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ABSTRACT

Nondestructive test (NDT) methods and sensor technologies are evaluated in the context of providing
input parameters to service life prediction models for reinforced concrete structures. Relevant NDT
methods and sensors are identified that are based on diverse technologies including mechanical impact,
ultrasonic waves, electromagnetic waves, nuclear, and chemical and electrical methods. The degradation
scenarios of reinforcement corrosion, alkali-silica reaction, and cracking are used to identify gaps in
available NDT methods for supporting condition assessment and service life prediction. Common gaps
are identified, along with strategies for resolving those gaps.
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EXECUTIVE SUMMARY

Nondestructive testing (NDT) methods and sensor technologies for concrete structures are discussed in
the context of service life prediction. The present paradigm of NDT methods is to determine the current
state of a structure. Although this approach has important application in condition assessment, the
techniques have the potential to support tools for predicting the future performance. These tools are
typically computational service life prediction (SLP) tools that use an assessment of the current state of a
structure, along with the environmental exposure, to estimate how long before the concrete will begin to
degrade. Unfortunately most SLP models were not developed to use specific NDT methods, and NDT
methods were not developed in direct support of specific SLP models. Although a number of NDT
methods and sensor technologies are suitable for use in conjunction with some SLP models, this report
seeks to identify those gaps that remain and identify strategies for their resolution.

A number of NDT methods and sensor technologies were identified that may have relevance to SLP
models. The common attributes of SLP prediction models are discussed with respect to the input
material parameters and the environmental parameters that may have the greatest influence on the
duration of the usable service life. Based on the common material properties and environmental factors
used by SLP models, various NDT methods and sensor technologies were identified that can be used to
either measure the property directly, or provide an indirect measure (often through correlation).

The scope of NDT methods considered was made as broad as possible. For this report, the definition of
nondestructive was interpreted to mean that when the measurement is performed on a structure, there was
no appreciable degradation to the performance or serviceability of the structure.

There are a number of possible degradation scenarios that may affect concrete in nuclear installations,
and other components of the broader nuclear infrastructure relevant to the Nuclear Regulatory
Commission. Among these, there are three concrete degradation scenarios that, together, would account
for a majority of the significant degradation throughout the nuclear infrastructure: corrosion of the steel
reinforcement; cracking (due to unanticipated mechanical stresses); and alkali-silica reaction. For each
of these degradation scenarios, the factors contributing to the onset and extent of the degradation are
discussed to help identify relevant NDT methods. Those NDT methods that are deemed relevant are
classified as either a standardized test method or a method that is still in the research or development
phase. In some cases, there were no NDT methods or sensor technologies one could use to assess a
particular material parameter or condition, resulting in gaps in NDT and sensor technologies.

Based on the gaps that were identified, strategies were presented for resolving these gaps. For all three
degradation scenarios, there were a number of commonalities among the gaps that were identified. In
some cases, the gap occurred due to limited knowledge of the underlying physical and chemical
processes that contribute to the degradation. For degradation scenarios that typically happen over
relatively short time frames (e.g., corrosion of the reinforcement), the loss in structural capacity may
occur quickly, so an improved understanding of the underlying physics and chemistry is vital to
characterizing the rate of strength loss and determining the minimum monitoring frequency. The slower
degradation mechanisms like alkali-silica reaction are considerably more complex. Therefore,
developing a comprehensive understanding may require years of research, which may not be the most
efficient approach. Instead, having robust NDT methods and sensors that can be used to accurately
estimate remaining structural capacity, along with the knowledge of, or a means of predicting, the rate at
which remaining structural capacity decreases, would be sufficient to determine the current condition and
to establish a reliable monitoring strategy having a sufficiently rapid frequency.
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1 INTRODUCTION

A known challenge in ensuring the continued safe operation of nuclear facilities is the long-term
performance of the concrete. Under ideal conditions, concrete is a mechanically and chemically stable
material. Under most practical conditions, however, concrete can be subjected to mechanical stresses
that originate externally (e.g., seismic) or internally (e.g., alkali silica reaction of the aggregate). If the
stresses are greater than the designed capacity of the concrete, these stresses can initiate cracks that can
degrade the mechanical properties of the element. If the degradation continues sufficiently, the concrete
can lose the capacity to perform its function, and the structure will have failed.

Failing to perform the intended function constitutes the end of service life for a concrete element.
Therefore, predicting the service life of a concrete element means predicting the period of time until the
failure occurs. More practically, the end of service life occurs sooner: when the engineer is not confident
that the concrete element can continue to perform its intended function, and the element must be either
repaired or replaced.

Given that concrete elements are used in critical elements of the nuclear infrastructure, identifying and
quantifying the extent of degradation play a critical role in managing the long-term performance of the
concrete. Many of the most common degradation mechanisms progress slowly, particularly for the types
of large-scale concrete elements found in nuclear power plants and waste isolation facilities. It can be
difficult to quantify the loss in mechanical strength (due to limitations in physical access or limitations on
sampling), but it is relatively easier to detect the effects of degradation: cracking, reaction products, etc.
Therefore, monitoring the health of a concrete element often means identifying and quantifying the
extent of these degradation indicators.

The relationship between the stresses and loss in strength depends upon changes in the microstructure. In
the absence of changes in the microstructure, there would be no changes in the mechanical properties of
the concrete element. Therefore, predicting the degradation of concrete requires understanding how
chemical reactions and mechanical stresses change the microstructure. Initially, chemical reactions may
result in changes consisting of loss of material (e.g., leaching) or creation of reaction products (e.g.,
sulfate attack). Upon sufficient chemical reaction, there may be sufficient loss of strength (from
leaching) or sufficient mechanical stress (from sulfate attack reaction products) to initiate crack
formation, further changing the microstructure. These cracks can localize stress and propagate, or may
act as “superhighways” that accelerate the ongoing degradation chemical reactions.

Service life prediction (SLP) of a concrete requires characterizing the current state of the system and then
predicting how existing and future stresses will change the system. To achieve this, one must fully
characterize the current state of the system, and then use reliable models for how the concrete will react
to its (mechanical or chemical) exposure environment. This is a primary role for nondestructive testing
(NDT), the outputs from which serve as inputs to service life prediction models. These models may be
based on empirical data taken from similar concretes exposed to similar environments, or they may be
based on physicochemical predictive models that incorporate the relevant physical and chemical
processes that may occur for a particular exposure environment. Each type of model requires different
types of information. Therefore, the selection of NDT techniques must be performed in concert with the
type of service life model being employed.



2 STRUCTURAL CONCRETE IN THE NUCLEAR INFRASTRUCTURE

The nuclear infrastructure considered here includes the engineered concrete elements designed as
structural elements or as physical/chemical barriers; the elements not considered are those where the
concrete is intended to immobilize the waste, such as saltstone grouts designed to immobilize waste
incidental to reprocessing.

Structural concrete in nuclear installations is reinforced or pre-stressed concrete. Thus, knowledge of the
characteristics and state of the two principal components, concrete and reinforcement, is critical in the
evaluation the structural performance of these structures. Generally, the structural concrete elements to
be considered are those associated with nuclear power plants and low-level waste vaults. Moreover,
these concrete elements do not exist in isolation, but play an integral role in the inter-related elements of
the facility. As such, there are a number of special considerations for these elements:

e Heavily reinforced: nuclear power plant base mat

e Thick sections (1 m or more)

e Lined structures: containment, spent fuel pool

e Non-accessible/Accessible components

e Exposure to prolonged elevated temperatures: containment building, dry storage casks

e Exposure to radiation: gas evolution, pressure build-up

e Pre-stressed cables + raceway: loss of grease, corrosion

The capacity of these structural elements can be diminished when one of three things happens: the
compressive strength of the concrete decreases, the tensile strength of the steel reinforcement decreases,
the mechanical bond between the concrete and the steel reinforcement degrades. Some types of chemical
attack can affect these degradation scenarios. For example, chloride ingress can eventually lead to
corrosion of the steel reinforcement (loss of steel cross section and, thus, tensile capacity), the corrosion
products can degrade the concrete-steel bond, and the reaction products can crack the concrete, which
can reduce its compressive strength.



3 MODELING SERVICE LIFE

To best understand what NDT techniques are relevant to service life prediction, one must understand the
basic commonalities among the service life models.

There are a number of different approaches to predicting the service life of a concrete structure under
particular exposure conditions. The models based on physical processes, however, have a certain
commonality, and they differ in the degree to which they consider specific details. Generally, there are
four components to these models:

e Characterize the environment
e Characterize the concrete
e Characterize transport and reaction

e Define critical event(s) that denotes the end of service life

Characterizing the environment and the concrete will determine which, if any, degradation mechanisms
should be considered. For example, an absence of sulfates in contact with the concrete means that one
should not have to consider sulfate attack, provided that the concrete does not already contain a high
sulfate content. Another important aspect is that, when a concrete is exposed to multiple degradation
mechanisms (e.g., chloride attack and leaching), a more robust model would be able to account for the
synergistic effects of the two mechanisms occurring simultaneously: the leaching can change the mineral
composition and the transport coefficients, which can affect chloride binding and the rate at which
chlorides propagate toward the steel.

Ultimately, the model must decide when a critical state has been reached to indicate the end of the
service life. Because no model currently exists that can transition from stress production through crack
initiation and growth, to a quantitative estimate of strength loss, the models must choose more
preliminary, yet quantifiable, critical events. A list of common critical events for a number of
degradation mechanisms appears in Table 1 below.

Table 1. Example critical events for modeling the service life of different degradation mechanisms.

Degradation Mechanism Example Critical Events

Corrosion of the Steel Onset of corrosion at the steel reinforcement

Sulfate Attack Reaction products fill available pore space

Leaching Loss of material leads to critically high porosity

Freeze-Thaw Available pore space (including air voids) are
saturated with water to a critical degree

Alkali-Silica Reaction Reaction gel completely fills the available pore
space.




3.1 Empirical vs. Physicochemical Models

There are two distinct approaches to modeling the service life of a concrete: empirical models and
physicochemical models. Each approach has distinct advantages and disadvantages.

The empirical model is calibrated using the anticipated materials and environmental exposure conditions.
The modeler measures the time-dependent behavior of the system and then uses regression to relate those
data to a “best-fit” curve (that can either be merely an algebraic function, or a physically-motivated
function, such as the standard error function for diffusion). Because the model is calibrated using the
field conditions, one is merely interpolating the response of the system; the approach has large model
uncertainty if the material or the environment changes. The advantage to this approach is that one does
not need to understand, or even be aware of, all of the details of the physical and chemical mechanisms
involved. Only the response is characterized, which is what the practicing engineer is most interested in.
The challenge in calibrating these models is ensuring that the critical exposure conditions are included in
the calibration process; the testing conditions must incorporate all the relevant exposure conditions.

By contrast, the physicochemical service life model attempts to numerically simulate the response of a
material to its environment. The physicochemical model first conceptualizes all the possible relevant
mechanisms that can lead to degradation in a particular application, and breaks these down into the
fundamental physical and chemical processes. For example, the mechanism of corrosion of steel
reinforcement can be broken down into processes of transport (diffusion), surface binding, chemical
reaction, leaching (and its effect on subsequent transport), and electrochemical reaction. The modeler
then develops a means of simulating each of these processes, with each process “calibrated” using
independent laboratory experiments. If developed comprehensively, these models will also be able to
adapt to changes in the environment. The process parameters are the initial/internal conditions, and the
exposure environment parameters are the boundary conditions.

The physicochemical approach offers distinct advantages and disadvantages. The process of chemical
reaction is conceptually identical whether one is considering corrosion, sulfate attack, acid leaching, etc.
The differences arise in assuring that the reaction/thermodynamic database includes parameters for the
relevant reactions. Similar considerations hold for transport, binding, and the other processes.

Moreover, because these processes are (largely) independent, they can occur simultaneously. For
example, incorporating the effects of leaching during chloride diffusion is very straightforward, and does
not require any modifications to the overall model. Another advantage to these models is that these
processes are validated and calibrated by independent means; one does not calibrate and then use the
same data to validate the model. A disadvantage to these models is the “up front” development costs.
For example, modeling chloride-induced corrosion using only a transport model may not work reliably
under field conditions because the important effects of binding are not included. Therefore, the model
will not be usable until a// the important processes are included, which can dramatically increase the
initial model development time. Conceptually, this has an advantage: if the current model is not accurate
enough, it indicates that an important process has been overlooked or misunderstood.

The biggest advantage of a comprehensive physicochemical model is the ability to extrapolate. Once the
relevant material properties have been determined, and the exposure conditions quantified, such a model
should reliably predict the service life of a concrete without “calibration” data from exposure
experiments. Moreover, once the exposure conditions have been appropriately established, these models
are also very useful in materials development because the engineer can ask virtual “what if” questions
regarding changes in the mixture proportions or the field conditions.



3.2 Conceptual Service Life Model

As physicochemical models are more comprehensive than empirical models, and because they require a
“superset” of NDT techniques, they are used as the starting conceptual framework for identifying NDT
techniques that may be relevant to service life prediction.

Physicochemical models share a common conceptual model. This commonality is a consequence of
reconciling the fact that reactions are occurring at the micrometer length scales, but service life is defined
by the performance at the meter length scales. Therefore, the details of each reaction and the details of
the microstructure cannot be fully represented in a practical service life model. For this reason, the
details are “smeared” out to the extent that the concrete is treated as a homogeneous material, with
quantifiable properties such as porosity, diffusivity, saturation, etc. Although the details may vary
among service life models, each model typically incorporates, either explicitly or implicitly, each of the
following concepts:

e Concrete is a porous material composed of multiple mineral phases

e The type and quantity of the mineral phases present are known, or can be predicted

e The microstructure contains both capillary and “nano”-sized pores connected throughout

e The pores are (partially) saturated with an aqueous pore solution

e The pore solution is in local equilibrium with all the mineral phases present

e The environment interacts mainly through the pore solution, along with temperature and humidity

e The environmental interaction (through transport) changes the pore solution

e The ensuing chemical reactions can dissolve or precipitate mineral phases

e Dissolution: increased porosity, increased transport, and reduced mechanical stiffness

e Precipitation: pores fill; once filled, stresses build up

e Sufficient stress can initiate cracks and fractures

e Reactions / Cracks change microstructure and transport properties

e (Cracking/Fractures lead to a loss of mechanical properties

e Upon sufficient mechanical loss: concrete element fails to perform its intended purpose

These models typically work by solving partial differential equations. As such, the conceptual model
framework follows that for solving a partial differential equation having boundary conditions and initial
internal conditions, a number of which are given in



Table 2 below.



Table 2. Examples of boundary and initial conditions that a physicochemical model might consider.

Condition Examples

Boundary Conditions Composition of the groundwater
Hydraulic head
Temperature
Radiation

Mechanical Stress

Relative Humidity or Precipitation Events
Dimensions and location of steel reinforcement
Temperature

Type and quantity of mineral phases present
Porosity/Density

Composition of the pore solution

Saturation

Extent of cracking

Diffusion coefficient

Hydraulic conductivity (permeability) coefficient
Sorptivity

Vapor diffusion coefficient
Elastic/Viscoelastic Moduli

Coefficient of Thermal Expansion

Initial Conditions

Moreover, not all the material properties need to be measured directly. In a number of cases, there may
exist other “surrogate” properties from which one can make reliable estimates of the desired property. A
number of these related properties are given in Table 3 below.

Table 3. Properties that may provide indirect information about quantities more directly related to service
life estimation.

Surrogate Property

Relevant Property

Electrical Conductivity

Diffusion Coefficient
Hydraulic Conductivity

Vapor Diffusion Coefficient

Hydraulic Conductivity

Gas Permeability

Hydraulic Conductivity

Impact Hardness

Strength; Elastic moduli

The advantage of this approach is that (with the possible exception of modeling the changes in properties
due to continued hydration at earlier ages) it does not distinguish between new and existing structures.
The initial condition can consist of the properties of either a newly constructed concrete element, or an
existing structure. One possible difference may be how they are determined: the initial conditions of a
new structure might be predicted from a hydration model. Regardless, the process by which someone
would determine the boundary or the initial conditions in the field would be identical.



4 MEASUREMENT METHODOLOGIES

The types of NDT techniques to be considered are those measurement techniques that do not prevent the
structure from performing its intended function. Such tests could include one or more of the following:

e [External Probes/Sensors
e Internal Probes/Sensors
e Material Removal and Analysis

For structures in the nuclear infrastructure, NDT methods that require material removal will likely be less
desirable due to the perception of “reduced” structural integrity upon material removal, due to any
possible health physics issues regarding the material being removed, and due to the creation of an
initiation point for any subsequent concrete degradation.



5 NDT TECHNOLOGIES

The following discussion divides the NDT techniques into six technology categories:
Electro-Mechanical Strain Gauges

Acoustic/Mechanical Impact

Electromagnetic

Nuclear

Electrical / Chemical

Mass Transport

5.1 Electro-Mechanical Strain Gauges

These tests include internal and external sensors that can be used to determine the extent of strain
occurring in the structural element. The sensors may be external mechanical gauges with an indicator, or
an internal piezoelectric sensor.

5.2 Acoustic / Mechanical Impact

These tests produce static or dynamic stress fields that are mechanically coupled to the concrete element.
The static tests typically go beyond elastic behavior to determine the point of failure (strength), and the
dynamic tests typically stay within the elastic regime and provide information about the mechanical
condition of the element (modulus).

5.3 Electromagnetic

The electromagnetic tests generate electromagnetic waves passing through the element, and either the
transmitted or reflected waves are analyzed. The waves are not electrically coupled to the element, so
there is no net electrical current passing through the element (to distinguish these tests from the electrical
tests discussed below). These tests typically detect changes in the properties of element, and can be used
to image inclusions (steel reinforcement) and voids within the element.

5.4 Nuclear

The nuclear tests analyze neutrons that pass through the element. Because the neutron scattering cross
section for hydrogen is large, neutrons are an effective means of detecting water. Due to safety
considerations of generating sufficiently high-energy neutrons to pass through large concrete elements,
however, the application of nuclear tests is limited.

5.5 Electrical / Chemical

The electrical and chemical tests use either electrical or electrochemical instrumentation to determine the
state of the system. The electrical methods are electrically coupled to the element, so there is a net
alternating or direct current through the element. The chemical tests typically use electrochemical
techniques and a reference cell to infer the chemical state from the electrochemical potentials that are
measured. The chemical tests may also include the direct application of a chemical, with inference of the
chemical state from the chemical response, which is usually a visual indication (e.g., staining test).



5.6 Mass Transport

The mass transport tests are used to estimate a particular transport coefficient, or a coefficient that is key
to transport, such as porosity. These coefficients may include diffusivity, hydraulic conductivity

(D’ Arcy permeability), vapor diffusion (drying rate), and sorptivity (water uptake).

5.7 Existing In-Depth Summaries

The technology summaries that appear below are meant to convey enough information that one can
comprehend its use in service life modeling. A number of the summaries are relatively brief because
they appear in more in-depth NDT summaries (FHWA 1997, IAEA 2002, Malhotra and Carino 2004,
IAEA 2005, Naus 2009). Those technologies that do not appear in such summaries are given a more
thorough summary here.

