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Abstract

The impact of concrete resistivity on the design of cathodic protection systems has been noted
in all global concrete cathodic protection standards as a significant issue for design
consideration. However, none of the standards include specific, relevant guidelines related to

the consideration of resistivity data in the design of cathodic protection systems.

The research work in this thesis includes various experiments related to the measurement of
concrete resistivity in atmospheric conditions, long-term concrete resistivity development over
time, and the assessment of concrete resistivity on the design of cathodic protection systems.

Six experiments were conducted as part of this thesis.

Experiment 1 involved the development of concrete material compositions to achieve a wide
range of concrete resistivity levels, representative of a full range of real-world concrete
resistivity conditions. With the use of admixtures, nine compositions were trialed achieving
concrete sample resistivities from a low of 1.6kQcm to a high of 2000kQcm within a short period
of 57 days. Compositions were limited to widely available admixtures allowing them to be easily

recreated for concrete resistivity experiments in this thesis and in future works.

Experiment 2 explored the effect of water saturation on concrete resistivity measurements. The
AASHTO Standard [1] adopted for the measurement of concrete requires water saturation as a
method to minimise contact surface resistance between the Wenner probe equipment and the
concrete surface. Although the Standard [1] was designed for chloride permeability testing, it
has been widely adopted for all concrete resistivity testing, particularly in laboratory settings to
achieve sufficient electrolytic contact between the Wenner Probe and concrete. The purpose of
Experiment 2 was to assess if there is an impact on resistivity measurements of atmospherically
exposed concrete when water saturated. Experiment 2 identified that water saturation resulted
in a significant decrease in resistivity measurements and identifies the need for a new
methodology for testing concrete located in atmospheric conditions, without the need for water

saturation.

Experiment 3 involves the development of a new concrete resistivity testing methodology for
concrete in atmospheric conditions, without the need for surface wetting or water saturation (a
solution to the issue identified in Experiment 2). This experiment presents a new method

minimising the impact of concrete surface variability by establishing an alternative, reliable



electrolytic contact between the Wenner equipment probes and concrete. Based on the results
in this experiment, a 15mm probe depth was identified to provide the most consistent resistivity
measurements of concrete in varied exposure conditions. Through experimental laboratory
testing, resistivity measurements were found to decrease by up to 8% between surface and
probe measurements. The output from this experiment can contribute to the development of
guidelines and additions of the current Standard for the measurement of concrete resistivity via

the Wenner probe in atmospheric conditions.

Experiment 4 assesses the level of concrete resistivity increase over time for four commonly
used repair mortars used in conjunction with cathodic protection. The testing was conducted
over a period of 564 days under saturated and outdoor atmospheric exposure conditions. The
experiment indicated that concrete resistivity continues to increase with time under both
saturated and atmospheric outdoor conditions. The conclusion from this experiment is that the
use of repair mortar based on published short term resistivity data (28 days) and under
saturated conditions is misleading. The suitability of polymer-modified repair mortars in
conjunction with cathodic protection must be verified based on long-term test data under
atmospheric outdoor conditions. Testing in accordance with the methodology trialed in
Experiment 3 provides a solution which can be adopted by the industry to test concrete in

representative atmospheric conditions.

Experiments 5 and 6 involved the assessment of the impact of anode-to-rebar spacing and
concrete resistivity on the current output of impressed current cathodic protection systems. A
trend line representing this correlation was developed based on two laboratory testing
programs over 63 days (Experiment 5) and 564 days (Experiment 6). The trend line was verified
using data extracted from an operating impressed current cathodic protection system
(Experiment 7). The experiments indicate a significant impact of anode-to-rebar spacing at
different levels of concrete resistivity on the current output of impressed current cathodic
protection systems. The developed trend line generated from this work is the first reported
research data correlating concrete resistivity, anode-to-rebar spacing and current output for
impressed current cathodic protection systems. This trend line can be considered as an effective

tool for the design of impressed current cathodic protection systems.

This research presents the first major work on the topic of concrete resistivity and its
relationship with impressed current cathodic protection through laboratory trials supported by

data from a real operational structure with an operating impressed current cathodic protection



system. The results from this thesis can contribute to the improvement of existing concrete
resistivity testing Standards and provide invaluable data to the international cathodic protection

design Standards.
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1 Introduction

1.1 Background

Cathodic Protection (CP) is an electrochemical technique used for the corrosion protection and
prevention for structures suffering from chloride-induced corrosion. There are Australian [2] and
International Standards [3] [4] which cover all aspects related to the design, material selection,

commissioning and monitoring of cathodic protection systems.

Cathodic protection can be applied either by impressing an external current, or by galvanic
means. For galvanic anode cathodic protection, the anode - commonly zinc - is connected to the
reinforcement and the potential difference between the zinc and the steel causes a small
protection current to flow from the zinc to the embedded rebar in concrete. Galvanic anode
systems have limited current output capacity and are normally used in conjunction with the
repair work, or where it is not practical to use impressed current cathodic protection systems.
Galvanic anodes will not work effectively in high resistivity concrete due to the limited driving
voltage developed between the anode and the rebar which makes resistivity values more

relevant than for impressed current systems.

For impressed current cathodic protection (ICCP) systems, based on the current applicable
Australian Standard for the design of cathodic protection systems in concrete [2], various factors
must be considered during the design process. These factors include: the exposure condition of
the protected element; the extent of concrete deterioration; reinforcement continuity; concrete
cover; assessment of the corrosion activity of embedded reinforcement; concrete carbonation;

level of chloride contamination in the concrete; steel density; and concrete resistivity.

For ICCP systems, the input data from the site testing can provide the required information for
the design process. This includes the system’s current density, type of anodes, spacing of anodes
and system zoning. However, the resistivity data of the original concrete cannot be incorporated
into the design of impressed current systems in any profound way due to the lack of any relevant

guidelines in the applicable Standards [2] [3] [4].



The research work in this thesis includes various experiments related to the development of an
innovative method for concrete resistivity testing for atmospheric concrete structures and the
development of a design trend line that incorporates resistivity data and anode-to-rebar

spacing for the design of cathodic protection systems.

1.2 Objectives and Scope

This section describes the research plan, objectives, and scope of this thesis.

This thesis incorporates laboratory work in conjunction with data obtained from a marine
structure with an operating ICCP system. Further detail on the experimental procedure will be

discussed in subsequent corresponding chapters.

This thesis is divided into six chapters.

Chapter 1- The present chapter presents a brief background and introduction to cathodic
protection as well as providing the objectives, scope, and structure of each

chapter.

Chapter 2- This chapter presents the literature review which includes an overview of
corrosion in concrete structures, the main application of electrochemical
protection systems to combat corrosion, and the relationship between
concrete resistivity and electrochemical protection systems. The literature
review highlights areas of limited knowledge and the lack of data related to the
design and performance of electrochemical protection systems in varying

concrete resistivities.

Chapter 3- This chapter is divided into four experiments:

Experiment 1: The resistivity of concrete can range from kQcm to MQcm based
on compositions, age, contaminants, and environmental exposure. In practice,
every concrete structure has a unique variation of these variables. As there are
many variables which contribute to resistivity, the objective of Experiment 1 is

to develop concrete compositions which would result in a sweep of resistivities



(representative of a full range of real-world conditions), all within a short period
of time (months) where variables can be controlled, suitable for laboratory
testing. Variations in admixtures are trialed and tested to achieve different

levels of resistivity.

The scope is limited to achieving different resistivity values with the use of
admixtures. Research into the direct effects of the admixtures, pore network
structures or any other grout characteristics (compressive/tensile strength,
durability, creep, shrinkage, etc.) is outside the scope of this research. The

purpose is to obtain varied resistivities within a short time range (months).

Experiment 2: Involves research into the impact of water saturation on Wenner
probe resistivity measurements. The current resistivity Standard [1] for the
measurement of concrete requires the saturation of concrete in order to
measure resistivity. The purpose of the water saturation is to minimise contact
surface resistance between Wenner probe equipment and the concrete
surface. Although the Standard [1] was designed for chloride permeability
testing, it has been widely adopted for all concrete resistivity testing,
particularly in laboratory settings. The purpose of Experiment 2 is to assess if
water saturation of concrete will impact on resistivity measurements of
atmospherically exposed concrete. It is anticipated that the water saturation
will lead to a significant decrease in resistivity, signifying an issue with the
current common methodologies used for the measurement of resistivity for

samples in atmospheric conditions.

Experiment 3: Trials a new method of measuring concrete resistivity of
concrete located in atmospheric conditions, without the need for surface
wetting or water saturation (a solution to the issue identified in Experiment 2).
The aim of this experiment is to test a new method utilising externally
embedded probes as an alternative to water saturation or surface wetting and
identify the impact on resistivity measurement between surface and probe

measurements.

Experiment 4: Involves the comparison between resistivity data of four

different (commercially available) repair mortars over a period of 564 days,



Chapter 4 -

with samples exposed to saturated and outdoor conditions. The objective is to
assess if the long-term resistivity increases past the commonly stated 28-day
resistivity values provided by grout manufacturers. It is predicted that
resistivity will continue to increase past the 28-day period, and that testing in
saturated conditions (as per the current testing Standard [1]) will yield

unrepresentative results (as identified in Experiment 2).

This chapter is divided into two experimental sections:

Experiment 5: The design of impressed current cathodic protection systems are
governed by international Standards [2], [3] and [4]. These Standards note
concrete resistivity as a design consideration, but due to the lack of research
on this topic, they present limited data. The lack of data on the impact of
resistivity on ICCP design has led to the installation of ICCP systems to real
structures, which on commissioning exhibit high limiting voltages, greatly
reducing the effectiveness of the system. As the concrete acts as the electrolyte
in an ICCP system, this section experiments using different concrete resistivities
(designed in Experiment 1), to identify at what resistivity the ICCP system will
reach its 8-volt limit. Anode-to-rebar spacing of 30mm and 60mm is also
undertaken to identify if anode-to-rebar spacing can be adjusted as a solution
to achieve ICCP performance at higher concrete resistivities. Testing was

limited to plotting the initial 60 minutes of the ICCP system being switched ON.

Experiment 6: Further continuing the work in Experiment 5, Experiment 6
examines the effect of concrete resistivity on the ongoing application of ICCP
and the effect of anode placement. The objective of which is to plot the full
increase of voltage of newly cast concrete and continue to measure the current
output density of each test sample through a spectrum of low kQcm to high
MQcm concrete resistivities. This data can provide a graphical representation
of the current density output, developing a trend line representing anode-to-

rebar spacing, concrete resistivity and current output.



Chapter 5 -

Chapter 6 -

Chapter 5 involves the extrapolation of data from a real reinforced concrete
structure with an operating impressed current cathodic protection system. The
purpose of this chapter is to identify if the laboratory data from Chapter 4 is
consistent with that of a real reinforced concrete structure with an operating

ICCP system.

Chapter 6 presents the thesis conclusions and provides recommendations for

future research.



2 Literature Review

This chapter provides an overview of corrosion in concrete structures, the main application of
electrochemical protection systems to combat corrosion, and the relationship between concrete

resistivity and electrochemical protection systems. This chapter contains three main sections:

1. Introduction into the main causes of corrosion and mechanisms of corrosion of
reinforced concrete structures.

2. Factors which are considered in the design of electrochemical systems, corrosion
potential, current density design, steel density and resistivity.

3. The measurement of concrete resistivity, methods, what influences concrete resistivity,
the importance of concrete resistivity in corrosion prevention and protection, and the

relationship with electrochemical protection systems.

2.1 Corrosion in Concrete

Corrosion of steel reinforcement in concrete is one of the major problems impacting on the
integrity and serviceability of structures. Reinforcing steel in new, good-quality concrete does
not corrode even if sufficient moisture and oxygen are present. New concrete generally has a
high alkaline pH of above 13, which is attributed to high levels of calcium hydroxide. The
interaction between high levels of hydroxyl ions (OH), and the steel reinforcement form an
insoluble ferric oxide film around the reinforcement, causing the steel to passivate and create a
protective oxide layer. This oxide layer provides protection to the steel reinforcement by
preventing metal atoms from dissolving however, this passive layer cannot always be
maintained. Chloride and carbonation ingress to the level of steel reinforcement as a result of
poor-quality concrete, concrete cracking and insufficient concrete cover-to-reinforcement can

lead to a decrease in concrete alkalinity and a breakdown of the protective oxide layer.

The two main causes of corrosion of steel reinforcement are carbonation and chloride
contamination. In the case of carbonation, rectification methods include patch repair, the
application of anti-carbonation coating and the use of realkalisation. For chloride-contaminated
structures, electrochemical treatments are normally considered in conjunction with the repair

work. Impressed current cathodic protection, galvanic anode protection or chloride extraction



(desalination) are the common methods used in conjunction with the repair work for the

corrosion protection of chloride-contaminated structures.

Impressed current cathodic protection (ICCP) is one of the main established and implemented
electrochemical protection systems. ICCP is regarded as the most effective electrochemical
method used for structures in high chloride environments. The application of ICCP requires a
permanent power supply and ongoing monitoring of the system over the life of the structure.
ICCP systems are generally applied for major rehabilitation projects, typically for marine

structures such as wharves and bridges.

Galvanic cathodic protection is currently an area of substantial growth. It is becoming
increasingly attractive because of its simplicity, low monitoring, and maintenance requirements.
Galvanic anodes consist of highly active metals (zinc) which have a more negative
electrochemical potential than steel, and this protects the reinforcing steel from corrosion. Once
sacrificial anodes are installed in a structure, they can provide a certain level of corrosion
protection. With galvanic anodes, there is no need for ongoing monitoring or the use of a power
supply unit. For this reason, galvanic anodes are favoured and have been widely used in many
applications in recent years. Galvanic anode systems have limited current output capacity and
service life and are normally applied in conjunction with the repair work for incipient anode

prevention or where the current density requirement is very low [5].

2.1.1 Corrosion Process and Mechanism

Corrosion of concrete involves an electrochemical process in which both flow of electrical
currents and chemical reactions occurs. The process of corrosion initiates when anodic and
cathodic zones occur simultaneously on the same metal surface [6]. Chloride ingress and
carbonation contamination are the two most common causes of the degradation of the steel
reinforcement’s protective oxide layer. Regardless of the cause of corrosion, once the alkalinity
of the concrete at the level of steel reinforcement decreases to a level beyond the steel

passivation threshold, the electrochemical process of steel corrosion will begin.

Carbonation is the exposure of carbon dioxide (CO,) to the concrete. Depending on the
permeability of the concrete and level of hydration, carbon dioxide penetrates and dissolves
into the concrete pores. The mixture of carbon dioxide into the calcium hydroxide (Ca(OH)2) rich

concrete reacts to form calcium carbonate:



Ca(OH), + CO, -  CaCOs+ H,0

Consumption of Ca(OH), decreases the pH of the concrete to as low as 8.5, which is well below
the necessary alkalinity required to keep the steel passivated. The decrease in pH causes the

deterioration of the oxide layer, enabling the corrosion process.

The second type of concrete contamination is through chloride ingress. The diffusion of chloride
ions into the concrete through the concrete cover or through cracks that form in the concrete is
the primary mechanism of chloride contamination of concrete structures. In Australia, many
structures are built in coastal locations which are exposed to airborne chlorides or are in direct
proximity to seawater. The quality of concrete, porosity, concrete cover-to-reinforcement, and
shrinkage cracking of the concrete are the primary enablers of chloride ingress. When the
chloride reaches the steel reinforcement the breakdown of the protective oxide layer occurs,

and corrosion initiation starts.

The process of steel corrosion in concrete begins with the variance in steel potential in different
locations of one continuous steel element. The variance in steel potential is caused by the
macrocell mechanisms of the concrete causing a breakdown of the passive layer, which leads to

the creation of the anodic and cathodic areas.

Where the oxide layer is damaged, steel generates positively charged ions and releases

electrons. The reaction is shown by:

Fe — Fe?* + 2e~

This area known as the anodic area becomes the host of the oxidation process, where electrons

are released from the anode and flow to the cathode:

0, + 2H,0 + 4e~ — 40H™

At the cathode, electrons react with an external source of water and oxygen, producing hydroxyl
ions. The hydroxyl ions at the cathode then react and produce ferrous hydroxide at the anode,

which when exposed to oxygen and is oxidised, produce hydrated ferric oxide (rust).



2.1.2 Corrosion Mechanisms

The first step in understanding electrochemical corrosion is to identify and understand the
mechanisms. The corrosion rate of macrocell mechanisms can be determined by the following
formula:

Sc

Corrosion Rate =k -1, - —
Sa

Where Corrosion Rate is in mm/y; I is A/m?; S and S, are the cathodic and anodic surface area
in m?; kis the constant equivalence (carbon steel k = 2.7) [7]. The surface area ratio must
incorporate the extent of influence within the electrolyte, which can be characterised as
throwing power. Throwing power is a computer modelled theory which refers to the ability of
current generated at the anode to reach distant cathodic zones, incorporating resistivity,
geometry and overvoltage. In general, it is expected that driving voltage will decrease with

increasing resistivity. The geometric theory is depicted in the following expression:
AV
p-ic

Lax = k

Where, L, is the throwing power; AV is the driving voltage; p is the resistivity in Qm [7].

Driving voltage AV can be given by the following equation:
AV = (Eeq,C —Nne) - (Eeq,A - nA) = IRy

Where, E,, ¢ and E, 4 are the equilibrium potential of the cathodic and anodic processes,

n. and ny is the overvoltage. IR, is the resulting IR drop in the electrolyte [6].

2.1.3 Corrosion Consequences

The process of electrochemical reactions culminates in the production of iron oxide (rust) at
the anode. The formation of iron oxide is many times the volume of the original steel, causing
an expansive internal pressure within the concrete structure. The build-up of this internal
pressure leads to the eventual degradation of the structure, causing spalling, cracking, loss of
section, a decrease in structural strength, and eventual collapse if no protection or prevention

measures are taken. For this reason, corrosion of reinforcements in concrete has a major



impact on the life and health of structures in highly corrosive environments. The aim of
incorporating corrosion protection systems within the repair work is to minimise the impact of

corrosion and maintain the serviceability of the structure with minimal maintenance cost.

2.2 Corrosion Prevention & Protection Measures

For new structures, corrosion prevention measures may include; modifying the concrete mix to
decrease concrete permeability; adjusting steel depth to provide adequate concrete cover;
changes in construction designs to minimise the exposure of some key structural elements to
chloride ingress; coating application to limit chloride ingress and carbon dioxide into the
concrete; use of corrosion resistant reinforcement; use of inhibitors to fresh concrete, and the

application of impressed current cathodic prevention systems.

For existing structures, common remediation methods for structures with carbonation-induced
corrosion includes conventional patch repair, coating application and realkalisation. For
structures with chloride induced corrosion, the common methods include impressed current
cathodic protection, galvanic anode protection and chloride extraction (desalination). In recent
years, hybrid anode corrosion protection systems have been used for various applications for
chloride contaminated structures. The hybrid system consists of a temporary impressed current
followed by permanent galvanic application. The concept of this system is that during the initial
impressed current phase, corrosion pits are realkalised and this returns the embedded rebar to
a passive state. Following the short-term application of the impressed current phase, the

passivity of the steel is maintained by the galvanic anode system.

2.2.1 Structure Condition Assessment

Before any repair work is carried out, an investigation is required to assess the causes and extent
of existing defects. The aim of the investigation is to provide information related to the causes
and extent of damage, and the impact of damage on the structural integrity and serviceability
of the structure. For the corrosion assessment, a typical material and electrochemical

investigation is performed.

This investigation involves a combination of in situ testing and laboratory analysis. The main

components of a typical investigation are visual inspection, cover-to-reinforcement
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measurement, delamination testing, chloride testing, carbonation testing, half-cell potential
mapping, continuity testing, compressive strength testing and resistivity testing. Other
investigation methods such as gamma radiology, infrared thermography, ground penetrating
radar, corrosion rate measurement and ultrasonic pulse velocity can be used to obtain more

detailed information related to the condition of the structure.

Based on the investigation results, the repair methodology can be selected. In the case an
electrochemical repair system is selected in conjunction with concrete repair, the relevant data

from the investigation can be used for the system design.

