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Abstract

Corrosion of steel reinforcements is the main cause of damage and early failure of
reinforced concrete structures in civil engineering, leading to enormous costs for inspection,
maintenance, restoration and replacement of the infrastructure worldwide. Conventional
methods for detecting corrosion are based on electrochemical techniques such as half-cell
potential and linear polarization. These methods can be affected by a number of factors and
require direct contact with the concrete. To overcome difficulties with conventional
inspection techniques a benchmark project using and evaluating state-of-the-art NDE
methods is set up at FHWA’s Turner-Fairbank Highway Research Center. The aim is to
devise a test protocol for structural health monitoring (and asset management) of concrete
structures by performing periodic baseline NDE surveys. For this a typical bridge deck
specimen is cast, corroded and cyclic loaded. The benchmark project incorporates the latest
developments in NDE inspection methodologies. A special focus lies on the promising
technique of time-resolved thermography with induction heating combined with 3-D
microwave imaging—a research cosponsored by the US National Research Council NRC.

Résumé

La corrosion des armatures d'acier est la principale cause de pathologies et de défaillances
prématurées des structures en béton armé en génie civil, entrainant des colits énormes pour
l'inspection, l'entretien, la restauration et le remplacement d’infrastructures dans le monde.
Les méthodes conventionnelles pour la détection de la corrosion électrochimique sont basées
sur des techniques telles que la demi-cellule et le potentiel de polarisation linéaire. Ces
méthodes peuvent étre affectées par un certain nombre de facteurs et nécessitent un contact
direct avec le béton. Afin de surmonter les difficultés des techniques d'inspection
conventionnelles, un projet utilisant des méthodes avancées NDE est développé au Turner-
Fairbank Highway Research Center de la FHWA. L'objectif est de mettre au point un
protocole d'essai pour la surveillance et 1’évaluation structurelle des ouvrages en béton en
effectuant des enquétes périodiques de référence NDE. Pour cela un modé¢le de tablier de pont
type est coulé, corrodé et chargé de manicre cyclique. Le projet intégre les derniers
développements dans les méthodes d'inspection NDE. Un accent est mis sur la technique
prometteuse de la thermographie en temps résolu avec chauffage par induction, combinée
avec la micro-imagerie 3-D. Cette recherche est parrainée par le US National Research
Council NRC.
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1 Introduction

Being the main cause for inspection, maintenance and repair of infrastructures worldwide
[1] a recent study commissioned by the Federal Highway Administration states that the cost
of corrosion in the USA consumes about $286 billion per year (published at
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www.corrosioncost.com). In this study the average costs for corrosion control methods and
services alone are estimated to be $121.41 billion per year of which only <0.1 % is spent for
research and development. The human consequences of not dealing with corrosion in time is
shown by the recent collapse of a concrete highway bridge in Laval, Canada due to rebar
corrosion in which five lives were lost [2]. Apart from these spectacular collapses of
reinforced concrete structures the main problem remains that of spalling (i.e. Broomfield
reports of a man getting killed by a concrete slab [3]).

Consequently, an objective, spatially resolved, and rapid corrosion inspection method
could lead to cost savings of billions of dollars worldwide by the detection of corroded
reinforcement in concrete at an early stage. Damaged areas could then be targeted for
strengthening or repair at the appropriate stage of the lifecycle of the investigated structure.
However conventional inspection methods for detecting corrosion all have their limitations
and drawbacks (compare section 3 or i.e. [3, 4]). To overcome these difficulties with
conventional inspection techniques a benchmark project using and evaluating state of the art
NDE methods is set up at the Turner-Fairbank Highway Research Center of FHWA. This not
only makes use of the existing equipment at the FHWA NDE Center but also incorporates
latest developments in NDE inspection methodologies including the novel approach of
microwave thrmoreflecometry [5].

