intervals. A curve similar to Figure D-3 is developed by applying increasing levels of current
until a definite break in the curve is defined. It is important to refine the current intervals to get a good definition of the break
in the curve. The first few intervals may be increased by doubling the amount of current each time, but near the break in the
curve, equal intervals should be applied. For the curve shown in Figure D-3, appropriate current intervals would be 0.12, 0.25,
0.50, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0 and 12.0 mA.

12 REPORTING

12.1 The following information can be used to assess the integrity of existing corrosion protection systems, which may
involve plastic sheathing, or other dielectric material surrounding, or coating the element.

12.2 Record the initial potential value, sign, type of electrode used, the location of the element and details about the element
head, and the location of the reference electrode and ground bed relative to the element.

12.3 Plot the measured potential versus the log of the applied current as shown in Figure D-3. The result should be a curve
having an initial straight-line section curving into a second straight-line section. If this shape is not obtained it is possible that
the test did not cover a wide enough range of current.

12.3.1 The slope of the second straight-line section should not be greater than 0.1 volt/log cycle.

12.3.2 The first point on the second straight-line portion of the curve is the polarization current.

D-5

Figure D-3. Typical polarization measurement showing characteristic curve.



12.3.2.1 Report the measured polarization current, Ip, as shown in Figure D-3.

12.4 Using Equation D-1, compute the theoretical polarization current (Itheory) which assumes that the element is in contact
with the ground over the entire surface area of the element, ignoring the existence of plastic sheathing and/or coatings such as
grout and epoxy.

Itheory = As × 21 (D-1)

where,

As is the surface area of the element (m2)
Itheory is in milliamperes

12.4.1 The estimated current requirement, Itheory, can be compared to measured current requirement, Ip. The report should
include one of the following conclusions:

12.4.1.1 If Ip << Itheory, the element is probably electrically well insulated and well protected.

12.4.1.2 If Ip < Itheory, the element is probably coated or protected over just some part of its surface. Using the measured pro-
tection current (Ip), the unprotected length of the element (meters) can be estimated with Equation D-2 and the unprotected
length should be reported.

Lunprotected = Ip/(21 × π ×d) (D-2)

where,

d is the element diameter (m).

12.4.1.3 If Ip > Itheory, this suggests that more surface area is involved than initially assumed and could be an indicator that
electrical contacts with other elements having surface areas in contact with the ground have not been considered.
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APPENDIX E

RECOMMENDED TEST METHOD FOR IMPACT ECHO TEST OF BAR-TYPE ROCK
BOLTS, GROUND ANCHORS AND SOIL NAILS (2002)

1.0 SCOPE

1.1 This test method describes equipment and procedures for in-situ measurement of the impact response of rock bolts,
ground anchors and soil nails.

1.2 Distances to features along the length of an element are calculated from measured arrival times of reflected compression
waves and the known compression wave velocity of the element material.

1.3 This test may be applied to solid bar type elements where access is available to the element head. Knowledge of instal-
lation details is needed for data interpretation.

2.0 SIGNIFICANCE

2.1 The face of the element is impacted using a hammer that generates elastic compression waves. The traveling waves are
reflected whenever a change in material or geometry is encountered along the length of the element. The arrival of these
reflected waves at the face of the element produces accelerations, which are measured by a receiving transducer, as shown in
Figure E-1. The acceleration waveform can be used to determine travel time from the initiation of the impact to the arrival of
the wave reflection, TR. If the compression wave velocity, Vp, in the test element is known, the distance, LR, to the reflector
can be calculated. An alternative approach is frequency analysis of the acceleration waveforms. If the frequency content of a
waveform is determined, distances to reflectors can be calculated.

2.1.1 The locations of reflectors, LR, are compared to the locations of known installation features involving changes in geom-
etry or materials. Reflector locations that are not correlated with installation details are suspected distress locations, such as
voids in the grout surrounding the element or reduced element cross section.