5.8 Commercial Devices

Certain trade names and company products are mentioned in the text or identified in an illustration in
order to adequately specify the experimental procedure and equipment used. In no case does such an
identification imply recommendation or endorsement by the National Institute of Standards and
Technology, nor does it imply that the products are necessarily the best available for the purpose.
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6 ELECTRO-MECHANICAL STRAIN GAUGES
6.1 Mechanical Gauges

Summary: Mechanical strain gauges are typically mounted on a surface and measure the deformation of
the surface. They are used to measure surface strain and monitor crack width growth.

Physical Principle: Mechanical gauges measure the change in distance between two reference points
over a period of time. The reference points can be drilled directly into the structure or attachments with
predrilled holes can be mounted onto the surface.

Advantages: Simple to use and can measure strains beyond material fracture.
Limitations: These sensors can be bulky and can be dislodged.

Relevance to Service Life Prediction: Monitoring of strains in a structure results in understanding of the
structural behavior and enables the estimation of its future behavior and useful life. Models that couple
mechanical deformation to ongoing transport and degradation mechanisms can be validated with data
from these mechanical gauges.

Standardization: None

Commercial Availability: Yes

References:
e Huston (2011)
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6.2 Piezo-Electric Gauges

Summary: A piezoelectric strain gauge is a thin extensoresistive (piezoresistive) or extensoelectric
(piezoelectric) device that can be used to measure the strain experienced by a porous solid.

Physical Principle: Piezoelectric materials generate an electric charge when a load is applied to them.
This charge is proportional to the applied force and is converted to an output voltage. Piezoelectric
materials are conventionally used in sensors such as load cells, accelerometers, pressure gauges,
ultrasonic sensors, and acoustic emission sensors.

Piezoelectric strain sensors are commonly made from piezoceramics, lead zirconate titanate, and
piezopolymers, polyvinylidene fluoride, and piezoelectric ceramic/polymer composites.

Advantages: Piezoelectric sensors have high strain sensitivity up to 100 pC/pe (Gautschi, 2002).
Piezoelectric strain gages have better signal to noise ratio compared to metal foil strain gages and are
good for dynamic applications. These sensors can be made in small sizes and can be made in various
forms.

Limitations: Piezoelectric strain gauges may be temperature dependent, and are not suited for measuring
steady-state or low frequency signals. They only measure low strain levels.

Relevance to Service Life Prediction: Monitoring of strains in a structure results in understanding of the
structural behavior and enables the estimation of its future behavior and useful life. These strains can be
indicators of on-going degradation, and could be correlated to the degree of degradation that has
occurred.

Standardization: None. (There is a related standard: ASTM E251-92 for metallic bonded resistance
strain gauges)

Commercial Availability: Yes.

References:
e Huston (2011)
e Gautschi (2002)
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7 MECHANICAL / ACOUSTIC METHODS
7.1 Rebound Method

Summary: This test determines the surface hardness of concrete. This method is primarily used to assess
in-situ concrete uniformity and relative quality.

Physical Principle: The method is based on the principle that the rebound of a spring-driven mass after
impacting the concrete surface is related to the concrete strength. Correlation relationships between the
rebound number and the compressive and flexural strengths of the concrete are required and are used to
estimate the compressive and flexural strengths.

The main components of the rebound method (rebound hammer or Schmidt Hammer) are an outer body,
a plunger, a hammer mass (1.8 kg) and a spring. The rebound distance is measured on an arbitrary scale
from 10 to 100. The rebound distance is recorded as a rebound number. The procedure involves
extending the plunger, holding the instrument perpendicular to the surface, and pushing the body towards
the concrete surface to stretch the spring. The spring is then released to force the hammer towards the
surface and the rebound number is recorded.

Advantages:
e inexpensive

e simple
e rapid
Limitations:

Results are affected by (Malhotra and Carino 2004):
e smoothness of test surface
size, shape, and rigidity of specimens
surface and internal moisture conditions of the concrete
type of coarse aggregate
type of cement
type of mold
carbonation of the concrete surface

Other limitations:

e (Correlation relationships between the rebound number and the compressive and flexural strengths
require calibration with cores or cast samples. Included in the European standard, EN
13791 (2007), are guidelines for determining relationships between indirect test methods such as
the rebound hammer test and the in-situ strength. A study by Monteiro and Goncalves (2009)
assessed the two alternative methods provided in EN 13791 for establishing the relationship
between the in-situ strength and the rebound number.

e The coefficients of variation in the compressive strengths averaged 19 % according to Malhotra
and Carino (2004).

e The accuracy of estimating concrete compressive strength is + 25 % according to Malhotra and
Carino (2004).

e The variation in the estimated flexural strength is larger than that for compressive strength.

e Strengths estimated using this method are not as reliable as other in-place methods.

13



Relevance to Service Life Prediction: Concrete uniformity may also be used to monitor changes in
mechanical properties and relate these relative changes to those predicted by a service life model. Also,
as the rebound hammer can be sensitive to surface hardness, it may be an indicator of an external
degradation mechanism.

Standardization: ASTM C805, EN13791

Commercial Availability: Yes

References:
1. Malhotra and Carino (2004)
2. ACI Committee 228
3. EN 13791 (2007)
4. Monteiro and Goncalves (2009)
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7.2 Penetration Resistance

Summary: This method measures the hardness of concrete or the penetration resistance of concrete.

This method can be used to determine the relative strength of concrete. It can also be used to estimate
the concrete compressive strength through developed relationships between compressive strength and the
penetration depth.

Physical Principle: The method is based on the principle that the depth of penetration of a probe driven
into concrete is related to the concrete strength. The basic procedure consists of driving a probe into
hardened concrete by a driver unit and measuring the penetration depth. The probe could either be a
hardened steel rod (Windsor Probe) driven by a powder charge or a hardened steel pin driven by a spring.
A relationship between penetration depth and compressive strength can be developed, and this
relationship is then used to estimate the compressive strength.

Advantages:
e simple
e quick
e less affected by surface conditions than the rebound hammer test

Limitations:

Results are affected by:
e for gun-driven probe: type of coarse aggregate
e for spring-driven pin: tests impacting coarse aggregate are disregarded
e distance to reinforcement

Other limitations:
e for gun-driven probe: use for concrete strengths <40 MPa (6000 psi)
e for spring-driven pin: use for concrete strengths <28 MPa (4000 psi)
e size of member to be tested
o minimum distance to any edges or between two test locations ranges from 150 mm to
200 mm
o minimum thickness of members is 3 times expected penetration depth
o Creates a disturbance on a small area of the concrete surface which will have to be
patched
e Relationships between penetration depth and compressive strength may be supplied by the
manufacturer of the equipment; however, these are generally empirical. More reliable results
may be obtained if the relationships were calibrated using extracted cores.

Relevance to Service Life Prediction: Results may also be used to monitor changes in mechanical
properties and relate these relative changes to those predicted by a service life model.

Standardization: ASTM C 803/C 803M

Commercial Availability: Yes (Windsor probe)

References
1. Malhotra and Carino (2004)
2. ACI Committee 228
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7.3 Pullout Test

Summary: The test determines the force required to pull out an insert embedded in concrete. The
concrete compressive strength can be estimated based on developed relationships between the pullout
force and compressive strengths.

Physical Principle: The pullout force is slowly applied (static load) by a loading system that reacts
against the concrete surface through a reaction ring that is concentric with the insert (see

Figure 1). As the load is applied, an approximately cone-shaped section of concrete is extracted. The
pullout strength is equal to the maximum load recorded. A relationship between pullout strength and
concrete compressive strength is required to determine the concrete strength. A large number of studies
have indicated that this relationship is linear, but some research has suggested that the relationship is
non-linear and that a power-law function may be more appropriate (Malhotra and Carino 2004).

—— D —>
Reaction
force
Pullout

force

Reaction
ring

Embedment
depth

Idealized
failure surface

D = inner diameter of bearing ring
d = diameter of insert head

Figure 1. Schematic of the pullout test for cast-in-place concrete (from Malhotra and Carino 2004).

For new construction, the insert may be 1) attached to the formwork before placing concrete, 2) attached
to formwork with special hardware for testing deep within the concrete, or 3) placed into the surface of
the freshly placed concrete (Malhotra and Carino 2004). For existing construction, the procedure
involves drilling a hole perpendicular to the concrete surface. An undercut slot is cut and milled, and an
insert is expanded into the slot. The insert is then pulled out of the concrete. This procedure results in a
failure mechanism similar to that for the standard cast-in-place pullout test and is included in ASTM
C900.

There are other methods to determine the pullout strength of concrete for existing construction that
require drilling a hole (without the undercut slot) and inserting an expanding insert. These methods do
not result in the same failure mechanism as the standard cast-in-place pullout test and are not included in
ASTM C900.

Advantages:
e Pullout test is a reliable method to estimate the concrete compressive strength
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e Pullout tests have good repeatability; the average value of the coefficient of variation for the
pullout test is about 8 %. The variability is lower in mortar and lightweight concrete than in
normal weight concrete (Malhotra and Carino 2004)

Limitations:
e Results may depend upon the size and type of coarse aggregate. As a result, the recommended
practice is to develop the strength relationship for the particular concrete material used (Malhotra
and Carino 2004).
e The test method removes material, creating a void in the concrete that will likely have to be
patched or repaired.

Relevance to Service Life Prediction: Concrete strength is used to determine the structural integrity of a
component. It may also be used to monitor changes in mechanical properties to monitor changes to the
structural integrity.

Standardization: ASTM C900

Commercial Availability: Yes
Yes (e.g., LOK-TEST for new construction and CAPO (cut and pullout) for existing construction)

References
1. Malhotra and Carino (2004)
2. ACI Committee 228
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7.4 Break-Off Test

Summary: This method measures the force to break off a cylindrical specimen in a concrete structure.
This force is used to estimate the compressive strength based on developed relationships between the
break-off force and compressive strength. This method may also be used to evaluate the bond strength
between concrete and overlay materials.

Physical Principle: The break-off test is based on breaking off a cylindrical specimen of in-place
concrete. The failure of the cylindrical specimen is due to combined bending and shearing stresses and
the failure plane is parallel to the concrete surface. The cylindrical specimen is 70 mm high with a

55 mm diameter. This method may be used for new or existing construction.

For new construction, the test specimen is made with a disposable tubular plastic sleeve attached to the
formwork or inserted into fresh concrete. For existing construction, a special core bit is used to cut the
core and the counter core. A hydraulic pump is used to apply the force to the core and the maximum
pressure gauge reading in units of bars is called the break-off number of the concrete (see Figure 2)
This value is used to estimate the compressive strength using a pre-established relationship between the
break-off number and compressive strength.

Pressure
Gage

Hydraulic
Pump

Loading

Mechanism
Eehanis Counter Bore

Force “ 15 mm
- e

'_ on Core
Reaction
Force —
Cylindrical—¢ 70 mm
Slit
e | r

Figure 2. Schematic of the break-off test (Reprinted, with permission, from ASTM C1150-96 Standard
Test Method for the Break-Off Number of Concrete, copyright ASTM International, 100 Barr Harbor
Drive, West Conshohocken, PA 19428.) Note: This standard test method was withdrawn by ASTM
International in 2002.

Advantages:
e Measures a direct strength parameter.

Limitations:
e Maximum aggregate size limited to 13 mm
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e Test not recommended for concrete with maximum nominal aggregate size greater than 25 mm (1
n)

e Variability of break-off number increases for larger aggregate sizes

e Strength relationships must be developed for a particular concrete mixture

Relevance to Service Life Prediction: Concrete strength is used to determine the structural integrity of a
component. It may also be used to monitor changes in mechanical properties and relate these relative
changes to those predicted by a service life model.

Standardization: ASTM C1150 (historical standard). This method is not widely used and ASTM
discontinued the test method in 2002 (Malhotra and Carino 2004).

Commercial availability: Yes.

References
1. Malhotra and Carino (2004)
2. ACI Committee 228
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7.5 Resonant Frequency Methods

Summary: This method is used to primarily measure the dynamic modulus of elasticity of concrete. The
modulus of rigidity and Poisson’s ratio may also be calculated.

Physical Principle: This method is based on evaluating the natural frequency of a system. The natural
frequency of vibration of an elastic system is primarily related to its dynamic modulus of elasticity and
its density. The testing kit consists of equipment to generate the vibrations and equipment to measure
them.

Two methods are used to measure the resonant frequency: forced resonance and impact resonance
(Ferraro 2003). In the forced resonance method, a specimen is excited by a vibrating force. The driving
frequency is varied and the specimen’s maximum response corresponds to the resonant frequency. This
test requires some operator skill and experience. The impact resonance method is similar to the forced
resonance method and uses a small impactor to generate the vibrations in the specimen.

The dynamic modulus of elasticity is typically larger than the static modulus of elasticity.

Limitations:
Results are affected by:
e Percentage of total aggregate
e Properties of aggregate
e Size of specimen used in the measurements. It is not recommended that results be compared for
specimens of different sizes or shapes.
e Curing conditions

The test method is usually conducted using small specimens in a laboratory environment instead of
structural members in the field because the boundary conditions significantly affect the measurements.

Relevance to Service Life Prediction: It may also be used to monitor changes in mechanical properties
and relate these relative changes to those predicted by a service life model. This test probes the entire
cross section, so it may be more informative than surface hardness tests, and the resonant frequency can
be related to the Young’s modulus.

Standardization: ASTM C 215.

Commercial availability: Yes. Sonometer

References:
e Malhotra and Carino (2004)
e Ferraro (2003)
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7.6 Acoustic Wave Methods

These types of NDT methods are based on the propagation of stress waves and involve the interpretation
of acoustic waves. The stress waves from a surface impact will propagate through a material and reflect
back to a receiver when the wave encounters an internal flaw, void, or surface boundary (e.g.,
reinforcement). Three types of bulk waves are produced after the initial impact: compression, shear, and
surface waves. Measuring the change in acoustic wave behavior in various materials, see Table 4, at
various surface, interface, and defects within the material provides the means to detect reinforcing bars,
voids, cracks, delaminations, and other interfaces or inclusions. These methods included ultrasonic
testing (UT), acoustic emissions (AE), impact-echo, impact velocity, and other advanced UT phase array
methods.

Table 4. The acoustic wave properties in three different media: steel, concrete, and air (Source: Aktan
and Krueger 2007). Note: the density of water at 20 °C is 0.998 g/cm?, and the speed of sound in water is
1482 m/s.

Material Density, g/cm3 Velocity, m/s Frequency, | Wavelength, mm
(Ib/ft) (ft/s) kHz (in)
Steel 7.83 5950 1000 6
(490) (19520) (0.25)
Concrete 2.4 4000 to 5000 50 80 to 100
(150) (13,123 to 16,404) (3.1to4)
Air 0.001 343 0.02 to 20 16 to 16,000
(0.062) (1125) (0.63 to 630)

There are two general categories based on detection configuration: methods using a through transmission
mode such as ultrasonic pulse velocity for determination of elastic properties such as E-modulus,
porosity, etc., and those using reflection mode, such as ultrasonic-echo and impact-echo methods for
detection of flaws (e.g., honey combing, voids). Figure 3 shows the acoustic wave spectrum and the
frequency range for different acoustic NDT methods (Aktan and Krueger, 2007). Each UT method will
be described separately in the following paragraphs.

Acoustic Wave Spectrum AE
Impact-echo
Ultrasonic
1 kHz 10 kHz 100 kHz 1 MHz 10 MHz
20 Hz 20 kHz
Infrasound Audible Ultrasound

Figure 3. Acoustic wave spectrum and the frequency range for different acoustic NDT methods (adapted
from Aktan and Krueger, 2007).
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7.7 Ultrasonic Pulse Velocity (UPV)

Summary: This method determines the relative condition (elastic properties) of concrete. Ultrasonic
Pulse Velocity (UPV) is also used to detect anomalies in materials and setting behavior. Using the
transmission method, the extent of defects, such as voids, honeycombing, cracks, and segregation may be
determined. This test is the most widely used UT method to non-destructively assess concrete
conditions.

Physical Principle: The test measures the time for an ultrasonic pulse to travel through concrete. A pulse
of ultrasonic energy is introduced into the concrete by a transmitting transducer and is detected by a
receiving transducer on the opposite surface. Figure 4 illustrates the effects of defects on travel time of an
ultrasonic pulse, and shows a schematic of a through-transmission test system.

(a) (b)

Shortest time
No delay

Pulse
Generator

+
signal Analyzer T
(timer)

Longer times
Due to defects

T = Transmitter
R = Receiver
L= Width

R Nosignal

Figure 4. Schematic of (a) through-transmission UPV test system, and (b) effects of defects on the travel
time of ultrasonic pulse (adapted from ACI 2004).

This method is suitable for locating regions of concrete of different quality, i.e., concrete uniformity
(ACI437). The dynamic modulus of elasticity may be computed using the ultrasonic pulse velocity
method, if Poisson’s ratio and material density are known or assumed. However, this is not
recommended, because an inaccurate estimation of Poisson’s ratio can result in significant error and the
equation relating wave velocity and the dynamic modulus of elasticity is based on homogeneous
materials (Malhotra and Carino 2004). For these reasons and because the relationship between the
dynamic modulus of elasticity and concrete strength is nonlinear, the ultrasonic pulse velocity method
may be used to estimate the in-situ concrete strength only if correlations between the pulse velocity and
compressive strength for the given type of concrete have been established.

Advantages:
e Test procedure is simple and the equipment is easy to use

e Excellent for determining the quality and uniformity of concrete
e [t can rapidly survey large areas and thick members
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e Path lengths of 10 m to 15 m can be inspected with suitable equipment

Limitations:
e Proper surface preparation is required
e [t is a point measurement technique, which can be time consuming
e Although the equipment is easy to use, expertise is needed to interpret the results
e Moisture variations, amount and type of aggregates, and the presence of steel reinforcement can
affect results
It works better on single phase, homogenous materials
e [t requires access to both sides of the concrete element (difficult for below grade elements)

Relevance to Service Life Prediction: This method can be used as a durability measure to evaluate the
compressive strength of the concrete. Using the transmission method, the extent of defects, such as voids,
honeycombing, cracks, and segregation may be determined. It may also be used to monitor changes in
mechanical properties and relate these relative changes to those predicted by a service life model.

Standardization: ASTM C597

Commercial Availability: Yes

References:

e Aktan and Krueger (2007)
ACI Committee 228
Malhotra and Carino (2004)
ACI Committee 437
ACI (2004)

Lawson et al. (2011)
Trtnik et al. (2009)
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7.8 Ultrasonic Pulse-Echo

Summary: This method is used for testing and evaluating the integrity of various materials such as
metals, alloys, and other homogeneous and fine-grained materials, and it can also been used as sonar for
underwater detection and ranging. Recently, this method has been adapted for concrete NDT application
with specialized hardware and software to improve the detection resolution. The system works well for
concrete walls and slabs with a thickness of 30 cm or less.