2 Corrosion of reinforced concrete structures

2.1 Corrosion of steel in concrete

Reinforced concrete structures perform well as long as the alkaline environment is intact.
Not until the passivating effect of the concrete with pH 10 — 12 is penetrated, corrosion of
steel in concrete can occur. If oxygen (cracks) and water (pore water) are present the
chemical reactions for corrosion of steel in concrete can be described on the anode as:

Fe — Fe*' + 2¢” (1)
And at the cathode as (compare also fig.1):
2e + H,O + 20, — 20H (2)

For the development of hydrated ferric oxid (Fe,Os - H,O) or rust several other steps
through Fe(OH), (ferrous hydroxide) and Fe(OH)s (ferric hydroxide) are necessary as
documented in equations 3 to 5 (according to [3]):

Fe’"+ 20H — Fe(OH), (3)
4Fe(OH), + O, + 2H,0 — 4Fe(OH); (4)
2Fe(OH); — Fe,0; - H,O+ 2H,0 ®)]

Anodic and cathodic reactions of reinforcing steel in concrete [3]

The main reasons for depassivating concrete are carbonation of concrete and chloride
penetration. Carbonation induced corrosion is a problem where concrete cover is small or the
concrete of bad quality with well connected open pores and a low cement ratio with poor
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curing. It is rarity on US highway and civil structures, chloride induced corrosion is a far
greater problem [3].

2.2 Deterioration of concrete embedding corroding steel

According to focus it can be distinguished between different chloride induced corrosion
phases. Taking into account the marine environment Melchers and Li [6] distinguish between
5 phases of marine corrosion; phase D1: diffusion of chloride into the concrete without
corrosion; phase D2: diffusion of chloride with minor amounts of corrosion; phase Cl:
increasing corrosion with radial stresses, building of longitudinal cracks and finally spalling;
phase C2: increasing longitudinal cracking and spalling and enhanced oxygen inflow and
phase C3: anaerobic corrosion resulting in black rust. On the other hand according to Weyers
et al. [7] there are especially 5 phases of (chloride induced) corrosion that are of interest for
estimating the service life of bridges; phasel: early structural damage; phase 2: diffusion of
chloride and corrosion initiation; phase 3: 2.5 % steel corrosion and spalling; phase 4:
spalling and delaminations and phase 5: cumulative damage till the end of service life. And
Chen and Mehadravan [8] describe 3 phases respective 3 times of interest for the numerical
simulation of chloride-induced reinforcement corrosion and concrete cracking: phasel:
chloride penetration ending with tiyitiation Of corrosion initiation; phase 2: free rust expansion
ending with tg.s and stress initiation and phase 3: concrete cracking ending with tepeiiing
(compare fig. 2).

Corrosion level
F 3

Service life

Chloride penetration | Rust expansion | Cracki £

Einitiation Letress tepalting

Figure 2. Chloride induced reinforcement corrosion process according to Chen and
Mehadravan [8]

Considering these positions and taking the view point of a modern highway-bridge
assessment 9 differing phases of the concrete corrosion process can be targeted for this cyclic
NDE monitoring as shown in table 1:

Chloride induced corrosion and cracking

e { ? b !d‘? <

0) Fresh cast and hardening 1) Early local structural, | 2) Migration of chloride; no
concrete thermal and fatigue corrosion
cracking
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3) Initial corrosion of steel and | 4) Radial hoop stresses | 5) Increased cracking around
formation of corrosion with formation of cracks steel and starting concrete
products; no stresses (ti;) and starting chemical spalling
alteration of concrete

6) Enhanced oxygen, moisture | 7) Cumulating damage 8) End of life performance
and chloride inflow;
development of radial macro-
cracks, spalling and
delaminations

3 NDE for corrosion detection in reinforced concrete structures

3.1 Corrosion assessment and monitoring

The assessment of bridge decks is an essential part of modern bridge management. To
monitor the performance or the effectiveness of maintenance and repair measures sensors can
be embedded in concrete for permanent or temporary monitoring to give early warning of
deterioration by measuring especially the concrete resistivity, the reference electrode
potential or the corrosion rate. In addition to these there are several techniques in the toolbox
of corrosion assessment (for a more detailed description compare the manifold literature, i.e.
[3, 4]):