2.2.2  Selection of Electrochemical Protection systems

Cathodic protection is the most commonly used method for the corrosion protection of
reinforced concrete chloride contaminated structures. The data from the investigation includes
continuity of embedded rebar, level of corrosion activity, level of chloride contamination, the
exposure condition of the elements of the structure, and concrete resistivity. Based on this data,
the estimated current density which is required to achieve corrosion protection in accordance
with the applicable Standards can be determined. Selection of the electrochemical system can
be carried out based on the level of corrosion, system design life, cost, and maintenance
consideration. Impressed current cathodic protection systems, galvanic or hybrid anode systems

can be considered for the corrosion protection in conjunction with the repair work.

2.2.3 Impressed Current Systems

Impressed current cathodic protection (ICCP) for reinforced concrete structures is a proven
technology which can provide long term corrosion protection for structures suffering from
chloride-induced corrosion. ICCP technology for steel in concrete has now reached maturity
after more than 40 years of global application. This technology is considered a reliable technique

for the long-term corrosion protection of structures suffering from chloride-induced corrosion.
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Figure 2.1 displays the main components of an ICCP system in concrete.

Control Unit
Power Suppy
and Monitoring
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— Steel Reinforcement
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Concrete

Figure 2.1 - Impressed current cathodic protection system schematic

The principle of cathodic protection is to move all the embedded rebar within a structure into a
cathodic phase by moving the anodic reaction to an external anode normally embedded into the
concrete cover, or in drilled holes in the concrete. This is achieved by driving current between

the anode and the embedded reinforcement through the electrolytic concrete.

Cathodic protection promotes the development of alkalinity at the steel surface and the
migration of chloride ions from the rebar toward the anode. The increase of alkalinity allows for
the regeneration of the protective passive oxide layer at the steel surface and the passivation of

the steel.

There are many types of concrete impressed current anodes [3]. The anode types can be divided
into surface applied, encapsulated, and immersed buried anodes. The most common anodes
used for concrete structures are activated Mixed Metal Oxide Titanium expanded ribbon, mesh
or discrete anodes. Activated titanium anodes comprising a substrate of titanium, niobium or
tantalum, and an electrocatalytic coating containing oxides of platinum group metals, such as
platinum, iridium or ruthenium, with oxides of titanium, zirconium and tantalum [2]. These
anodes are embedded into the cementitious grout in chases cut in the concrete cover or

installed into holes drilled into the concrete.
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To determine the performance of cathodic protection systems, reference electrodes are
installed at representative locations in the elements. In addition to the anodes, the components
of a typical cathodic protection system include reference electrodes, reference return
connections, titanium conductor strips, anode connections, rebar connections, junction boxes,

DC cables and transformer rectifier/control system.

2.2.3.1 Limiting Voltage

The commonly used mixed metal oxide (MMO) titanium ribbon, mesh or discrete anodes are
connected by uncoated titanium conductor strips. The uncoated titanium conductor strips may
be at risk of corroding by pitting in chloride environments if operated in excess of approximately

8-volt metal/electrolyte potential [3].

The MMO titanium mesh or ribbon anodes are normally spot-welded to the uncoated titanium
conductor bar and the spot weld connection is normally embedded into the concrete. The anode
connection is normally spot-welded to the conductor bar and the anode connection cables are
terminated into the junction boxes and the transformer rectifier unit. Uncoated titanium bars
are used as they allow for a simple and secure spot-welded connection to the anodes,
compatibility between materials, and because of titanium’s low electrical resistance (0.04 —0.11

Ohm/m) [8].

The Australian Standards states AS 2832.5-2008 Cathodic Protection of Metals, Part 5: Steel in

concrete structures [2];

“Voltage applied to titanium strips or wires (sometimes referred to as conductor bars) used to
conduct current in the anode systems shall be limited so as to avoid any overvoltage which can

result in premature anode circuit failure.”

Normally, ICCP systems operate at low voltages in wet/low resistivity concrete elements. For
high resistivity concrete, the circuit voltage increases, and the limiting 8-volt metal/electrolyte

potential impacts on the amount of cathodic protection current.

2.2.4 Galvanic Protection

There are two ways of providing cathodic protection current to embedded reinforcement in

concrete - using impressed current and/or galvanic anodes. Galvanic anodes are well proven in
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buried/submerged steel and reinforced concrete element applications, particularly in marine
environments where moisture and salts maintain the activity of the anodes. For concrete in
atmospheric conditions, the high resistivity of the concrete and low driving voltage of galvanic
anodes limits the use of this technology. This limitation is mostly applicable for structures with
high corrosion activity and where it is required to design a cathodic protection system that
meets the applicable Standards for cathodic protection [2] [4] [3]. Regardless of this limitation,
galvanic cathodic protection is becoming attractive because of the low maintenance cost

associated with galvanic anode systems.

Galvanic Anode

1 lonic Current Flow

Steel Reinforcement

Concrete

Figure 2.2 - Galvanic anode cathodic protection system schematic

Figure 2.2 displays the main components of a galvanic anode system in concrete. A galvanic
anode system is based on an electrochemical reaction between dissimilar metals where one
metal preferentially corrodes over another. Which metal corrodes preferentially is based on the
electrochemical series of metal potentials. When two dissimilar metals are connected, the lower
potential metal will become the anode E,, and the higher potential metal, Ec, will become the
cathode. The maximum driving voltage between the two metals is expressed in the following

formula [7]:
AV = EC - EA

The selection of metals is determined on the driving voltage AV, surface corrosion mechanics of
the metal in addition to the feasibility of the metal. In general, galvanic anodes are made from

aluminium, magnesium or zinc with the selection based on the environmental factors, varying
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from soil to salt and brackish water. Galvanic anode systems are widely used for the protection
of steel and reinforced concrete elements located in water and soil. For concrete structures, zinc

anodes are commonly used.

Galvanic anodes are generally used on structures which exhibit early signs of corrosion, as their
level of protection is limited to the potential differences between dissimilar metals (AV). This
limits the usability of sacrificial anode systems, especially for structures exposed to harsh marine
environments. In addition to this, galvanic anodes must generally be used in low resistivity
concrete and may require a large number of galvanic anodes to meet the design requirements.
Galvanic anode systems have a limited design life of 10 - 20 years, and full replacement is

required after expiration.

2.3  Electrochemical System Design Considerations

The aim of any electrochemical system is to control corrosion by making the steel in the
reinforced concrete structures the cathode. All electrochemical protection techniques require
current to flow between the anode and cathode, which in this case would entail the flow of
electrons through the concrete. The performance of any electrochemical system is based on
sufficient electron flow between the anode and cathode. For electrochemical protection
systems, this is referred to as current density, or current output per unit surface area. In this

case, milliamperes of current output per m? of steel surface (mA/m?).

2.3.1 Current Density Output

Current density output is one of the main factors which is considered in the design and
implementation of a cathodic protection (CP) system. The selection of a suitable current density
output s critical in CP design [8]. Experimental research on the topic is limited. Technical Report
No. 73 [9] specifies, the effective corrosion protection can be achieved by applying protective
current in the range of 0.2-20mA/m? of steel surface area, depending on conditions. For
structures exposed to high chloride environments (marine structures, wharves, coastal bridges),
design currents in the range of 10 — 20mA/m? may be required. For structures in light-to-
moderate chloride contamination, design currents as low as 5mA/m? may be sufficient.

Structures located in higher ambient temperatures generally require higher current densities.
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For the purposes of cathodic prevention, current densities in the order of 0.2 — 2mA/m? may be

sufficient to prevent corrosion and to ensure steel passivity [9].

Much of the current density data is based on practical guides developed through experience.

One source [8] is displayed in Table 2.1.

Table 2.1 - Practical guide of CP current density in different exposure conditions [8]

Current density mA per m? of
reinforcement

Environment surrounding steel reinforcement

Alkaline, no corrosion occurring, low oxygen supply 0.1
Alkaline, no corrosion occurring, exposed structure 1-3
Alkaline, chloride present, dry, good quality concrete, 3_7
high cover, light corrosion observed on rebar

Chloride present, wet, poor quality concrete medium-low 8-20
cover, widespread pitting and general corrosion on steel

High chloride levels, wet fluctuating environment, high 30-50

oxygen level, hot, severe corrosion on steel, low cover

Due to the inhomogeneous nature of concrete, including the environmental and physical
variables associated with concrete structures, an accurate and effective method of defining
the required current density is by undertaking CP trials [8]. Standards quote similar

recommendations and ranges, lacking further details. Australian Standard [2] states:

“Typically, applied initial current ranges from 5 to 20 mA/m2 for cathodic

protection of active steel and from 2 to 10 mA/m2 for cathodic protection of new structures.”
“Typical cathodic prevention current densities range between 2 mA/m2 and 10 mA/m2
compared with 5 mA/m2 to 20 mA/m2 for cathodic protection for uncoated steel in concrete.”
“The cathodic protection of uncoated steel in water-saturated buried or submerged concrete
will typically require steel current densities in the range 0.1 to 5 mA/m2 owing to the low

rate of oxygen diffusion through the water-saturated pore structure in the concrete.”

Limited research is available on this topic as shown in the available information presented.
Reports [9], Standards [2] and literature based on industry experience [8] provide a range of

current density values. Current density output is based on multiple factors, including the
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environmental exposure of the concrete, concrete characteristics (admixtures), design, and

anode placement.

2.3.2 Reinforcement Location and Depth

For the design of electrochemical protection systems, the reinforcement size, spacing and

concrete cover thickness must be determined.

In conjunction with the construction/as-built drawings of the structure, the surface area of the

embedded rebar is required for the current density calculation.

The spacing and diameter of the embedded rebar is essential to determine the anode layout
and the type of anode to be used in the design of a CP system. For structures with multiple layers
of embedded rebar and congested reinforcement, discrete anodes drilled in holes may not be a
viable solution. In this case, the entire process of positioning the discrete anodes at the required

spacing from the rebar becomes extremely destructive.

Determining the exact concrete cover to the first layer of reinforcement is essential when
titanium ribbon anodes are considered. The positioning of the ribbon anode within the concrete
cover must be at a suitable distance from the rebar and with sufficient cover. Consideration of
durability and current distribution is essential. The use of ribbon anodes may not be suitable for
concrete elements with low concrete cover. A minimum anode-to-reinforcement length of

15mm should be maintained for all forms of this type of anode [1].

The presence of rebar affects electrical resistivity measurements due to its high electrical
conductance in comparison to the surrounding concrete. For this reason, it is essential to
determine the rebar layout, as reinforcing bars should not be directly beneath the resistivity
meter probes and should not run parallel to the probe when measuring concrete resistivity

[10].

One of the major considerations of concrete cover-to-embedded rebar on the current output of
CP systems is the anode-to-rebar spacing. In theory, based on Ohm’s law, placement of the

anode at a closer spacing to the rebar will decrease the circuit’s resistance.

The resistivity of concrete indicates the ease with which an electrical charge is transported in
the concrete and is a measure of the “transport” of current through the concrete. On this basis,

the impact of anode-to-rebar spacing will be assessed in this research work. The assumption for
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high resistivity concrete is that the anode-to-rebar spacing will have an impact on the current

output of the CP system.

2.3.3 Concrete Resistivity and Reinforcement Corrosion

The depassivation of steel causes the initiation of steel reinforcement corrosion. The corrosion
rate will determine the speed of reinforced concrete deterioration. The speed of corrosion is
dependent on many parameters including oxygen availability, ratio of anodic/cathodic areas,
relative humidity and concrete electrical resistivity [11]. When oxygen is available to supply
anodic current in locations such as splash zones, cathodic control no longer exists [12]. In
exposure conditions with high-frequency saturation or tidal exposure, the corrosion rate can be
limited by controlling the flow of ionic current through concrete or concrete resistivity [12].
Research into the correlation between corrosion probability and corrosion rate to concrete
electrical resistivity has been attempted [12] [13] [14]. Studies conducted suggest corrosion of
reinforcement and concrete resistivity have an inverse relationship, where increasing resistivity
correlates to decreasing corrosion rates. An anodic control theory exists which suggests that the
corrosion rate of reinforced concrete is under anodic control with the anodic reactions being
limited by mortar resistivity [13]. It was found that rebar was likely to achieve an active state of
corrosion when resistivity less than 10 kQcm, and likely to present passive behaviour when
concrete resistivity is higher than 30 kQcm [13]. A number of researchers and commercial
Wenner probe instrument manuals (Proceq [10] and Giatec [15]) provided general guidelines
regarding the relationship between corrosion rates and concrete resistivity measurements. This

is summarised in Table 2.2.

Table 2.2 - Corrosion risk of steel reinforcement at concrete resistivities [10] [15] [16]

Corrosion Risk kQcm
High <10

Moderate 10-50

Low 50-100
Negligible >100
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Although research has been conducted on the relationship between concrete resistivity and
reinforcement corrosion, knowledge is still lacking in the literature to understand which
mechanism dominates the corrosion process and how resistivity measurements are impacted
[12]. It is important to note that field data from investigations on the relationship between
concrete resistivity and reinforcement corrosion is limited [12]. In practice, corrosion of concrete
structures is evident not only in locations with low resistivity values, but as in many cases,
corrosion of steel reinforcement has been found to occur in structures with higher resistivity
values. Much of the research which exists on this topic [12] is limited to the study of the
corrosion process in the short to medium-term (years). More research is required on reinforced
concrete structures decades after construction and with long term exposure to different

environments.

Another aspect which must be assessed is the non-standardised resistivity measurement

methods which have been used in concrete resistivity research.

2.4  Concrete Resistivity

Resistivity is the physical property of a material to resist the conduction of electricity or transfer
of ions subject to an electrical field and is measured in ohm-cm. Material with a high resistivity
is a poor conductor of electricity and vice versa [17]. The resistivity of concrete is dependent on
the concrete’s microstructure such as capillary pore size distribution and interconnection. A
finer pore network with less connectivity leads to lower permeability, translating into higher
resistivity [18]. If the microstructure of the concrete consists of large pores and interconnection,

permeability increases alongside resistivity.

Electrical resistivity measurements in porous material such as concrete is described in the

following equation [19]:

7 =n )

Where PT is the total resistivity, P, is the resistivity of the pore solution, a function of the ions

composition and concentration in the solution, @ is the porosity of the system accessible to
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fluids, and 8 is the connectivity of the powers in the system [20]. Figure 2.3 displays a visual

representation of the pore solution, porosity and connectivity.

Y
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Figure 2.3 - Parameters to describe electrical measurement of porous materials, (a) resistivity of

pore solution, (b) porosity, (c) connectivity, sourced from [20]

The electrical resistivity measurements in the porous material equation is invalidated by steel
reinforcement and does not address the effects of aggregates. The effects of the chemical
characteristics of concrete including concrete additives, water-to-cement ratio (w/c), exposure
to environmental factors such as carbonation and chloride ingress. Other factors such as

saturation, temperature and humidity are discussed below.

2.4.1 Concrete Resistivity Measurement

Resistivity is a material property affected by the topics previously discussed in this section. The
measurement of electrical resistivity (p) is a ratio between impressed voltage (V) and measured
current (1) multiplied by a cell constant. The following equation is used as a basis to calculate

resistivity:

—k-R=k (V)
perm=E g

Where p is the electrical resistivity, k is the geometrical factor and R is the concrete resistance.

The geometrical factor k will be discussed in the following sections.
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Concrete resistivity measurement can be performed in several destructive and non-destructive
methods. The two main non-destructive methods of testing concrete resistivity include bulk
electrical testing and four-point Wenner probe testing. Choosing which method to use is
dependent on what is most suitable for the type of specimen being tested with the four-point
Wenner probe method generally being the choice for laboratories and on-site resistivity testing
because of its quick measurement and portable design. This review focuses on the four-point

Wenner probe methods, with a brief description of the bulk electrical resistivity method.

2.4.2 Bulk Electrical Resistivity Test

The bulk electrical resistivity method also known as the Uniaxial method, involves the placement
of two parallel electrodes with a conductive medium (usually a moist sponge or conductive gel)
acting as an electrical contact between the electrodes and the concrete specimens. This method
determines the electrical conductivity by measuring the current passing through all the phases

of a test specimen (cement, sand, aggregate and any additives).

In the laboratory environment this method can be simple and reliable, however this method
may not be well suited to on-site testing as it does require access to two sides of the specimen,
which in most cases will require the removal of concrete in the form of cores for testing of
existing structures [18]. This testing method cannot be used for specimens embedded with steel
(reinforcement) as the steel will result in lower resistivity due to its conductivity yielding

unrepresentative results.
The geometrical factor (k) in bulk resistivity testing can be obtained from the following equation:

k_A
L

Where A is the cross-sectional area perpendicular to the anode and L is the height of the

specimen [12].

Consideration of the resistance caused by the conductive medium has been proposed in the

following equation [21]:

R=R measured ~ R top sponge ~ R bottom sponge
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A diagram of the setup of bulk electrical resistivity testing is presented in Figure 2.4.

Metal plate

0.5 to 10kHz

&)
0

__ 4-x 8-inch concrete
cylinder with length L,
and cross section area A

Moist sponge

Figure 2.4 - Bulk electrical resistivity testing [14]

2.4.3 Four-Point Wenner Probe

The four-point Wenner probe method is the most widely used technique for onsite concrete
resistivity testing as it is non-destructive, portable, fast and simple to use. The four-point (FP)
probe consists of four equally spaced linear electrodes with a distance a (m) between each
probe. The probes are placed in contact along the concrete’s surface. The two external
electrodes impress AC current (1), while the two middle electrodes measure electrical voltage
potential (V). If (P) is the difference in potential (V) between the two inner probes, and (l) is the
current (A) between the external probes of a semi-infinite body, the resistivity of the body

material is given by:

~2na (7)
p=2ma|;

Experimental research papers have been published examining how specimen geometry, probe

spacing, rebar layout and surface contact can affect FP probe resistivity results.
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2.4.4  Specimen Geometry and Correction Factor

As the FP method is generally used for large concrete elements, it is assumed that the calculation
is based on a semi-infinite geometrical figure. The geometrical factor is presented in the

following equation:

k= ya

Where a is the distance between the electrodes and y is the dimensionless geometry factor,
which in the case for a semi-infinite concrete slab is y = 2rt [18]. However, for smaller samples
such as for laboratory testing, current can be restricted as shown in Figure 2.5, and therefore
the geometry of the specimen must be considered. Experimental findings [22] have
recommended that FP contact spacing is less than or equal to one-quarter of the concrete
section thickness. In addition, testing should be a minimum of twice the probe spacing from the

edge of a concrete specimen.

O,

a | a | a

) 4

CONCRETE

Current flow lines

e

Equipotential lines

Figure 2.5 - Four-point Wenner probe current flow [23]

Experimental work conducted [23] explored the effect of Wenner probe electrode spacing and
the correction coefficient (k) of cylindrical specimens. The research found that for accurate

resistivity of concrete to be obtained, the correction coefficient, (k) must be used. Without the
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use of the correction value, cylindrical specimen readings varied with specimen size although
probe spacing remained the same. The correction coefficient, (k) can be determined by the ratio
of the specimen size to the probe spacing. The geometric correction factor (k) is calculated using

the following formula [24]:

s 2T
1.09 — 0.527 + 7.34
d d,
. @

Where d is the diameter of the cylinder (mm), a is the probe spacing (mm).

2.4.5 Probe Spacing

AASHTO T358-19 [1] specified that each probe shall be spaced 38mm apart, with an AC
frequency of 13Hz. However, probe spacing can be varied (20 to 70mm) to conduct readings
over larger areas providing more representative results as concrete is nonhomogeneous. The
inconsistency of concrete homogeneity especially regarding aggregate distribution, may affect
resistivity readings [12]. Experimental findings [22] recommend probe contact spacing of at least

1.5 times the size of the maximum aggregate size.