Physical Principle: The ultrasonic pulse-echo (UPE) method measures the change in acoustic impedance
at various interfaces, air voids, water-filled voids, reinforcing bars, cracks, delaminations, and other
interfaces or inclusions within the concrete causes a portion of the input energy to reflect (echo) back to
the surface (REMR 1991). Figure 5 illustrates the schematics of the UPE principle and a representative
instrument setup (ACI 2004): (a) pulse-echo (source and receiver are one transducer) configuration, and
(b) pitch-catch set up by using a separate receiving transducer located close to the transmitting
transducer. An ultrasonic (acoustic) wave was generated by exciting a piezoelectric material with a
high-amplitude, transient electric pulse from a high-voltage, high-current pulser (transmitter) and
transmitted into concrete and travel forward various interfaces within. The amount of the reflected energy
or signals detected by receiver based on the area of reflecting surface, angle of reflecting surface, and
acoustic impedance of the reflecting materials(REMR 1991)

(a) Pulse-echo (b) Pitch-catch

Pulser/
Oscilloscope

Transmitter/
Recelver

: defect
e 7;,;«13‘:’}‘ :

Figure 5. Schematic of ultrasonic pulse-echo and pitch-catch methods (adapted from ACI 2004).

Advantages:
Portable, simple and inexpensive to operate

Signal can be recorded and data can be post-processed
High penetrating power to detect flaws deep in the concrete
High sensitivity to detect extremely small flaws

Only requires one accessible surface
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e More accurate than other nondestructive methods in determining the depth of internal flaws and
the thickness of parts with parallel surfaces

e Some capability of estimating the size, orientation, shape and nature of defects

e Nonhazardous to operators or to nearby personnel.

e (Capable of highly automated operation

Limitations:
e Requires experienced and trained technician
e Extensive technical knowledge is required for the development of inspection procedures
e Need high level of expertise to interpret the results, and calibrating standards are required
e Not suitable for detection in the rough, irregular in shape, very small or thin, or not homogeneous
parts
Proper surface preparation is required, clean surfaces without loose objects/materials
e Couplants are needed for better transfer of ultrasonic wave energy between transducers and parts
being inspected

Relevance to Service Life Prediction: Determine the quality and condition of surface and interior
concrete in dry and underwater environments. Ultrasonic-echo-short pulse can be used to locate
delaminations and voids in thin concrete elements, which can then be incorporated into models for
remaining service life.

Standardization: (not specifically written for use in reinforced concrete)
ASTM E317 Practice for Evaluating Performance Characteristics of Ultrasonic Pulse-Echo Testing
Instruments and Systems without the Use of Electronic Measurement Instruments

ASTM E114 - 10 Standard Practice for Ultrasonic Pulse-Echo Straight-Beam Contact Testing

Commercial Availability: This technique is primarily in the research stage

References:
e ACI(2004)
e REMR (1991)
e Ultrasonic testing - Wikipedia

25



7.9 Impact-Echo (IE)

Summary: This method determines the location and extent of defects such as delaminations, voids,
honeycombing cracks, and debonding in plain, reinforced and post-tensioned concrete structures.

Physical Principle: Similar to UPV, the impact echo (IE) method is a stress wave technique based on the
use of impact-generated stress (sound) waves that propagate through the structure and are reflected by
internal defects and external surfaces. An impact is generated by tapping a steel ball bearing on a surface,
and the impact causes p-waves to radiate through the material. P-waves rebound upon encountering a
surface, and rebounds are monitored at the transducer locations and recorded and displayed in a time-
voltage graph (ACI 2004), as shown in Figure 6. The location and extent of detects such as voids,
delaminations, deboning can be determined by analyzing the dominant frequencies, which appear as
peaks in the spectrum, are associated with multiple reflections of stress waves resulting from surface or
interface displacement within the structure.
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Figure 6. Schematic representing the operation of the impact—echo method, and the output of results
(adapted from ACI 2004).

Advantages:
e Portable and easy to use

e Not affected by the presence of steel reinforcing bars

Limitations:
e Need expertise and experience to optimize testing parameters, recognize valid recorded
wavefronts, and interpret the test results
e For small flaw detection, the results can be affected by
1. the type of flaw and its orientation
2. the depth of the flaw
3. the contact time of the impact
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Relevance to Service Life Prediction: This method can be used to identify the location of flaws
(honeycombing, voids), and to detect and determine a crack's depth and width, which can then be
incorporated into models for remaining service life.

Standardization: ASTM C 1383

Commercial Availability: Yes

References:
e (arino (2001)
ACI (2004)

[ ]
e Cho, Hong, and Lee (2009)
e Malhotra and Carino (2004)
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7.10 Spectral Analysis of Surface Waves

Summary: The spectral analysis of surface waves (SASW) method is used for the preliminary assessment
of material stiffness and condition, and layer thickness. This method measures changes in the elastic
properties of concrete slabs during curing, the detection of voids, and assessment of damage.

Physical Principle: The SASW method utilizes the dispersive characteristics of surface Rayleigh waves
(R-wave) to determine the variation of the shear wave velocity (stiffness) of layered systems with depth
(ACI 2004). The range of R-wave obtained by receivers contains a range of components of different
wavelengths depending on the contact time of the impacts. The impacts may come from surface opening
cracks, honeycomb zones, and other flaws (acting like an effective "layer"). The theoretical shear wave
velocity profiles of these low velocity materials with a depth are estimated from the experimental
dispersion curves (surface wave velocity versus wavelength) obtained from SASW measurements
through an inversion process. If the calculated and experimental curves match, the problem is solved and
the assumed stiffness profile is correct. If there are significant discrepancies, the assumed layered system
is changed or refined and a new theoretical curve is calculated. This process continues until there is good
agreement between the theoretical and experimental curves.

Advantages:
e Portable equipment, compact, lightweight, and easy to use

e Real-time waveform display while testing

Limitations:
e The complexity of the signal processing. There is also the possibility for non-unique solutions to
dispersion curves (several sets of parameters can yield the same dispersion curve)
e Requires an accessible surface for receiver attachments
e The extent of the accessible surface limits the investigation depth

Relevance to Service Life Prediction: Measures relative concrete quality, estimates surface-opening
crack depths, fire damage and freeze-thaw damage depths. It can be used for condition assessment of
concrete liners in tunnels, slabs, and other structural concrete members.

Standardization: Not specifically developed for use in reinforced concrete.
ASTM D6758-02: Standard test method for measuring stiffness and apparent modulus of soil and soil
aggregate in-place by an electro-mechanical method.

Commercial Availability: Yes- the simple version.

Reference:
o ACI(2004)
e Cho, Hong, and Lee (2009)
o [AEA (2005)
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7.11 Nonlinear Ultrasonic Analysis

Summary: Nonlinear ultrasonic techniques (UT) analyze the effect of non-linearities on
acoustic/ultrasonic signals propagating through defect/damage of the materials. Nonlinear UTs offer
unique advantages in their ability to detect small scale and incipient damage due to highly selective
sensitivity to damage with nonlinear properties. They have been shown to be sensitive to nonlinear
dynamic behavior produced by contact interfaces and inhomogeneities associated with structural damage
such as micro-cracks/micro-damages or degradation, delaminations, etc. in materials.

Physical Principle: Conventional or linear UT is based on linear theory, which assumes that the presence
of defects changes the phase and/or amplitude of output signals, but the frequency of the output signal
remains the same as the input signal. Conventional UT measures some particular parameters of the
propagating signal to determine the elastic properties of a material or detect defects. Conventional UT is
sensitive to gross defects and open cracks, but less sensitive to evenly spaced microcracks or degradation.
These types of defects change the frequency of the output signal from that of the input signal due to some
kind of nonlinear mechanical behavior before significant plastic deformation or materials’ damages occur
(Jhang 2009, Payan et al. 2010, Zaitsev et al. 2006).

There are many different approaches using nonlinear ultrasonic properties. By generating and analyzing
different frequencies, the nonlinear UT phenomena induced in solid materials can be categorized into
four types (Jhang 2009): high harmonic generation; sub- harmonic generation, shift of resonance
frequency, and mixed frequency response. The mixed frequency response is also called nonlinear wave
modulation spectroscopy. Two methods exist for employing the nonlinear wave modulation
spectroscopy or frequency modulation method (Haroon and Adams 2008): impact-modulation (IM) with
an impulsive excitation of the natural frequencies and vibro-modulation (VM) with forced harmonic
vibration. These methods are very close to the conventional linear pulse-echo technique supplemented
with an additional, lower-frequency pump source in order to produce the crack/damage modulation.
These modulation methods provide two major advantages: (1) Separation of the nonlinear signals caused
by defects from the probe signals scattered from boundaries and other geometric features, which makes
these methods highly sensitive to damage and relatively insensitive to geometry. (2) Utilization of
relatively low ultrasonic frequencies with lower dissipation, which allows the inspection of larger
structures with fewer numbers of transducers. There are other similar non-linear spectroscopic methods.
These methods can again be split into two groups (Matysik et al. 2010a): (a) measurements using a single
harmonic ultrasonic signal (a single frequency f7), (b) measurements using multiple harmonic ultrasonic
signals (usually, two frequencies f1, 12).

All non-linear UT techniques are still in the research development stages. The experimental design and
signal processing tools for analyzing frequency, harmonic frequency, resonant frequency, and frequency
modulation are extremely complex.

Advantages:
e High sensitivity to detect small scale and incipient damage

e (Can be used for in situ monitoring of damage/degradation processes
e Can detect closed cracks

Limitations:

e Complicated experimental setup, difficult data analyses
e The complexity of the signal processing
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e (Compared to conventional, single-element ultrasonic inspection systems, nonlinear UT
instruments and probes are more complex and expensive

e Need extensive knowledge to plan the test and interpret results

e Nonlinear UT technicians require more experience and training than conventional technicians

Relevance to Service Life Prediction: It may be used for measuring nonlinear dynamic behavior
produced by contact interfaces and inhomogeneities associated with structural damage (e.g., micro-
crack/micro-damages, degradation, delaminations) in materials. It may also be used for monitoring
degradation processes that can produce changes in mechanical properties and relate these relative
changes to those predicted by a service life model.

Standardization: No

Commercial availability: No. Still in the research stage.

References:

Jhang (2009)

Payan et al. (2010)
Zaitsev et al. (2006)
Haroon and Adams (2008)
Matysik et al. (2010a)
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7.12 Acoustic Emission

Summary: Acoustic Emission (AE) is used for detecting and locating faults in pressure vessels, or
leakage in storage tanks or pipe systems, monitoring welding application and corrosion processes. This
method can also measure acoustic sound waves emitting from the growth of microcracking/cracking in
concrete, so it can be used for corrosion monitoring.

Physical Principle: Acoustic Emission is a phenomenon that occurs when an elastic wave is generated by
a rapid release of energy accumulated in the stressed material. The sensor is a transducer that converts a
mechanical wave into a signal (see Figure 7). By analyzing the signal (Figure 7), the information on the
location of a possible source can be determined and recorded. The quantitative AE method uses
triangulation to identify the exact coordinates of the AE events accurately. It will need two sensors for
linear, three for planar, and four for volumetric-based location determination of the source. The wave
propagation velocity and exact position of the sensor is also required (Malhotra and Carino (2004).
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Figure 7. Schematic illustrating the principle of the AE process, and the characteristics of typical burst
signals recorded from the sensor (adapted from Aktan and Krueger, 2007).

Advantages:
e [t monitors the response of an existing structure to applied load

e [t is capable of detecting the onset of the failure and locating the sources of possible failures

e Since acoustical signals come from defects throughout the structure, a few transducers are
sufficient to detect and locate defects over a larger area

e Off-the-shelf sensors and instruments for collecting emission data are readily available

Limitations:
e The equipment costs are high- complex electronic equipment
e Need extensive knowledge to plan the test and interpret results
e The method is not yet fully developed — laboratory
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e Most R&D efforts focus on developing valid methodologies that relate AE signals to structural
health

Relevance to Service Life Prediction: This method can be used for continuous monitoring of a structure
throughout its service life to detect impending failure and monitor performance of the structure during
proof testing. This method has also been used in recent years to study the initiation and growth of cracks
in concrete under stress so it can be used for corrosion monitoring. The method can be used for
comparative durability assessment of concrete culverts reinforced with steel and glass fiber reinforced
polymer.

Standardization:
ASTME 1316

Commercial Availability: No; still in the development stage

Reference:
e ACI(2004)
e Peietal. (2010).
e Malhotra and Carino (2004), Chapter 16

32



7.13 Ultrasonic Phased Arrays / Ultrasonic Phase Spectroscopy

Summary: Phased Array (PA) ultrasonics is an advanced method of ultrasonic testing. It has been used in
medical imaging and industrial nondestructive testing. Recent PA applications include weld inspection,
bond testing, thickness profiling, and in-service crack detection.

Physical Principle: Phased array ultrasonics systems consist a transducer assembly with multiple
elements arranging in a strip (linear array), a ring (annular array), a circular matrix (circular array), or a
more complex shape, that can be pulsed separately. Using the wave physics principle of phasing, by
varying the time between a series of outgoing ultrasonic pulses (individual or by group), the ultrasonic
beam can be controlled and focused through various angles, focal distances, and focal spot sizes in such a
way that a single probe assembly is capable of examining the test material across a range of different
perspectives (Olympus-NDT 2010). Using software control, specific beam shapes can be generated to
account for probe and wedge characteristics, as well as the geometry and acoustical properties of the test
material. Transducer frequencies are most commonly in the range from 2 MHz to 10 MHz.

Advantages:
e Multiple probe elements produce a steerable, tightly focused, high-resolution beam

e Produces an image that shows a slice through the object

e (an be used for mapping components at appropriate angles, and simplify the inspection of
components with complex geometries

e With multiple angles from a single probe, the probability of detection of anomalies is greatly
increased

e The ability to focus at multiple depths also improves the ability for sizing critical defects for
volumetric inspections

Limitations:
e Compared to conventional, single-element ultrasonic inspection systems, PA instruments and
probes are more complex and expensive
e Need extensive knowledge to plan the test and interpret results
e PA technicians require more experience and training than conventional technicians

Relevance to Service Life Prediction: In principle, this method can be used to characterize and map the
crack shape inside the concrete wall. Multiple angles from a single probe greatly increase the probability
of detection of anomalies. The ability to focus at multiple depths also improves the ability for sizing
critical defects for volumetric inspections. Identified changes occurring in the structure can then be
compared to whether service life prediction models are predicting changes.

Standardization:

e European Committee for Standardization (CEN)

o prEN 16018, Non destructive testing - Terminology - Terms used in ultrasonic testing with
phased arrays

e [SO/WD 13588 - prEN 13588, Non-destructive testing of welds — Ultrasonic testing — Use of
(semi-) automated phased array technology

e ASME Section V, Article 4, 2010 ed. Ultrasonic Testing of Welds
ASME Section I, Boilers
ASME Section VIII, Pressure Vessels
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ASME B31.1, Power Piping
ASME B31.3, Petrochemical Piping

Commercial Availability: Yes, but mostly for pipe and steel applications. Applications for reinforced
concrete are still in the research stage.

References:
1. Olympus-NDT (2010)
2. Paris et al. (2003)
3. Shao (2011).
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7.14 Non-Contact Ultrasound

Summary: The Non-Contact Ultrasound (NCU) method is based on UT NDT without a contact coupling
agent. This technique has been applied to ceramics, metals, polymers, and particulate and fibrous
composites for the measurement of thickness, density, velocity, defects, microstructure, mechanical
properties, and imaging. Recent research efforts include cements, aggregate, reinforced concrete, and
asphalts.

Physical Principle: Most UT methods use acoustic coupling medium, e.g. gel or jets of water to ensure
direct bonds between transducers to the test object for transmitting the UT energy effectively. In NCU
methods, special transducers and systems are designed to overcome the acoustic impedance mis-match
between the coupling air and the test samples. For example, an electromagnetic acoustic transducer
(Thompson 1990), is a type of non-contact ultrasound that generates an ultrasonic pulse which reflects
off the sample and induces an electric current in the receiver. The result (electric current) is then
analyzed and interpreted with the help of clues about the internal structure of the sample such as cracks
or faults.

Research is ongoing to improve traditional transducers by applying different plastics, elastomers, and
other materials. The sensitivity of these devices continues to improve; a newly developed piezoelectric
transducer can produce frequencies in the MHz range that can easily propagate through even high
acoustic impedance materials such as steel, dense ceramics, and concrete (Purnell et al. 2004).

Advantages:
e Non-contact measurements

e No couplant is needed: there are no contaminations from couplants or water, thus the reliability of
the scanning process is enhanced

e Surface preparation is not required

e Facilitates testing of materials or components that are continuously rolled on a production line, in
extremely hot environments, coated, oxidized, or otherwise difficult to physically contact: e.g.,
ceramics, metals, polymers, and particulate and fibrous composites

Limitations:
e Need routine calibration
e The transmitted ultrasonic energy is relatively low

Relevance to Service Life Prediction: This method can be used to detect defects, cracks, and
delaminations, which can then be incorporated into models for remaining service life.

Standardization: None

Commercial Availability: Yes, but most of the applications are for ceramics, metals, polymers, and
particulate and fibrous composites

References:
e Thompson (1990)
e Purnell, Gan, Hutchins, and Berriman (2004)
e Berriman, Gan, Hutchins, and Purnell (2003)
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8 ELECTROMAGNETIC METHODS
8.1 Time-Domain Reflectometry

Summary: This technique detects the discontinuities in metallic cable, connector, and other electric
paths. TDR can also been used to determine moisture content in soil and porous media.

Physical Principle: Similar to radar, a TDR transmits a short rise time pulse along the conductor. No
reflected signals returns if the conductor has uniform impedance and is properly terminated. Any
impedance discontinuities, such as from cracks that intersect the conductor or variation in impedance in
the pathway, will cause some of the incident signal to be sent back towards the source. The resulting
reflected pulse can be recorded as a function of time and analyzed with respect to the original signal. The
impedance characteristics, defect and connector locations and associated losses and estimate cable
lengths can be determined.

Recent research efforts include: (1) measurement of the water content, cement content, water/cement
ratio, and compressive strength; (2) the TDR combined with a coaxial-cable crack sensor embedded in a
full-scale reinforced concrete for dynamic structure analysis by detecting the location of cracks

(Bishop et al. 2011).

Advantages:
e (Can be performed relatively quickly

Limitations:
e Still in research stage for concrete structures
e Complex data analysis
e No established standardized practice and test methods

Relevance to Service Life Prediction: Can be potentially used for measuring water content, cement
content, water/cement ratio, and compressive strength; and for dynamic structure analysis. This would
be very useful in applications where moisture content or changes in moisture content are important, such
as concrete located below the water table.

Standardization: Not specially written for reinforced concrete structure application.
ASTM D6565 - 00(2005) Standard Test Method for Determination of Water (Moisture) Content of Soil
by the Time Domain Reflectometry (TDR) Method.

Commercial availability: Yes, however, it is not specifically designed for use in reinforced concrete
structures.

Reference:
e Bishop, Pommerenke, and Chen (2011)
e Mollo and Greco (2011)
¢ Yu, Drnevich, and Olek (2004)
e Drnevich (2012)
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8.2 Infrared Thermography
Summary: Infrared Thermography — non-contact temperature measurement, “heat radiation”.
Physical Principle: Thermal or infrared energy is part of the EM spectrum and is perceived as heat, using

an infrared imaging equipment (e.g. camera), the thermal energy or hear radiation can be measured and
analyzed.

Mid-wave infrared (3,000 nm to 6,000 nm) can be used for non-destructive testing; long-wave (6,000 nm
to 15,000 nm) can be used for roof inspection and building envelop inspection.