Visual inspection is the most common method but is highly dependent on the expertise of
the operator and by definition cannot detect hidden corrosion. Chain/ hammer drag is
commonly used method for detecting delaminations with two drawbacks: 1. the localization
of damaged areas is rather rough, 2. the damage has to be already significant (phases 6/7 {f of
table 1). Drill cores in combination with chemical analysis and / or petrography give only
local information and extensive sampling can weaken the structure. Minimal invasive
electrochemical potential measurements do not indicate the rate of corrosion, are complicated
in the handling and have difficulties making reliable quantitative measurements. The factors
influencing half-cell potential measurements are affected by the resistance of the concrete
and the pH of the pore solution (carbonation). Resistance measurements of concrete can
provide an indication of the presence, and possible the amount, of moisture and salt in a
concrete structure and therefore evaluate the extent and rate of corrosion of reinforcement
indirectly. However they are sensitive to the configuration of the reinforcements, so for the
assessment of the condition of a structure and the likelihood of corrosion accurate knowledge
of its built construction is necessary [4]. Better results can always be achieved if more than
one inspection-method is applied simultaneously, but the larger the number of methods the
higher the costs.

There are also NDT methods used with some success on bridge decks: radiography
measures density changes with high accuracy but needs access to both sides of a structure and
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certain safety requirements. Impact-echo is able to detect and quantify the degree of
delaminations (phase 7) and ultrasonic detects defects in concrete [9]. Radar detects
corrosion induced bridge deck deterioration in an earlier stage (at least phase 6 of table 1)
[10] and is very effective especially in combination with thermography [11].

3.2 The benchmark approach

As mentioned before, the main objective of this research is to evaluate NDT methods for
their aptitude to detect differing phases of corrosion progression in concrete as outlined in
table 1. This task will be accomplished by performing automated multi-sensor periodic NDE
inspection of a typical concrete deck specimen in the laboratory followed by the analyses of
the time-resolved images. Therefore, the aim is to devise a test protocol for structural health
monitoring (and asset management) of concrete structures by performing periodic baseline
NDE surveys. For this a typical bridge deck specimen is cast, corroded and cyclic loaded to
create all above mentioned phases of corrosion (compare table 1). To monitor the corrosion
process sensors are embedded to monitor voltage, current, resistance and temperature with an
Anode-ladder system (www.sensortec.de). In addition half-cell measurements are carried out.

The methods used for NDE structural health monitoring will consist inter alia of an
advanced ultrasonic’s linear array for early crack detection [12} (www.germann.org),
commercial GPR, infrared thermography with induction heating and a new microwave
camera (Www.newportsensors.com).

A special focus lies on the promising technique of time-resolved thermography with
induction heating [13] combined with 3D microwave imaging [5, 14] - a subtask co-
sponsored by the US National Research Council: A corroded steel bar that has been heated
above ambient temperature will cool down more slowly than an uncorroded one, and the
difference in rate of cooling can be used to detect the corrosion. The rebar can be heated in
the concrete by using an AC (alternating current) electrical induction heater, external to the
concrete structure. The temperature at the surface of the rebar can be detected
nondestructively by the reflectance of a microwave beam, since the reflectivity is temperature
dependent. The induction heater can be cycled on and off to produce temperature pulses in
the rebar, and thus the heating and cooling can be cycled repeatedly. By scanning the
microwave beam over the rebar it is possible to image the corrosion layer.

4 Conclusions

Corrosion of reinforcement in bridge decks is a major problem for United States
infrastructure. A rapid, non-contact, spatially resolved and objective inspection tool for
detecting corrosion of reinforcement in concrete at an early stage could lead to planning
reliability and a saving of billions of US-Dollars in the public and private budgets. But
traditional methods and even the increasingly used NDE methods all have there limits. In
addition the used NDE methods are mostly expensive expert’s methods and the clients,
mostly the State DOTs, have to rely on their expertise. Here FHWA NDE Center is trying to
fill the gap by setting up a benchmark project by following its own guideline for the
evaluation of NDE methods for infrastructures assessment. The first goal is to use and
evaluate state of the art NDT methods for NDE corrosion monitoring. The final goal is to
give guidelines to the DOTs which method can be expected which results. To realize this
ambitious plan an expert's committee is founded, involving corrosion specialists and NDE
experts from the US and Europe. The focus of this collaborative effort is to design and build
concrete test specimens, artificially induce and monitor corrosion, periodically load it and
perform automated multi-sensor NDE inspections, followed by 3D imaging and destructive
validations. First results are to be presented in the oral presentation.
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