2.4.6 Rebar Consideration

Another aspect which must be considered is the steel reinforcement layout as the conductivity
of steel reinforcement can distort resistivity results. Researchers have been exploring the effect
of steel reinforcement on FP measurements [22] [25] [26]. When carrying out resistivity
measurements using the FP method, it is recommended that an electromagnetic cover-meter is
used to non-destructively map out rebar locations to ensure that measurements are taken away
from underlying rebar [22]. In circumstances where proximity to the rebar is unavoidable,
contact spacing < 2/3 of concrete cover is recommended [22]. Paper [25] writes that FP
measurements should not be performed parallel to the rebar notably where the concrete cover
to the rebar is less than 30mm, although in practice, the influence of rebar can be avoided by
changing orientation and testing several points [25]. A numerical investigation [26] was carried
out on the effect of rebar mesh spacing and rebar cover on Wenner probe readings. It was found

that a 30% increase in accuracy can be achieved by selecting the appropriate location and
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orientation. The most suitable orientation in minimising rebar interference is to place the probe
parallel to the top rebar midway between both top and bottom bars [26]. Figure 2.6
configuration #9 has been previously suggested to be the most suitable FP measuring technique.
Paper [26] concluded that configuration # 4 gave the most accurate resistivity results for rebar
spacing £ 200mm. However, these numerical study results have not been validated by

experimental research [12].

|

Configuration #1
- b

Configuration #2 Configuration #3

|

Configuration #5 Configuration #6

»

Configuration #7 Configuration #8 Configuration #9

Figure 2.6 - Configurations tested in [27]

Commercial Wenner Probe manufacturers [10] recommend that reinforcement bars should not
run parallel to the probe. Figure 2.7 (a) shows the optimum orientation when the probe span is
less than the rebar grid. If the rebar grid spacing is smaller than the probe length, Figure 2.7 (b)

is recommended.
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Figure 2.7 — Configurations recommend by commercial Wenner probe manufacturers [28]

2.4.7 Surface Contact

Concrete resistivity testing requires sufficient contact between the measurement device and the
concrete specimens’ surface. Accurate resistivity measurements are highly dependent on this
contact [14]. Research into how this contact can be achieved without the addition of water or
gels is limited. In addition, concrete resistivity is highly dependent on environmental factors such
as temperature, humidity and moisture content [10] [15]. In many cases for Wenner probe
testing to achieve the necessary contact required for resistivity testing, surface alterations must

be made primarily in the form of water saturation.

2.4.8 Cement

Cement is the primary component in making mortar (fine sand with cement) and concrete (sand,

cement and aggregate). Cement acts as a binder which sets, hardens, and adheres materials
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together. Manufacturing cement involves the controlled chemical combination of silicon,
calcium, iron, aluminium, and other ingredients [29]. Many types of cement exist, but Portland
cement is the most commonly used globally. Portland cement is primarily made of limestone
(calcium carbonate) and the addition of a selection of other smaller quantities of materials such
as chalk, marl, and shell which is combined with blast furnace slag, slate, shale, clay, silica sand
and iron ore. The mixture is then heated to approximately 1,450 degrees Celsius forming a rock-

like substance which is then ground to a fine powder [29].

The electrical conduction of cement begins during the hydration process when cement is mixed
with water. The hydration process causes a reaction between cement and water, releasing
conductive ions into the pore solution. These ions are primarily positively and negatively
charged: potassium (K*), sodium (Na*), calcium (Ca?*), hydroxide (OH") and sulfate (S04%). [19]

The exact composition of these ions is dependent on the chemical composition and

concentrations of the water-to-cement (w/c) ratio.

2.49 Effect of Water-to-Cement (W/C) Ratio

The porosity of concrete is highly dependent on the water-to-cement (w/c) ratio. Generally, the
higher the w/c ratio (increase of water to cement), the higher the percentage of porosity, leading
to a lower level of concrete resistivity. In hardened concrete, ionic movement flows through the
fluid contained in the pores, therefore resistivity is controlled by the volume of interconnected
pores. Experimental studies have confirmed that concrete’s electrical conductivity will increase
as w/c increases [12] [30]. Experiments [31] have been conducted in which various w/c ratios
(0.45, 0.55 and 0.65) were cast and tested. It was found that although there was a minor
difference in resistivity between 0.55 and 0.65 w/c ratios, there was a significant difference
between the 0.45 specimen. Another study [23] found that there was an approximately 15-20%

decrease in electrical resistivity between specimens with a w/c of 0.4 to 0.6 w/c ratio.

2.4.10 Aggregate Size and Type

In general, the resistivity of concrete can be dependent on the mining locality and size of the
aggregate. Experimental research [32] conducted found that an increase of aggregate content
resulted in higher levels of electrical resistivity. It was also found that mixtures containing larger

aggregates (16-32mm) had higher resistivities compared to specimens with smaller particle sizes
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(0-0.4mm). Experimentation was also conducted on how different types of aggregates can affect
concrete resistivities. Concrete specimens produced with crushed limestone aggregates were
higher than those with the gravel aggregates for the same aggregate volume concentrations
[32]. This is due to the differing characteristics of the two aggregates, with gravel having a
rounded smooth surface texture acting as a poor bonding surface, while limestone aggregates
have a high tortuosity (irregular particle shape with a rough surface), allowing for greater

cement bonding increasing resistivity [12].

2.4.11 Chemical Admixtures

As reinforced concrete structures continue to be built, there is a push to build structures faster,
to a higher quality, with less financial cost and with increased durability. This leads to the
development of new materials which can be modified to suit increasing requirements. Although
this can be representative of all RC structures, it is most relevant in harsh environments,

especially in major infrastructure in and around the marine environment.

The addition of chemical admixtures into the basic concrete mix of water, sand, cement, and
aggregate, is one method used to enhance performance characteristics. Chemical admixtures

can have a direct effect on concrete resistivity. Some types of additives include [33]:

e Water reducing admixtures — reducing the required water content (5-10% reduction),
allowing for higher strength concrete to be produced with less water increasing the
cement content of the mixture.

e Superplasticizers — further reducing the water content by 12% to 30%. Allows concrete
to flow, increasing workability and requiring no vibration or compaction during the
curing process.

e Retarding admixtures - used to slow the setting rate of concrete, counteracting the
accelerating effect of hot weather on the concrete setting. Retarding admixtures keep
the concrete workable for longer periods and provide adequate time for the concrete
to cure.

e Accelerating admixtures — the opposite of retarding admixtures, accelerating
admixtures increase the rate of early strength development and curing, speeding up the
process. Areas which this can be used for curing in cold weather, or around marine

environments, where curing times are limited.
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e Air entraining agents — the addition of air bubbles in the concrete to reduce damage
during free-thaw cycles.

e Corrosion-inhibiting admixtures — used to slow the corrosion process, primarily chloride
ion penetration to the steel surface. Mainly used in marine structures, roads, and
bridges where direct or airborne chloride may be present.

e Shrinking reducers — admixtures which reduce shrinkage cracking in structures where
cracking may cause durability problems such as around chloride environments.

e Pigments— used to aesthetically modify the colour of concrete

e Bonding agents — the addition of a polymer which can increase bonding strength

between new and old concrete (mainly used in repair works).

2.4.12 Mineral Admixtures

In addition to chemical admixtures, mineral admixtures and blended cements can be used.

These include:

e Fly ash — a by-product of coal combustion in power stations. Improves concrete’s
workability, reduces water demand, controls bleeding, and lowers the heat of hydration.
Increases long term strength and can improve resistance to chemical attacks such as
chloride ingress by reducing permeability. There are two grades of fly ash — Normal
Grade (typically used in conventional concrete applications) which is used as a 20-30%
cement replacement in concrete. Special Grade fly ash increases concrete density,
increases strength, is highly durable and reduces permeability [34].

e Ground granulated black furnace slag (GGBFS) — produced by quenching molten iron
slag from a blast furnace into water producing a granular product which is grounded
into a fine powder. GGBFS is used in aggressive environments around groundwater,
adverse environmental conditions, and concrete which requires a lower heat of
hydration [35].

e Silica fume — silica fume increases mechanical properties of concrete, increasing
strength and permeability, as well as benefits in elasticity, drying shrinkage, steel-to-
concrete bonding and resistance to steel corrosion (due to its low permeability) [27].

e Carbon nanofibers — carbon nanofibers can enhance the concrete’s mechanical
properties. Mechanical benefits include increased compressive strength, tensile

properties (higher Young’s modulus) and improved fatigue resistance [28].
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2.4.13 Effect of Curing Conditions

Concrete resistivity is highly dependent on the composition, curing methodology and exposure
time of the concrete [36]. A numerical study [37] based on NIST-developed Virtual Cement and
Concrete Testing Laboratory (VCCTL) model was used to simulate a mortar with a w/c of 0.42

exposed to three curing conditions:

(A) Sealed during curing and testing - found to have the highest resistivity
(B) Sealed during curing and saturated during testing - found to have the lowest
resistivity

(C) Saturated during curing and testing.

While the pore structure and degree of hydration of both samples (a) and (b) was the same, the
difference can be explained by the moisture content of the samples [24] [37]. Curing methods
can influence the moisture content of concrete, affecting concrete resistivity. In addition, proper
concrete curing can prevent the formation of cracking in the concrete. This can be demonstrated

in experimental paper [38] where three different types of curing were carried out:

(1) Uncontrolled curing (UC): specimens were air-cured at uncontrolled temperatures and
relative humidity until the test age.

(2) Controlled curing (CC): specimens were immersed in 20 £ 2 °C water for 7 days and then
air-cured in a room at 20 + 1 °C and 50 * 5% relative humidity until the test age.

(3) Wet curing (WC): specimens were immersed in 20 £ 2 °C water until the test age.

It was found that uncontrolled concrete curing led to the shortest corrosion cracking time when
compared with controlled cured and wet cured samples. Experimental data in paper [38] found
that a better curing procedure resulted in samples with higher electrical resistivity. It was also
found that samples which had been cured under uncontrolled curing (UC) conditions had a lower
strength and corrosion resistance compared to controlled (CC) and wet curing (WC) conditions.
Figure 2.8 from paper [38] shows the time to failure of samples under different curing

conditions. The figure shows that UC samples failed quicker than those which were CC and WC.
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Figure 2.8 - Comparison of time to failure for samples cured under different conditions [24]
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2.4.14 Moisture Content

As a large portion of concrete ICCP systems are located in structures around the marine
environment, the degree of liquid saturation into the concrete pore network will affect
resistivity [18]. Electrical conductivity increases with an increased moisture content due to an
increase in ion mobility [39]. Moisture content is dependent on the level of direct liquid pore
saturation as a result of moisture replenishment through weather exposure (rainfall and tidal

fluctuations in marine environments), relative humidity [40], and temperature variations.

2.4.15 Temperature

The effect of temperature variations on concrete resistivity have a significant effect on electrical
resistivity. Experiments have confirmed based on the Arrhenius law, that an increase of
temperature will increase ion mobility in moisture exposed situations, decreasing the level of
resistivity [39]. Temperature fluctuations cause changes in ion (Na*, K*, Ca?*, SO4> and OH)
mobility and ion-ion and ion-solid interactions, as well as ion concentration [12] [41]. However
as shown in Figure 2.9, in a dry environment an increase in temperature will result in the

reduction of moisture content, consequently leading to an increased resistivity.
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Figure 2.9 - Temperature and w/c influences on resistivity, at RH = 75% [30]
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2.4.16 Relative Humidity

A relationship between ambient humidity and concrete moisture content can be determined
experimentally; and is related to concrete pore structure [41]. Figure 2.10 shows the

interrelation between relative humidity, moisture content and capillary pore radius.
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Figure 2.10 - Isotherm of water adsorption in concrete [30]

2.4.17 Environmental Contaminates

Environmental contaminants, primarily chloride and carbonation, can greatly affect concrete
resistivity. An experimental paper on the effect of moisture, chloride, and sulphate
contamination on electrical resistivity [42] identified that electrical resistivity decreased with
increased chloride concentrations and increased sulphate concentrations. Laboratory testing of
carbonated concrete samples found carbonation contamination to increase concrete resistivity
[43]. Carbonation was found to increase electrical resistivity due to the concrete pore
refinement caused by the advance of carbonation depth. Carbonation penetration caused
concrete pore density to increase (calcium carbonate) and decrease the electrical conductivity
[43]. An increase of resistivity with carbonation has also been supported in other research

papers [44] [45].
2.5 Standards and Reports

This section explores the current Standards and Reports on the topics of concrete resistivity

measurement, and the impact of concrete resistivity on cathodic protection systems.
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2.5.1 Measurement of Concrete Resistivity

The study and research on concrete resistivity has been primarily used for the evaluation of
concrete characteristics such as concrete durability, permeability, and chloride ion diffusivity
[46] [47]. The measurement of concrete resistivity can be an indicator of the corrosion resistance
of embedded steel in reinforced concrete structures [18] [48]. Most of the research on concrete
resistivity has been conducted in laboratory environments. There are two main concrete
resistivity standards for the measurement of concrete resistivity - The American Association of
State Highway and Transportation Officials (AASHTO) designation: T358-19 [1] for four-point
Wenner probe testing, and ASTM C1876 — 19 [49] for bulk electrical resistivity testing of
concrete. Both these standards present a replicable and standardised method of testing

concrete resistivity in laboratory conditions.

Resistivity testing of existing concrete structures is predominantly carried out using the four-
point Wenner probe method due to its non-destructive nature. Bulk resistivity testing requires

destructive core extractions.

AASHTO designation: T358-19 [1] requires water saturation of the test samples. The purpose of
water saturation is to eliminate the relative humidity variable. 100% relative humidity is typically
used in the study of concrete permeability and chloride ion diffusivity research, with resistivity
Standards intended for this purpose. However, for resistivity measurements of existing concrete
structures to be representative, the resistivity measurements of existing concrete structures
must be carried out in a comparable environment to that of the structure, as environmental

exposure is one of the main variables of concrete resistivity.

When measuring the concrete resistivity of existing structures onsite using the four-point
Wenner probe method, measurements in atmospheric locations have been found to be heavily
scattered with high standard deviations. Concrete resistivity testing requires sufficient contact
between the measurement device and concrete sample’s surface. Accurate resistivity
measurements are highly dependent on this contact [22]. Research into how this contact can be
achieved without the addition of water or gels is limited. In addition, concrete resistivity is highly
dependent on environmental factors such as temperature, humidity and moisture content [41]
[42]. In many cases for Wenner probe testing to achieve the necessary contact required for

resistivity testing, surface alterations must be made primarily in the form of water saturation.
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A test method statement by Main Roads Western Australia [50], details a method of concrete
resistivity testing using embedded steel probe pins. However, no research has been conducted
into the effect of using such steel pins in concrete resistivity measurements. The use of steel
pins may be a solution to provide the necessary contact between a four-point Wenner probe
and a concrete sample’s surface without the application of any wet sponges or gels, removing

the variables associated with these external applications.

2.5.2 Cathodic Protection and Concrete Resistivity

There are three widely used Standards for the design of cathodic protection applications. These
include the European International Standard ISO 12696 — 2016 [3] , NACE (US) Standard SP0290
— 2007 [4] and the Australian Standard AS2832.5 — 2008 (R2018) [2]. These standards provide
the basis for the design requirements for impressed current cathodic protection, and in many
cases are referred to in the design of galvanic anode system designs (as a separate standard for

galvanic anode cathodic protection for concrete structures does not exist).

The three standards all refer to concrete resistivity as an important factor requiring
consideration in the design of cathodic protection systems. The NACE (US) Standard SP0290 —
2007 [4], provides minimal information on the topic of concrete resistivity, noting that concrete
resistivity data is one set of information which is useful in selecting and designing an impressed

current cathodic protection system. No further information is provided.
The European International Standard 1SO 12696 — 2016 [3] states:

“The impact of variations in concrete resistivity on the cathodic protection system shall be
considered. There is no firm guidance on limits of electrical resistivity with respect to cathodic
protection, but the designer shall consider whether full protection can be achieved where

required for the ranges and absolute values of concrete resistivity found on the structure.”

“NOTE Typically, these repair materials will have an electrical resistivity within the range
approximately half to twice that of the parent concrete when measured under the same
conditions as the parent concrete. However, the electrical resistivity of the parent concrete will
be that of an aged material (age > 20 years), whereas the electrical resistivity of the repair

material will reflect the properties at a relatively young age; it is anticipated that there will be a
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significant ageing effect over time. Also, measurements made in the laboratory on prisms will

not represent the conditions of the structure.”

The European International Standard 1ISO 12696 — 2016 [3] identifies three main points:

1. There is no firm guidance on limits of electrical resistivity
2. Electrical resistivity of an aged concrete is different from that of new concrete,
3. The measurement of laboratory prisms do not represent conditions of a real structure

The Australian Standard AS2832.5 — 2008 (R2018) [2] states:

“Electrical resistivity surveys shall be carried out on representative areas of concrete to
provide information for the design of the cathodic protection system. Core samples may

also be obtained from the structure to evaluate volumetric concrete resistivity.”

For repair applications, “overlay application may be combined with concrete repair. In such
cases, the long-term electrical resistivity of concrete repair materials shall be within the range
50% to 150% of the parent concrete electrical resistivity. The resistivity of anode overlays may
exceed 200% of parent concrete electrical resistivity subject to it being a maximum of 1000 Q.m
(100 kQcm) at ambient conditions and subject to the anode within the overlay being able to pass

its design current at the design voltage.”

It is important to note that the global cathodic protection Standards [2] [3] [4] do not provide
any information related to the impact of concrete resistivity on the circuit voltage output of a
cathodic protection system. In addition, the Standards do not provide technical information
regarding the possible impact of the performance of cathodic protection in different concrete
resistivities. Although the international Standards governing ICCP design and installation do not
provide much detail regarding concrete resistivity, there is one report which does address the

topic. Technical Report No. 73 [9] notes:
“For Impressed current cathodic protection systems, the laboratory-tested resistivity (vacuum

saturated and tested in compliance with RILEM TC 154) should not exceed 150 kQcm or should

be within 50 - 200% of the resistivity of the parent concrete.”
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The relationship between vacuum-saturated concrete and atmospherically located concrete is
not noted. Testing is required in atmospheric conditions. Reports of concrete resistivity note
that laboratory testing of concrete in controlled conditions such as 100% vacuum saturated, are
difficult to compare with those made in the field on actual structures [51]. Technical Report No.

73 [9] states:

“For galvanic anodes the repair material resistivity should not exceed 15 kQcm.”

No information is provided on how this value has been calculated.

“Impressed current systems are more adaptable to site conditions and by their very nature they
have a higher driving voltage capability to assist current distribution in high-resistivity media

such as concrete.” [9]

Further research is required to identify the relationship between impressed current driving

voltage and current density output.

“For anode overlay materials, the resistivity of the material must allow ionic current to flow:
typically, maximum workable resistivity of anode overlays is 50 kQcm (minimum conductivity of

20uS/cm).” [9]

“Polymer modified cement-based materials with resistivities as high as 133 kohm.cm (laboratory
tested) have been successfully used in both repairs and as cementitious overlays to impressed
current cathodic protection systems on concrete that was actively corroding and therefore low

resistivity (5-10 kohm.cm).”

No detail on the exposure conditions of the test sample are noted.

Technical Report No. 73 [9] provides the most detail regarding concrete resistivity and design
recommendations for cathodic protection systems. The Report identifies that there is a need for
further research on this topic, with concrete resistivity continually appearing as a design
consideration which must be assessed during the design of electrochemical protection systems.
Although it does state certain limits of 15 kQcm for galvanic anodes systems and 150 kQcm for

impressed current systems, detailed information primarily on current density output of anodes

37



at different resistivities is non-existent. Resistivity measurement results are shown to be
affected by the presence of reinforcement, the moisture content, and the temperature of the
concrete, with all factors changing with time, structure location and concrete cover. No further

information regarding the impact of these variables is discussed.

Research conducted by the Strategic Highway Research Program National Research Council

Washington, DC in 1993 [17];

“Using the Wenner Four-Electrode Method, field tests are conducted to determine the resistivity.
89 Measurements are made in concrete dafter locating the reinforcement steel and positioning
the probe as far as possible from the reinforcement. Measurements should not be made directly
over reinforcing steel. Materials with resistivities which remain in excess of 50,000 ohm-cm are

not considered compatible with cathodic protection.

These sources together with the noted international Standards, provide an indication of the
importance of concrete resistivity in the design of electrochemical cathodic protection systems.
Although there are some recommendations on resistivity values in which galvanic anode and
ICCP will operate, more research is required to increase knowledge on the impact of concrete

resistivity on the performance of electrochemical protection systems.

2.6 Conclusion

The literature explores the process and causes of corrosion in reinforced concrete structures,
the main types of electrochemical protection systems which are used to combat corrosion and
identifies areas requiring further research. There are two main areas discussed below, which

were identified as requiring further research.