2.1.2 If a number of elements with similar installation features are tested at the same site, reflections observed for different
elements may be compared to identify elements with anomalous reflections. Further evaluation of elements with anomalous
reflections is recommended to determine if the anomalies are related to element distress.

2.2 Results from this test should be verified by invasive observations or performance testing such as lift–off tests of the
elements.

3.0 PURPOSE

3.1 The impact test may be used to evaluate fracture of elements, loss of element cross-section, and cracking of grout sur-
rounding an element.

3.2 Electrochemical tests such as measurement of half-cell potential and polarization current may indicate the presence of
corrosion or the vulnerability of an element to corrosion. The impact-echo test may be used to evaluate the severity of corro-
sion, e.g. loss of element cross-section.

4.0 LIMITATIONS

4.1 The element diameter must be at least 25 mm to allow impact and instrumentation to be placed at the face of the element.

4.1.1 The impact test is not suitable for testing strand type elements.

4.2 The sensitivity of the impact test is limited.



4.2.1 Less than about 25% loss of bar cross section is difficult to detect. This means that the element may be close to fail-
ure when loss of cross section is detected.

4.2.2 The length of an element that can be probed with the impact test is limited. Good results have been obtained for ele-
ment lengths of approximately 10 m and some element lengths as long as 20 m have been detected. Success depends on how
much of the element is surrounded by grout. 

4.3 The size, shape and nature of the defect or anomaly cannot be determined using existing data processing techniques. It
is difficult to distinguish an anomaly related to installation details from loss of cross section due to corrosion or other types of
in-service distress.

4.3.1 Knowledge of installation details is necessary for data interpretation.

4.4 Identifying signals from multiple reflectors can be difficult. Near source reflectors tend to mask the reflections from more
distant sources.

5.0 APPLICABLE DOCUMENTS

5.1 National Cooperative Highway Research Program (NCHRP), 2002, “Recommended Practice for Evaluation of Metal-
Tensioned Systems in Geotechnical Applications,” NCHRP Report 477, NCHRP, Washington, D.C.

5.2 American Association of State Highway and Transportation Officials (AASHTO), “Recommended Test Method for
Half-Cell Potential Measurement of Rock Bolts, Ground Anchors and Soil Nails,” Appendix C of NCHRP Report 477.
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Figure E-1. Schematic of impact-echo test.



5.3 American Association of State Highway and Transportation Officials (AASHTO), “Recommended Test Method for
Measurement of Polarization Current for Rock Bolts, Ground Anchors and Soil Nails,” Appendix D of NCHRP Report 477.

6. EQUIPMENT

6.1 Equipment for the impact echo test includes an impact device, a sensor for measuring the element response, a signal con-
ditioner, and a computer or waveform analyzer for recording data in real-time and storing the data.

6.2 Impact Device. A light (2N to 5N) hand-held hammer, with a small face (approx. 350 mm2) that does not exceed the
available impact area, may be used. A tack hammer or small ball peen hammer works well. A hand-held punch may also be
used with the hammer to direct impact energy to a smaller area at the face of the test element.

6.3 Sensor. A general-purpose shock accelerometer with a frequency range from 0.4 Hz to 7500 Hz and a sensitivity of at
least 10 mV/g is recommended. An integrated-electronics piezoelectric (IEPE), shear-structured accelerometer with very low
sensitivity to transverse motion is desirable.

6.3.1 The amplitude range of the accelerometer should exceed the acceleration from impact; at least ±100 g is recommended
when a metal tipped hand held hammer is used for impact.

6.3.2 The resonant frequency of the sensor should be outside the range of measured response. This may be accomplished by
obtaining an accelerometer with a relatively high resonant frequency of at least 25 kHz.

6.3.3 An IEPE sensor includes built-in microelectronics with a preamplifier to drive output signals with low impedance. This
makes it possible to use long cables with minimal loss in signal quality.