Advantages:
e Portable and permanent record can be made

e Testing can be done without direct access to surface and larger areas can be scanned rapidly using
infrared cameras
e [t provides area testing instead of point or line testing

Limitations:

e [t’s an expensive technique
Reference standards are needed
Requires a highly skilled and experienced operator
A heat source to produce thermal gradient in the test specimen might be required
Need understanding of thermal behavior and patterns to accurately interpret the results.
Very sensitive to thermal interference from other sources and the factors affecting IR
thermography, such as:

o Heat transfer phenomenon- conduction, convection, reflection or emission
Materials properties- emissivity, heat capacity, and thermal conductivity
Void size, shape, orientation, thickness and depth
Moisture
Heat source (active or passive), intensity and duration
Observation time (function of material properties of the object and depth of the
assessment)
o Environmental conditions

0O O O O O

Relevance to Service Life Prediction: Observation and evaluation of surface temperature variations as a
function of time to identify the non-uniformity of the concrete interior. It can be used for detecting
delaminations, heat loss and moisture movement through concrete elements, especially flat surfaces.

It can also be used for moisture detection.

Standardization:
ASTM D4788-88 Standard test method for detecting delamination in bridge decks using Infrared
Thermography

Commercial Availability: Yes.

Reference:
e ACI(2004)
IAEA (2005)
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8.3 Gamma Ray/X-ray Radiographic Testing

Summary: Gamma radiography (or X-ray radiography) uses the penetrating high-energy electromagnetic
radiation (gamma or X-ray) to examine parts and products for imperfections. This method can be used
for locating reinforcing and prestressing steel, conduits, pipes, voids, and honeycombing in the concrete
structure.

Physical Principle: Degree of the attenuation of the Gamma radiation (X-ray) depends on the density and
thickness of the constituent parts of the material. The attenuated radiation intensity, or 2-dimensional
images can be recorded and analyzed.

Advantages:
Applicable to a variety of materials

Produce permanent images that are retrievable for future reference

It can be used for field measurement

It is capable of detecting surface, subsurface, and internal discontinuities
Many versions of the equipment are portable

Limitations:
e Need two sides accessibility (film side and source side). It is difficult to place photographic film
in the suitable position, especially in nuclear power plant (NPP) applications
Problem for health and safety — long exposure time
Require highly trained personnel in the subject of radiography as well as radiation safety
The equipment and other accessories related to radiation safety are expensive
Incapable of detecting laminar discontinuities
Results are not instantaneous- need film processing, interpretation and evaluation

Relevance to Service Life Prediction: Mainly used for examining steel members. It can also be used to
detect voids in the concrete and the position of prestressing ducts; locating internal cracks, voids, and
variations in density of materials, grouting of post tensioned construction as well as locating the position
and condition of reinforcing steel in concrete.

Standardization: For the operation of technique, but not for application in reinforced concrete structures

ASTM E1742 / E1742M - 11 Standard Practice for Radiographic Examination.

Commercial Availability: Yes.

Reference:
e ACI (2004)
e JAEA (2002)
e IAEA (2005)
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8.4 Ground-Penetrating Radar (GPR)

Summary: The ground-penetrating radar (GPR) method measures the dielectric constant variation in
materials. GPR can be used for locating buried structures and utility lines, and studying soils and bedrock
in the geotechnical, environmental and engineering fields.

Physical Principle: Analogous to ultrasonic echo methods using stress waves, GPR uses electromagnetic
(EM) waves in the microwave band, GPR antennas detect and record the reflected signals from
subsurface structures (e.g., voids, cracks) having different dielectric constants from the surrounding
media, or reflected from the interface/boundary between layered systems having different dielectric
constants. GPR antennas are generally in contact with the ground for the strongest signal strength;
however, GPR air launched antennas can be used above the ground. The range of frequencies and related
applications are described as following:

In the ground-coupled antennas mode:
e (900 to1600) MHz (penetration depth 0.5 m to 1 m) — concrete evaluation;
e (400 to 900) MHz (penetration depth 1 m to 4 m) for void detection

In the air-launched antennas mode:

e 2.2 GHz (up to 0.75 m depending on medium) for pavement thickness and road condition
assessment, 1 GHz (penetration depth 1 m) for highway and bridge deck evaluations.

Advantages:
e [t can be used to survey large areas rapidly for locating reinforcement, voids, and cracks

e Less expensive and faster than radiography without the ionizing radiation source concerns

Limitations:

e User must have good knowledge of wave propagation behavior in materials in order to
meaningfully collect and interpret results

e Results must be correlated to test results on samples obtained- understanding the relationship
between radar signatures and various types of defects in the structure and how these signatures
are affected by the condition of the structure (e.g. moisture)

e With increasing depth, low level signals from small targets are harder to detect due to signal
attenuation

e [t is expensive to use and uneconomical for surveying small areas

e Data are complex: commercial and experimental algorithms require validation

Relevance to Service Life Prediction: In principle, this method can be used to detect a number of SLP
parameters: the location, depth and size of reinforcement, grouted ducts; the depth of the concrete cover;
the location of voids; the location of cracks; the in-situ density, and the moisture content variations in
reinforced concrete structures. This information would be useful in establishing dimensional and
material parameters for a service life prediction model.

Standardization:
ASTM D4748 - 10 Standard Test Method for Determining the Thickness of Bound Pavement Layers
Using Short-Pulse Radar

Commercial Availability: Yes.
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Reference:
o [AEA (2005)
e http://en.wikipedia.org/wiki/Ground-penetrating_radar
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8.5 Eddy Current / Pulse Induction

Summary: The eddy current (ET) testing method can be used for detecting cracks in structural
components having a flat surface, and the presence of surface and subsurface discontinuities.

Physical Principle: Eddy current testing methods are based on applying an AC current around a specimen
by using a coil. Inducted current (ET) is generated close to the surface of the specimen. Alternating ET in
turn will produce a secondary magnetic field (H;), which is always in opposite direction with the primary
magnetic field (Hp). When there is a discontinuity that obstructs the ET path, it will alter the values of H,
and consequently affects the resultant magnetic field (H, — H). Parameters that affect H, include
conductivity, permeability, heat treatment, and the presence of surface and subsurface discontinuities.

Advantages:
e The results can be obtained instantaneously

The inspection systems can be easily automated

It is a non-contact method

It is portable and suitable for field application

Some equipment are made dedicated for specific measurement (e.g. conductivity, crack depth,
etc.)

Limitations:
e Applicable only to conducting materials
e [fitis to be used for ferromagnetic materials, the item must be magnetically saturated to
minimize effects from permeability
e Requires a highly skilled and experienced operator
e Applicable only for the detection of surface and subsurface discontinuities

Relevance to Service Life Prediction: This method would be limited to applications where there is
access to the metallic cladding on a concrete.

Standardization:
e ASTM E1629 - 07 Standard Practice for Determining the Impedance of Absolute Eddy Current
Probes

e ASTM E1004 - 09 Standard Test Method for Determining Electrical Conductivity Using the
Electromagnetic (Eddy Current) Method

Commercial Availability: Yes

References:
e IAEA (2005)
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8.6 Laser Shearography
Summary: This method may be used to detect strain fields, defects, and delaminations.

Physical Principle: Laser shearography is an interferometric technique. The basic method of laser
shearography is to record images, on a CCD camera, of an object illuminated with a laser in an
unstressed state and in a stressed state. These images are digitized and the two images are subtracted to
obtain a displacement gradient. It has been a tool for qualitative, non-destructive inspection; although
there has been some effort to obtain quantitative results (Charrett et al., 2011, Lopes et al., 2010, Groves
et al. 2007). Currently, this technology is more commonly used in the aerospace and automotive sectors
and for composite and polymeric materials. Some potential applications relevant to nuclear structures are
given in Groves et al. (2006, 2003) where shearography was used to measure the strain distribution
around cracks and to characterize the surface strain around a welded joint in a pipe.

Advantages:
e Non-contact

e Rapid defect detection

Limitations:
e Requires experienced personnel to interpret the results. Application of stress to thick or
extremely stiff structures may limit the use of this technology

Relevance to Service Life Prediction: Surface strain is often an indication of internal stress, and could be
used as a monitoring strategy to indicate that further testing is needed. The existence of internal stress
could be compared to predictions from service life models.

Standardization: Not applicable for concrete structures.
ASTM E2581 -07, Standard Practice for Shearography on Polymer Matrix Composites, Sandwich Core
Materials and Filament Wound Pressure Vessels in Aerospace Applications

Commercial availability: Yes

References:
e Charrett, Francis, Tatam (2011)
Lopes, Ribeiro, Vaz, Gomes, (2010)
Groves, Chehura, Li, Staines, James, and Tatam (2007)
Groves, James, and Tatam (2003)
Groves, Furfari, Barnes, James, Fu, Irving, and Tatam, (2006)
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9 NUCLEAR METHODS
9.1 Neutron Radiography

Summary: Neutron radiography (NR) can be used for inspecting and imaging the hydrogenous materials
within the component of metals such as steel, brass, etc.

Physical Principle: Similar to the process used in X-ray radiography, neutron radiography images
organic materials inside a component, and the resulting image is based on the neutron attenuation
properties of the imaged object. Attenuation of X-rays is proportional to density, whereas neutron
absorption is not. Many commonly used metals allow most neutrons to pass through, so they have a
transparent appearance in neutron radiographic images (IAEA 2002). The experimental setup can be in
forward scattering or backscattering configurations. In many cases, x-ray and neutron radiography are
complementary NDT inspection processes, offering a complete picture not only of the integrity of the
component, but also of the organics within that component.

Advantages:
e (an be used to determine hydrogen content quantitatively in various materials

e The method can provide visualization of water in a concrete specimen, and the time-dependent
transport properties of the water

Limitations:
e Requires highly trained personnel in the subject of radiography as well as radiation safety
e The cost of the equipment and other accessories related to radiation safety are expensive
e Long exposure times could lead to health and safety issues

Relevance to Service Life Prediction: NR can be used for inspection of internal flaws such as cracks,
inclusions, voids, bubbles, foreign materials, density variations and misalignments in reinforced concrete
structures. It can be used to study the earlier deteriorating mechanisms in the reinforced concrete
structures by following the water movement into cracks and into damaged interfaces between steel
reinforcement and concrete.

Standardization: Yes

ASTM C1040: Procedures for using nuclear methods to measure the in-place density of fresh or
hardened concrete- development of the calibration curve of the instrument (direct transmission nuclear
gage)

ASTM E748 - 02(2008) Standard Practices for Thermal Neutron Radiography of Materials

Commercial Availability: It is widely used in the aerospace industry for the testing of turbine blades in
airplane engines, components for space programs, high-reliability explosives, and to a lesser extent in
other industries to identify problems during product development cycles.

Primarily used in scientific research and investigation in the reinforced concrete structure application.

References:
e IAEA (2002)
e Wittmann (2010)
e Hignett and Evett (2000)
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9.2 Neutron Moisture Gauge

Summary: A neutron moisture gauge is a moisture meter utilizing neutron scattering. This method can be
used to measure moisture content of concrete, soil, and bituminous materials and to map moisture
migration patterns in masonry walls.

Physical Principle: This gauge measures the level of backscatter intensity of neutrons due to the number
of hydrogen molecules in the water to determine moisture content in the structures such as concrete. The
greater the backscatter, the more moisture there is in the concrete.

Advantages:
e The instrument is portable

e Moisture measurement can be made rapidly

Limitations:
¢ A minimum thickness of the surface layer is required for backscatter to be measured (50 mm)
e [t emits radiation
e The results are inaccurate because hydrogen molecules of building materials are measured in
addition to the water
e (alibrations are needed in order to calculate density and moisture content
e Operated by trained and licensed personnel

Relevance to Service Life Prediction: Changes in the moisture content of concrete may be important for
concrete located below the water table.

Standardization: Yes
ASTM C1040: Procedures for using nuclear methods to measure the in-place density of fresh or
hardened concrete- development of the calibration curve of the instrument (direct transmission nuclear

gage)

Commercial Availability: Its application in concrete is limited- very recent —still in the exploratory
stage.

References:

e Hignett and Evett (2000)

44



10 CHEMICAL / ELECTRICAL METHODS

10.1 pH

Summary: The pH of a solution depends upon the concentration of H' species in a solution. The
chemical activity of this species (expressed as ay+) is related to the concentration, and the pH is
determined from the following mathematical expression:

pH = —logioay+

Physical Principle: A pH probe measures the electrochemical potential between a sample solution and an
internal solution (typically KCI). The internal solution is separated from the sample solution by a thin
porous glass membrane that is coated (inside and out) with a very thin gel. The gel exchanges Na" for
the H', and the Na" are transported through the glass membrane. An additional reference electrode,
having a separate buffer solution and exchanging solution (via a porous glass membrane), complete the
circuit. A high impedance multimeter is used to determine the voltage between the two electrodes within
the pH probe, and the device is calibrated using standard solutions of known pH.

- 4— Outer Electrode

Outer Reference Solution

|— Porous Plug

Inner Electrode

Inner Reference Solution

Sensing Bulb

Figure 8. Schematic of pH probe.

Advantages: A pH measurement is relatively easy to perform, and requires common instrumentation
(high-impedance multimeter).
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Limitations:
e The probe must be kept wet
The electrical response becomes nonlinear at very high and very low pH
High concentrations of sodium can confound the results
The measured voltage depends on temperature
Carbonates may damage the glass membrane
Must be periodically recalibrated
Relatively short service life

Relevance to Service Life Prediction: The chemical state of the pore solution in a hydrated cement paste
depends strongly on the pH. Service life prediction models that include the effects of hydration and
chemical reaction can predict pH, and the predicted value can be compared to the measurement.

Standardization:
e ASTM E70 - 07 Standard Test Method for pH of Aqueous Solutions With the Glass Electrode
e ASTM D1293 - 12 Standard Test Methods for pH of Water

Commercial Availability: Yes

References:
e www.astisensor.com/minimizing_user errors ph.pdf
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10.2 Carbonation Depth

Summary: The cement paste fraction of concrete is normally in equilibrium with a high pH (> 12)
aqueous solution. The effect of carbonation is to dramatically reduce the equilibrium pH. Therefore, a
color pH indicator can be used to detect the extent of carbonation by applying it directly to the surface of
the concrete and observing the color change.

Physical Principle: A specimen is extracted (typically a core) from the structure, and a (dilute)
phenolphthalein solution is applied along the side of the core. The surface previously exposed to air will
have carbonated (to some degree). These outer areas will have a reduced pH, and the unaffected concrete
will have a high pH (> 12). As a result, the phenolphthalein solution will not change color in the
presence of carbonation. The depth of the boundary between these two regions is the carbonation depth.
The ratio of the core diameter to the maximum aggregate size will dictate how many measurements are
required on a core, and how many cores must be taken, before one can obtain a representative sample.

Figure 9. Image (20 mm field width) of phenolphthalein indicator applied to a concrete sample cross
section. The upper surface was exposed to the atmosphere. The boundary between the unaffected and
the stained (pink) region is the depth of carbonation. From Walker et al. (2006).

Advantages:
e The test is easy to perform and relatively inexpensive

e The only equipment required is the phenolthalein solution and a ruler

Limitations:
e The test requires sample extraction
e The sample must be discarded and the extraction site may require a patching compound

Relevance to Service Life Prediction: A service life model that incorporates the effects of hydration and
chemical reaction could also incorporate the effects of carbonation. Measurements of carbonation depth
could be compared to predictions.

Standardization: No references found.

Commercial Availability: Phenolphthalein solution is readily available from laboratory chemical supply
companies. Field test kits are also readily available from commercial suppliers.
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References:

IAEA (2002)
Naus (2009)
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10.3 Chloride Analysis

Summary: Reinforced concrete exposed to chlorides is susceptible to corrosion of the reinforcement.
Determining the chloride concentration as a function of depth provides useful feedback in estimating the
remaining time before the steel becomes de-passivated, and corrosion is initiated.

Physical Principle: A chemical analysis is made on samples taken at varying depths within the concrete.
A core is taken from the concrete and is ground down in layers, producing individual samples at each
depth. Each sample is then analyzed for either the water-soluble or the total (acid soluble) chloride
content. The testing for chlorides in solution is done with commercial apparatus, which is typically an
automated titration device.

Advantages: The test method has been standardized, so it is relatively easy to perform in a repeatable
manner.

Limitations:
e Only the chlorides in solution affect the de-passivation of the steel
e The water-soluble test is not as repeatable as the acid-soluble test

Relevance to Service Life Prediction: Performance prediction models that incorporate diffusion can
predict the chloride profile and the onset of corrosion. A chloride analysis would provide useful
validation data as part of a monitoring strategy.

Standardization:
e ASTM C1218 - Standard Test Method for Water-Soluble Chloride in Mortar and Concrete
e ASTM C 1152 - Standard Test Method for Acid-Soluble Chloride in Mortar and Concrete

Commercial Availability: Yes.

References:
e Naus (2009)
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10.4 Staining (Alkali-Silica Reaction)

Summary: A chemical can be applied to the surface of a concrete to detect the presence of alkali-silica
reaction (ASR).

Physical Principle: Alkali-silica reaction occurs when amorphous or micro-crystalline silica in the
aggregate reacts with the hydroxyl (OH") species to form an alkali-silica gel that imbibes a relatively
large amount of water. The uptake of water increases the volume of the gel considerably, so the gel
expands into the surrounding cement paste. Depending on the porosity of the cement paste and the rate of
the gel expansion, the gel can generate expansive forces that are great enough to create an observable
expansion of the entire structure, and will likely result in cracking that can be observed at the surface.

Two staining tests have been designed to detect the alkalis in the gel. One of the first tests was the uranyl
acetate test to detect the sodium under ultra-violet light (Natesaiyer and Hover 1998). A subsequent test
has been developed using sodium cobaltinitrite to detect potassium (Guthrie and Carey 1997, Guthrie and
Carey 1998).

Advantages: A staining test is a straightforward test, but accurate interpretation may require experience.

Limitations:
e The spot tests merely indicate the presence of the alkali, not necessarily ASR
e The uranyl acetate test involves the use of UV light, and proper disposal of waste materials
e The tests do not provide quantitative information, only an indication of the presence of ASR

Relevance to Service Life Prediction: These tests do not provide quantitative data, so they are not
directly applicable to service life modeling.

Standardization:
AASHTO T 299 - Standard Method of Test For Rapid Identification of Alkali-Silica Reaction Products
in Concrete

e ASTM C856 (AASHTO T299) (Petrography) - Annex: uranyl-acetate treatment

Commercial Availability: Commercial products are available.

References:

e Naus (2009)
Guthrie and Carey (1997)
Guthrie and Carey (1998)
Stark (1990)
Natesaiyer and Hover (1988)
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10.5 Maturity / Thermometry

Summary: The compressive strength of a concrete is correlated to the cumulative temperature history
produced by the heat output from the hydration reaction.

Physical Principle: The hydration reactions that occur in the paste fraction of a concrete are exothermic,
resulting in a measurable temperature increase in the concrete at early days. The relative amount of heat
released (compared with the total possible heat released) is proportional to the relative compressive
strength (compared to the ultimate compressive strength). A thermometer records the change in
temperature, an algorithm “integrates” the heat output, and correlates the heat output to a pre-existing
relationship to the concrete compressive strength. Corrections can be made for temperature changes in
the field. The “integration” can be performed via thermometry, or with probes filled with a chemical that
changes color.

Advantages: This is an established technology for predicting concrete compressive strength under
varying temperature conditions.