2.6.1 Measurement of Concrete Resistivity for Reinforced Concrete Structures

This chapter identifies the use of concrete resistivity measurements, the main methods of
measuring concrete resistivity, and the variables which affect concrete resistivity. Concrete
resistivity is a tool which has been used in the analysis of concrete properties, primarily in
controlled laboratory environments. In addition to assessing concrete properties, much research

has been carried out in regard to what affects concrete resistivity such as chemical compositions,
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humidity, water-to-cement ratio, curing conditions, and contaminations. For the purposes of
laboratory testing, variables for the assessment of concrete resistivity have been minimised. This
is most evident in the current AASHTO [1] and ASTM [49] resistivity measurement Standards, in

which testing is carried out on water-saturated concrete samples.

When identifying all variables which contribute to concrete resistivity values, it is evident that
for resistivity values to be representative of real reinforced concrete structures, resistivity
measurement of the concrete structure must be carried out in its same environmental exposure
conditions, encompassing all the variables discussed in this Chapter. A new resistivity testing
methodology incorporating embedded probes with current four-point Wenner probe methods
was identified [50]. This method can remove the surface saturation required for four-point
Wenner probe testing and allow for resistivity measurements, removing the variations caused
by surface wetting. Further research to assess the effect of probes versus surface resistivity
measurements is one area which requires research. If repeatable trends can be identified using
embedded probes, a new, quick standardised test method for atmospherically exposed concrete

can be formed.

Wherever concrete resistivity values are quoted in these Standards [2] [3] [4] and Technical
Reports [9], the quoted resistivity values are not related to the age of the concrete or repair
mortar when the resistivity is measured. While it can be assumed that resistivity of aged
concrete is relatively stable and can vary only due to environmental conditions within certain

limits, this assumption is not applicable for new repair mortars.

There is no research into the long-term change (increase) of resistivity values under saturated
or atmospheric conditions for repair mortars. The resistivity data of repair mortars has become
relevant in recent years when used in conjunction with galvanic anodes and ICCP systems. For
this reason, manufacturers of repair mortars are now including resistivity data in the repair
mortars technical data sheets [52] [53]. The resistivity data is normally quoted at 7 days, 28 days
and 56 days [52] [53]. The resistivity data supplied by the manufacturer however is conducted
in saturated conditions. The rate of resistivity increase is not determined, and it is unknown
when the resistivity stabilises. An experiment into the increase of concrete resistivity under

saturated and atmospheric conditions is presented in Chapter 3.
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2.6.2 Relationship Between Cathodic Protection Current Density Output and Concrete
Resistivity

This literature review identifies that the topic of concrete resistivity is increasingly noted in
literature and Standards related to concrete rehabilitation and cathodic protection design.
Although the importance of concrete resistivity is being observed in Standards and papers,
concrete resistivity information is quite limited when it comes to the design of electrochemical
protection systems. The current literature identifies that there is a relationship between
concrete resistivity and electrochemical protection system performance, but no direct research
into this area has been conducted especially regarding the relationship between current density
output and concrete resistivity. The ionic current flow through the concrete (as shown in Figure

2.1 and

Figure 2.2 is a vital aspect to the design and implementation of electrochemical protection
systems, particularly regarding performance. Resistivity is understood to play a vital role in
anodic output current, but experimental research on this topic is extremely limited. Research
into identifying the limiting concrete resistivity factor for the performance of impressed current
and galvanic anode systems is required. Research work into various aspects on the impact of
concrete resistivity into the performance of impressed current cathodic protection systems is

included in chapters 4 and 5.
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3 Concrete Compositions for Laboratory
Resistivity Research and the Development
of a Resistivity Testing Methodology for
Atmospherically Exposed Concrete

This chapter describes the methodology for creating concrete with varying resistivity for use in
this laboratory research, the identification of an issue with the current methods of measuring
concrete resistivity, the development of a more reliable and replicable method of concrete
resistivity measurement without the use of water saturations, and a data comparison over time
between four different polymer modified repair mortars under saturated and outdoor

conditions.

3.1 Research Background

The literature review identified concrete resistivity as a topic highly researched and developed
for the laboratory study of concrete permeability and chloride ion diffusivity [46] [47], and the
effects of singular environmental changes such as temperature and humidity on resistivity. For
this type of testing, variables have been limited most notably in the current procedures and
standards of resistivity testing. The current concrete resistivity Standards [1] [49] require the
water saturation of samples in order to allow for replicable, consistent measurements. In
practice, the majority of concrete structures are not located in such saturated conditions. This
becomes problematic for the measurement of concrete structures, repair mortars and concrete
mixes which are exposed to atmospheric outdoor conditions. Resistivity data based on the
current measurement Standards will therefore not be applicable for these conditions. Research
on the measurement of concrete resistivity in these atmospheric, dry, and outdoor conditions

is lacking.

A method for concrete resistivity testing which can provide a quick, reliable, consistent method
of concrete resistivity testing for samples in atmospheric dry conditions is required - a method

which can be carried out with laboratory accuracy, but also practical for on-site testing.
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Resistivity of concrete repair mortars and concrete mixtures are currently being tested in
saturated conditions to the current Standards. Testing of these repair mortars and concrete
mixtures commonly used in concrete remediation and in conjunction with electrochemical
protection systems in comparable environmental conditions is required. With the development
of a new method of resistivity testing without the saturation, trends in concrete repair mortars
and mixtures can be researched to better understand the actual performance of concrete in

practice.

3.2 Sample Design

The literature review identified variables which contribute to the changes of concrete resistivity.
The purpose of these experiments is to assess concrete samples with varying resistivities. To
carry out a replicable and methodical approach, certain variables were kept consistent for the

laboratory testing samples.

A series of concrete samples were used in the design considerations to decrease variables as

follows:

o All samples used for concrete resistivity measurements were cast with no steel
reinforcement. For samples in which electrochemical testing is carried out, a cylindrical
concrete sample consisting of the same composition was cast with no steel and used for
resistivity measurements. Samples were mixed in the same batch to ensure concrete
mixture uniformity between electrochemical test samples and concrete resistivity
measurement samples. The purpose of this was to remove the variable associated with

steel reinforcement conductivity on the resistivity test results.

e No aggregate was used in any of the tested concrete samples. As stated in the literature
review, the resistivity of concrete can be dependent on the mining locality, aggregate
type, and size [32]. Furthermore, the impact of aggregate on resistivity within small
concrete sample sizes can be unpredictable and greatly affect concrete resistivity
measurements [12]. Therefore, resistivity variations of all samples in this research work
were carried out by varying only the admixture compositions. Admixtures such as fly
ash, and ground slag are available and display consistent compositions worldwide

allowing for the experimental procedures with the same compositions to be recreated.
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A common curing method was employed for all laboratory testing. As stated in the
literature review, concrete resistivity is highly dependent on the composition [12] [30],
curing methodology and exposure time of concrete [23] [31] [36]. To address this issue
and remove the curing variable, a standard curing period of 24 hours was adopted for
all experiments. The 24-hour duration was selected as to allow for the initial curing of
the concrete. Following the 24-hour curing period, the samples were removed from
their formwork. The time prior to testing is detailed in each experimental section and is

dependent on the purpose and design of each experiment.

As stated in the literature review, the degree of liquid saturation into the concrete pore network
will affect resistivity [18] [24] [37]. To address this issue unless otherwise specified, test samples
were stored and tested in dry laboratory conditions. There are three reasons for carrying out

testing of the samples in dry conditions:

1. For samples to be in a comparative environment to that of atmospherically exposed
concrete. As identified in the literature review, the majority of concrete structures are

located in atmospheric conditions, and not in saturated conditions.

2. The literature review stated that an increase in moisture content results in a decrease
in concrete resistivity [39]. In the aim of limiting variables, resistivity values of concrete
samples were adjusted with the use of widely available admixtures. Attaining high
concrete resistivity values in saturated conditions would require the addition of epoxy-

based materials which is uncommon and adds an additional variable.

3. Due to the inhomogeneous nature of concrete, the saturation of test samples in water
may cause substantial variations in the performance of the ICCP current as water
penetration through parts of the samples can result in current dumping [54]. Testing
samples with ICCP installed in saturation conditions adds a variable which cannot be
controlled, and therefore, all testing which involves impressing current for cathodic

protection testing purposes in this thesis is carried out in dry conditions.
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3.3 Wenner probe equipment details

A Proceq four-point Wenner probe (50mm probe spacing model) was used for all resistivity
testing in this thesis. The Proceq Resipod is extensively utilised onsite and in laboratory research
[55] [56] [57] [58] [59]. Figure 3.1 displays an image of the Proceq Resipod. The Proceq Resipod

measurement principle is displayed in Figure 3.2.

Figure 3.1 - Proceq Resipod four-point Wenner probe array

+ potential measured

Figure 3.2 - Wenner Probe measurement principal
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Based on the manufacturer’s details:

Resipod is a fully integrated 4-point Wenner probe, designed to measure the electrical resistivity
of concrete in a completely non-destructive test. It is the most accurate instrument available,
extremely fast, and stable and packaged in a robust, waterproof housing designed to operate in

a demanding site environment. [10]
The technical data of the Proceq Resipod is detailed below in Figure 3.1.

Table 3.1 - Proceq Resipod Wenner probe equipment technical data

Probe spacing (a) 50mm

Range 0.1-2000 kQcm

Resolution (nominal current 200uA) +0.2 kQcm or £1% (whichever is greater)
Resolution (nominal current 50uA) +0.3 kQcm or £2% (whichever is greater)
Resolution (nominal current <50uA) 12 kQcm or #5% (whichever is greater)
Frequency 40 Hz

Operating temperature 0° to 50°C

Testing of the Resipod was carried out in accordance with the manufacturer’s operation manual
[10] progressively throughout each experiment (with the use of the manufacturer’s test strip)

to confirm that the unit’s accuracy was within the equipment manufacturers stated range.

3.4 Experiment Sections

This chapter is divided into four experimental sections:

Section 1: Involves the development and resistivity testing of different concrete compositions
for the purposes of laboratory resistivity experimentation with the aim of creating samples with

variable resistivities, with minimal admixtures and within certain timeframes.

Section 2: Involves experimental research on the impact of water saturation of Wenner probe

resistivity measurements on resistivity values and the standard deviation of measurements.
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Section 3: Identifies and tests a new method of measuring concrete resistivity of concrete

located in atmospheric conditions, without the need for surface wetting or water saturation.

Section 4: Involves the comparison between resistivity data of four different repair mortars

over a period of 564 days, with samples exposed to saturated and outdoor conditions.

3.5 Experiment 1 —Development of Concrete Mixtures For Resistivity Testing

The aim of experiment 1 was to create concrete samples with varied resistivity, identify a trend
in resistivity of the different mixtures over time, and verify the applicability of atmospheric
concrete resistivity testing using the four-point Wenner probe method. Variations in mixture
compositions were used to achieve the variation in resistivity, keeping all other variables such

as temperature, relative humidity, and curing conditions consistent.

3.5.1 Materials and Method

Nine concrete samples A, D, D1, F, F1, G, G1, H and H1. These samples were created with
different compositions for the purpose of creating samples thatincrease in resistivity at different
speeds, allowing for future testing to be carried out at various resistivity ranges at a given point
in time. These samples were comprised of the following materials and mixture composites as

detailed in Table 3.2 and Table 3.3.

Table 3.2 - Material list

Material List: General Purpose Cement — Sourced from Cement Australia
Ground Granulated Blast Furnace Slag — Sourced from Cement Australia
Fly Ash —Sourced from Cement Australia
Sibelco Silica Sand
Silica Fume
Denka Sigma 2000
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Table 3.3 - Experiment 1 mixture by weight %

Material Composition by weight %

Clc\)/lr:;zgice GP Ground Fly Silica Silica Denka Water
Cement Slag Ash Sand Fume Sigma

A 41% 41% 18%

sample D 25% 16% 41% 18%

Set 1 F 14% 27% 41% 18%

G 14% 32% 31% 5% 18%

H 14% 37% 26% 5% 18%

D1 25% 16% 41% 18%

Sample F1 14% 27% 41% 18%

Set 2 G1 14% 32% 31% 5% 18%

H1 14% 37% 26% 5% 18%

Each sample was cast in a PVC container with dimensions W88 x D300 x H90mm. All samples
were left to cure under normal atmospheric conditions for 24 hours. Samples were then
removed from the containers. Samples were stored and tested at a temperature of 23 £ 1 °C
and relative humidity of 55 + 10%. No correction factor was used for this experiment. Surface
resistivity measurements were conducted using a Proceq four-point Wenner probe (50mm
probe spacing). Sample surface wetting was carried out as per the manufacturer

recommendations:

“A good connection between the instrument and the concrete surface is the most important
factor for obtaining a reliable measurement. Dip the contacts in water several times before
making a measurement — use a shallow container so you can press against its bottom — this will
fill the reservoirs. Press the Resipod firmly down until the outer two rubber caps rest on the

surface to be tested.” [10]

Assingle reading was measured during each monitoring period for each sample after the reading

stabilised for a minimum of 10 seconds.

The design and testing location is displayed in Figure 3.3.
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Figure 3.3 - Experiment 1 - Sample design and testing locations

3.5.2 Results

The results from Experiment 1 are detailed in

Table 3.4. 246 resistivity measurements were carried out over a period of 139 days for the
samples in Set 1, and 90 days for the samples in Set 2. The samples in Set 1 and the samples in
Set 2 were cast at different times (due to the availability of fly ash and laboratory access)

resulting in gaps in the data displayed in

Table 3.4. Set 2 was limited to 90 days due to the fact that 3 of the 4 samples (Samples F1, G1
and H1) reached the maximum resistivity measurement of the Proceq equipment (>2000 kQcm).
The fast increase in concrete resistivity is believed to be due to the incorporation of fly ash.

Additional data from Sample D1 past the 90-day period did not merit an experimental extension.
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Table 3.4 — Resistivity data of various mixture compositions for laboratory concrete resistivity

Days
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108
139

© 00N U W >

19
21
22
24
25
26
26
26
26

31
35
35
34
34
35
36
35
35
37
40
40.9
41.8
45.6
50.5
45.6
60.4
95.3

O oo o~ NO

37
45
46
47
51
55
55
56
57

66
75
76
77
78
83
88
84
81
86
92
87.7
87.6
101
105.6
105.7
1329
186.9

65
79
80
81
88
96
98
101
102

118
134
136
136
135
143
150
147
145
146
148
142.8
144
161.8
171.1
171.6
218
320

testing

Experiment 1 Data (kQcm)

84

105
109
118
126
130
133
131
141

152
164
170
177
192
207
205
203
203
203
203
219
224
238
286
268
338
445
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Samples

10
16
18
24
28

106
121
145
144
144
146
148
160
177

194
194
194
195
201
207
210
212
236
260
260
268
274
281
329
299
396
484

D1
1.7
3.6
4.1
6.4

10
13.5
15.7

46
52.1
63.4
73.5
76.9

115
125.5
135.4

157.1

187.7
195.5

382

F1
14
2.5
2.7
5.1

13.7
254
315
131
148.8
191.4
251
270

389
490
570

757

960
999

2000

Gl
14
2.2
2.5
5.4

19.8
36.3
43.8
225
230
297
366
405

567
748
892

1140

1420
1525

2000

H1
1.6
2.1
2.4
6.9

26
47
59.8
284
349
442
541
580

619
1065
1307

1551

2000
2000

2000



3.5.3 Discussion

The data from

Table 3.4 has been plotted in Figure 3.4 and Figure 3.5. The graphs show an increase in resistivity
of all samples over time. The data shows that concrete resistivity values are greatly varied by

altering concrete composition with different mixture compositions and admixtures.
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Figure 3.4 - Set 1 Ground slag admixture trends

Figure 3.4 shows resistivity value’s range for samples A, D and F from 95 kQcm to 440 kQcm, by
increasing the percentage of ground slag. With the addition of Silica Fume and Denka Sigma,
resistivity values increased to 445 kQcm and 484 kQcm in Sample G and H at 139 days. The
resistivity data within the first two to three days show consistent readings due to the highly
saturated pore structure. With the drying out of the concrete, the variation of resistivity values

begins to increase. The data in Figure 3.4 shows a linear resistivity increase for the entire test
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duration of 139 days, with no indication of resistivity stabilisation. Resistivity values between
samples indicate that the testing mixtures can be used to achieve varied resistivity values for

the purpose of concrete resistivity testing.

The mixtures in samples A, D, F, G, and H can be utilised for resistivity testing which require a
limited resistivity range for an extended duration, for example between 30 kQcm and 40 kQcm.

Sample A can be tested from day 47 through to day 64, for a duration of 17 days.
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Figure 3.5 - Set 2 Fly ash admixture trends

Figure 3.5 shows the resistivity data gathered over a period of 90 days for samples D1, G1, F1,
and H1. The increase in resistivity over this period is substantially greater when compared to the
sample in set 1. The substitution of fly ash for ground slag was found to substantially increase
resistivity values within a shorter timeframe. Samples G1, F1, and H1 exhibited exponential
increases in resistivity values, while sample D1 exhibited a linear increase in resistivity, similar

to that of sample H from sample set 1.
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This data indicated that if shorter timeframes for resistivity testing or high resistivity values over

500 kQcm are required, fly ash in the mixture ratios as detailed in Table 3 can be used.

A comparison of results between the samples in Set 1 and 2 from Experiment 1 at Day 63 is
displayed in Figure 3.6. The varied concentration of quantities of GP cement, ground slag, fly ash
silica sand, silica Fume, and Denka Sigma were shown to considerably vary the resistivity

properties of the samples.
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Figure 3.6 - Resistivity data of mixture composites at day 63

Sample A which comprised of a basic concrete mix of sand, cement and water, measured the
lowest resistivity value from the samples tested. Sample A measured a resistivity of 37 kQcm.
The addition of ground slag increased the resistivity by 132.43% in sample D, and 294.59% in
sample F. The increase in ground slag with the addition of silica fume increased the sample’s
resistivity by 448.64%. The addition of Denka Sigma increased the sample resistivity by 602.70%.

The substitution of ground slag to fly ash, increased the resistivity between samples D and D1
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by 127.32%, between samples F and F1, 584.24%, between samples G and G1, 651.23%, and
between H and H1, 2669.23%.

Experiment 1 identified an issue with the stability and replicability of resistivity measurements
of concrete in atmospheric conditions. Resistivity measurement consistency was found to
decrease with increased resistivity. Surface wetting of the concrete probes was required to carry
out surface measurements, and a trend between the amount of surface wetting and a drop in
resistivity values was observed. As stated in the literature review, electrical conductivity
increases with an increased moisture content due to an increase in ion mobility [39], with the
moisture content dependent on the level of direct liquid pore saturation [40]. This phenomenon
was observed in this experiment but in the case of resistivity testing, no research has been
conducted on the impact of surface wetting, (liquid content or duration of exposure) on the

resultant change of resistivity.

3.5.4 Conclusion

Experiment 1 provided information on the development of concrete mixtures for the purpose
of laboratory concrete resistivity testing of exposed samples under atmospheric conditions. By
varying the materials and compositions, the increase of resistivity can be controlled, allowing
for the creation of samples with concrete resistivity between 37 kQcm and 2000 kQcm within a
period of 63 days. The data gathered in this experiment provides a mixture composition guide
to design concrete mixtures for use in laboratory resistivity experiments. Note, no geometric
correction factor was applied in this experiment (Proceq flat setting used). Raw resistivity values
may vary when compared with samples of different dimensions. Note, no geometric correction
factor was applied in this experiment (Proceq flat setting used). Raw resistivity values may vary
when compared with samples of different dimensions. Due to the small dimensional size of the
test samples in Experiment 1, the impact of resistivity measurement variations caused by sample
size edge effects is unknown. In order to remove the impact of any edge effects, a new larger

and standardised sample design would be required for subsequent experiments.
The following results were identified from this experimental work:

e The use of fly ash over ground slag in the composition of the samples was found to

substantially increase concrete resistivity.
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e At 63 days from casting, the resistivity value was measured at 37 kQcm for a basic
concrete mix of sand, cement, and water. The addition of ground slag increased the

resistivity by 132.43% in sample D and 294.59% in sample F.

e The addition of Silica fume increased the resistivity by 448.64% in sample F, and the

addition of Denka Sigma increased the resistivity by 602.70%.

e The substitution of ground slag in place of fly ash increased the resistivity between
samples D and D1 by 127.32%, between samples F and F1 by 584.24%, between samples
G and G1 by 651.23%, and between samples H and H1 by more than 669.23%.