6.3.4 The transducer should be supplied with a National Institute of Standards and Testing (NIST) traceable calibration
certificate.

6.4 Signal Conditioner. A battery powered, portable, low noise signal conditioner is recommended to couple the transducer
to standard readout instrumentation. The unit should have a meter to monitor sensor operation, detect cable faults and indicate
a low battery condition. The signal conditioner serves three basic functions:

6.4.1 It provides constant current excitation to power sensor microelectronics, which may be either built-in or in-line with
the sensor. IEPE sensors require constant current excitation for proper operation.

6.4.2 It incorporates a coupling capacitor to remove the DC bias voltage from the analog signal and provide a drift-free AC
coupled output compatible with standard readout instrumentation.

6.4.3 It includes a selectable gain to amplify the sensor output signal for use with low sensitivity readout equipment. An in-
line preamplifier may be required if the transducer is not supplied with internal micro-circuitry.

6.5 Readout Instrumentation. A waveform analyzer, or computer with high-speed digital data acquisition (DAQ) software,
should be used to capture the transient output of the sensor, store the digitized waveforms, and perform signal analysis. A suit-
able waveform analyzer, or data acquisition card, should have a sampling frequency of at least 100 kHz.

6.5.1 The readout instrumentation must be triggered upon impact.

6.6 Cable. Standard coaxial cable equipped with coaxial plugs and/or BNC connectors is recommended.

6.6.1 Cable capacitance and connectors between the sensor and signal conditioner must meet the specifications provided by
the manufacturer of the sensor and signal conditioner units. Ruggedized cable with tin-plated copper braid and heat shrink tub-
ing is recommended for use in the field. Use of couplings should be avoided, but may be necessary for long lengths of cable.
Cables in excess of 30-m long should be avoided.
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6.6.2 A standard RG-58/U coaxial cable may be used to connect the output from the signal conditioner to the readout instru-
mentation. Standard BNC plug/jacks are recommended for making necessary connections. Minimum length of cable (approx-
imately 1 meter) should be used between the signal conditioner and the readout instrumentation.

6.7 Mounting bases. These may be used to mount the accelerometer using an adhesive to the test element surface. The base
should have a cross section as large, or slightly larger, than the base of the accelerometer, be manufactured with a smooth sur-
face for application of adhesive, and include male or female threads in the center to engage the base of the accelerometer.

6.8 Adhesive. “Super Glue” may be used for mounting the base to the test element surface. “Super Glue” provides strong
bond but can easily be removed with a quick, “sharp” force in the shear direction.

7. EQUIPMENT CHECK

7.1 Perform a battery check on the signal conditioner.

7.2 Cables should be inspected for damage. Cable should be surrounded with insulation and bare cable should not be exposed
at any point along the length. Damaged cable should be replaced.

7.3 Cables are equipped with BNC and/or coaxial connectors. Be sure connections are tight including couplings. The out-
put of the instrument or signal conditioner should not be affected by touching or moving the cable. If the signal is affected,
recheck the connection and the condition of the cable.

7.4 Apply a known voltage to the data acquisition system and confirm that the reading displayed is consistent with the applied
voltage.

7.5 Connect the cable from the accelerometer to the signal conditioner and the output from the signal conditioner to the data
acquisition system. Using the calibration supplied by the manufacturer of the accelerometer, and considering the gain from
the signal conditioner, compute the voltage output for an acceleration change of two times the acceleration due to gravity.
Observe the voltage recorded by the DAQ with the accelerometer in the upright position. Invert the accelerometer and observe
the corresponding change in voltage recorded by the DAQ. The change in voltage should correspond to twice the acceleration
due to gravity. If not, look for problems with the signal conditioner or the accelerometer. Courses of action may include check-
ing the equipment with alternate signal conditioners and/or accelerometers. Note: Accelerometers that rely on piezoelectric
crystals respond to changes in acceleration. Therefore, when the crystals are inverted a change in response will be recorded,
but if left inverted the output will return to null.