Limitations:
e The method is most effective at early (typically less than 14 days) ages
e Changes in moisture content can affect the recorded temperature, thus complicating the
interpretation

Relevance to Service Life Prediction: Due to the limited time over which the method is applicable, it is
only applicable to early-age performance models.

Standardization:
e ASTM C1074 - 11 Standard Practice for Estimating Concrete Strength by the Maturity Method

Commercial Availability: Yes

References:
e FHWA (1997)
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10.6 Corrosion Half-Cell Potential

Summary: The half-cell potential test determines the degree to which the steel reinforcement is in a
chemical state conducive for corrosion.

Physical Principle: The test measures the electrical potential (voltage) between the steel reinforcement
and a standard copper-copper sulfate reference electrode (half-cell). The half-cell consists of a copper
rod in a saturated copper sulfate solution. The copper rod is electrically coupled to the steel
reinforcement by copper wire, and the copper sulfate solution is chemically coupled to the concrete via a
porous membrane (wood or plastic) and a wetting solution (typically a dilute household detergent) that is
applied to the concrete surface. The concrete between the half-cell and the steel reinforcement complete
the electrical circuit. To determine the potential drop between the steel reinforcement and the concrete
(at zero current), the voltmeter should have a very high input impedance (> 10 MQ). The potential will
determine the likelihood of a corrosion reaction occurring at the steel reinforcement. An electrical
potential below -350 mV indicates a nearly 95 % chance of corrosion, and a potential below -500 mV
suggests that corrosion products should be visible.

By measuring the half-cell potential at a number of points, one can develop a half-cell potential contour
map of the concrete cover. From this, one can estimate the fraction of steel reinforcement that is likely
corroding.

Advantages: The apparatus is portable and requires relatively little training to operate, although the
operator must follow standardized procedures to obtain meaningful results. The test measures a physical
quantity that can be estimated by a service life model that includes corrosion reactions.

Limitations: The test method does not directly indicate corrosion, nor does it provide information on the
rate of corrosion. It also requires access to reinforcing bars to make electrical contact. The interpretation
of the results will require an experienced operator. Moreover, congested steel reinforcement can make
interpretation of the results difficult.

Also, the accuracy of the results depends upon correcting for concrete temperature and the
moisture state of the concrete.

Relevance to Service Life Prediction: Current service life models include the ability to determine the
electrochemical state of the pore solution. As service life models continue to become more sophisticated,
they will include details of corrosion reactions and the relevant reduction-oxidation state of the system.
In principle, the results of a half-cell analysis may be predicted by a service life model, provided
sufficient information about the state of the concrete is known: temperature profile, chemical profile,
saturation profile, etc.

Standardization: ASTM C876 Standard Test Method for Corrosion Potentials of Uncoated Reinforcing
Steel in Concrete

Commercial Availability: There are a number of suppliers of apparatus meeting the ASTM C876
specification

References:
e IAEA (2002)
e IAEA (2005)
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10.7 Corrosion Current

Summary: Linear polarization resistance (LPR) and impedance spectroscopy are used to determine the
corrosion current, which through Faraday’s law, is an indication of the amount of corrosion reaction that
has occurred. The cumulative corrosion current is used to estimate the loss in steel reinforcement.

Physical Principle: As corrosion begins on a steel surface, current begins to flow between anodic and
cathodic sites on the surface of the steel. Although this current cannot be measured directly, if an
external voltage is applied to the steel, the rate that current flows into the steel (from the surrounding
medium) is influenced by corrosive activity on the steel. Impedance spectroscopy is used to apply a
time-dependent electrical potential £(¢) difference (typically less than 20 mV) between the concrete and
the steel, and the resulting time-dependent current flux i(¢) (having units of coul/s/cm?) is recorded. The
polarization resistance R,, is defined as follows:

0E

adi i=0;dE/dt—0

Ry

Thus, the polarization resistance has units of ohm-cm?; the geometry of the corroding metal must be
known. The corrosion current i, is related to the polarization resistance via the Stern-Geary

coefficient B (having units of volt):

] 106 B
i = J—
corr Rp

The corrosion rate, often reported in units of length-per-time (velocity), is calculated from the corrosion
rate, the gram-atomic mass of the corrosion product, and the density of the corroding metal. In concrete
structures, one would monitor the corrosion current in the steel reinforcement. This requires electrical
contact to the steel reinforcement, which might not be available.

Advantages: The test is a direct measure of the rate at which corrosion is occurring.

Limitations: The measured value can depend on a number of factors:
e Temperature
e Conductivity of the concrete: relative humidity, moisture content

Relevance to Service Life Prediction: Current service life prediction models are typically limited to
predicting the onset of corrosion. In principle, service life models could be extended to predict the
ensuing rate of corrosion, and then validated with standardized corrosion current measurements.

Standardization:
ASTM G359 - 97(2009) Standard Test Method for Conducting Potentiodynamic Polarization Resistance
Measurements

Commercial Availability: Yes

References:
e IAEA (2002)
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10.8 Corrosion Sensors

Summary: Corrosion sensors use sacrificial steel probes and corrosion current measurements to estimate
the depth to which a critical concentration of chlorides have penetrated and corrosion has been initiated.

Physical Principle: Sacrificial steel probes are placed into a concrete (at the time of casting) and
instrumented such that the corrosion current can be determined at a later time. The sacrificial probes
may be configured like fingers on a hand, with each finger parallel to the exposed surface. If the sensor
is oriented such that each finger is a unique depth from the surface, when corrosion has initiated on a
particular “finger”, one knows the depth to which chlorides have penetrated in sufficient concentration to
initiate corrosion.

Advantages: These sensors are typically very robust steel sensors that can last a very long time in
concrete.

Limitations: The primary limitation is that the sensor has to be installed at the time of casting. It is not
practical for existing structures because the sensor would have to be grouted into the structure, and the
process of grouting would change the properties of the concrete locally.

Relevance to Service Life Prediction: This test would provide a useful validation tool for service life
models that can predict the depth to which a critical concentration of chlorides has progressed.

Standardization: Although the sensors are not standardized, the procedure for determining the corrosion
current has been standardized.

Commercial Availability: There are commercially available devices.

References:
e JAEA (2002)
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10.9 Electrical Conductivity

Summary: The pore solution in the hardened cement paste phase of concrete is electrically conductive.
Because the capillary and calcium silicate hydrate gel (C-S-H) pores are interconnected throughout the
paste, concrete will also conduct electricity. The amount of current that will flow for a given voltage is a
measure of the concrete conductivity. The conductivity is related to the rate that corrosion can occur, and
it is related to the state of the pore system (e.g., degree of saturation, the concentration of ionic species).
In the absence of environmental influences, the electrical conductivity is relatively constant after 28 d of
hydration. Upon changes in the environment (temperature, humidity, salt application, etc.) the
conductivity will change.

Physical Principle: An electrical circuit is set up where a portion of the concrete is used to complete the
circuit. This can be accomplished by using metal probes that are electrically coupled to the concrete with
a small amount of a conductive fluid. The quantity of current that flows will depend upon the
arrangement and spacing of the probes, the proximity of steel reinforcement, and the dimensions of the
concrete element. There will be a capacitive coupling between the metal probes and the concrete,
resulting in an unpredictable voltage drop when driven with a direct current. To eliminate this effect, an
alternating current is used having a frequency that negates the effects of this capacitive coupling, yielding
the true resistance of the concrete. A schematic of the Wenner (1916) 4-electrode test apparatus is shown
in Figure 10.

AC Source AC Ammeter
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Figure 10. Schematic of four-point Wenner probe for determining the conductivity of field concrete.

Equipotential Surface

Advantages: The electrical conductivity is a meaningful quantity that can be predicted by service life
prediction models. The test requires relatively little training to perform; experience is needed to ensure a
consistent electrical coupling to the concrete.
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Limitations: The interpretation of the results, along with assuring that sufficient additional information is
obtained, require familiarity with the concepts underlying the test. The measured results must be
corrected for the concrete temperature and the concrete saturation. When making absolute
measurements, one must account for the geometry of the element (smaller elements and cast cylinders
have larger correction factors) and the proximity of steel reinforcement. If only changes in conductivity
are important (e.g., periodic inspections), then one needs to only correct for the temperature and the
saturation state (and possibly the application of de-icing salts).

Relevance to Service Life Prediction: In principle, service life prediction models can predict the bulk
electrical conductivity of a concrete. Although not directly related to durability, it is a means of
quantifying the state of the system: temperature, saturation, concentration of ionic species in the pore
solution, porosity, etc. If the measured and predicted electrical conductivity agree, one can have greater
confidence in the service life model. Alternatively, electrical conductivity may be a good way of quickly
identifying changes in the system in response to a changing environment.

Standardization: AASHTO TP-95 Standard Method of Test for Surface Resistivity Indication of
Concrete's Ability to Resist Chloride Ion Penetration

Commercial Availability: There are commercially available devices for determining concrete
conductivity nondestructively.

References:
e JAEA (2002)
e IAEA (2005)
e Wenner (1916)

56



10.10 Capacitive/Resistive Humidity Sensors
Summary: The electrical properties of hydroscopic materials are correlated to ambient relative humidity.

Physical Principle: A capacitive humidity sensor measures the dielectric constant of a polymer (or other
material) as a function of relative humidity; the material is configured like a capacitor, and the capacitor
is used in a timing circuit. A capacitive humidity sensor has an accuracy of approximately 2 %, and can
operate effectively between 5 % RH and 95 % RH. A resistive humidity sensor measures the change in
resistivity of a polymer or salt as a function of relative humidity. Resistive sensors are less sensitive than
capacitive sensors.

Advantages: The sensors are simple, can be instrumented easily, and are inexpensive.

Limitations:
e Humidity measurement is one of the more difficult metrology challenges
e Sensors must be calibrated in air
e Sensors are subject to drift, and must be periodically recalibrated

Relevance to Service Life Prediction: Moisture transport due to varying exposure relative humidity can
be significant, compared with diffusion.

Standardization: ASTM F2170 - 11 Standard Test Method for Determining Relative Humidity in
Concrete Floor Slabs Using in situ Probes

Commercial Availability: Yes.

References:
e Kanare (2008)
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11 MASS TRANSPORT METHODS
11.1 Permeability

Summary: The permeability coefficient is proportional to the rate that a fluid (liquid or gas) passes
through a material, at a given pressure difference; the quantity, when combined with the fluid density and
viscosity, is sometimes referred to as the hydraulic conductivity. The coefficient is almost always
determined at a steady-state flow condition. This permeability of a material is important when the
concrete element is in contact with a hydraulic head or when the transport of gases into the concrete may
influence a degradation reaction (e.g., carbon dioxide diffusion leading to carbonation).

The permeability used in this context is not related to Rapid Chloride Permeability (ASTM C1202),
which is an indirect conductivity measurement. Also, it differs from sorptivity (the time-dependent
uptake of water), although sorptivity depends upon the permeability.

Physical Principle: A hydraulic or pneumatic pressure difference is applied to a porous material and the
steady-state flow is determined. The ratio of the two, along with information about the geometry of the
measurement, is used to determine the permeability coefficient. The measurement may be conducted
under saturated or partially saturated conditions.

The typical geometry of the measurement depends upon whether it is a laboratory or a field
measurement. In the laboratory, the flow is typically one-dimensional. In the field, access to the entire
element is either limited, or one-dimensional flow is not practical. Under these conditions, the apparatus
geometry is typically concentric annuli where a vacuum is applied to an outer annulus (to hold the device
against the concrete), and the flow is measured through an inner annulus.

Another approach is the Figg test. A 10 mm diameter, 40 mm deep hole is drilled, and a 20 mm
tall plug is placed into the hole, flush with the outer surface, resulting in a 20 mm tall void at the bottom
of the hole. A vacuum is applied to the void, and the pressure is monitored. The time required for the
vacuum to fall from -55 kPa to -50 kPa is the Figg number for gas permeability. Then the void is filled
with water, with the outlet going to a vertical graduated cylinder. Sufficient water is added to the void to
make the water in the cylinder read a distance of 100 mm above the concrete surface. The water inlet is
sealed, and the time required for the water in the cylinder to fall 50 mm is the Figg number for liquid
permeability.

Advantages: A permeability measurement can yield important information about the rate that water and
moisture can penetrate a concrete element. Recent instrumentation advances have simplified the process
of making measurements in the field.

Limitations: Access to large concrete elements, and other constraints, may prevent through-flow
measurements of bulk permeability (hydraulic conductivity). The surface measurement techniques are
more useful for characterizing the surface. Due to the geometry of these systems, the fluid flow is
generally limited to the outer surface of the concrete. This is appropriate for applications where the
performance of the outer surface is critical to the overall performance. For applications where bulk
permeability is critical to overall performance, one might infer that the surface permeability may be an
upper bound on the bulk permeability.
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The value one obtains from a permeability measurement depends upon the saturation of the concrete. In
principle, the sample should be saturated with the appropriate fluid phase during the experiment; liquid-
filled pores for liquid permeability, and gas-filled pores for gas permeability. In the field, the concrete
will (most likely) be partially saturated, so one must determine whether the concrete should be
conditioned prior to measurement, or whether the concrete should be tested in its typical saturation state,
realizing that the measurement itself could change the degree of saturation during the test.

Relevance to Service Life Prediction: In applications where fluid (liquid or gas) flow is critical to overall
performance, the corresponding permeability coefficient (either liquid or gas) is the most important
material property for service life prediction.

Standardization: There is no standardized NDT permeability test.

Commercial Availability: There are commercially available devices for determining concrete liquid and
gas permeability.

References:
° IAEA (2002)
. Naus (2009)
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11.2 Sorptivity

Summary: The sorptivity is a measure of the rate at which water will enter an unsaturated concrete,
much like a dry sponge will absorb water. Initial Surface Absorption Test (ISAT — BS1881) can be
performed in the laboratory or the field.

Physical Principle: The partially saturated pores in the hardened cement paste phase of a concrete will
draw in water.

Advantages: The test is straightforward, and requires relatively little instrumentation and equipment.

Limitations: The results can depend on a number of experimental factors:

. Moisture conditions of the sample (initial moisture content, and moisture history)
. Sample geometry
. The degree to which non-wetted surfaces are sealed

Relevance to Service Life Prediction: Water ingress is one of the fastest transport mechanisms in
concrete (it is far more rapid than diffusion). Moreover, in a freezing environment, sorptivity is a
primary factor in determining whether a concrete will become saturated with water prior to experiencing
freeze-thaw cycles.

Standardization:
. ASTM C1585 - 11 Standard Test Method for Measurement of Rate of Absorption of Water by
Hydraulic-Cement Concretes

Commercial Availability: Field sorptivity tests are becoming available.

References:
e Naus 2009
e Hall (1989)
e DeSouza (1996)
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12 RECENT RESEARCH ON NDT FOR ESTIMATING MECHANICAL
PROPERTIES

The previous sections summarized non-destructive tests to estimate in-place concrete properties. Some
of these tests have been standardized and are used to estimate concrete properties. However, there are no
NDT tests to determine the strength of the reinforcing steel; the yield strength of steel can be obtained
from mill test reports or destructive testing. Factors affecting the contribution of the reinforcing steel to
the strength of the structure include corrosion (reduced capacity and bond), development length, and
anchorage. The NDT techniques to detect corrosion and concrete deterioration have been discussed in
previous sections. This section will briefly present some recent studies on non-destructive tests related to
strength evaluation of reinforced concrete. This is not an exhaustive literature review and detailed
information about the studies can be found in the cited references.

Studies that present methods to characterize concrete mechanical properties and the structural state of an
element are presented first, followed by studies to characterize the state of the reinforcement such as the
bond, the pre/post-tensioning stress level, and the location. Advances in technology (e.g., sensor,
wireless communications, personal computers) have made structural health monitoring (SHM) more
viable. This section concludes with a brief discussion of using SHM to help determine the structural
integrity of a nuclear power plant.

Lawson et al. (2011) investigated the ultrasonic pulse velocity technique as it related to concrete
compressive strength. They found that the ultrasonic pulse velocity method yielded compressive
strengths that were within £10% of the true value, was low cost, and was easy to use and to deploy.
Terzi¢ and Pavlovi¢ (2010) combined the use of ultrasonic pulse velocity and image analysis to estimate
the compressive strength of concrete and to characterize microstructural defects. McClaskey et al.
(2010) proposed the use of acoustic emission (AE) beamforming techniques to monitor large plate-like
concrete structures. The authors were able to detect an AE source with a sensor array up to 3.8 m away.
The proposed use of this technique is the localization of damage in large concrete structures. Once
localized, other NDT methods may be used to evaluate the concrete.

Zheng and L1 (2011) and Ye and Peng (2009) investigated the use of the Autoclam system. The
Autoclam system is used to measure the air permeability, water permeability and sorptivity of concrete
structures on site or in laboratory. Zheng and Li used the system to evaluate the prestressed concrete
containment buildings in two operational nuclear power plants. These plants have been in operation for 5
years. They found the system to be stable and easy to use. Ye and Peng assessed the reliability of the
Autoclam system. They found that the system could be used for in-situ testing, the air permeability index
was sensitive to the surface conditions, and more research was needed to more effectively use the system.

There are several nondestructive and semi-destructive methods that allow for the determination of
concrete compressive strength indirectly, that is, through correlations between a measured test parameter
and concrete strength. There are currently no NDT methods that directly measure the concrete
compressive strength in an existing structure. To increase the reliability of these indirect methods,
several NDT methods have been combined at the same time (Balayssac et al. 2009, Ploix et al. 2009,
Ploix et al. 2011, Breyssea 2011, Klinghoffer et al. 2011, Naus 2009, Cho et al. 2009, Trtnik et al. 2009,
Maierhofer et al. 2008, Kim and Kim 2004, Malhotra and Carino 2004, and Dérobert et al. 2002).

Balayssac et al. (2009) and Ploix et al. (2009) presented some of the results from a large experimental
French project called SENSO which involves several universities and agencies. The aim of SENSO is to
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develop methods for the non-destructive evaluation of concrete based on multiple NDT techniques (e.g.,
radar, electrical resistivity and capacity, infrared thermography, impact echo and ultrasound).

Klinghoffer et al. (2011) combined the results from a Multichannel Analysis of Spectral Waves (MASW)
technique with finite element simulations using the measured results from MASW to improve the
accuracy and reliability of the MASW results. MASW is a seismic method to evaluate the dynamic,
linear, elastic modulus of materials. It may be used to determine concrete thickness, mechanical
properties, and the quality of bond between the concrete and steel liner.

Two studies combined the use of an artificial neural network (ANN) with NDT methods to better predict
concrete compressive strength. One by Trtnik et al. (2009) who combined ultrasonic pulse velocity and
ANN and the other by Cho et al. (2009) who combined the impact-echo method and spectral analysis of
surface waves (SASW) with ANN.

Maierhofter et al. (2008) fused data from radar and ultrasonic echo methods to obtain information from
structures with dense reinforcement, tendon ducts, and air voids and gaps. The paper also described
different methods of combining the data.

Kim and Kim (2004) combined the impact-echo method and SASW method to determine the thickness of
a concrete containment structure in a nuclear power plant. The measured thickness (1.14 m) was in good
agreement with the actual value of 1.2 m. Kim and Kim were not able to determine the depth to the
reinforcing bar using the impact-echo method but suggested the combination of impact-echo and GPR as
a potential solution.