This experiment identified two areas requiring further research.

1. A consistent sample specification regarding dimension size and shape is required to
provide a consistent and replicable method of concrete resistivity measurements and
uniformity between experiments. A re-design of future samples in this research was
developed in accordance with AASHTO T 358-19 [1]. This experimental re-design is

described in Experiment 2.

2. The second involves the method of resistivity measurement. As noted in the results
sections, variations in concrete resistivity readings were found to increase with
increasing resistivity, with an increased duration required before a resistivity
measurement would stabilise. Based on observations, four-point resistivity
measurement variations increased over time after casting, and with increasing sample
resistivity. For measurements carried out near the casting date of <10 days, resistivity
measurements were found to be quick to stabilise and replicable. This is due to the high
amount of moisture from the initial casting of the samples. With higher resistivities and
the subsequent dry atmospheric exposure (23 £ 1 °C and relative humidity of 55 + 10%)
of the samples, additional surface water application was necessary to be able to
measure resistivity values. At higher resistivities, especially in samples F1, G1, and H1,
the application of water on the surface was essential in measuring resistivity, and the
amount of water and time after surface wetting was found to greatly affect resistivity
values. A study into the effect of surface water saturation is carried out in Experiment

2.
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3.6 Experiment 2 — Effect of Water Saturation on Wenner Probe Resistivity

Measurements

Four-point Wenner probe testing is the most commonly used method of measuring concrete
resistivity due to its simplistic and non-destructive nature. There are two different methods of
measuring concrete resistivity using a four-point Wenner probe. In the laboratory,
measurements are made on concrete cylinders either cast in the laboratory or extracted as cores
from a concrete structure. The samples are tested at 100% saturated conditions in the
laboratory. This method of testing is in accordance with AASHTO designation: T358-19 [1]. The
purpose of saturating the samples is to obtain good contact between the concrete sample
surface and the resistivity test equipment. The second method of testing is conducted non-
destructively onsite. For the field testing, the resistivity meter probes are directly placed on the
concrete surface. As the majority of concrete is located in atmospheric conditions, surface
wetting of the concrete is required as recommended by the manufacturer to achieve adequate
contact between the concrete and contact probes. The resistivity data in this case can be
affected by the presence of reinforcement, temperature, and the moisture content of the
concrete. No guidelines or research exist regarding the amount of water required or its impact

on resistivity measurements.

Experiment 1 identified that reliable and stable resistivity measurements can be obtained in the
laboratory atmospheric conditions without surface saturation of the concrete within
approximately 10 days from the casting date. This is due to sufficient moisture during casting of
the concrete enabling sufficient probe-to-concrete surface contact. As the concrete surface
dries out, wetting the surface is required and in this case, it is observed in Experiment 1 that the

amount of water used for the wetting process alters the results significantly.

The aim of experiment 2 was to identify the effect of water saturation on Wenner probe
concrete resistivity measurements. Experiment 2 includes an analysis of the standard deviation

between measurements prior to and after water saturation.
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3.6.1 Materials and Method

Five test sample composition mixtures were created: A, D1, F1, G1, and H1. These samples
comprise of the following materials and mixture composite as detailed in Table 3.2 and Table

3.5.

Table 3.5 - Experiment 2 sample mixture by weight %

Material Composition by weight %

Mixture sample GP Fly Ash Silica Silica Denka Water
Composite Cement Sand Fume Sigma
A 1 41% - 41% - - 18%
D1 2 25% 16% 41% - - 18%
F1 3 14% 27% 41% - - 18%
G1 4 14% 32% 31% 5% - 18%
H1 5 14% 37% 26% - 5% 18%

Each test sample was mixed in a single batch using a paddle mixing rotary tool for a duration of
10 minutes. Each mixture composition was cast into a 100mm diameter x 250mm length PVC
cylinder. The base of the cylinder was capped off using a 100mm PVC cap during casting. All
samples were left to cure for 24 hours, removed from their PVC casts, and stored in a laboratory
at room temperature. During casting and for the duration of storage, all samples were kept at a
temperature of 23 + 1°C and a humidity of 55 + 10%. As identified in the conclusion of
Experiment 1, the use of rectangular samples may have resulted in possible unknown edge
effects and geometric variations in Wenner probe measurements. Wenner probe
measurements are geometrically dependent and a comparison between the raw resistivity
values obtained in Experiment 1 cannot be directly compared to the obtained values in the
subsequent experiments without geometric corrections. As this was identified as an issue in
Experiment 1 a redesign of the sample dimensions was carried out in order to standardise the
samples and remove the need for any geometric corrections between future experiments.
Samples were therefore designed in accordance to AASHTO T358-19 [1], but with alterations to
sample length (due to the use of a 50mm probe in place of the 38mm probe specified in AASHTO
T358-19 [1]). Spacing configuration of probes was adjusted for. The design of the sample is

displayed in Figure 3.7.
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Figure 3.7 - Experiment 2 - Concrete sample for resistivity measurements

Sample testing was carried out as per AASHTO T358-19 [1], with eight surface resistivity
measurements carried out for each sample. The first measurement sessions were carried out
when the samples were dry, at a temperature of 23 + 1°C and a humidity of 55 + 10%. After
testing in dry atmospheric conditions, the samples were saturated in water for 5 minutes with

resistivity measurements carried out at 1 minute, 30 minutes and 60 minutes after saturation.

For the testing in dry atmospheric conditions, the probes of the resistivity equipment were
dipped in a shallow container of water several times before making a measurement in

accordance with the Wenner Probe manufacturer recommendations.

3.6.2 Results

Figure 3.8, Figure 3.9, Figure 3.10, and Figure 3.11 display the resistivity measurements and

standard deviations of each sample in the different exposure conditions.
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Figure 3.8 - Resistivity data and standard deviation of samples in dry conditions
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Figure 3.9 - Resistivity data and standard deviation of samples 1 minute after saturation
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Figure 3.10 - Resistivity data and standard deviation of samples 30 minutes after saturation
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Figure 3.11 - Resistivity data and standard deviation of samples 60 minutes after saturation
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3.6.3 Discussion

There are two trends which can be identified in this data.

Figure 3.12 shows a drop in resistivity measurements of the samples after 5 minutes of water
saturation. It is noted that the higher the resistivity, the larger the resistivity drop after
saturation. The testing at 1 minute after saturation indicates a 70.10% decrease in resistivity for
sample 5 (highest resistivity dry value), while for sample 1 (lowest resistivity dry value) the

decrease of resistivity was only 2.94%.

Figure 3.12 displays the polynomial trendline of samples 1 to 5. This trendline shows an initial
drop in resistivity values for the 1-minute testing. Following this initial drop, a slow increase in

resistivity values is observed.
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Figure 3.12 - Resistivity values of concrete samples before and after water saturation
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Figure 3.13 shows both the standard deviation of each sample and the polynomial trend
between the measurement intervals. Measurements carried out in the dry conditions prior to
saturation show that for samples 3, 4, and 5 (with initial high resistivity values) have considerably
higher standard deviation values than samples 1 and 2 (with initial low resistivity value). This
test indicates a clear correlation between resistivity value and standard deviation. The higher

the resistivity, the higher the impact of saturation.

Figure 3.13 indicates that resistivity measurement is greatly reduced by the saturation of the
test samples. Sample 1 displayed a smaller standard deviation while in sample 5 the standard
deviation is high. The resistivity decreases from 97.24 to 5.87 (93.96%) between dry and 60-

minute measurements.

The polynomial lines between

Figure 3.12 and Figure 3.13 show that there is a direct correlation between concrete resistivity
and standard deviation. In both Figures, resistivity and standard deviation drops substantially
between dry and the 1-minute measurement, but then starts to decrease at 30- and 60-minute

measurements.
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Figure 3.13 - Standard deviation of concrete samples before and after water saturation

3.6.4 Conclusion

The aim of Experiment 2 was to identify the effect of water saturation on Wenner probe
concrete resistivity measurements by measuring resistivity prior to and after water saturation.
Experiment 2 identified that surface wetting/temporary water saturation had a substantial

impact on the resistivity values and measurement consistency.

Asignificant drop in resistivity value was identified after the water saturation of the dry concrete
sample. The drop was significant (70.1%) for the sample with a high initial resistivity value of 420
kQcm and was relatively minor (2.94%) for the sample with a low initial resistivity value of 10

kQcm.

The standard deviation was smaller for the saturated samples, and larger for the dry samples.
This is indicative of concrete in atmospheric conditions where there is a large variation in

resistivity data, the stability and repeatability of measurements cannot be achieved.

The only current Standard for the measurement of concrete resistivity using the four-point
Wenner probe is AASHTO T358-19 [1]. This standard is based on testing under saturated
conditions only. Water saturation decreased standard deviation as shown in Figure 3.13,

however water saturation as shown in

Figure 3.12 greatly alters resistivity values. Therefore, to test samples located in dry atmospheric
conditions, an alternative method of testing must be developed in order to obtain accurate

resistivity readings and eliminate the effect of water saturation on the resistivity measurements.

3.7 Experiment 3 — New Method of Concrete Resistivity Measurement for

Concrete in Atmospheric Conditions

Based on the findings in experiments 1 and 2, the aim of experiment 3 was to test a new method
of concrete resistivity measurements. As discussed in the literature review, AASHTO T358-19 [1]
is the most recent Standard for concrete resistivity testing by four-point Wenner probe detailing
the method of concrete resistivity measurement for water-saturated concrete. Currently, there
is no international standard for concrete resistivity measurements for non-saturated concrete

samples. Resistivity testing requires contact with the concrete sample’s surface. Accurate
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resistivity measurements are highly dependent on this contact. Research into how this contact
can be achieved without the addition of water or gels is limited. In many cases for Wenner probe
testing to achieve the necessary contact required for resistivity testing, sample surface

alterations must be made primarily in the form of water saturation.

A test method statement by Main Roads Western Australia [50], details a method of concrete
resistivity testing using embedded steel probe pins. However, no research has been conducted
into the effect of the use of steel pins on concrete resistivity measurements. The use of steel
pins may be a solution to provide the necessary contact between a four-point Wenner probe
and a concrete sample’s surface without the application of any wet sponges or gels, removing
the variables associated with these external applications. The use of embedded steel pins and

their effect on resistivity is explored in this experiment.

3.7.1 Materials and Methods

For this work, the comparison of resistivity measurements was performed between surface

measurements and embedded steel probes at depths of 10 —35mm at 5mm intervals.

Eight cylindrical concrete samples labelled 1 to 8 were used. Samples 1, 2 and 5 comprised of
polymer modified repair mortars. The compositions of the remaining concrete mixtures are
presented in Table 1. The samples were exposed to different environments: saturated/dry,
tested at different time periods from curing, and comprise of different concrete mixtures to
compare a broad range of environmental exposure conditions and resistivity values. The

samples exposure conditions are detailed in the following sections:
3.7.2.1 Resistivity Surface and Probe Measurements of Water-Saturated Concrete.
3.7.2.2 Resistivity Surface and Probe Measurements of Concrete in Laboratory Dry Conditions.

3.7.2.3 Resistivity Surface and Probe Measurements of Newly Cast Concrete in Laboratory Dry

Conditions.

3.7.2.4 Resistivity Surface and Probe Measurements of Concrete Before and After Water

Immersion.
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Table 3.6 - Sample compositions (gravimetric %) and exposure conditions

GP Silica =~ Ground Fly

Samples Exposure Condition Cement  Sand Slag Ash NaCl Water
1 Saturated Polymer modified Concrete Repair Mortar (L)
condition,
2 long Term Polymer modified Concrete Repair Mortar (S)
3 41.0%  41.0% 18.0%
Laboratory dry
4 condition, 25.0% 16.0% 41.0% 18.0.%
long term
5 Polymer modified Concrete Repair Mortar (L)
Laboratory dry
6 condition, 25.0% 16.0% 41.0% 18.0%
short term
Combined 14.0%  41.0% 27.0% 18.0%
dry/saturated
8 °°”d':'°”' short  138%  40.8% 26.8% 0.6% 18.0%
erm

Samples 1, 2 and 3 were prepared in accordance with manufacturer technical specifications.
Each test sample was mixed using a paddle mixing rotary tool for a duration of 10 minutes. The
samples were cast into 100 x 250mm cylinders, with samples being cured for 24 hours in their
PVC casts. In order to eliminate variables which may impact on the accuracy of the resistivity

results, no aggregate or rebars were used for the concrete samples.

For the temporary embedment of internal probes prior to testing each sample, four 3mm holes
spaced 50mm apart were drilled into each concrete sample. Four 316 stainless steel marine CSK
Phillips self-taping screw A4 6-gauge x 50mm were screwed initially to the test depth of 15mm.
After the resistivity measurement at 15mm, the screws were progressively drilled at 5mm
increments for further measurements, to the final depth of 35mm. A four-point Wenner probe
array with 50mm spacing was used for the testing. The experimental setup for the measurement
of concrete resistivity with the use of embedded probes is displayed in . Embedded probe depths
of 15 - 30mm were used in Sections 3.7.2.1 and 3.7.2.2 and 10 - 30mm in Sections 3.7.2.3 and
3.7.2.4. The Wenner probe tips were placed in direct metal to metal contact with the 316
stainless-steel screws. Measurements were conducted using a commercial device for concrete

resistivity measurement (Proceq four-point Wenner probe - 50mm probe spacing).
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Figure 3.14 - Schematic of resistivity probe measurement. Figure showing 30mm probe depth

3.7.2 Results and Discussion

3.7.2.1 Resistivity Surface and Probe Measurements of Water-Saturated Concrete

Samples 1 and 2 were used to confirm the correlation between surface resistivity in saturated
conditions (as per AASHTO T358-19 Standard) and the resistivity measured at depth using

embedded stainless-steel probes.

The electrical resistivities of Samples 1 and 2 were measured in accordance to AASHTO T358-19
[1]. The samples were immersed in water for a duration of 6 months prior to testing. To perform
the testing, the samples were removed from the water and the surface was cleaned with a wet
sponge. Eight surface point measurements were carried out and averaged as per AASHTO T358-
19 [1]. Drilling was then carried out by a 3mm masonry drill bit. Four screws were screwed into
the holes, and the first readings were measured at 15mm screw depth. The screws were then
progressively drilled and tested at depths of up to 30mm. The results from Samples 1 and 2 are

presented in Table 3.7.
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Table 3.7 - Comparison between AASHTO T358-19 surface resistivity measurements and probe

resistivity measurements of saturated samples

Sample 1 Sample 2
Depth kQcm % Change kQcm % Change
Surface 68.8 - 55.5 -
15mm 65.5 4.79% 51.7 6.84%
20mm 64.8 5.81% 51.4 7.38%
25mm 63.9 7.12% 50.8 8.46%
30mm 62.9 8.57% 50.3 9.36%

The results show a consistent decrease in resistivity with increased probe depth. Samples 1 and
2 displayed a resistivity measurement decrease of 4.79% (from 68.8 kQcm to 65.5 kQcm) and
6.84% (from 55.5 kQcm to 51.7 kQcm) between the surface measurement (tested in accordance
with AASHTO T358-19) and 15mm probe depth. The data shows that the largest change in
resistivity for both Samples 1 and 2 were between the surface and 15mm probe depth
measurement. For both samples, an average decrease of approximately 1% was identified
between probe depth measurements.

To validate the proposed embedded probe method a comparison of results must be made with
a current universally adopted Standard, in this case AASHTO T358-19 [1]. The data of Samples 1
and 2 plotted in Figure 4 verifies a relationship between the existing AASHTO T358-19 [1]
Standard (surface measurement) and the new proposed method (probe measurements). Figure
3.15 displays consistent, decreasing measurements all within a range of less than 10% between
surface measurements and probe measurements. If similar results are identified when testing
concrete in atmospheric conditions, verification of this trend may lead to the development of

an adjustment factor between the AASHTO Standard and the proposed probe method.
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3.7.2.2 Resistivity Surface and Probe Measurements of Concrete in Laboratory Dry Conditions

Samples 3, 4 and 5 were used to study the resistivity values between dry surface measurements
and embedded probes at depths between 15mm and 30mm. The mixture compositions for
these samples were designed to obtain samples with varied resistivities, with Sample 3 being
low resistivity, and Samples 4 and 5 being high resistivity. These samples were cast and stored
in dry laboratory conditions at a temperature of 23+1°C and humidity of 55£10% and tested six

months after casting.

A comparison of resistivity data between surface measurements for samples in dry laboratory
conditions and measurements using embedded probes at depths between 15mm and 30mm
was carried out. The surface measurement was performed using the recommended procedure
for the testing equipment [10] which included localised wetting of the concrete surface by water
discharged from the equipment probe at the probe/concrete contact. The test results are

presented in Table 3.8.
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Table 3.8 - Resistivity embedded probe measurement of dry concrete samples after 6 months

from casting (concrete surface too dry for surface measurements)

Sample 3 Sample 4 Sample 5
Depth kQcm kQcm kQcm
Surface >Limit >Limit >Limit
15mm 42.8 340 311
20mm 43.1 334 313
25mm 42.3 327 309
30mm 41.6 314 304

Surface resistivity measurement for the three samples could not be performed, indicating a
surface resistivity value greater than the Wenner probe equipment limit of 2000 kQcm. This data
suggests that the surface of concrete samples exposed to dry laboratory conditions are
unsuitable for concrete resistivity measurements beyond the recommended procedure [10] of
the testing equipment (using localised concrete surface wetting at the probe contact location).
It was also found that the external surface of a concrete sample keptin dry laboratory conditions

for a six-month duration was not representative of the sample’s internal resistivity.

Resistivity measurement using embedded probes were performed at 15 - 30mm depths and the
data is presented in Table 3.8. The 8 resistivity measurements at each probe depth were stable,
consistent, and repeatable. The resistivity data indicates a percentage change of 1.40%, 2.54%
and 1.13% respectively for Samples 3, 4 and 5 for each 5mm increment with an average
resistivity change of 1.69%. The percentage change was not impacted by the resistivity
magnitude (resistivity of Samples 4 and 5 was higher in comparison to Sample 3). The resistivity

trend of the samples is displayed in Figure 3.16.

Figure 3.16 plots the probe resistivity data from Samples 3, 4 and 5. The embedded probe
measurements show consistent and trends with Samples 1 and 2. This suggests that the use of
internal probe measurements can be considered as a suitable and reliable alternative to surface
saturation, with consistent probe measurement trends observed in both water-saturated and

dry laboratory exposed concrete.
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3.7.2.3 Resistivity Surface and Probe Measurements of Newly Cast Concrete in Laboratory Dry
Conditions

Sample 6 was used to compare surface resistivity testing and embedded probe resistivity
testing while the moisture content of the concrete was still high after a relatively short

duration from casting (14 and 30 days).

Sample 6’s mixture was designed to obtain rapid resistivity increase over a short period of time
(with the addition of fly ash in the composition). The sample was stored and tested in dry
laboratory conditions at a temperature of 23+1°C and a humidity of 55+10%. The resistivity
test was performed at 14 days and 30 days from the date of casting. The data gathered is

presented in Table 3.9.
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Table 3.9 - Resistivity measurement of dry sample at 14 and 30 days after casting
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Sample 6 (14 Days) Sample 6 (30 Days)
Depth kQcm % Change kQcm % Change
Surface 66.3 - 342.4 -
10mm 66.2 0.15 325 5.08
15mm 64 3.46 314 8.29
20mm 62.4 5.88 300 12.38
25mm 57.5 13.27 290 15.30
30mm 56.7 14.47 288 15.88

Surface 10 15 20 25 30

Probe Depth from Surface (mm)

B Sample 6 After 14 Days of Atmospheric Exposure

Sample 6 After 30 Days of Atmospheric Exposure

Figure 3.17 - Trend line of surface and probe depth resistivity measurements comparing the

effect of dry laboratory exposure duration (14 and 30 days) on resistivity measurements
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Surface resistivity measurements of Sample 6 were performed without the use of any surface
saturation. This was due to the available surface moisture from the sample casting after both
14 and 30 days. As the surface resistivity of Samples 3, 4 and 5 could not be measured after six
months of exposure to dry conditions, the data suggests that the drying out of the concrete
surface may be the contributing factor. This is further supported by the increase in resistivity
readings for Sample 6 between the surface and the 10mm probe depth reading of 0.15% (from

66.3 kQcm and 66.2 kQcm) at 14 days, and 5.08% (from 342.4 kQcm and 325 kQcm) at 30 days.