7.6 Performance of the measurement system should be evaluated on a bench-scale specimen representative of the elements
installed at the site being evaluated. The bench-scale specimen should be 1- to 2-m long and supported on low impedance
material such as expanded polystyrene or foam rubber. The ends of the specimen should be prepared, instruments attached
and electrical connections made as described in Sections 8.2 to 8.4. Bench scale testing and data interpretation should follow
the procedures described in Sections 9 and 10. The LR described in Section 10.3 should correspond to the known length of the
bench-scale specimen. If not, this indicates a problem with the equipment, electrical connections, or data acquisition software.

8 PREPARATION OF TEST ELEMENT

8.1 Access is required to one end of the test element for attachment of the accelerometer. Protective caps or grout must be
removed if the element face is covered. 

8.2 The face of the element must allow the accelerometer to be mounted with full contact. The face may need to be ground
with a surface grinder to remove high edges and rust scale may need to be removed to achieve a good bond with the adhesive
used to mount the threaded base for the accelerometer.

8.3 Mount the accelerometer to the end of the specimen by drilling and tapping a hole to receive the thread at the base of the
accelerometer, or mounting the threaded base to the element face with adhesive.
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8.4 Make necessary connections between the accelerometer and the signal conditioner; and the output of the signal condi-
tioner to the data acquisition system.

9 TEST PROCEDURE

9.1 Determine the compression wave velocity of the test element. This may be determined from the literature, or from mea-
suring the travel time of reflected compression waves along a known length of a similar element. For reference, the compres-
sion wave velocity of low carbon steel is approximately 5,950 m/s. For elements surrounded by grout, the compression wave
velocity will be less than that of an element in air, or surrounded by a low stiffness material such as grease or plastic.

9.2 Turn on the power supply and data acquisition system. Set the gain of the signal conditioner and the sensitivity of the
data acquisition equipment to an optimum level. The optimum level is just below that at which electromagnetic noise reaches
an intolerable level or triggers the data acquisition system at its lowest triggering sensitivity. The noise level shall not be greater
than one tenth of the amplitude of the first peak signal received from the reflected wave.

9.3 Set recording time.

9.4 Set trigger level.

9.5 Strike the element with the impact device to generate compression waves along the specimen. The impact should be
administered at or near the center of the element cross-section.

9.6 Observe the reflected waveform from the transducer output.

9.7 Store the data.

9.8 Repeat the impact until three repeatable signals are observed and recorded.

10. CALCULATION

10.1 Plot the time history of the accelerations.

10.2 Identify reflections apparent in the time-history.

10.2.1 Reflections may be obscured and data processing as described in this report may be necessary to enhance the signals.

10.2.2 Determine the arrival time of each observed reflection.

10.3 Calculate the location of the reflectors as follows:

LR = VP × TR/2

where:

LR = the location of the reflector from the face of the element (m)
VP = velocity of compression wave propagation (m/s)
TR = the arrival time of the observed reflection (s)

10.3.1 Compute LR for each reflection observed in the time history. Multiple reflections may be observed from the same
reflector, particularly if the reflector is relatively close to the face of the element. Only consider the first arrival from each
source.

10.4 Alternatively, data may be transformed to the frequency domain and the lengths corresponding to particular frequen-
cies computed as described in this report.
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11 REPORTING

11.1 The report shall include the following:

11.1.1 Identification of the test element, including element type and location (site location and relative location of element
at site).

11.1.2 Details of the anchorage head, trumpet assembly, and corrosion protection such as sheathing and/or encapsulation;
unbonded length; bonded length; and level of prestress.

11.1.3 Calculated locations of reflectors.

11.1.4 Comparison of calculated location of reflectors and known details of the installation; and, identification of reflectors
that are not correlated with known details of the installation.
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APPENDIX F

RECOMMENDED TEST METHOD FOR ULTRASONIC PROBE OF ROCK BOLTS,
GROUND ANCHORS AND SOIL NAILS (2002)

1.0 SCOPE

1.1 This test method describes equipment and procedures for probing to find discontinuities along the length of rock bolts,
ground anchors and soil nails, in situ, using ultrasonic waves.