Most of the research on NDT methods has been conducted on uncracked concrete. The concrete
compressive strength is estimated from the results of an NDT technique or from concrete cores. For
cracked reinforced concrete elements, however, the interpretation of the results requires careful
consideration. If the method has been validated for cracked concrete, the engineer can use the estimated
value to evaluate the capacity of the element. For uncracked concrete, the ACI 318 building code
provides estimates for the tensile strength and the modulus, based on the compressive strength and the
unit weight. If, however, the concrete is cracked, there is no assurance that these relationships still hold,
especially given the evidence that the loss in tensile strength and modulus are not proportional to the loss
in compressive strength (Smaoui et al. 2006).

The other component of reinforced concrete is the reinforcing steel — regular reinforcement and the
prestressing/post-tensioning tendons. Dérobert et al. (2002) used a post-tensioned bridge beam to
evaluate several NDT methods: GPR, covermeter, gamma-ray radiography, and impact-echo methods.
The bridge beam was part of a prestressed concrete bridge that was demolished. The evaluation of the
NDT methods was based on information required by a structural engineer:

e Jlocalization of prestressed tendons (layout, concrete cover thickness) and reinforcement bars

(layout, concrete cover thickness and bar diameter)
e prestressing quality: injection state, severity of steel reinforcement corrosion and tendon fractures

Details of the evaluation of each of the NDT techniques may be found in Dérobert et al. (2002). One of
the findings of this study was that NDT methods could be combined to reduce ambiguities of findings
obtained from the use of only one NDT method. For example, combining GPR with gammagraphy or
GPR and impact echo.
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To improve the quality of information on the state of a bridge deck for maintenance purposes, Cui et al.
(2010) combined information obtained from the half-cell potential method, GPR, and an anode ladder
corrosion monitoring system. The conclusion from this study was that the fused data enabled improved
evaluation of the bridge deck.

Kim et al. (2011) mechanically impacted one end of a grouted 7-wire prestressing strand and monitored
the longitudinal stress wave responses at the other end. They postulated that the longitudinal vibration
characteristics of the bonded tendons can be used to estimate the prestress force in the tendon. Muravin
and Ilina (2010) reported on the successful use of Quantitative Acoustic Emission (QAE) method to
detect the decrease of the pre-stressing level in cables and reinforcement and embrittlement of
reinforcement. They also reported that the QAE method was shown to be successful in revealing,
locating, typifying and assessing other flaws such as micro- and macro cracks, debonding of
reinforcement, spallation, porosity, local stress concentration zones, uniformity of concrete strength
distribution, and change in the magnitude and orientation of the main stresses. Other researchers have
also reported on the use of the QAE non-destructive method (Busse et al. 2007). Other recent studies
include Chaki and Bourse (2009), who used guided ultrasonic waves to estimate the stress in prestressed
7-wire cables, Ramadan et al. (2008), who reported on the use of acoustic AE to detect stress corrosion
cracking of prestressing steel and concluded that AE could be used for real-time monitoring, and Shao
(2011), who proposed a low cost imaging system using synthesized aperture focusing technology.

In addition to the traditional methods of non-destructive testing to obtain information to predict service
life, information from other sources may also be used. For example, information obtained from SHM
may also be used to predict service life. Chang and Hung (2012) developed a new technique that enables
real-time monitoring of concrete internal temperature and humidity via wireless signal transmission.
They integrated a radio frequency integrated circuit (RFIC) with temperature and humidity sensors into a
RFIC transmitter. The signal reception distance for a sensor embedded in reinforced concrete was 7.3 m
in the presence of obstacles. Henault et al. (2011a, 2011b) investigated the use of a distributed optical
fiber sensing system for SHM — in particular, strain and temperature monitoring. They used the optical
frequency domain reflectometry technique to obtain the strain and temperature profiles along a fiber.
Initial results show promise. A review of fiber optic sensors, piezoelectric sensors, magnetostrictive
sensors and self-diagnosing fiber reinforced composites for structural health monitoring of civil
engineering structures was conducted by Sun et al. (2010). Some recent studies on piezoelectric sensors
include those by Zhao (2011) and Yenilmez (2007) and on the use of piezoelectric sensors for structural
health monitoring include those by Saad (2011), Duan et al. (2010), and Rao et al. (2006).

Most NDT methods yield information in a localized area rather than for the whole structure. Another
method of monitoring structural health is to monitor the structural integrity of the whole structure. This
can be accomplished by monitoring the dynamic response of the structure subjected to ambient
vibrations. Two studies in this area that relate to nuclear plants are those by Andonov et al. (2010) and
Choi et al. (2010). In a similar approach, Hora and Patzak (2007) proposed the use of a numerical model
to predict the structural behavior of a nuclear containment structure under various conditions. The model
was calibrated with measurements of the in-situ conditions of the containment structure. Another area of
SHM involves the use of smart materials such as a prestressing strand (a smart fiber-reinforced polymer
reinforcement bar bundled with six steel strands) that can monitor prestress loss (Zhou et al. 2009) and
smart aggregates (piezoelectric patch) for early-age concrete strength monitoring and impact detection
(Song et al. 2008).
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13 SERVICE LIFE PREDICTION

The standardized tests that are related to the service life of a concrete application are divided between
those tests that predict a useful model parameter that would allow one to estimate how long before a
structure would fail, and those tests meant to determine whether a degradation mechanism would occur
with sufficient probability. The latter tests are almost always used as acceptance/rejection criteria for a
material (aggregate, binders, etc.) or for the entire concrete mixture.

For example, there are no industry guidelines for estimating how long a concrete mixture can withstand
the effects of freezing and thawing in a particular environment. There is, however, test method

ASTM C666 that submerges a sample of the concrete in water and subjects the sample to 300 freeze-
thaw cycles. A common performance criterion is whether, after 300 cycles, the loss in modulus is less
than a specified value. If the loss in modulus is less than the limiting value, the mixture is qualified.
Otherwise, the mixture is rejected. Although it may seem useful to develop a service life model (to
predict the duration of service) for a particular concrete mixture in a particular exposure environment, for
a degradation mechanism like freeze-thaw, the ASTM C666 test is sufficiently stringent that relatively
few concretes that pass the test fail in the field.

By comparison, there are few, if any standardized test methods that yield an estimate for the expected
service life of a concrete. The primary reason for this is three-fold: there are no standardized methods for
characterizing the field conditions; there are no reliable accelerated tests from which one can extrapolate
the expected service life in the field; and physicochemical models of the behavior in the field are
sufficiently complex (there are a myriad of mechanisms potentially at play) that standardizing a single
approach is not justified. The solution to this situation is either to develop accelerated tests or to develop
test methods for the relevant model parameters for the physicochemical calculations. Accelerated tests
are problematic because material response is not a monotonic function of exposure; increased
concentrations or temperatures can lead to the formation of phases that would not have been present
under field conditions. Therefore, identifying service life model parameters and the tests to obtain those
parameters, either in the laboratory or in the field, has been the primary approach in recent years.
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14 DEGRADATION SCENARIOS

Common degradation scenarios are used as a framework for identifying and evaluating the needs for
NDT method development. The following degradation scenarios were chosen because they are
important to new and existing nuclear power plants, and because the current industry approach for
performance tests includes both the service life model parameter approach and the accept/reject
approach. Corrosion of the steel reinforcement in concrete is the leading degradation mechanism of
virtually all structural concrete applications, including nuclear power plants. Similarly, alkali-silica
reaction (ASR) has been an important degradation mechanism for half a century, primarily in dams
(Stanton 1940) and more recently in highway structures, and, because the degradation mechanism is
relatively slow, it often manifests itself in structures that must perform for many decades, such as nuclear
power plants.

Corrosion of the steel reinforcement in structural concrete provides an ideal foundation to address new
and existing concretes from both the service life model parameter and the accept/reject perspectives.
Because a number of service life models exist for corrosion of the steel reinforcement, there are a number
of tests for the relevant properties such as the concrete diffusivity, the concrete conductivity, and the
corrosion current at the steel reinforcement. For new construction, one can consider strategies for
controlling the transport properties, and also consider other strategies such as corrosion inhibitors, coated
steel reinforcement bars, or stainless steel reinforcement bar.

The alkali-aggregate reaction (ASR) scenario is dominated by the accept/reject approach. The primary
reason for this is that the chemistry and the conditions that control the rate and the extent of the reaction
are complex (and still not fully understood), and validated service life models do not exist with which
one can evaluate designs for new construction. As a result, the strategies for avoiding ASR are limited to
accept/reject tests for the aggregates or for mixture design.

The last scenario is cracking, which may arise during construction or during service. Regardless of the
cause of the cracking, the effects of cracking are the same: accelerate transport and degradation, and
reduce strength. The degree to which this occurs depends strongly on the morphology of the cracks.
Therefore, there is a need for common strategies for detecting the onset of cracks, the propagation of
cracks, the spatial extent of the cracks, and the impact of the cracks on transport and strength.
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14.1 Corrosion of Steel Reinforcement

As noted by Dorf et al. (2009), the durability of reinforced concrete structures is a function of the
durability of the concrete and reinforcing steel. The residual service life of concrete is characterized by
the:

e concrete strength being able to meet the design requirements

e ability of the concrete to protect the steel reinforcement bars

e integrity of the concrete (e.g., cracks, defects)

The residual service life of the reinforcing steel is characterized by:
e steel strength meeting design requirements
e reduction of the cross-sectional area of the steel reinforcement bars due to corrosion

Besides loss of steel area, corrosion also affects the bond between the steel and concrete. Since
reinforced concrete relies on the composite action of the concrete and reinforcing steel, the bond (or loss)
of bond between the reinforcement and the concrete due to corrosion is an issue. As alluded to in Section
12, the loss of bond will reduce the development length of the reinforcement and anchorage.

Corrosion of the steel reinforcement is one of the main durability problems for reinforced concrete.
Corrosion of steel reinforcement requires the following conditions (Malhotra and Carino 2004):

1. Loss of passivation
2. Presence of moisture
3. Presence of oxygen

The two major causes for the loss of passivation or the loss of the protective passive oxide film around
the steel reinforcement are carbonation and the presence of chloride ions. In general, chloride-induced
corrosion of the reinforcement is considered the major problem associated with long-term durability of
reinforced concrete structures as it impacts both serviceability and structural integrity. Therefore, the
transport properties of concrete are important factors. Properties that affect transport include the chloride
ion diffusivity of the concrete, the sorptivity, the permeability, the thickness of the concrete cover, the
existence of cracks, and the chemical composition and viscosity of the pore solution (Yang 2010). Other
factors affecting corrosion include carbonation depth, temperature, and humidity (van Breugel 2006,
Vennesland et al. 2007).

A schematic relating the damage level and the progression of corrosion is given in Figure 11.
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Figure 11. Schematic of corrosion of the steel reinforcement due to external chloride ions (on the left
side) diffusing to the steel reinforcement, leading to expansive corrosion products and, eventually,
cracking (adapted from Yang et al. 2012).

14.1.1 Scenario

Corrosion of the steel reinforcement within structural concrete elements progresses in the following
scenario:

Externally dissolved chloride ions are in contact with the concrete

Ingress of chlorides (and carbon dioxide) through the concrete cover

De-passivation of reinforcing steel occurs

Upon achieving a critical chloride concentration at the depth of the steel reinforcement, Ci,
corrosion begins

Corrosion produces an expansive reaction product (rust) and reduces the cross sectional area and
the ductility of the reinforcing steel

The expansive product leads to tensile stresses in the concrete surrounding the steel reinforcement
bars

When the tensile stress limit of concrete is reached, cracks are initiated

There is loss of bond between the steel reinforcement bars and the concrete

The cracks propagate to the surface of the concrete

The cracks could accelerate the rate of transport of liquids or dissolved ions

The accelerated transport could hasten the effects of other possible degradation mechanisms
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Service life prediction parameters for steel corrosion are given in Table 5 along with methods for
determining these parameters.
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Table 5. Service life prediction parameters for steel corrosion.

SLP Parameters

Standardized Methods

Methods in Development/Research

External (e.g., soil) and surface
chloride concentration

Chloride surface concentration: NT BUILD 208
Chloride concentration in the soil:
o ASTM D512 — Standard Test Methods
for Chloride Ion in Water
o D4327 — Standard Test Method for
Anions in Water by Suppressed Ion
Chromatography
o AASHTO T 291 — Standard Method of
Test for Determining Water-Soluble
Chloride Ion Content in Soil

Test procedure for determining chloride and sulfate
contents in soil developed by the Texas DOT, Tex-
620-J (Texas DOT 2005)

Internal chloride concentration
profile

ASTM C-1152 - Standard Test Method for
Acid-Soluble Chloride in Mortar and Concrete
ASTM C1218 - Standard Test Method for
Water-Soluble Chloride in Mortar and Concrete
ASTM C114 — Standard Test Methods for
Chemical Analysis of Hydraulic Cement,
Reference Method 19.

Volhard method — Method proposed by RILEM
Technical Committee TC 178-TMC (RILEM TC 178-
TCM 2002, Castellote and Andrade 2006) based on a
round-robin test. The round-robin test consisted of 30
laboratories worldwide and 64 different analyses of
triplicate specimens for three different chloride
contents.

Critical chloride content
required to initiate
reinforcement corrosion

Although a standardized test does not exist (Angst et
al. 2009), Darwin et al. (2009) have developed a
method based on ASTM G109.

Chloride Diffusion Transport
Coefficient

Rapid migration test has been standardized by
Nordtest as NT Build 492 (Shi 2004)

ASTM C1556 - 11a Standard Test Method for
Determining the Apparent Chloride Diffusion
Coefficient of Cementitious Mixtures by Bulk
Diffusion

Concrete conductivity (when combined with
pore solution conductivity): ASTM C1760 -
Standard Test Method for Bulk Electrical
Conductivity of Hardened Concrete

ASTM C1202 — Standard Test Method for
Electrical Indication of Concrete’s Ability to
Resist Chloride lon Penetration.

AASHTO TP095 -11 “Surface Resistivity

Wenner Probe test for surface conductivity (under
ballot in ASTM), when combined with pore solution
conductivity measurements.
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Indication of Concrete’s Ability to Resist
Chloride Ion Penetration” (Wenner Probe)

Pore Solution Conductivity

Pore press to obtain pore solution for conductivity

measurement (Barneyback 1983, Barneyback and

Diamond 1981, Longuet et al. 1973, Longuet 1976).

Virtual rapid chloride permeability test (Bentz 2007)

o http://ciks.cbt.nist.gov/poresolncalc.html -

estimates the pore solution conductivity based
on composition of cementitious materials and
mixture proportions with assumed dissolution
rates for alkalis.

Permeability

Back propagation artificial neural network-based and
regression-based prediction model for the Rapid
Chloride and Boil Tests to reduce the duration of the
test (Yasarer 2010)
ASTM C642 - Standard Test Method for Density,
Absorption, and Voids in Hardened Concrete

o Indirect measurement

Depth of steel reinforcement

Ground penetrating radar
Gamma radiography (or X-ray radiography)

Presence of corrosion

ASTM C876 — Standard Test Method for
Corrosion Potentials of Uncoated Reinforcing
Steel in Concrete

A new method using electromagnetic waves at
frequencies around 100 GHz is being developed to
identify the “fingerprint” and quantify the corrosion of
steel used in the infrastructure (e.g. steel
reinforcement, wrapped pipes, steel under paint)
using the spectral response of anti-ferromagnetic iron
corrosion products like hematite, goethite, and
akaganeite (Sung et al. 2011, Chou et al. 2012, Baker-
Jarvis et al. 2013).

Related research

o Electromagnetic waves in the terahertz range
were used to detect corrosion under 25.4 mm
thick tiles in the space shuttle thermal
protection system (Madaras et al. 2008).

o A sub-terahertz imaging system was used to
detect adhesion defects of ceramic tiles on
concrete and to detect the diffusion of water
into concrete (Oyama et al. 2009).
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Depth of carbonation

e European Standard EN 14630 - Products and
systems for the protection and repair of concrete
structures - Test methods - Determination of
carbonation depth in hardened concrete by the
phenolphthalein method

Extent of cracking

See section on cracking

Rate of corrosion/Corrosion
Potential

e ASTM G102 — Standard Practice for
Calculation of Corrosion Rates and Related
Information from Electrochemical
Measurements

e ASTM C876 — Standard Test Method for
Corrosion Potentials of Uncoated Reinforcing
Steel in Concrete

e ASTM G59 — 97 Standard Test Method for
Conducting Potentiodynamic Polarization
Resistance Measurements

A recommended test method uses the Polarization
Resistance technique to estimate the instantaneous
corrosion current density, icor (Andrade and Alonso
2004).

Linear polarization resistance without the need to have
a direct connection to the steel reinforcement —
eliminates the need to break off the cover concrete.
(Sadowski 2010, Millard and Sadowski 2009).

Detection of debonding of
reinforcing steel

ASTM D4580 — Standard Practice for Measuring
Delaminations in Concrete Bridge Decks by Sounding
o Cannot measure deep defects and method

depends on experience of operator
Ground penetrating radar
Use of Quantitative Acoustic Emission (QAE) method
to detect the decrease of the pre-stressing level in
cables and reinforcement and embrittlement of
reinforcement (Muravin and Ilina 2010). The QAE
method was also able to reveal, locate, typify and
assess other flaws such as debonding of
reinforcement.
Use of guided ultrasonic waves to detect presence of
corrosion and debonding (Sharma and Mukherjee
2010).
Ultrasonic method and electromagnetic pulse method
were used to evaluate the debonding caused by
corrosion (Uchida et al. 2009).

Improve concrete
quality/decrease concrete
permeability

Use of synthetic layered double hydroxides (LDHs) or
modified hydrotalcites (MHTSs) to improve the
corrosion protection of reinforced concrete (Yang
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2010).

Viscosity Enhancers Reducing Diffusion In Concrete
Technology (VERDICT) — method to decrease
diffusive coefficients by using nano-sized viscosity
modifiers (Bentz et al. 2008)

Addition of nitrite (2 % in cement mass in the water)
resulted in delayed depassivation of steel and
significantly reduced the corrosion rate (Rebolledo
and Andrade 2010, Rosenberg et al. 1977).
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14.1.2 Resolving the Gaps

As seen in Table 5, standard test methods are lacking in the areas of pore solution conductivity,
permeability (water ingress), diffusivity, depth of steel reinforcement, and debonding of steel
reinforcement. Of these areas, the most critical are diffusivity and permeability as they are the most
important material property for service life prediction (see Mass Transport Section). Depth of steel
reinforcement correlates to the concrete cover - more cover, better corrosion protection, and debonding
results from the formation of corrosion products. Currently, there are no reliable methods to detect
debonding of the steel.

The critical chloride content, a parameter listed in Table 5, has been identified as a key input parameter
in probabilistic service life modeling of concrete structures. Reviews of studies over the past 50 years on
the critical chloride content have shown that there is a lot of variability in reported values and there is no
general consensus on a value and there is currently no standard test method to measure the critical
chloride content (Angst et al. 2009). Darwin et al. (2009) have developed a method that is based on
ASTM G 109.