Figure 3.17 plots the surface and probe depth resistivity measurements of Sample 6. Embedded
probe measurements showed similar trends to saturated and dry concrete samples as tested in

Samples 1 to 5, with the results consistent and replicable.

Based on this experiment, resistivity testing could be carried out without the addition of surface
wetting or saturation up to 30 days from casting. Within this period, the level of surface moisture
can be assumed to be sufficient to establish electrolytic contact. In practice, varied exposure

conditions will impact on the level of surface moisture, affecting this 30-day timeframe.

3.7.2.4 Resistivity Surface and Probe Measurements of Concrete Before and After Water
Immersion

Samples 7 and 8 were used to evaluate the impact of water immersion on the resistivity value
between surface measurements and measurements using embedded probes in the concrete.
Two sample mixtures (samples 7 and 8) were designed to provide different resistivities. Samples
7 and 8 were cast and stored in dry laboratory conditions for six months at a temperature of

23+1°C and a humidity of 55+10%.

Surface and probe resistivity measurements were carried out in dry laboratory conditions.
Immediately following the dry surface and probe depth measurements, 7 and 8 were immersed
in water with surface resistivity measurements carried out at 1, 2, 3, 24, 48 and 72 hours from

water immersion. The data gathered from Samples 7 and 8 is presented in Table 3.10.
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Table 3.10 - Resistivity measurements of dry concrete samples before and after water immersion

Sample 7 Sample 8

kQcm = % Change kQcm % Change

Dry 50.6 - 121.1 -
Saturated 1h 46.4 8.30% 21.8 81.99%
Surface Saturated 2h 37.5 25.88% 8.0 93.39%
Readings Saturated 3h 25.7 49.20% 5.6 95.37%
Saturated 24h 11.3 77.66% 3.8 96.86%
Saturated 48h 9.8 80.63% 4.0 96.69%
Saturated 72h 9.2 81.81% 4.3 96.44%
10mm 47.5 6.12% 111.1 8.25%
Probe Depth 15mm 48.8 3.55% 111.5 7.92%
(In Dry 20mm 49,5 2.17% 111.6 7.84%
Conditions) 25mm 49 3.16% 110 9.16%
30mm 47.7 5.73% 108.5 10.40%

The results from Samples 7 and 8 can be divided into two groups: Group one before immersion
and Group two after immersion. Group one results indicate that the resistivity test
measurements at surface dry conditions and using probe depth between 10mm and 30mm is
consistent with the testing of the previous experiments. The percentage change is lower for the
sample with low resistivity (3.55% at 15mm depth for Sample 7) and relatively higher for the

sample with relatively higher resistivity (7.92% at 15mm depth).

For the resistivity readings following immersion (Group two), the data shows a large drop in

resistivity between dry and saturated conditions with a decrease in resistivity of over 80% for

both Samples 7 and 8 after 72 hours of immersion.

Sample 7 indicated a surface resistivity of 50.6 kQcm, the immersion impact ranged between

8.3% (from 50.6 kQcm and 46.4 kQcm) after 1-hour of immersion to 81.81% (from 121.1 kQcm

and 21.8 kQcm) after 72 hours of immersion.

For Sample 8 which indicated a surface resistivity of 121.1 kQcm, the immersion impact ranged

between 81.99% after 1-hour of immersion to 96.44% after 72 hours of immersion.

Samples 7 and 8 indicated that immersion of the concrete substantially alters the measured
concrete resistivity. The current procedure for testing atmospheric concrete based on the

AASHTO T358-19 [1] by extracting cores and testing concrete resistivity of these cores under
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saturated conditions will result in highly inaccurate and non-representative resistivity data for

concrete in atmospheric conditions.

Samples 7 and 8 confirm the need for a methodology which can provide the required electrolytic

contact between the Wenner Probe and concrete without water saturation or surface wetting.

3.7.2.5 Depth of Probe Measurement Percentage Change

Figure 3.18 displays the resistivity measurement data from Samples 1, 2, 6, 7 and 8 (samples
where surface resistivity measurements could be performed). The chart displays the surface
percentage decrease for these samples at the recorded probe intervals of 10, 15, 20, 25, 30 and
35mm probe depths. The figure shows that all measurements at 10 — 15mm probe depths are
within 9% of surface measurements, with a 16% range between 10 — 30mm probe depths. The
resulting trend is similar in all the samples tested, regardless of the admixtures or sample
exposure conditions. The data shows that the range of variation between surface and embedded

probes is consistent with samples tested in saturated and dry conditions.

Figure 3.18 identifies that the smallest variation of measurements between the samples was
recorded at 15mm probe depths, suggesting that a 15mm probe depth is most consistent when
comparing probe depth resistivity measurements to sample surface resistivity readings in all
tested conditions and all tested concrete compositions. The data presented in Figure 4.17 can
be used to develop an adjustment factor between surface measurements and measurements at

probe depth.
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3.7.2.6  Applications

The AASHTO T358-19 [1] Standard was developed to indicate the concrete's ability to resist
chloride ion penetration and has become a universally adopted method for Wenner probe
concrete resistivity testing. This is due to the increasing adoption of the Four Point Wenner
probe equipment as it is quick and simplistic, particularly with the development of new

generation handheld Wenner Probe equipment [10].

In the field, a lack of an established method for testing concrete in atmospheric conditions has
led to the adoption of the AASHTO T358-19 [1] Standard by concrete material manufacturers,

as resistivity testing must be in accordance with a Standard. Due to this, concrete manufacturers
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commonly test in accordance with AASHTO T358-19 [1], conducting concrete resistivity testing
in saturated conditions. As presented in Table 3.10 of this paper, water saturation will yield
unrepresentative results, making current accepted practices with testing to the Standard
problematic particularly for products being designed to be used in atmospheric conditions. In
practice, these misleading results impact the selection process regarding the suitability of repair

mortars, and the design of electrochemical cathodic protection systems.

This thesis presents a simple methodology, utilising established Wenner probe equipment to
measure resistivity in atmospheric conditions. The method presented in this paper identifies a
relationship with the current AASHTO T358-19 [1] Standard. Further research and testing of this
method may lead to the creation of a new concrete resistivity Standard, or the adoption of this
methodology into the AASHTO T358-19 [1] Standard for the testing of concrete resistivity in
atmospheric conditions. This would mean reduced errors caused by water saturation/surface
wetting, and hence provide more representative results both in laboratory conditions and in the

field.

3.7.3 Conclusion

The following observations and conclusions can be drawn from this experimental research:

e This experiment establishes the need for a reliable method of achieving sufficient

electrolytic contact without the alteration of the concrete surface’s moisture content.

e This research identifies that water immersion of dry concrete greatly alters the
resistivity measurements significantly, with concrete samples displaying a resistivity
measurement decrease of over 80% between dry conditions and after 72-hours of water
immersion. Testing concrete resistivity for atmospheric concrete based on AASHTO
T358-19 [1] standard by extracting cores and testing the resistivity of these cores under
saturated conditions will result in highly inaccurate and non-representative resistivity

data for concrete in atmospheric conditions.

e This experiment identifies that by using temporary embedded steel probes, it is possible
to eliminate the need for any surface moisture alteration or concrete sample immersion,

which would otherwise introduce additional variations. In addition, the method
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proposed in this experiment has shown to provide quick accurate and repeatable
resistivity data, a method which can be carried out in not only laboratories but also on-
site and using the widely adopted and available concrete Wenner probe equipment,

without the need for any additional specialised equipment.

e Based on the results from this experiment, a 15mm probe depth was identified to
provide the most consistent resistivity measurements of concrete in varied exposure
conditions and compositions, with a resistivity measurement decrease of up to 8%,

between surface and probe measurements.

o The output from this research work can contribute to the development of guidelines for
the measurement of concrete resistivity via the Wenner probe in atmospheric

conditions.

3.8 Experiment 4 - Effect of Long-Term Exposure Conditions on Concrete Repair

Polymer Modified Repair Grouts.

In the rectification process of reinforced concrete structures, one of the primary considerations
made is in the selection of concrete repair methodology and repair products [5]. The suitability
of concrete repair products is determined by the structure’s function, and some of the main
technical aspects which are considered include, compressive strength, bond strength, shrinkage
and expansion, tensile strength, chemical resistance, and flow characteristics [5]. In addition, in
the case of an electrochemical protection treatment being specified, mortar resistivity becomes
the primary consideration. The addition of polymers to concrete repair products is used to
improve these characteristics but generally at the expense of increased resistivity. While high
concrete resistivity mortar could be beneficial for the long-term corrosion protection when used
for conventional patch repairs, the use of high resistivity mortars in conjunction with
electrochemical protection systems can be problematic, due to ionic current flow required for

electrochemical systems to operate.

A new trend is seeing concrete resistivity beginning to be considered as an important aspect in
the selection of concrete repair materials [60] primarily in the repair of corrosion effected
reinforced concrete structures, and the compatibility of concrete repair materials with

electrochemical protection systems, such as impressed current cathodic protection systems and

75



galvanic anode systems [9] [51]. This is seen in the international standards such as the Australian

Standard AS 2832.5 (R2018) [2] which states:

“Electrical resistivity surveys shall be carried out on representative areas of concrete to provide
information for the design of the cathodic protection system. Core samples may also be obtained

from the structure to evaluate volumetric concrete resistivity”.

“Overlay application may be combined with concrete repair. In such cases, the long-term
electrical resistivity of concrete repair materials shall be within the range 50% to 150% of the

parent concrete electrical resistivity”.

Although there are no exact limits in the applicable standards defining high and low resistivity
mortars, providing resistivity data is becoming common for concrete repair mortars.
Manufacturers are including resistivity data in their product technical data sheets (TDS) and are
advising on the suitability of some of these mortars for repair use in conjunction with

electrochemical protection systems.

In most cases, manufacturers publish repair mortar resistivity values at 28 days from casting, in
saturated conditions mostly without reference to any standard. Although product resistivity
values are commonly being noted in product technical data sheets, there are two areas which
require further investigation and research. The first is the study of resistivity change beyond the
initial 28-day period. Generally, there is no available data beyond this short-term period and the
resistivity performance of the repair mortars after the 28 days is unknown. It has been assumed

that the presented data is the maximum resistivity of the mortar under service conditions.

The second aspect which requires research is the environmental condition in which the testing
is being carried out in. The current standards AASHTO designation: T358-19 [1] and ASTM C1826-
19 [49] require the saturation of samples prior to testing. The actual use of such repair mortars
is not in saturated conditions. The repair mortars are designed for use in atmospheric conditions
only and the saturated condition data may not be relevant in these circumstances. It is likely
that manufacturers assume that the resistivity of mortar is the same under saturated and

atmospheric conditions, and the resistivity stops to increase at 28 days.

This thesis presents resistivity data of four commercially available polymer modified concrete
repair mortar products. Cylindrical samples of each product were cast and tested in saturated
and outdoor conditions. The samples were cast using four commercially available mortars
marketed as low resistivity mortars and then tested periodically at the different exposure

conditions for a duration of 564 days.
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The primary aim of this research is to assess whether the repair mortar resistivity increases over
time and whether the manufacturers reported short term resistivity data for repair mortar
under saturated condition can be correlated to the actual long-term resistivity of the mortar at

saturated and atmospheric conditions.

3.8.1 Materials and Method

Four products were tested in this experiment. For the purpose of confidentiality, the products
were labelled L, S, M and H. All products are commercially available concrete repair mortars
marketed and extensively used as low resistivity repair mortars in conjunction with
electrochemical repair systems. A total of fifteen cylindrical samples were cast. The samples
were cast into 100 x 250mm cylinders and cured for 24-hours in their PVC casts. After 24 hours,
the samples were relocated to saturated and outdoor exposure conditions. The sample labelling

and exposure conditions are shown in Table 3.11.

Table 3.11 - Experiment 4 sample labelling and exposure condition

Product Saturated Condition Outdoor Conditions
L L1, L2 L5
S S1,S2 S5, S6
M M1, M2 M5, M6
H1, H2 H5, H6

The testing was performed over a period of 564 days from the date of casting. Twenty sets of
readings were carried out during this period. The resistivity testing was performed using a
Proceq 50mm four-point Wenner probe, with a testing procedure in accordance to AASHTO
designation: T358-19 [1] for the samples in saturated conditions. For samples in outdoor
conditions, testing was performed with a four-point Wenner probe with the use of 15mm
embedded stainless-steel screws. A total of sixteen 316 stainless steel screws were drilled into
each outdoor sample. Four SS screws were drilled at 50mm spacing at 0, 90, 180, and 270
degrees as displayed in Figure 3.19. Embedded SS screws were used to carry out the outdoor

measurements in order to attain measurements without the addition of surface saturation
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(which can cause variations in measurement accuracy). The outdoor testing was performed
during periods of dry conditions and after heavy rain to obtain representative results simulating

existing structures located in atmospheric conditions.
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Figure 3.19 - Concrete resistivity testing sample

3.8.2 Results and Discussion

3.8.2.1 Manufacturer TDS vs Laboratory Resistivity Testing

Figure 3.20 displays the resistivity measurement data comparison between the resistivity data
presented in each product technical data sheets (TDS) at 28 days and the data obtained from
the laboratory conducted saturated condition experimental samples. The reported resistivity
data at 28 days saturated conditions for product M and H are equivalent to the data for both
products obtained in this experiment. For products L and S, the resistivity data obtained in the

experiment at 28 days saturated conditions is substantially greater than the reported resistivity
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data by the manufacturers TDS. A possible contributing factor for the inconsistency between the
resistivity recorded in the TDS of Samples Land H is that the manufacturer testing is not reported
to be performed to any recognised standard. The primary aim of this experiment is not to verify
the commercial product resistivity data at 28 days but to assess the changes of the data over

time.

The testing in this experiment was performed in accordance with AASHTO designation: T358-19
[1].
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Figure 3.20 - Comparison between resistivity based on manufacturers (TDS) and resistivity based

on experiment at 28 Days in saturated conditions

3.8.2.2 Long Term Resistivity Trends

Figure 3.21 and Figure 3.22 display the resistivity trends of saturated and outdoor samples
between days 7 and 554 from casting. Figure 3.21 shows a trend of increasing resistivity over
time for all products under saturated conditions. There is sharp increase of resistivity for

products L, S and M while for product H, the resistivity increase is relatively gradual over time.
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Although product M had the initial lowest resistivity value of 3 kQcm at 7 days, long term
resistivity measurements showed a sharper increase in resistivity than product H. The level of
resistivity increase over time is related to the type of admixtures/polymers used in each
products composition and this is outside the scope of this research. As different mixtures result
in different resistivity trends, the long-term testing is necessary to provides an indication of the

long-term resistivity performance of the specific product.
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Figure 3.21 - Resistivity trend of saturated samples over 554 days

For the saturated samples between day 7 and day 28 samples L1 and L2 displayed a resistivity
increase of 281%. Between day 28 and day 564, L1 resistivity increased by 197% and L2 by 199%.

Between day 7 and day 28 samples S1 and S2 displayed a resistivity increase of 164% and 160%.
Between day 28 and day 564, S1 resistivity increased by 194% and S2 by 207%.
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Samples L1, L2 and S1, S2 displayed the highest resistivities measured after 28 days in both
saturated conditions and based on the TDS data. These samples also have the sharpest overall
increase in resistivities in the first 120 days, followed by a period of increasing resistivity, but at

a decreasing rate.

Between day 7 and day 28 samples M1 and M2 displayed a resistivity increase of 29% and 36%.
Between day 28 and day 564, M1 resistivity increased by 905% and M2 by 987%. Samples M1
and M2 displayed an initially small increase in resistivity in the first 28 days but showed a
significant linear increase following the 28-day period, for the entire duration of the testing up

to day 564.

Between day 7 and day 28 samples H1 and H2 displayed a resistivity increase of 37% and 40%.
Between day 28 and day 564, H1 resistivity increased by 92% and H2 by 98%.

The trends from Figure 3.21 confirm that resistivity continues to increase well after the

commonly quoted 28-days.

The results indicate that the polymers used for product M and H are more effective in
maintaining lower resistivity beyond the test period than products L and S. While the resistivity
of product M was recorded as the lowest resistivity of the four tested products up to
approximately 150 days, there was a sharp increase of resistivity for product M beyond this
period while product H maintained the lowest resistivity value under saturated conditions of all

four products.
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Figure 3.22 - Resistivity trend of outdoor samples over 554 days with rainfall data

Figure 3.22 displays the resistivity trend of the outdoor exposed samples over the 564-day
testing period. The figure shows an overall increase in resistivity values with time with a sample
range of between 16 kQcm and 270 kQcm after 28 days from casting. All four products followed
the same trends, with fluctuations in resistivity values influenced by outdoor environmental
conditions. The samples were exposed to outdoor temperature fluctuations and precipitation in

Sydney, Australia. A spike in resistivity measurement is visible at day 121 and day 129. The spike
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at day 121 was caused by 23 days of no rainfall at a monthly mean temperature of 22.7°C. The
following testing date at day 129 was carried out after 3 consecutive days of rainfall totalling

36mm at a monthly mean of 18.6°C.

The impact of exposure conditions on the resistivity data is well documented and the fluctuation
of resistivity due to rain or dry conditions is well evident in Figure 3.22. The impact of moisture
content as identified in the literature review is observed when a comparison between the
resistivity magnitude of all saturated samples after 554 days as displayed in Figure 3.21 and the
resistivity magnitude of all outdoor samples after 554 days as displayed in Figure 3.22 is
undertaken. The presented data in Figure 3.21 and Figure 3.22 confirms the substantial impact
of moisture content on electrical resistivity. The electrical conductivity of the saturated samples
increases with the increase of moisture content due to the level of direct liquid pore saturation
of the saturated samples. Further to this, the correlation between rainfall and dry conditions in
Figure 3.22 isvery well illustrated in the variation of concrete resistivity in relation to rainfall and

dry conditions.

The test data indicates that overall, there is correlation between the resistivity value in saturated
and atmospheric conditions. The two products H and M which showed relatively lower long-
term resistivity under saturated conditions showed relatively low resistivity under atmospheric
conditions although not in the same order. The same applied for products L and S which showed

relatively higher resistivity at saturated condition and under atmospheric conditions.

The data in Figure 3.22 shows that product H, although not having the lowest long-term
resistivity, is least prone to environmental fluctuations. Product H displayed the most consistent

trends during the 564-day experimental period. Sample L exhibited the highest resistivity values.

Two samples of each composition were tested in each exposure condition (only one L sample in
outdoor conditions). Regardless of the exposure conditions (fully saturated or in outdoor
exposure conditions) all samples in the same exposure conditions displayed consistent resistivity
measurements. This indicates that the resistivity data for the samples in these experiments were

consistent, accurate, and reproducible.
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3.8.2.3 28-Day and 564-Day Resistivity Comparison
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Figure 3.23 - Comparison between resistivity at 28 Days and resistivity at 564 days in saturated

conditions

Figure 3.23 displays the resistivity values measured at days 28 and 564 for the water saturated
samples. The graph shows a major disparity in resistivity values between the two measurement
dates. The graph shows that 28-day data can be unrepresentative of the long-term resistivity
values. In the case of these four products, at 28 days, product M displayed the lowest resistivity
value, but when conducting long term resistivity monitoring, product H displayed the lowest

long-term resistivity values.
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Figure 3.24 - Resistivity comparison of outdoor samples at 28 days and 564 days

Figure 3.24 displays the resistivity values measured at days 28 and 564 for the outdoor samples.
Samples L and S displayed the highest overall resistivity values at 28 and 564 days. Resistivity
results of products M and H in outdoor conditions were not consistent with the saturated
condition data. As shown in Figure 3.24, resistivity in saturated conditions, sample H displayed
the lowest resistivity out of the four products. In outdoor conditions, the resistivity
measurements of sample H were significantly higher than that of product M. Consistent trends
between day 28 and day 564 (Figure 3.23 and Figure 3.24) cannot be identified for products M
and H. The data suggest resistivity testing in saturated conditions as per the current standards
will in some cases not resemble resistivity behaviour of samples in non-saturated, outdoor

conditions.
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3.8.2.4 Resistivity Comparison of Saturated and Outdoor Exposed Samples
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Figure 3.25 - Averaged resistivity of outdoor and saturated samples

Figure 3.25 shows the resistivity values between days 7 and 564 averaged and divided by the
number of measurement periods. Product L displayed a 138% resistivity increase, product S, a
137% resistivity increase, product M a 312% resistivity increase and product H, a 335% resistivity
increase between saturated and outdoor conditions. When averaging out the total resistivity
value of each product, a consistent trend can be observed. Products which displayed the highest
resistivity values continued to exhibit the highest outdoor condition values with all products
resistivities performing in the same high to low positions. Figure 3.25 highlights a large
discrepancy between resistivity measurements conducted using the current standards with
samples measured in saturated conditions compared to samples measured in outdoor

conditions which is the actual environment exposure conditions.
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3.8.2.5 Discussion

Resistivity trends were found to substantially vary with time and between products. The
resistivity of the four tested repair mortars increased over time under both saturated and
outdoor conditions. Data showed a major difference between resistivity values at 28 days and
at 564 days for all products in saturated and outdoor exposure conditions. Based on this
experiment, the 28-day resistivity data typically reported in manufacturer technical data sheets
is not indicative of the true resistivity of the material under the same conditions over the longer

test period of 564 days.