1.2 Distances to features along the length of an element are calculated from measured arrival times of reflected sound waves
and the known sound wave velocity of the element material.

1.3 This test may be applied to bar or strand type elements where access is available to the anchor head. Knowledge of instal-
lation details is needed for data interpretation. Good wave transmission may be obtained along the free lengths of greased and
sheathed tendons.

2.0 SIGNIFICANCE

2.1 Ultrasonic waves are radiated when an ultrasonic transducer applies periodic strains on the face of the test element, which
propagate as stress waves. The traveling waves are reflected whenever a change in material or geometry is encountered along
the length of the element.

2.2 With the pulse-echo method (single-probe operation) shown in Figure F-1 the times for sound pulses, generated at reg-
ular intervals, to pass through the specimen and return, are measured. The transducer, which is acoustically coupled to the
exposed end of the element, receives a shock excitation and generates a short ultrasonic pulse. The transducer receives echoes
of the pulses after reflection. The return of the leading edge of the first echo can be easily detected by visual means from the
time-history of transducer output.

2.3 From the reflection arrival times, TR, the distance, LR, to the reflector can be calculated if the velocity of sound wave
propagation, VP, is known.

2.3.1 The locations of reflectors, LR, are compared to the locations of known installation features involving changes in geom-
etry, or materials. Reflector locations that are not correlated with installation details are suspected distress locations; such as
voids in the grout surrounding the element, or reduced element cross section.

2.3.2 If a number of elements with similar installation features are tested at the same site, reflections observed for different
elements may be compared to identify elements with anomalous reflections. Further evaluation of elements with anomalous
reflections is recommended to determine if the anomalies are related to element distress.

2.4 Results from this test should be verified by invasive observations and/or performance testing such as lift–off tests of the
elements.

3.0 PURPOSE

3.1 The ultrasonic test may be used to evaluate fracture of elements, loss of element cross-section, and cracking of grout sur-
rounding an element.

3.2 Electrochemical tests such as measurement of half-cell potential and polarization current may indicate the presence of
corrosion or the vulnerability of an element to corrosion. The ultrasonic test may be used to evaluate the severity of corrosion,
e.g. loss of element cross-section.

3.3 Results from this test may be used to verify or supplement results from impact echo testing as described in Appendix E.



4.0 LIMITATIONS

4.1 The test described herein may not detect loss of bar cross section less than 25%. This means that the element may be
close to failure when loss of cross section is detected.

4.2 The length of an element that can be probed is limited. Research results indicate difficulty probing element lengths
beyond approximately 2 m. The limit depends on details of the installation, including the presence of grout surrounding the
element. However, the majority of corrosion problems that have been documented for ground anchors occurred within the first
one or two meters from the anchor head assembly.

4.3 The size, shape and nature of the defect, or anomaly cannot be determined using existing data processing techniques. It
is difficult to distinguish an anomaly related to installation details from loss of cross section due to corrosion, or other types
of in-service distress.

4.3.1 Knowledge of installation details is necessary for data interpretation.

4.4 Identifying signals from multiple reflectors can be difficult. Near source reflectors tend to mask the reflections from more
distant sources.
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Figure F-1. Schematic of ultrasonic test.



5.0 APPLICABLE DOCUMENTS

5.1 National Cooperative Highway Research Program (NCHRP), 2002, “Recommended Practice for Evaluation of Metal-
Tensioned Systems in Geotechnical Applications,” NCHRP Report 477, NCHRP, Washington, D.C.

5.2 American Association of State Highway and Transportation Officials (AASHTO), “Recommended Test Method for
Half-Cell Potential Measurement of Rock Bolts, Ground Anchors and Soil Nails,” Appendix C of NCHRP Report 477.