Another important input parameter to service life prediction models is the corrosion rate. Since the
corrosion rate current is affected by factors such as the concentration of chloride, permeability,
temperature, and cracking and methods to measure the corrosion rate yield a single data point in time, the
prediction models have to 1) use a constant rate, 2) use an extrapolated value by observing measurements
made over a period of time, or 3) account for the time-variant nature of the corrosion rate (Otieno et al.
2011a). Other issues with the measurement of corrosion rate include variability of results when different
instruments are used for the same conditions and when different assessment techniques are used
(Martinez et al. 2008), and the use of accelerated corrosion experiments.

Since the corrosion process is a lengthy process, accelerated corrosion tests are commonly used to gain
better understanding of the process. However, this technique may not be representative of the actual
corrosion process in the field and the results from these tests will, therefore, not be representative of field
conditions. Some issues cited include the use of Faraday’s law to obtain corrosion rates from accelerated
tests, the assumption of 100 % current efficiency (Otieno et al. 2011b), and the shape of the chloride
profile (Gulikers 2012).

As the results from SLP models depend on the accuracy of the input parameters, it is important that test
methods to accurately quantify the input parameters be developed, that the variability in the tests results
be better understood and that better relationships between NDT measurements and concrete properties be
developed (Breysee et al. 2012, Gulikers 2012).

A critical aspect of SLP models is the validation of these models. When validating the models, some
considerations are the size of the test specimens and the sample size (Otieno et al. 2011b). As with any
structural testing, the behavior obtained from reduced-scale specimens may not necessarily reflect the
behavior of full-scale specimens, and often, tests involve the use single components (e.g., beam, slab)
and the behavior may differ if the test involves the whole structure or a larger portion of the structure
(e.g., single bay, frame, beam with slabs). To increase confidence in the reliability of a model, the sample
size needs to be large enough to be statistically significant. Also, robustness of the model is an important
consideration to account for varying concrete properties and environmental conditions. Long term
studies such as the NDE for corrosion detection benchmark study by the Federal Highway
Administration (FHWA) (Arndt 2009) and the SENSO project (Balayssac et al. 2009) would provide
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substantial information towards the validation of the SLP models and address the issue of accelerated
tests. Long-term studies in realistic/field environments would be the ideal cases.

The standardized method ASTM C 876 to detect the presence of corrosion requires access to the
reinforcement and cannot be applied to epoxy coated reinforcement or concrete with coated surfaces
(Malhotra and Carino 2004). The new electromagnetic wave method described in Sung et al. (2011)
shows promise as it does not require access to the reinforcement and can be applied to coated
reinforcement; however, at present, the research results indicate that the presence of corrosion can only
be detected up to a depth of about 5 cm of concrete.

All NDT tests provide information about the state of the concrete or steel at the time of the tests.
Embedded sensors hold potential in providing long term monitoring of factors such as the presence of
moisture, advancement of the carbonation and chloride fronts, temperature, humidity, oxygen
availability, corrosion rate (Andrade 2010, Vennesland et al. 2007) in concrete. However, the use of
embedded sensors is only practical for new construction, and the long-term performance would need to
be validated.

In 2011, the National Research Council (NRC) prepared a report on research opportunities in corrosion
science and engineering (National Research Council 2011). The report states that the “lack of
fundamental knowledge about corrosion and its application to practice is directly reflected in the high
societal cost of corrosion.” This cost is estimated to be 2 % to 4 % of the US gross national product. In
the report, four grand challenges in corrosion research were identified (National Research Council 2011):

e Development of cost-effective, environment-friendly, corrosion-resistant materials and coatings;
e High-fidelity modeling for the prediction of corrosion degradation in actual service environments;

e Accelerated corrosion testing under controlled laboratory conditions that quantitatively correlates
to long-term behavior observed in service environments; and

e Accurate forecasting of remaining service time until major repair, replacement, or overhaul
becomes necessary—i.e., COrrosion prognosis.

14.1.3 Meeting the SLP Model and Measurement Needs

The following is a list of activities that would meet some of the most important needs for SLP modeling,
primarily through measurement development:

1. Develop a standardized test method for permeability (hydraulic conductivity)
2. Develop and validate robust SLP models using results obtained from realistic/field environments

3. Develop accelerated corrosion tests under controlled laboratory conditions that quantitatively
correlate to long-term behavior observed in service environments

4. Validate the results obtained from accelerated testing
Develop cost-effective, corrosion-resistant reinforcement bars

6. Determine the sources of variability in the critical chloride content and corrosion rate, and then
develop standard test methods and industry best practice guidelines/methods to quantify these
values
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7. Develop reliable embedded sensors for long-term monitoring

8. Develop databases of performance from long term studies under realistic/field conditions
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14.2 Alkali-Silica Reaction

Alkali-silica reaction (ASR) was identified decades ago (Stanton 1940) as a degradation mechanism in
concrete whereby a reaction between the alkalis in the pore solution and certain siliceous phases in the
aggregate produces a gel that absorbs water, causing stresses that lead to cracking and strength loss
(Hansen 1944, Taylor 1990). Generally, the reaction rate is relatively slow, so the onset of cracking can
occur years or decades after construction, depending on the reactivity of the mineral phases and the
alkalinity of the pore solution.

The conceptual model for ASR is shown schematically in Figure 12, which was taken from Deschenes et
al. (2009). Inside the concrete are reactive aggregates containing siliceous or microcrystalline silica
phases. The hydroxyl (OH") and alkali species (e.g., K" and Na") are in solution and react with the
siliceous phases to form an expansive hydroscopic gel. As the gel absorbs water, it expands, generating
stresses that can be in excess of 10 MPa (Rigden et al. 1995). These stresses are sufficient to generate
cracking, both in the aggregate and in the surrounding hardened cement paste, and can even cause
macroscopic expansion of the structure.

forms +H,0

alkalicement + expansive gel cracking of the
reactive aggregate aggregate and paste

Figure 12. Schematic representation of alkali-silica reaction in concrete (from Deschenes et al. 2009).

In new construction, there is a growing consensus that the availability of non-reactive aggregate is
diminishing, and that it is not a matter of if an aggregate is reactive, but rather Zow reactive the aggregate
is. There are a number of tests for alkali-silica reactivity (Farny and Kerkhoff 2007), and these tests
consider either the aggregate alone, the binder and a reactive aggregate, or a mixture of the proposed
binder and aggregate. These tests, however, do not yield an indication of the expected service life.
Rather, they are tests meant to yield a “go/no-go” indication; if the observed expansion is greater than a
threshold value, the aggregate is deemed “reactive” and may not qualify for use. The observed
expansion, however, depends upon the mix design. The alkalinity of the portland cement plays an
important role, as does the use of supplemental cementitious materials that consume dissolved alkalis and
the portlandite (calcium hydroxide) created by the portland cement hydration.

Because ASR has been studied for many years, laboratory and field experience has yielded a number of

strategies for reducing the likelihood of the reaction to occur at sufficient rate or extent to cause
deterioration. In some cases, these strategies have been become recommendations by agencies or
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organizations that own or specify concrete or aggregates. Recommendations have been developed by the
Federal Highway Administration (FHWA) (Thomas et al. 2008), the Virginia State Department of
Transportation (Lane and Ozyildirim 1995), the U.S. Navy (Malvar et al. 2001, Malvar et al. 2004), and
the International Center for Aggregate Research (ICAR) (Tauma 2000). It is important to note that, along
with reducing the amount of reactive aggregate, the quantity of alkalis, and access to water, there are
other strategies for mitigating the effect of ASR. For example, there are chemicals or materials that one
could add to the concrete mixture, such as lithium nitrate (Folliard et al. 2003) to reduce the expansion of
the gel, Class N fly ash (Ballard et al. 2008), metal fibers to resist expansion (Bektas et al. 2006) after
ASR starts, and starving the reaction by adding the coarse aggregate as a “reactive” powder (Carles-
Gibergues et al. 2008) that would uniformly distribute the reaction gel, reducing the likelihood of the
localized stresses required for crack initiation.

14.2.1 Scenario
Alkali-silica reaction progresses in the following manner:

e (Concrete contains aggregate with reactive siliceous mineral phases

e Upon hydration of the cementitious binding phases, the hydrated cement paste pore solution
become alkaline (pH > 13), balanced with potassium and sodium ions

e Over time, the hydroxyl ions will react with the reactive siliceous mineral phases, either by
reacting with these phases located at the surface of the aggregate or by diffusing into the
aggregate (along natural defects at mineral boundaries) and reacting with internal reactive
inclusions

e The reaction produces a gel that imbibes water and alkalis (K™ and Na") that make the gel expand
(n.b.: the incorporation of Li", instead of K™ and Na', produces a gel that is not as expansive)

e [fthe rate of gel production is sufficiently great, the gel will generate an expansive stress within
the microstructure

e [fthe stress is sufficiently great, cracks will form, and the concrete will begin to expand

e [f gel generation continues at a sufficient rate, the cracks will propagate to the surface, and the
concrete will exhibit macroscopic expansion

e The expansion will continue as long as there are sources of alkalis, water, and reactive siliceous
aggregate

In new construction, the primary role of NDE techniques for SLP would be embedded sensors. There
could be sensors for two of the three contributors to ASR: moisture sensors, and alkalinity sensors. If the
potential for ASR cannot be ruled out, additional sensors could be used to detect the onset of the reaction.
These could include sensors for ASR gel production, gel pressure, and the onset of cracking.

For existing structures, the use of NDE techniques is much more challenging. Sensors for alkalinity,
moisture content, and gel pressure would require boring into the structure. The onset of cracking could
be detected externally (acoustic emission), but only if the structure is sufficiently isolated from
mechanical vibration. Macroscopic expansion of the structure could be detected at the surface, but
evidence of this extent of expansion means that the ASR reaction has already progressed extensively.
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As for NDE techniques for SLP models, the options are somewhat limited. Although models do exist for
ASR (e.g., Bazant and Steffens 2000, Bazant et al. 2000, Ulm et al. 2000), these models use the results of
tests performed on the constituent materials, before construction. Estimating the remaining service life
of an existing structure is more difficult. One would have to either extract the aggregate from the
concrete or have a companion sample of aggregate from the same section of the quarry. Even then, there
are no reliable models for predicting the future expansion and mechanical properties of the structure. As
a result, there are no test methods for extracting key information from the structure for SLP. A complete
list of the NDE relevant to ASR testing for SLP is shown in Table 6.
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Table 6. Methods applicable to service life prediction parameters for alkali-silica reaction.

SLP Parameters

Standardized Methods

Indirect Methods

Identifying reactive aggregates

ASTM C295: Petrographic examination of aggregates
for concrete;

ASTM C1260: Mortar bar method

AASHTO T303: Mortar bar test;

ASTM C1293: Concrete prism test;

ASTM C1567: Accelerated mortar bar test for binders
and aggregates;

ASTM C227: Mortar bar test for cement-aggregate
combinations;

Monitoring the potential for ASR

Moisture sensors;
Alkalinity sensors;

Determining the existence of ASR

ASTM C856: Petrographic examination of hardened
concrete;

ASTM C856 Annex: (uranyl acetate and sodium
cobaltinitrite staining tests)

Determining the rate of reaction

Strain Gauges;

Detecting crack initiation and
propagation

Acoustic Emission;
Bulk Electrical Conductivity: Wenner test being
developed at ASTM.

Quantifying macroscopic expansion

Strain Gauges;
Laser Dilatometry

Determining the extent of cracking

Crack Density
Ground Penetrating Radar

Determining the effect of cracks on
transport properties

ASTM C1556: Determining the chloride diffusion
coefficient of cementitious mixtures by bulk diffusion
ASTM C1543: Determining chloride penetration by
ponding;

ASTM C1760: Bulk electrical conductivity of concrete
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ASTM C1585: Concrete sorptivity

Mechanical properties

e ASTM C805: Standard Test Method for
Rebound Number of Hardened Concrete
(Rebound Hammer)

e ASTM C803: Standard Test Method for
Penetration Resistance of Hardened Concrete
(Windsor Probe)

e Ultrasonic pulse velocity — dynamic modulus

Detection of debonding of reinforcing
steel

e ASTM D4580 — Standard Practice for
Measuring Delaminations in Concrete Bridge
Decks by Sounding
o Cannot measure deep defects and
method depends on experience of
operator
e Ground penetrating radar
e Use of Quantitative Acoustic Emission (QAE)
method to detect the decrease of the pre-
stressing level in cables and reinforcement and
embrittlement of reinforcement (Muravin and
Ilina 2010). The QAE method was also able to
reveal, locate, typify and assess other flaws such
as debonding of reinforcement.
e Use of guided ultrasonic waves to detect
presence of corrosion and debonding (Sharma
and Mukherjee 2010).
Ultrasonic method and electromagnetic pulse method
were used to evaluate the debonding caused by
corrosion (Uchida et al. 2009).
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14.2.2 Resolving the Gaps

For new structures, the best strategy is thorough testing of the aggregate with the proposed binders. If
ASR is still possible, embedded sensors for the alkalinity and moisture content would be helpful to future
SLP models, along with any measures of internal stresses being generated. These measurements,
however, may still be limited without a careful description of the type, quantity, and distribution of
reactive silica within the aggregate. This may be possible to determine from extraction of the existing
structure. Otherwise, a review of the minimum requirements for characterizing the aggregate may be
needed to ensure that sufficient information will be provided to future analysis.

For existing structures, the role of existing NDT techniques is primarily limited to monitoring, not
prediction. The earliest ASR detection methods are the two staining tests (uranyl acetate and sodium
cobaltinitrite, which are described in test method ASTM C856 on the petrographic examination of
concrete). These tests, however, are only “pass/fail” tests for the presence of ASR, which should still be
confirmed by laboratory petrographic examination.

For monitoring the progress of ASR, there are a number of viable existing NDT approaches. The first is
to detect the onset of cracking through acoustic emission, but this is limited to applications where the
structure is sufficiently isolated from mechanical vibration. Alternatively, one can use pulse velocity
measurements to assess the evolution and extent of internal cracking (Fournier et al. 2004). Another
useful NDT monitoring technique is dilatometry, but this technique yields reliable quantitative
information only after the ASR has progressed extensively.

For existing structures where limited sample extraction is possible, a number of the laboratory tests for
characterizing aggregate reactivity could be used by extracting a sample, crushing to remove the
suspected aggregate, and then testing the aggregate in mortar bar or prism tests. As for the tests
themselves, each is a semi-quantitative “pass/fail” test in which the observed expansion is compared with
a predetermined critical value. In time, there may be new SLP models that can use the results of these
tests, or modifications to these tests, to predict the remaining expansion to be expected in the structure.

The primary reason for the lack of tests for service life parameter estimation is the lack of a fundamental
model for the chemical reaction and for the effect of the distress on the structural properties. Without a
reliable model, there is no way to develop meaningful tests for service life, whether for the laboratory or
the field.

Although the presence of ASR reaction can be determined conclusively based on standardized
petrographic and staining tests, the extent and rate of the reaction cannot be quantified with an existing
test. (The only caveat is that if testing a crushed sample of the aggregate in the mortar bar test yields no
expansion, one could conclude that the reaction has completed.) The challenge lies in relating the
quantity of gel produced, or the quantity of amorphous (or microcrystalline) reactive mineral phases
remaining, to the observed cracking. The shape and duration of the expansion vs. time curve depends
upon the rate of gel production, the microstructure, the degree of mechanical restraint, and the
temperature. Therefore, the expansion vs. time curves generated during standardized testing will not
necessarily reflect the expansion observed in the structural element.

Tests for existing structures would have to be developed that reflect the behavior of the reactive
aggregate and the mixture design. The extent and rate of the reaction would either have to be determined
from a newly developed petrographic examination, or by an analysis of the expansion vs. time curve.
Either approach would have to be validated with large specimens, measured over long time intervals.

81



14.2.3 Meeting the SLP Model and Measurement Needs

The following is a list of activities that would meet some of the most important needs for SLP modeling,
primarily through measurement development:

1.

Ensure that existing test methods for characterizing aggregate used in concrete sufficiently
characterize and quantify the potentially reactive siliceous phases so that, if the structure exhibits
ASR damage at a later date, there will be sufficient information about the aggregate on record.

Develop reliable sensors for moisture content and the pore solution alkalinity in concrete
structures.

Develop reliable SLP models for ASR based on the chemistry of the binders, the availability of
moisture, and the type and quantity of reactive siliceous phases. This model would also need to
couple to the mechanical properties of the concrete. Such a model would help to guide the
development of new laboratory and field NDT methods.

Develop NDT tests for the rate and the extent of the ASR reaction in existing concrete structures.
This will likely involve test methods for quantifying the amount of unreacted expansive siliceous
phases remaining in the concrete. This would provide useful information for monitoring
strategies and for future SLP models.

Develop NDT tests for the rate and the extent of ASR expansion in existing concrete structures.
These would have the immediate effect of supporting monitoring strategies, and in the future they
could be used to provide feedback to SLP models.

Develop test methods for quantifying the remaining reactive siliceous phases in aggregate
exhibiting ASR.

Develop test methods for relating the rate and extent of ASR to either the rate of crack generation
(acoustic emission) or to the observed surface expansion (dilatometry).

Most of these objectives are very challenging. Developing a SLP model for ASR will require conclusive
evidence for the role of calcium in the reaction, and will require a better understanding of the viscoelastic
properties of the gel. Moreover, the model will need to relate the degree of the reaction to the specific
type of aggregate. Predicting the swelling pressure of the ASR gel will be difficult because the
properties of the gel are not known and the effect of restraint on the gel expansion is not known.
Moreover, although it is known that pozzolans can help mitigate the reaction, the specifics are not
understood. All of these challenges were recognized as critical gaps in the knowledge alkali-silica
reactions nearly 20 years ago (Helmuth et al. 1993).
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14.3 Cracking

Cracking in concrete is a common phenomenon due to internal stress, external load, and a variety of
causes (TRB 2006, ACI 224, Aktan and Attanayaka 2004). Figure 13 shows a list of common causes for
cracking in concrete structures and Figure 14 illustrates a few types of cracking. Severe cracking affects
the mechanical properties of the concrete and reduces the compressive strength and elastic modulus
beyond the serviceability limit state. In this case, the microstructure, compressive strength, elastic
modulus of the concrete, crack morphology (width, spacing), and crack growth rate are important service
life prediction parameters.

Even if the formation of crack networks does not seriously reduce the strength, it may have a large effect
on transport properties. The service life and utility of concrete strongly depend on its transport properties,
e.g. fluid permeability, capillary suction, and ionic (e.g., chloride, sulfate) diffusivity through the fluid-
filled pores. Visible cracking provides an easy pathway for the infiltration of aggressive solutions into the
concrete to reach the reinforcing steel or other components of the structure leading to deterioration.
Therefore, it is crucial to understand the effect of cracking on the transport properties of concrete in order
to estimate degradation rate and to reduce uncertainty in service life predictions. The key SLP
parameters are crack morphology (width, spacing), crack growth rate, permeability, transport properties,
and other factors listed in the corrosion section.

Construction Formwork Movement
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Befor: Plastic Shrinkage
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Figure 13. Common causes of cracking in concrete structures (from TRB 2006).
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Figure 14. Some types of cracks from TRB (2006): (a) vertical cracking; (b) horizontal cracking or near
surface, and parallel cracks, which may cause delamination; (c¢) cracking induced from chemical attacked
from steel reinforcement bar corrosion; (d) map cracking by ASR. The black lines in (a)-(d) indicate
cracks as labeled in (a).