The experiment in outdoor condition reflects the influence of weather condition (temperature,
humidity, and direct rain exposure) on concrete resistivity, however, it also confirmed that the
overall resistivity trend is toward resistivity increase over time. For outdoor condition, and as

expected, the resistivity increase is higher in comparison to saturated conditions.

The average resistivity of the four tested products in saturated conditions was 18.6 kQcm at 28
days and 61 kQcm at 564 days. The average resistivity increase in saturated conditions between

28 days and 564 days is 227.9%.

The average resistivity of the four tested products in outdoor conditions was 41.9 kQcm at 28
days and 142.4 kQcm at 564 days. The average resistivity increase in saturated conditions

between 28 days and 564 days is 239.8%.

The average resistivity of the four tested products in outdoor conditions at 28 days indicates a

resistivity increase of 125% in comparison to saturated conditions.

The average resistivity of the four tested products in outdoor conditions at 564 days indicates a

resistivity increase of 142.4% in comparison to saturated conditions.

3.8.3 Conclusion

The following observations and conclusions can be drawn from this experimental research:

e Manufacturers in most cases are not noting the methodology for resistivity testing.
Inconsistencies with two of the four products were identified during a comparison
between the resistivity data presented in each product technical data sheet (TDS) at 28

days and the data obtained from the laboratory conducted saturated condition
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experimental samples. Products L and S displayed substantially greater than reported
resistivity data than the manufacturers TDS. Manufacturers need to specify the method

of resistivity testing utilised.

Based on the resistivity trend increase of all four products, it is likely that the resistivity
will continue to increase beyond the 564 days period. The resistivity mortar data should
be tested and reported over an extended period of time up until there is no further

increase of resistivity under saturated and outdoor conditions.

The experiment confirms that the 28-resistivity data of polymer modified repair mortar
in saturated conditions is substantially lower than the long-term mortar resistivity under
both saturated and atmospheric conditions. 28-day resistivity measurements in
saturated conditions cannot be considered as the actual long-term resistivity of the

mortar under outdoor conditions.

Resistivity measurements in outdoor exposure conditions were consistently higher than
those in saturated condition. The resistivity measurement under saturated conditions
based on the current resistivity standards [1] [49] which measure samples in saturated
conditions will not be representative of real exposure condition and would not be

applicable for structures located in atmospheric outdoor conditions.

The test results indicate that the type of admixtures and polymers added to the mortar
influences the magnitude of resistivity increase. The increase of concrete resistivity for

products M and H was substantially lower than for products S and L.

The experiment results indicate that the suitability of the use of polymer modified repair
mortars in conjunction with electrochemical protection systems must be further
investigated. The use of low resistivity mortars in conjunction with galvanic anode
systems is essential for system functionality and corrosion protection current delivery.
In the absence of any polymer modified mortar with reliable long term low resistivity,

the use of cementitious material with no added polymers should be considered to
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encapsulate the galvanic anodes within the patch repair areas up until a low resistivity

mortar is developed and can be used for the repair work including anode encapsulation.

3.9 Conclusion

Chapter 3 comprised of 4 experiments, all of which provided the necessary foundation required

for the following chapters.

Experiment 1 tested samples with different admixture variations to achieve different levels of
resistivity. The data gathered in this experiment provided a mixture composition guide to design
concrete mixtures for use in laboratory resistivity experiments. Experiment 1 also identified two

areas requiring further research.

The first being that a consistent sample specification regarding dimension size and shape is
required to provide a consistent and replicable method of concrete resistivity measurements

and uniformity between experiments.

The second involved the method of resistivity measurement. In Experiment 1, variations in
concrete resistivity readings were found to increase with increasing resistivity. Based on
observations, four-point resistivity measurement variations increased over time and with
increasing sample resistivity. At higher resistivities, the application of water on the surface was
essential to measuring resistivity, and the amount of water and time after surface wetting was

found to greatly affect resistivity values.

Building upon the findings in Experiment 1, Experiment 2 involved the adoption of a new
concrete test sample design in accordance with AASHTO T358-19 [1] (in order to standardise the
following experiments) and also confirmed that surface wetting/temporary water saturation
had a substantial impact on resistivity values. Experiment 2 identified that the current Wenner
Probe testing Standard AASHTO T358-19 [1] which is based on testing under saturated
conditions was found to greatly alter resistivity values. Experiment 2 concluded that in order to
test samples located in dry atmospheric conditions, an alternative method of testing must be
developed in order to obtain accurate resistivity readings and eliminate the effect of water

saturation on the resistivity measurements.

Based on the findings in Experiment 2, Experiment 3 trialled a new method of measuring

concrete resistivity in atmospheric conditions, without the need for surface wetting or water
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saturation. Experiment 3 identified that water immersion of dry concrete greatly altered
resistivity measurements, with concrete samples displaying a resistivity measurement decrease
of over 80% between dry conditions and after 72-hours of water immersion. By using temporary
embedded steel probes, it was possible to eliminate the need for any surface moisture alteration
or concrete sample immersion, which would otherwise introduce additional variations. In
addition, the method proposed in Experiment 3 was shown to provide quick, accurate and
repeatable resistivity data, a method which can be carried out not only in laboratories, but also
on-site and using the widely adopted and available concrete Wenner probe equipment without

the need for any additional specialised equipment.

Experiment 4 utilised the laboratory findings in Experiments 2 and 3 to test concrete repair
mortars used in the field for commercial applications. Experiment 4 identified that in practice
manufacturers of concrete repair mortars are not specifying the methodology of resistivity
testing, resulting in inconsistencies between stated product resistivities and the measurements
carried out in the laboratory. In addition, a comparison between the impact of exposure
conditions between laboratory and atmospheric outdoor environments was carried out.
Resistivity measurements in outdoor exposure conditions were found to be consistently higher
than those in saturated conditions. The resistivity measurement under saturated conditions
based on the current resistivity Standard [1] (which measures samples in saturated conditions)
was found not to be representative of real exposure conditions and would not be applicable for

structures located in atmospheric outdoor conditions.

In summary, the experiments in Chapter 3 resulted in the identification of major deficiencies
with the current methods of concrete resistivity testings (experiment 1 and 2), developed and
trialled a new method of concrete resistivity testing utilizing stainless steel probes (Experiment
3) and confirmed the results with data utilizing real commercial concrete repair products. This
Chapter provides the foundation to achieve accurate and representative resistivity

measurements in the following chapters.

90



4 Effect of Concrete Resistivity and Anode to
Cathode Spacing on the Current Output of
Impressed Current Cathodic Protection
Systems

The aim of this chapter is to assess the impact of concrete resistivity and spacing between the
anode and the embedded rebar on the circuit voltage of impressed current cathodic protection
systems. For cathodic protection in reinforced concrete structures in accordance with AS2832.5
— 2008 (R2018) [2], voltage levels applied to bare titanium conductors should be limited to 9V
DC in chloride-contaminated concrete. The European Standard [3] ISO 12696 — 2016 further

decreases this limit stating:

“Uncoated titanium conductor strips used to connect activated titanium anodes and also various
discrete anodes may be at risk of corroding by pitting in chloride environments if operated at in

excess of approximately 8V metal/electrolyte potential”.

Circuit voltage impacts on the ability of a cathodic protection system to deliver sufficient current
to achieve corrosion protection in accordance with the applicable standards. Due to the voltage
limitation, high circuit voltage impacts on the amount of current that can be delivered for
corrosion protection. No concrete resistivity data is available in the current applicable standards
[2] [3] [4], data which is critical for the design and operation of corrosion protection systems. In
addition, the current standards do not provide any information related to the impact of spacing
between the anode and rebar in a structure where high concrete resistivity could affect the CP

system performance.

4.1 Research Background

Chloride-induced corrosion of embedded reinforcement in concrete structures is the major
cause of concrete spalling and deterioration for structures in the marine environment. The
ingress of chloride to the level of reinforcement through diffusion or through concrete cracking
may result in corrosion initiation of the embedded rebar and concrete spalling. In most cases,

the corrosion of reinforcement may impact on the structural integrity and the serviceability of

91



the structure. The rehabilitation process for chloride-induced corrosion affected structures
generally includes concrete repair in conjunction with cathodic protection systems such as
galvanic anode or impressed current cathodic protection. Both galvanic and impressed current
cathodic protection applications require the ability of the anode to impress sufficient cathodic
protection current through the concrete to the embedded rebar. The purpose of which is to stop
the corrosion process and/or to improve the corrosion resistance of reinforcement based on the

applicable standards. This is one of the key considerations in the system selection process.

The design, installation and monitoring of corrosion protection systems for reinforced concrete
structures is covered by various local and international standards such as Australian Standard
AS2832.5 — 2008 (R2018) [2], European International Standard ISO 12696 — 2016 [3] or NACE
(US) Standard SP0290 — 2007 [4].

In AS2832.5 — 2008 (R2018) [2], concrete resistivity testing is required as part of the cathodic
protection system design and/or during the selection of the concrete repair materials. However,
there is no information related to the input of concrete resistivity values in the design of
impressed current cathodic protection or galvanic anode systems. The standard outlines an
acceptable resistivity value of the repair mortar in comparison to the resistivity of the original

concrete:

“Overlay application may be combined with concrete repair. In such cases, the long-term
electrical resistivity of concrete repair materials shall be within the range 50% to 150% of the
parent concrete electrical resistivity. The resistivity of anode overlays may exceed 200% of parent
concrete electrical resistivity subject to it being a maximum of 1000 Q.m at ambient conditions
and subject to the anode within the overlay being able to pass its design current at the design

voltage”. [2]

The experiments in this chapter aim to assess three main aspects: to assess the impact of
concrete resistivity on the operation of cathodic protection systems; to study the impact of
spacing between the anode and embedded reinforcement on the operation of cathodic
protection systems; and to assess whether closer spacing of the anode to the reinforcement

may allow corrosion protection systems to operate at a higher resistivity.
Two experiments were carried out as part of this chapter:

1. Theimpact of concrete resistivity and spacing between anode and rebar on the cathodic

protection current delivery for ICCP applications.
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2. The effect of concrete resistivity on the ongoing application of ICCP and the effect of

anode placement

4.2 Experiment 5 — The Impact of Concrete Resistivity and Spacing Between
Anode and Rebar on the Cathodic Protection Current Delivery for ICCP

Applications.

The objective of experiment 5 was to assess the impact of current output on reinforced concrete

samples with various resistivities and at different anode-to-rebar spacing.

Four concrete samples with identical dimensions (90mm (H) x 180mm (W) x 340mm (L)) steel
layout, anode layout and operating cathodic protection current density were used in this
experiment. The only variable for all samples was the concrete resistivity. The samples were
designed based on achieving a progressive level of resistivity increases from low to high between

the three selected testing sessions.

For each of the samples, the cathodic protection current was calculated based on the steel
surface area. A current of 2mA for each sample circuit (two circuits per samples — 30mm and
60mm circuits) was used. The current was calculated based on current density of 20mA/m? of

steel surface area for each sample.

The duration of each testing session was 60 minutes to allow for the voltage to stabilise. The
testing sessions were carried out at 8-day intervals to allow for an increase of concrete resistivity
during the experiment. The circuit voltage was monitored at 5-second intervals during the 60-

minute test period.

In order to determine accurate concrete resistivity for each of the four samples, cylindrical
samples (100mm diameter and 200mm height) using the same concrete mix of each of the four
samples were cast and the resistivity was measured in accordance to AASHTO Designation:
T358-19 [1]. The primary reason for using the cylinder for resistivity testing of the concrete
instead of using the concrete block was to eliminate the influence of embedded rebar on the

concrete resistivity value.
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4.2.1 Materials and Method

Four test sample composition mixtures were created: A, D1, G1 and H1, labelled 1-4. Table 3.2
and

Table 4.1 display the materials and mixture compositions of the samples.

Table 4.1 - Experiment 5 sample mixture by weight %

Material Composition by weight %

Mi .
ixture Composite Fly Silica Silica Denka

GP Cement Ash Sand Fume Sigma Water
A 41% - 41% - - 18%
Mixture D1 25% 16% 41% - - 18%
G1 14% 32% 31% 5% - 18%
H1 14% 37% 26% - 5% 18%

Sample compositions were determined based on the experiment data in Chapter 3. For each
sample, a forced action mixer was used to mix the material composites at a slow speed. With
the mixer in operation, the material composites and water were progressively added. Mixing
was carried out for 5 minutes for each sample until a fully homogeneous mortar was obtained.
The mixed mortar was cast into a concrete block with pre-installed rebar and ribbon anodes and

into a cylinder for the purpose of performing concrete resistivity testing.

The dimensions of the concrete block for each sample were 90mm (H) x 180mm (W) x 340mm
(L). The anode used for the experiment was activated titanium expanded mesh ribbon anode for
cathodic protection in concrete. The current rating for the mesh ribbon is 5.3mA/m. The width
of the ribbon anode was 20mm and the thickness was 0.9mm. The anode substrate was titanium
grade 1 and the catalyst was noble Mixed Metal Oxide (MMO). Four equal lengths of 180mm of
ribbon anode were installed in each concrete block sample. The total length of ribbon anode in
each concrete block sample was 720mm. The cathode for each concrete block consists of eight
12mm mild steel rebar. The total length of each rebar was 450mm. The effective cathode within

the concrete block under the influence of the ICCP system was 2720mm.

Eight mild steel rebar were placed at equal spacing of 20mm distance from the base of the
concrete block. Two ribbon anodes were placed at 30mm spacing from the rebar and two ribbon

anodes were placed at 60mm spacing from the rebar. The anodes and the rebars were held in
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place using penetrations in the container formwork, and these penetrations were blocked with
sealant during the mortar casting. The eight rebar were made continuous outside the concrete
block. The continuity of all embedded rebar was verified by resistance measurements between
allembedded rebar. The measured resistance between the rebar was less than 0.2 Q. For each
concrete sample, the first circuit was comprised of the two anodes at 30mm spacing from the
rebar and the second circuit comprised of the two anodes at 60mm spacing from the rebar. 30
and 60mm anode-to-rebar spacing was selected to provide sufficient variation in spacing while
minimising the concrete samples’ size and weight. Diagrams of the samples are displayed in

Figure 4.1. Figure 4.2 displays a photo of the samples used in Experiment 5.
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Figure 4.1 - Experiment 5 - (A) Sample design side view, (B) Sample design front view

Figure 4.2 - Photo of Experiment 5 Samples
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Figure 4.3 - Experiment 5 - Resistivity measurement cylinder

In conjunction with the four concrete test samples, four cylinders with 100mm diameter and
200mm height were cast for resistivity testing. The cylinders were formed in polyvinyl chloride
(PVC) piping and the base of each cylinder was sealed using 100mm cap. A diagram of the
cylinder is displayed in Figure 4.3.

All concrete samples were cast at the same time. All samples were left to cure in their PVC casts
for 24 hours at room temperature (23 + 1°C and a humidity of 55 + 10%). The samples were then
removed from their PVC cast and stored in the laboratory. The samples were kept at a room
temperature of 23 + 1°C and a humidity of 55 + 10%. As 3 testing sessions (60 minutes each)
were carried out in this experiment, samples were stored for 20 days prior to the testing to allow
for the resistivity of the concrete to increase to a level where the different samples had
sufficiently varied resistivities. The same curing and exposure conditions applied for all samples
used in this experiment. Resistivity measurements were carried out in accordance with the
methodology in Experiment 3 using 38mm stainless steel probe spacing in a 4-pin Wenner probe
array. The measurement process included taking eight readings from four locations around the
samples at 0°, 90°,180° and 270 ° and calculating the average resistivity. Resipod (Wenner

Probe) set to measurement mode: surface measurement; contact spacing: default; geometric
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correction factor: Flat. Resistivity measurements were carried out using no correction (K) value

as per Section 4.4 of AASHTO Designation: T358-19 [1].

Table 4.2 displays the current density calculation used in this experiment.

Table 4.2 - ICCP design current calculation

Steel Bars Bar Length (m) Bar Radius (m)

8 0.340 0.006

A =21 x0.006 * 0.340 * 8 = 0.1025m?

0.1025 m? steel surface area

Design current for ICCP 20mA/m?

20mA/m? = 0.1025m? = 2.05mA

A total of 8 power supply units were used for cathodic protection current delivery in this
experiment. For each concrete block, two separate power supply units were used to provide CP
current for each of the two circuits. All power supply units were operated in constant current
mode, delivering 2mA to each circuit for the 60 minutes test duration. Following impressing the
cathodic protection current for each sample for 60 minutes, the system was switched off until
the next test date to allow depolarisation of the embedded rebar and an increase of the concrete
sample resistivities. Testing of the samples was carried out during three testing sessions. The
testing sessions were at eight-day intervals; at 28 days, 36 days and at 44 days after the casting

of the samples.
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4.2.2 Results and Discussion

Figure 4.4, Figure 4.5, Figure 4.6 and Figure 4.7 display the voltage data of each sample after
switching on the ICCP current for each circuit and the data plotted over the 60-minute testing

period.
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Figure 4.4 - Sample A start up ICCP voltage
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Figure 4.7 - Sample H1 start up ICCP voltage

The data from Figure 4.4, Figure 4.5, Figure 4.6, and Figure 4.7 identifies an initial voltage
increase which is visible for all samples tested at both 30mm and 60mm spacing, regardless of
mixture compositions and resistivity values. This was not recorded for Sample H1 Day 44 at 60
mm due to the circuit reaching the maximum voltage set limit of the power supply unit.
Polarisation of the circuits ranged between 0.38 and 0.97 volts with an average value of 0.68
volts calculated among all samples between the time of system start-up and 10-minute voltage

readings.

The graphical data displays the voltage spike in the initial two minutes from the ICCP system
being switched ON. Following this initial spike in voltage, all circuit voltages continued to
increase up to the recorded 60-minutes experiments during the three testing sessions. An
average increase of 0.037 volts was identified between the 10-minute and 60-minute testing

period. There was no clear relationship between the initial voltage spike and concrete resistivity.
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Figure 4.8, Figure 4.9, Figure 4.10 display the ICCP voltage at different concrete resistivity

values after 60 minutes of current.

For test 1 (at day 28), the resistivity values of the four samples were recorded at 10.2 kQcm 40.4
kQcm, 260.1 kQcm and 423.8 kQcm.

For test 2 (at day 36), the resistivity values of the four samples were recorded at 11.4 kQcm 48.9
kQcm, 295.6 kQcm and 522.1 kQcm.

For test 3 (at day 44), the resistivity values of the four samples were recorded at 14.2 kQQcm 95.7
kQcm, 975.6 kQcm and 1319.9 kQcm.

Based on the above data, it can be concluded that regardless of the anode-to-rebar spacing, the
circuit voltage increased progressively with the increase of resistivity value for each test. This
confirms the correlation between the mortar resistivity value and circuit voltage. The higher the
resistivity of the mortar (smaller capillary pore size), the higher the circuit voltage required is to

impress the same amount of current.

The circuit voltage at each resistivity value was measured at 30mm and 60mm anode-to-rebar

spacing. The data from the experiment indicates that for all measurements at day 26, day 36

103



and day 44 at 60mm anode-to-rebar spacing, the circuit voltage is greater than the circuit
voltage at 30mm anode-to-rebar spacing. This confirms the effect of anode-to-rebar spacing on

the circuit voltage for mortar at various resistivities.