5.3 American Association of State Highway and Transportation Officials (AASHTO), “Recommended Test Method for
Measurement of Polarization Current for Rock Bolts, Ground Anchors and Soil Nails,” Appendix D of NCHRP Report 477.

5.4 American Association of State Highway and Transportation Officials (AASHTO), “Recommended Test Method for
Impact Echo Test on Rock Bolts, Ground Anchors and Soil Nails,” Appendix E of NCHRP Report 477.

6. EQUIPMENT

6.1 Equipment for the ultrasonic test includes an ultrasonic transducer, a pulse source/receiver, and a computer or waveform
analyzer for recording data in real-time and storing the data.

6.2 Transducer. The transducer shall serve the dual function of a transmitter, which converts electrical pulses into mechan-
ical pulses; and a receiver, which converts mechanical pulses into electrical pulses. Piezoelectric elements are usually recom-
mended, but magnetostrictive elements may be suitable. Thickness-expander piezoelectric elements that generate and sense
predominantly compression waves are recommended.

6.2.1 Low frequency, broadband ultrasonic transducers that operate at a frequency of approximately 50 kHz or 100 kHz are
recommended.

6.2.2 The transducer diameter should be as large, or slightly larger than, the diameter of the element face.

6.3 Pulse Source/Receiver. The pulse source/receiver supplies a pulse of excitation to the transducer; and receives and con-
ditions the return signal from the transducer.

6.3.1 The capability of generating pulses with selected pulse repetition frequency rate of 20 Hz, and the ability to damp and
adjust the amplitude of the pulse is desirable.

6.3.2 Signal conditioning including high and low pass filters and signal attenuation is desirable.

6.3.3 The pulse/source receiver should have the ability to operate in pulse/echo mode.

6.4 Readout Instrumentation. A waveform analyzer, or computer with high-speed digital data acquisition software, should
be used to capture the transient output of the pulse source/receiver, store the digitized waveforms, and perform signal analy-
sis. A suitable waveform analyzer, or data acquisition card, should have a sampling frequency of at least two times the oper-
ating frequency of the transducer.

6.5 Cable. Standard coaxial cable equipped with coaxial plugs and/or BNC connectors is recommended.

6.5.1 Cable capacitance and connectors between the sensor and signal conditioner must meet the specifications provided by
the manufacturer of the sensor and signal conditioner units. Use of couplings should be avoided, but may be necessary for long
lengths of cable. Cables in excess of 30 m long should be avoided.

6.5.2 A standard RG-58/U coaxial cable may be used to connect the output from the signal conditioner to the readout instru-
mentation. Standard BNC plug/jacks are recommended for making necessary connections. Minimum length of cable (approx-
imately 1 m) should be used between the signal conditioner and the readout instrumentation.

6.6 Couplant. A high viscosity lubricant is a good acoustic couplant for this test.
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7 EQUIPMENT CHECK

7.1 Check the power supply to the pulse source/receiver.

7.2 Inspect cables for damage. Cables should be surrounded with insulation and bare cable should not be exposed at any
location along the length. Damaged cable should be replaced.

7.3 Be sure connections are tight including couplings. The readout should not be affected by touching or moving the cable.
If the signal is affected, recheck the connection and the condition of the cable.

7.4 Apply a known voltage to the data acquisition system and confirm that the reading displayed is consistent with the applied
voltage.

7.5 Performance of the measurement system should be evaluated on a bench-scale specimen representative of the elements
installed at the site being evaluated. The bench-scale specimen should be 1- to 2-m long and supported on low impedance
material such as expanded polystyrene or foam rubber. The ends of the specimen should be prepared, instruments attached
and electrical connections made as described in Sections 8.2 to 8.4. Bench scale testing and data interpretation should follow
the procedures described in Sections 9 and 10. The LR described in Section 10.3 should correspond to the known length of the
bench-scale specimen. If not, this indicates a problem with the equipment, electrical connections, or data acquisition software.