14.3.1 Scenario

Stresses are generated within the microstructure
o Plastic shrinkage
Autogeneous shrinkage
Drying shrinkage
Thermal expansion/contraction
Freezing and thawing
Chemical attack: steel reinforcement bar corrosion, sulfate attack, ASR, etc.
o Unanticipated mechanical load: seismic, impact, etc.
Cracks initiate
Cracks propagate
Mechanical/Structural properties adversely affected
Transport properties change
Vertical cracking provides direct access for deteriorating agents into the concrete interior
Horizontal cracking or near surface parallel cracks cause delamination within concrete and reduce
the bonding between the steel reinforcement bars and the concrete, exposed steel reinforcement to
external environments
Cracks provide easy access for the infiltration of aggressive solutions into the concrete and reach
the reinforcing steel or, other components of the structure leading to deterioration
Cracking can accelerate the ingress of corrosive agents, liquids, and dissolved ions and accelerate
corrosion and deterioration
Cracked concrete in contact with sulfate rich soil can lead to accelerated sulfate attack
Flexural and shear cracks may be indicators of compromised structural performance

0O O O O O
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e Micro crack networks create zones of high stress (localized strain) lead to rapid growth of cracks
and further affect the structural performance of the concrete

e Upon reaching the critical extent of cracking (crack width and spacing of the crack), mechanical
properties of the concrete are decreased to the extent that the structural capacity is below the
design values
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Table 7. Service life prediction parameters related to cracking.

SLP Parameters

Standardized Methods

Methods in Development/Research

Surface damage due to cracking

Visual inspection

e Visual inspection with improved digital sensing
and imaging processing techniques.
e Flash thermography (FT)(Sham et al. 2008)

Crack width Photography e UPV (Anwar et al. 2007)
e Impact-Echo
e Phase array ultrasonic testing
Crack depth ASTM C-597: Standard Test Method for Pulse e Non-linear ultrasonic (Haroon and Adams 2008,

Velocity Through Concrete.

Matysik et al. 2010)
e UPV with new method (Anwar et al. 2007): put
transducers on surface perpendicular and on any
available surface of the structure near crack.
Phase array ultrasonic testing
Eddy Current array sensors
Impact-Echo
GPR for large cracks, shallow depth
AE (Acoustic Emission): detect small cracks,
movements and friction

Crack distribution/geometric features
of the cracks

Photography

e Thermography
e UPV with new method (Anwar et al. 2007)

Crack morphology
(micro and macro crack networks)

e Flash thermography (FT) with water for crack
width < 0.5 mm (Sham et al. 2008)

e Direct methods: Combination of microscopy, X-
ray imaging and thin sectioning (Hsu et al.
1963; Isenberg 1966; Slate and Olsefski 1963).

e X-ray computed tomography (CT), and 3D
microstructure reconstruction (Garboczi 2002).

e Acoustic emission,

e Impact echo and 3D volume rendering (Liu and
Yeh 2008)

Crack propagation (active/ passive;
growth rate)
Cracking monitoring

e Acoustic Emission
e Ground Penetrating Radar
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Delamination

ASTM C1383: Standard Test Method for Measuring
the P-Wave Speed and the Thickness of Concrete
Plates Using the Impact-Echo Method

ASTM D 4580: Standard Practice for Measuring
Delaminations in Concrete Bridge Deck by sounding--
Chain Dragging (Manning and Holt 2007)

ASTM D 6087: Standard Test Method for Evaluating
Asphalt-Covered Concrete Bridge Decks Using
Ground Penetrating Radar.

ASTM D 4788: Standard Test Method for Detecting
Delaminations in Bridge Decks Using Infrared
Thermography

e Impulse Response (IR) method (extent of
delamination)

e Ultrasonic-echo

e Impact echo (the depth of delamination)

Compressive strength

ASTM C 39: Standard Test Method for Compressive
Strength of Cylindrical Concrete Specimens
Rebound number (ASTM C 805) Rebound hammer
measures the elastic rebound from the surface of
concrete. The rebound is related empirically to the
compressive strength of the concrete.

Penetration resistance (ASTM C 803/C 803M)
Winsor probe method. The depth of penetration of the
hardened steel probe is related empirically to the
compressive strength of the concrete.

EN 13791, Assessment of In-situ Compressive
Strength in Structures and Precast Concrete
Components, European Standard, 2007

UPV method may be used to estimate the in-situ
concrete strength only if correlations between the pulse
velocity and compressive strength for the given type of
concrete are established.

Elastic modulus

ASTM C 469: Standard Test Method for Static
Modulus of Elasticity and Poisson's Ratio of Concrete
in Compression

e Ultrasonic (UPV)- in thin concrete elements.
e Stress-wave propagation
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14.3.2 Resolving the Gaps

Cracks may or may not indicate structural problems. However, even cosmetic cracks can accelerate the
degradation of the structure, and early detection of cracks is essential in extending the service life of the
structure and preventing structural failure. Typical crack characteristics are size, location, and
dimensional changes. The determination if a crack is growing requires repeated measurements. When
cracks are determined to be potentially dangerous, then automated or frequent monitoring (routine crack
inspections) are required, or in some severe cases, immediate removal of the structure from service. As
shown in Table 7, there are many direct (such as thermography, microscopy, x-ray imaging) or indirect
methods (NDT methods- e.g., linear and nonlinear ultrasonic methods, UPV, impact-echo, AE, GPR) for
crack detection and assessment of crack damage. However, most NDT methods have their advantages
and limitations, and no single method is sufficient for detecting crack size and morphology. It is even
harder to determine the crack depth when the crack is farther from the concrete surface. A combination
of various NDT tools is needed and standard terminology/procedures are also required for researchers
and technicians to communicate.

A standard practice for assessing cracking of concrete structures consisting of a four-level-activity
research plan is proposed. Each level of activity is described as follows:

L1: Detection—determine if cracks are present.

A common practice of surface crack detection is visual inspection. Visual inspection is one of the most
versatile and useful NDT methods, and it is typically one of the first steps in the evaluation of a concrete
structure. The visual inspection methods have improved from traditional manual inspection (with the aid
of flashing lights, sounding hammers, tape measures), to modern automated hand-held microscope with
digital sensing and imaging processing techniques (thresholding, edge detection, image segmentation).
Surface cracking such as map cracking, scaling can be detected and recorded, and with a crack
comparator, the width of the openings of surface cracks can be measured accurately. Visual inspection
can provide a wealth of information that may lead to correct identification of the cause of the observed
distress. However, its effectiveness depends on the knowledge and experience of the inspector. Broad
knowledge in structural engineering, concrete materials, and construction methods is needed to extract
the most information from a visual inspection.

L2: Localization—accurately locate the crack; locate the site of the damage due to cracking.

Visual inspection can identify the cracking on the concrete surface and open cracks (vertical cracks) into
the structures. Accurately locating the cracking and measuring the width, depth, and distribution of
cracks is not simple. Direct methods, such as microscopy, x-ray imaging and thin sectioning or the high
resolution x-ray computed tomography (CT), and 3D microstructure reconstruction methods, are good
for understanding the formation of the crack, and provide data for interpreting interplay of microcracking
and mechanical loading, and predict possible fatigue failure analyses (Mihashi et al. 2006). However,
these methods are not practical for in-situ, field inspection. NDT test methods are still the most viable
tools due to their portability. However, even though there are many NDT tools and standard test methods
for performing a particular task (for example, GPR, sounding, impact echo, infrared thermography can be
used to detect delaminations in bridge decks), it is often difficult to decide which one is the best method.
Inconsistent results have been observed when comparing the results from a single NDT or multiple NDT
methods. For example, the measured GPR signals/images from a complex reinforced concrete structure
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can be difficult to interpret and the measured signals may change if the probing frequency and detection
configuration are different. Furthermore, the results obtained from GPR and impact-echo methods may
not be directly comparable due to different detection mechanisms. The variability of individual NDT and
the correlation between different NDT methods are still a concern for the delamination detection.

As far as the NDT tools and test methods for crack detection are concerned, there is no existing standard
test method for crack detection except some guidelines for implementing NDT such as ASTM C597 for
pulse velocity through concrete. UPV test is considered to be one of the most effective tools for
investigating concrete structures, predicting strength and determining the extension of cracks in concrete.
Furthermore, UPV with a new test method proposed by Anwar et al. (2007) using transducers in multiple
locations can improve measurement sensitivity in detecting not only cracks parallel to the surface but
also vertical and inclined cracks. This improved UPV method also resulted in a better/more precise
measurement of the location and depth of the cracks. Other advanced NDT methods such as phase array
ultrasonic testing, eddy current array sensors, impact-echo, GPR, AE should also be considered for
determining crack formation.

L3: Assessment —estimate the amount (magnitude) of the damage due to the crack formation.

The crack width, depth, geometric features of the cracks and crack concentration are important
parameters to assess the severity of the damage due to the crack formation. Crack formation affects the
integrity of the concrete by degrading both the mechanical and transport properties. The mechanical
properties of the structure (such as the compressive strength and elastic modulus) decrease as cracking
increases. At this stage, the use of computation models (Lu and Garboczi 2012) to understand the
relationship between the physical fracture process and crack network is crucial for estimating the severity
of the damage. Fatigue failure analyses combined with the compressive strength and elastic modulus
measurements are needed to provide an accurate assessment of the “current” structural capacity.

In addition to the mechanical properties, the impact of cracks on the transport properties of the concrete
(e.g., air and moisture permeability) and the chemical state of the concrete (e.g., moisture content) are
also important to analyze to ensure the integrity of the concrete. Many of the measurements methods
made to determine transport properties are based on experiments on uncracked concrete as opposed to
cracked concrete. Thus, research efforts in modeling and measurements in linking the crack formation to
the mechanical and transport properties are lacking and are greatly needed.

L4: Prognosis —conduct a life-cycle assessment of the condition; estimate the future progress of the
damage and the remaindering life of the structure.

Use the damage assessment from L3 to assign a severity level. However, even for a low level of
severity, crack monitoring is essential. It is critical to determine if the crack is active/ passive, and to
obtain the growth rate if it is active. Crack propagation is a key factor in the life-cycle assessment of the
remaining service life because rapid crack growth and fast crack propagation indicates the potent for a
catastrophic event and requires immediate attention. To achieve this, implementing NDT techniques
and/or sensors to monitor the future progress of the damage (crack growth) is the major task. Currently,
there are no clear guidelines and programs to aid inspectors and users.
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As described in each level above, some standard test methods exist but they may not be suitable for crack
detection measurements. In most cases, such as measuring crack depth, microcracking, crack propagation
monitoring, there are no standard test methods or guidelines, especially in the use of NDT tools. This
deficiency is due primarily to the lack of fundamental knowledge of the underlying physics of NDT
probes and their interaction with the defects (crack, for example). Many NDT tools have been used to
detect crack morphology (crack width, depth, and geometric features), but there are no recommended
methods. Note that most of the more advanced NDT tools are still in the research stages; it requires
expensive equipment and highly skilled operators to process and analyze the complex signals and data.
The proposed four-level-activity research plan is reasonable for assessing cracking of concrete structures;
however, it is difficult to proceed if the data obtained are inadequate and inaccurate (in L1-L3). Clearly,
standard test methods or guidelines for charactering and detecting crack morphology are greatly needed.
Other measurement tools are also needed for monitoring crack propagation under external loads or
realistic/field (containing critical chloride content) environments.

14.3.3 Meeting the SLP Model and Measurement Needs

The following is a list of activities that would meet some of the most important needs for SLP modeling,
primarily through measurement development:

1. Establish a test bed of artifact-based standard reference materials/structures with known crack
formation to evaluate current available NDT tools.

2. Develop accurate 3-D models to help understand how different NDT methods may be used to
detect cracks; develop theoretical and computational methods to provide a scientific interpretation
to NDT response and improve the sensitivity of the techniques.

Develop a test method for crack morphology detection — starting with crack width and depth.

4. Develop a test method for quantifying the extent of crack propagation under external loads or
realistic/field environments.

5. Develop surface or embedded, non-contact sensors combined with NDT tools and computing
capabilities (high speed, large data storage, and advanced signal processing techniques) for long
term structural and performance monitoring.

6. Evaluate the effectiveness of crack-resistant binders or the additions of stiffeners or fibers that
resist crack growth.

7. Develop modeling/computer simulation and measurements for examining the effect of the crack

formation on the mechanical and transport properties, and validation of the results obtained from
field data.
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15 COMMONALITIES AMONG GAPS

There are broad gaps in the existence of coupled NDT methods and reliable SLP models. This gap is
due, in small part, to the SLP methods being developed (largely) in laboratory conditions to ensure
reliable validation. The researchers had the flexibility to control the environmental exposure conditions
and to measure critical model parameters under ideal laboratory conditions. Moreover, because SLP
models are typically developed for new construction, the models are (almost) never developed with the
constraint of limiting model parameters to quantities that can be quantified by existing NDT methods. As
a result, NDT method development typically lags behind SLP model development. Correspondingly,
SLP model development for existing structures lags behind SLP model development for new construction
because estimating remaining service life is a greater technical challenge.

Common material properties are the moisture content, the transport properties (e.g., diffusivity,
permeability, sorptivity), and the spatial distribution of the chemical composition of the pore solution.
One possible strategy is to develop reliable models that can relate relative changes in the electrical
conductivity and moisture content to relative changes in the transport properties. Depending on the
extent of the electrical sensors and the extent of any cracks present, the effects of the cracks on the
transport coefficient could be incorporated into the revised prediction of the bulk (averaged) transport
coefficient. (The effects of localized cracking on the corrosion of steel reinforcement bars, however,
would be a more demanding strategy.) Another benefit is that the effects of cracking from one
degradation scenario (e.g., ASR) could be incorporated into an SLP model for corrosion.

Until sensors can be developed for the rate/extent of chemical reactions, or for coupled moisture and
electrical methods for estimating the effects of cracks on bulk transport properties, NDT methods are
needed for detecting the onset and propagation of cracks. Even though the onset of cracks is an
indication that the degradation has progressed to the extent of stress generation, early detection of cracks
will help to inform the monitoring program of the potential for problems. Furthermore, if the location of
the cracking can be determined, this would provide additional information, such as the type of
degradation that might be occurring.

The ultimate consideration, however, is the mechanical properties of the structural element. Although
there exist indirect NDT methods for estimating the mechanical properties (through correlation), there
are no direct methods, particularly for characterizing the concrete- reinforcement bar bond strength.
Unless direct methods can be developed, models are needed to relate measureable quantities to the
structural characteristics. One approach is to use correlations to samples that have been degraded in the
laboratory at the time of construction. For an existing structure, however, developing reliable
correlations can be far more problematic.

Given the magnitude of the challenges, the effort forward might be divided between two strategies,
depending upon whether the degradation scenario leads to a “fast” or “slow” degradation of the
mechanical properties. For scenarios that can occur over shorter time frames (e.g., drying shrinkage
cracking, corrosion of the steel reinforcement), improved models are needed for predicting the effects of
degradation on the remaining service life are needed. These models should be developed in the context of
NDT methods: either the model is developed to use existing NDT methods to obtain critical model
parameters, or new NDT methods are developed as needed. For degradation scenarios that typically
require longer to manifest themselves (and assuming the rate of strength loss also occurs at a relative
slow rate), sensors may be unreliable over these very long time periods, and developing comprehensive
SLP models will be challenging. In these cases, a comprehensive monitoring strategy may be the best
approach. Sensing the onset and propagation of cracking, would provide extremely useful information.
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This could be coupled with surface electrical resistivity measurements to develop a general sense of how
the transport properties might be changing.
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16 SUMMARY

A number of nondestructive testing (NDT) methods for characterizing the physical and chemical state of
a concrete structure have been identified and characterized in the context of long-term performance
assessment. Although NDT methods have been used with limited success to evaluate the current state of
a structure, this report is one of the first to view these techniques in the context of supporting long-term
performance assessments. More specifically, the NDT methods have been discussed in the context of
supporting service life prediction (SLP) models.

The NDT methods that appear in the report were chosen because they might contribute to service life
prediction in a number of ways. Service life prediction can support a number of building evaluation and
maintenance activities, including performance assessments and monitoring and repair strategies. As part
of either of these activities, NDT methods may be used to perform any of the following functions:

¢ Quantify the physical and chemical input parameters to a model
e Detect the onset of degradation or damage

¢ Quantify the amount of degradation or damage

e Provide feedback on whether detected degradation is continuing

e Provide feedback to the service life model as part of a monitoring program

The utility of various NDT techniques for SLP was discussed in the context of three degradation
scenarios relevant to nuclear power plants: corrosion of the steel reinforcement, alkali-silica reaction
(ASR), and cracking (which could be due to a number of possible causes). Each degradation scenario
was described in sufficient detail to illuminate the significant factors or parameters for SLP models. For
each factor or parameter, the relevant NDT methods were identified. These methods included both
standardized tests and tests in research or development. For a number of factors, however, no
standardized tests exist, or the tests in development were of limited use.

Based on an assessment of the NDT methods available for evaluating these degradation scenarios, a
number of common challenges remain:

e Service life prediction models developed for new construction are typically developed in the
laboratory and are not developed in the context of existing NDT methods.

e Although sophisticated physicochemical SLP models can, in principle, be applied to existing
concrete structures (as specific initial conditions), they were not developed with the assurance
that NDT methods exist to quantify these initial conditions accurately.

e A general approach to estimating materials properties may be to use a combination of sensors or
NDT methods for moisture content and conductivity to estimate relative changes in the bulk
transport properties.

e Until reliable long-term sensors are developed, sensors to detect the initiation and propagation of
cracks may be a vital support tool for a comprehensive monitoring strategy, whereby the location
of the cracking may help to identify the degradation mechanism.

e Reliable NDT, with emphasis on non-destructive, methods are needed for determining the in-situ
mechanical properties of reinforced concrete.
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Given the magnitude of the challenges that remain, one possible solution is to develop parallel plans, one
for “fast” acting degradation scenarios and another for “slow” acting degradation scenarios. For the
faster degradation scenarios such as corrosion of the steel reinforcement, develop comprehensive
predictive models that are coupled to NDT methods. For these scenarios, the degradation has progressed
relatively far by the time there is external evidence of distress. Even when using a monitoring program,
the predictive nature of a SLP model will help to develop a more reliable monitoring schedule that uses
chemical state monitoring for the earliest detection, and NDT methods for characterizing the “current”
condition of the reinforced concrete. For the slower degradation mechanisms like ASR, the chemical and
physical mechanisms may be quite complex, so a comprehensive physicochemical SLP model may
require years of development. In these cases, a monitoring strategy that is based on early detection of
cracks, and pinpointing where those cracks are occurring, along with moisture and electrical conductivity
measurements, may help to identify the type of degradation occurring and estimate some measure to
which the transport properties are changing. When plans are developed for creating or improving SLP
models, they should either state how they would use measurement data from existing NDT methods and
sensors, or what new NDT methods and sensors need to be developed to support the model.

For both types of scenarios, NDT methods are needed for quantifying the in-situ mechanical properties of
the concrete. These methods could be divided between correlations (between measureable quantities and
mechanical properties) and methods for measuring these properties directly in existing structures. There
exist a number of promising techniques for developing these correlations for new construction. For
existing structures, considerable effort is needed to develop reliable relationships between the results
from NDT methods and SLP models.
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