8 PREPARATION OF TEST ELEMENT

8.1 Access is required to one end of the element to be tested for placement of the transducer at the face of the element. Pro-
tective caps or grout must be removed if the element face is covered.

8.2 Good acoustic coupling between the transducer and the face of the element is required for ultrasonic testing, and the face
of the each element must be flat and smooth. Grinding may be required. Care must be taken to ensure that the element faces
are properly prepared for testing.

8.2.1 Full contact must be achieved between the end face of the element and the face of the transducer. The element face
may need to be ground with a surface grinder to remove high edges and rust scale may need to be removed.

8.3 Make necessary connections between the transducer and the pulse source/receiver; and the output of the pulse/source
receiver to the data acquisition system.

8.4 Apply couplant to the element and transducer faces. Couplants should be applied as a thin layer.

9 TEST PROCEDURE

9.1 Determine the compression wave velocity of the test element. This may be determined from the literature, or from mea-
suring the travel time of reflected compression waves along a known length of a similar element. For reference, the compres-
sion wave velocity of low carbon steel is approximately 5,950 m/s. For elements surrounded by grout, the compression wave
velocity will be less than that of an element in air, or surrounded by a low stiffness material such as grease or plastic.

9.2 Turn on the pulse source/receiver and data acquisition system. Set the pulse amplitude on the pulse/source receiver to
the highest level for safe use with the transducer. Allowable voltage input to the transducer should not be exceeded.

9.3 Set the pulse repetition rate, input signal damping, and the output high and low pass filters to optimum levels for the ele-
ment being tested.

9.4 Set the gain of the pulse source/receiver and the sensitivity of the data acquisition equipment to an optimum level. The
optimum level is just below that at which electromagnetic noise reaches an intolerable level or triggers the data acquisition
system at its lowest triggering sensitivity. The noise level shall not be greater than one tenth of the amplitude of the first peak
signal received from the reflected wave.
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9.5 Set the recording time and trigger level for the data acquisition system.

9.6 Apply the transducer to the face of the element.

9.7 Observe the reflected waveform from the readout.

9.8 Store the data.

9.9 Remove the transducer and repeat 9.6 to 9.8 until three repeatable signals are observed and recorded.

10 CALCULATION

10.1 Plot the time history of the accelerations.

10.2 Identify reflections apparent in the time-history.

10.2.1 Reflections may be obscured and data processing as described in this report may be necessary to enhance the signals.

10.2.2 Determine the arrival time of each observed reflection.

10.3 Calculate the location of the reflectors as follows:

LR = VP × TR/2

where:

LR = the location of the reflector from the face of the element (m)
VP = velocity of compression wave propagation (m/s)
TR = the arrival time of the observed reflection (s)

10.3.1 Compute LR for each reflection observed in the time history. Multiple reflections may be observed from the same
reflector, particularly if the reflector is relatively close to the face of the element. Consider only the first arrival from each
source.

11 REPORTING

11.1 The report shall include the following:

11.1.1 Identification of the test element, including element type and location (site location and relative location of element
at site).

11.1.2 Details of the anchorage head, trumpet assembly, and corrosion protection such as sheathing and/or encapsulation;
unbonded length; bonded length; and level of prestress.

11.1.3 Calculated locations of reflectors.

11.1.4 Comparison between calculated location of reflectors and known details of the installation; and, identification of
reflectors that are not correlated with known details of the installation.
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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
U.S.DOT United States Department of Transportation

Advisers to the Nation on Science, Engineering, and Medicine

National Academy of Sciences
National Academy of Engineering
Institute of Medicine
National Research Council

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, facilitating 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 transportation departments, federal agencies including the component 
administrations of the U.S. Department 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 science 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 government on scientific and technical matters. Dr. Bruce M. Alberts is 
president of the National Academy 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 pertaining 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. Wulf are chairman and vice chairman, 
respectively, of the National Research Council.  
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