This experiment indicates that for the same concrete resistivity value, the circuit voltage is lower
(current output is higher) when the anode is located closer to the rebar. While the impact of
anode spacing is relatively negligible for low concrete resistivity, this impact is considerable at

high concrete resistivity values.

The resistivity and voltage data from the samples is presented in Table 4.3. Voltage

measurements displayed in Table 4.3 were taken at the 60-minute mark of each test.

Table 4.3 - Experiment 5 resistivity, voltage, and percentage change data

30mm anode- 60mm anode-

Resistivity to-steel to-steel Change
Day Sample spacing spacing
kQcm Volts Volts Volts %

A 10.2 1.0212 1.1687 0.1475 14.44

Test 1 D1 40.3 1.1625 1.6858 0.5233 4501
(Day 28) G1 260.1 1.3839 2.1161 0.7322 52.90
H1 423.8 1.7100 3.3029 1.5929 93.15

A 114 1.0509 1.2301 0.1792 17.05

Test 2 D1 48.9 1.3516 2.2780 0.9264  68.54
(Day 36) G1 295.6 1.7441 3.1876 1.4435 82.76
H1 522.1 2.2805 5.8692 3.5887 157.36

A 14.2 1.0856 1.3113 0.2257 20.79

Test 3 D1 95.7 1.7912 3.7760 1.9848  110.80
(Day 44) G1 975.6 2.5607 6.0119 3.4512 134.77
H1 1319.9 3.5249 10.0012 6.4763 183.73

Based on the data presented in Table 4.3; At a concrete resistivity value of 10.2 kQcm, the
increase of the circuit voltage limit at 60mm anode-to-rebar spacing is 14.44% greater than at
30mm anode-to-rebar spacing. At a concrete resistivity value of 1319.9 kQcm, the increase of
the circuit voltage limit at 60mm anode-to-rebar spacing is 183.73% greater than at 30mm

anode-to-rebar spacing.

Based on the test data in the case of high resistivity concrete, an increase in current output can

be obtained by decreasing the anode-to-rebar spacing. Placing the anodes closer to the rebar
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may impact on the current distribution of the impressed current cathodic protection systemand
may necessitate system designs based on greater anode current density to achieve corrosion

protection. This effect on current distribution is outside the scope of this research.
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Figure 4.11 - ICCP energisation voltage vs resistivity results

Figure 4.11 displays the correlation between circuit voltage, resistivity and anode-to-rebar

spacing. The impact of spacing increases with the increase of concrete resistivity.

The data indicates that in high resistivity concrete, the location of the anode can be adjusted to
achieve a lower output voltage and consequently higher cathodic protection current. This is due
to the decrease in resistance brought upon a shorter path of ionic flow between the anode and
rebar. Ohm’s law states that the current flowing through a conductor is directly proportional to
the circuit resistance. For impressed current cathodic protection in concrete, the current flowing
from the anode to the rebar through the electrolyte (concrete) is proportional to the concrete
resistivity. By placing the anode closer to the rebar there is a shorter current path between the
anode and the rebar lowering the circuit resistance. Based on ohms law, by lowering the circuit
resistance (R) and applying the same current (1), the circuit voltage (V) is lower. In practice, anode

to steel spacing is determined by the structure in which the CP is being installed. For concrete

105



structures, anode installation can be grouped into two categories. The first is for cathodic
prevention, where anodes are installed during construction of new structures. The second is for

cathodic protection, where anodes are installed in existing structures.

Cathodic prevention is a system commonly installed on structures which require extended
design service life. During construction, anodes are installed as close to the reinforcement as
possible, in most cases tied to the reinforcement (spacing of only 10mm) with a plastic spacer.
The spacer is used to isolate the anode from the steel in order to stop short circuits. As the anode
installation is carried out to exposed reinforcement prior to any concrete, additional anodes can

be easily installed to increase current distribution.

In new structures and particularly in structures where extended design service life is required
(where cathodic prevention systems are commonly installed), high performance concrete is
used due to its advantages in durability, strength, and workability. High performance concrete
includes admixtures such as fly ash, silica fume, slag and other chemical admixtures resulting in
high concrete resistivity. Fortunately, as the anode is installed very close to the steel in cathodic
prevention systems, no notable issues regarding voltage limits have been identified in the
literature. The data in this experiment supports the concept that anodes can operate in high
resistivity concrete when anode to steel spacing is decreased. For the highest resistivity
measurement in this experiment (1320 kQcm), the installation of the anode at 30mm instead of
60mm, would result in the reduction of operating circuit voltage by 183.73% from 10 volts to
3.5 volts, well below the maximum voltage limit for CP systems operation. Based on this finding,
it can be assumed that further decreases in anode spacing, such as those used in cathodic

prevention (10mm) will allow for systems to perform at low voltages in high resistivity concrete.

Cathodic protection involves the installation of anodes to existing concrete structures,
commonly decades after the structure’s construction. Unlike cathodic prevention system
installations, constructability of a CP system is constrained to the existing structure’s design and
characteristics. Some notable design considerations include the concrete cover to
reinforcement, design of reinforcement and the concrete resistivity. Installation is significantly
more complex than that of a cathodic prevention system, as the installation of anodes for
existing concrete structures requires labour intensive destructive cut slots (for ribbon anodes)

or cores (for discrete-cylindrical) anodes to be carried out. The labour-intensive nature of
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retrofitting CP may impact the cost to benefit ratio in cases where concrete resistivity is high

and sufficient current flow would require close anode to steel spacing.

Currently a lack of data regarding the impact of concrete resistivity and the performance of CP
has resulted in structures being installed with CP which operate at a maximum 8 volts with
insufficient current outputs. The data presented in Figure 4.11 can be utilised to identify a
suitable anode to steel spacing at different concrete resistivities and further assess the cost to

benefit ratio of installing CP.

Itis important to note that the recorded circuit voltage at the measured concrete resistivity was
only performed after 60 minutes of ICCP system operation. It is expected that circuit voltage
increases over time, albeit at a smaller rate. The actual circuit voltage data reported for this
short-term test are indicative only and presented for the purpose of establishing a correlation
between resistivity values, circuit voltage and anode-to-rebar spacing and not long-term

performance.

4.3 Experiment 6 - Effect of Concrete Resistivity on the Ongoing Application of

Impressed Current Cathodic Protection and the Effect of Anode Placement

Experiment 5 provided initial short-term testing data related to concrete resistivity, circuit
voltage and anode-to-rebar spacing. The data was obtained for a relatively short period of time
(44 days). The data from experiment 5 was assessed and used for the preparation of a more
detailed assessment of the correlation between concrete resistivity, circuit output and anode-
to-rebar spacing over a longer period of time. Experiment 6 was performed over a 13-month
duration and the anode-to-rebar spacing of 30mm and 60mm was performed in separate

concrete test blocks.

The aim of this experiment is to provide correlation between concrete resistivity and system
current output at 30mm and 60mm anode-to-rebar spacing over 13 months. Such correlation
between anode resistivity, system current output and anode-to-rebar spacing can be an
effective design tool for the design of impressed current cathodic protection systems, especially
when these systems are installed in high resistivity concrete or in conjunction with polymer

modified resistivity mortar where resistivity may increase over time.
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4.3.1 Materials and Method

Eight reinforced concrete test samples and four concrete cylinders were used for this
experiment. Concrete cylinders as per experiment 5, were used in order to obtain accurate

resistivity measurements based on AASHTO Designation: T358-19 [1].

Four composition mixtures were used in this experiment: G, H, D1 and F1. Table 3.2 and Table

4.4 display the materials and mixture compositions of the samples.

Table 4.4 - Experiment 6 sample mixture by weight %

Material Composition by weight %

Mixture Composite GP Ground Silica Silica Denka
Cement Slag Fly Ash Sand Fume  Sigma Water
Mixture G 14% 32% - 31% 5% - 18%
H 14% 37% - 26% - 5% 18%
D1 25% - 16% 41% - - 18%
F1 14% - 27% 41% - - 18%

For each sample mixture (G, H, D1 and F1), a forced action mixer was used to mix the mixture
components and the water. Water was placed into the container and with the mixer in operation
the material was added, and mixing was carried out for 5 minutes for each sample until a fully
homogeneous mortar was obtained. For each sample mixture, the mixed mortar was cast into
two concrete test blocks with pre-installed rebar and ribbon anodes, and into one cylinder for
the purpose of performing resistivity testing of concrete based on the requirements of AASHTO

Designation: T358-19 [1].

The dimensions of the concrete block for each sample were 90mm (H) x 110mm (W) x 170mm
(L). The anode used for the experiment was activated titanium expanded mesh ribbon anode for
cathodic protection in concrete. The current rating for the mesh ribbon is 5.3 mA/m. The width
of the ribbon anode was 20mm and the thickness was 0.9mm. The anode substrate was titanium
grade 1 and the catalyst was noble Mixed Metal Oxide (MMO). 100mm of ribbon anode were
installed in each concrete block sample. Table 4.5 displays the current density calculation used

in this experiment.
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Table 4.5 - ICCP Design Current Calculation

Steel Bars Bar Length (m) Bar Radius (m)
4 0.17 0.006

A=2m*0.006%*0.17 * 4 = 0.0256m?

0.0256 m? steel surface area

Design current for ICCP 20mA/m?

20mA/m? * 0.0256m? = 0.51mA

The cathode for each concrete block consists of four 12mm mild steel rebar. The total length of
each rebar was 450mm. The effective length of the cathode within the concrete block under the
influence of the ICCP system was 680mm. The four mild steel rebar were placed at equal spacing
at 20mm distance from the base of the concrete block. For each sample mixture, the first block
included one ribbon anode placed at 30mm spacing from the rebar and the second block
included one ribbon anode placed at 60mm spacing from the rebar. The anodes and the rebars
were held in place using penetration in the container formwork and these penetrations were
blocked with sealant during the mortar casting. The four rebar in each block extended outside
the concrete block and made continuous. The continuity of all embedded rebar was verified by
resistance measurement between all embedded rebar post establishing continuity. The
measured resistance between the rebar was less than 0.2Q). Diagrams of the samples are
displayed in Figure 4.12 and Figure 4.13. Figure 4.14 displays a photo of the samples used in

Experiment 5.

In conjunction with the eight concrete test samples, four cylinders with 100mm diameter and
200mm height were cast for resistivity testing. The cylinders were formed in polyvinyl chloride
(PVC) piping and the base of each cylinder was sealed using 100mm PVC cap. A diagram of the
cylinder is displayed in Figure 4.13.
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Figure 4.13 - Experiment 6 - resistivity measurement concrete sample

(B)
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Figure 4.14 - Photo of Experiment 6 samples - (A) samples with ICCP, (B) samples for resistivity

testing with resistivity meter

The same curing and exposure condition applied for all samples used in this experiment. All
concrete samples were cast at the same time. All samples were left to cure for 24 hours,
removed from their formwork, and stored in a laboratory at room temperature. From the date
of casting, the samples were kept at a temperature of 23 + 1°C and a humidity of 55 + 10% for
96 hours before testing commenced. Unlike Experiment 5 which consisted of 3 isolated test
sessions, Experiment 6 was conducted continuously for the duration of the 384-day experiment,
allowing for the experiment to commence within a shorter 96-hour timeframe once the samples

were sufficiently set and the experiment setup completed.

A total of 8 power supply units were used for the cathodic protection current delivery. Cathodic
protection current was ON for the full 384-day experimental duration. A total of 50 testing
sessions were carried out in this experiment. For each session, the resistivity of the four sample
compositions (G, H, D1 and F1) were measured and the circuit voltage/current for each of the

eight circuits was recorded.

The testing was conducted in two stages. In stage 1 all power supply units were set to operate
at constant current mode delivering 0.5mA for each circuit. The procedure for this test was
based on changing the operating mode of each power supply unit from constant current to
constant voltage once the circuit reaches the maximum set voltage limit for ICCP systems of 8
volts. While the power supplies operated in constant current mode the circuit voltage was
recorded. Once the 8-volt limit was reached, stage 2 involved switching each circuits’ power
supply output to operate in constant voltage mode (at 8 volts), where the current output was
recorded (highlighted in blue in Table 4.6). The current output measurements highlighted in blue
were used to calculate the current density output. A current output of 0.5mA equates to a

current density of 20mA/m?2.
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4.3.2 Results and Discussion

Table 4.6 - Experiment 6 data

114

G H D1 F1
Day Resistivity | 30mm \ 60mm | Resistivity | 30mm | 60mm | Resistivity | 30mm \ 60mm | Resistivity 30mm\ 60mm
kQcm Voltage (V) kQcm Voltage (V) kQcm Voltage (V) kQcm Voltage (V)
1 153 | 1145 | 1.188 154 | 1.141 | 1.183 6.2 0.949 | 1.064 127 | 1.093  1.102
5 23.0 | 1332 | 1454 211 | 1.349 | 1.468 121 | 1.088 | 1.302 354 | 1.645 2.652
8 294 | 1465 1608 = 249 | 1489 | 1623 172 | 1199 | 1.511  56.4 | 2.198 | 4.754
13 379 | 1651 | 1.849 373 | 1.682 | 1.882 26.2 | 1402 | 1.894 | 102.7 | 3.467 | 10.000
16 422 | 1766 | 2011 | 36,6 | 1.804  2.062 330 | 1.562 2238 | 1425
20 501 | 1.906 @ 2202 = 421 | 1.956 | 2.285 @ 422 | 1762 | 2693 @ 2053
22 542 | 1.998 | 2342 = 453 | 2.052 | 2.465 = 485 | 1939 | 3222 @ 2459
26 61.2 | 2152 | 2560 = 50.2 | 2.219 | 2.746 584 | 2219 4252 | 307.5
28 64.6 | 2213 | 2652 = 53.8 | 2.294 | 2.850 63.6 | 2313 4725 | 3453
33 777 | 2413 | 2922 615 | 2496 | 3172 @ 816 | 2684 6457 @ 473.0
35 782 | 2483 | 3104 612 | 2.607 | 3.462 = 844 | 2997 9528
37 80.8 | 2569 @ 3202 643 | 2.698 @ 3566  90.0 | 3.090
40 87.1 | 2.688 | 3385 685 | 2.834  3.819 986 | 3.336
42 90.7 | 2811 | 3604 704 | 2971 4201 1065 | 3.764
44 948 | 2905  3.785 | 721 | 3.082 | 4478 = 1135 | 4172 |
47 98.7 | 3.083  4.092 | 759 | 3271 | 5071 1275 | 5.068 |
50 99.2 | 3341 4497 | 778 | 3563 | 5566 = 1347 | 5.869 |
54 | 1052 | 3452 | 4759 | 832 | 3701  6.285 = 153.1 | 6.866 :
56 | 1102 | 3.537 | 4.945 | 877 | 3.827 | 6.641 1640 | 7.429 0042 14116
57 | 1056 | 3.616 K 5071 = 953 | 3.910 6954 = 1660 | 7.903
61 | 1190 | 3.829 | 5439 | 950 | 4.183  7.656 & 186.6
63 | 1445 | 3.951 | 5602 @ 991 4317 | 7.889 @ 1963
64 | 1419 | 3981 | 5668 | 1043 | 4367 @ 7.995 = 199.5
68 | 1344 | 4220 | 6.070 = 1083  4.664  8.872 @ 2243
70 | 1485 | 4442 | 6429 | 1142 | 4.927 _ 238.9 _
72 | 149.0 | 4485 | 6.657 @ 1147 | 5.037 284.4
75 | 1556 | 4726 | 7.122 | 1191 | 5.348 E 273.6 E
77 | 1610 | 4.827 | 7.328 | 1242 | 5.507 282.3
79 | 1692 | 5082 @ 7.757 | 129.4 | 5.823 . 305.1 '
83 175.8 | 5.252 1355 | 6.053 | 3168 |
89 | 1876 | 5711 1438 | 6.613 . 366.8 -
92 | 2028 | 5.791 1509 | 6.762 | 370.6 |
99 | 2082 | 6.177 1649 | 7.269 10223 4044 [10:53
111 | 2332 | 7.205 187.9 [JOMBANN0OA700 497.4 [0i08Y
124 | 2838 | 7.627 2161 10427 L0700 5449 0103
127 | 287.0 218.9 [[01397 N0i56Y s547.6 01098
135 | 289.9 2338 548.4
139 | 3109 239.8 ‘ 574.4
146 | 326.4 254.9 647.9
148 | 3215 259.0 ‘- 628.4 _
153 | 3459 268.4 674.1
155 | 334.9 270.5 ‘-= 657.3 E
160 | 364.6 283.6 01293 1011060 651.9
170 409.3 300.3 \- 795.9 '
176 | 4285 \ 7740 |
189 | 486.4 \ \
272 660.0 0159 0.040 0019
294 7066 0144 0035 0016
384 | 10225 0070 0012 0,010




The data from this experiment is presented in Table 4.6. The resistivity for sample G ranges from
15.3 kQcm at day 1 testing to 1022.5 kQcm at test day 384. The resistivity for sample H ranges
from 15.4 kQcm at day 1 testing to 727 kQcm at test day 384. The resistivity for sample D1 ranges
from 6.2 kQcm at day 1 testing to 1255.9 kQcm at test day 384. The resistivity for sample F1
ranges from 12.7 kQcm at day 1 testing to 2000 kQcm at test day 63.

Figure 4.15 displays the resistivity increase of each of the four samples over time. While similar
increasing trends were observed for all four samples, for sample F1 the maximum resistivity of
2000 kQcm (limit of resistivity measurement equipment) was reached at day 63. Although
outside the scope of this research, based on the composition of the samples, fly ash had a
significant impact on concrete resistivity. Higher levels of fly ash in samples F1 (28%) when
compared to sample D1 (16%) significantly increased the speed of the resistivity increase. This
observation suggests that in cases where new grouts are being developed for CP, the use of fly

ash significantly increases resistivity.
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Figure 4.15 - Resistivity over time
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Figure 4.16 - Voltage over time

Figure 4.16 displays the circuit voltage increase of each of the eight samples over 124 days. The
data in Figure 4.16 identifies that for all samples/compositions, the 60mm anode to

reinforcement spacing will reach maximum voltage before the corresponding 30mm anode

sample.
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Figure 4.17 - Sample F1 voltage vs resistivity at 30mm and 60mm anode-to-rebar spacing
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Figure 4.18 - Sample D1 voltage vs resistivity at 30mm and 60mm anode-to-rebar spacing
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Figure 4.20 - Sample G voltage vs resistivity at 30mm and 60mm anode-to-rebar spacing
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Figure 4.17, Figure 4.18, Figure 4.19 and Figure 4.20 display voltage vs resistivity for each of the

samples at 30mm and 60mm anode-to-rebar spacing.

For sample F1, the maximum circuit voltage limit was reached at 102.7 kQcm at 60mm anode-

to-rebar spacing and at 245.9 kQcm at 30mm anode-to-rebar spacing.

For sample D1, the maximum circuit voltage limit was reached at 84.4 kQcm at 60mm anode-to-

rebar spacing and at 186.6 kQcm at 30mm anode-to-rebar spacing.

For sample H, the maximum circuit voltage limit was reached at 108.3 kQcm at 60mm anode-to-

rebar spacing and at 187.9 kQcm at 30mm anode-to-rebar spacing.

For sample G, the maximum circuit voltage limit was reached at 175.8 kQcm at 60mm anode-

to-rebar spacing and at 287.0 kQcm at 30mm anode-to-rebar spacing.

Samples F1, D1, H and G displayed similar trends where 60mm anode-rebar spaced samples
reached the limiting 8 volts prior to the corresponding 30mm samples. It is evident from Figure
4.17, Figure 4.18, Figure 4.19 and Figure 4.20, that resistivity and voltage increase in a linear
trend. Itis also identified that although all samples followed similar voltage to resistivity trends,
variations in the final resistivity value where the 8-volt limit is reached were found. The data
shows that the concrete with different variations in admixtures will result in varying ICCP voltage
limits. Due to the limited comparable research that has been carried out on the topic of ICCP
voltage and resistivity, limited conclusions on how admixtures affect the voltage variations can
be made. As the impact of admixtures is not the focus of this research, further in-depth research

into the effect of admixtures can be undertaken in the future.

Table 4.7 - Concrete resistivity measurement for each of the eight samples at maximum circuit

voltage of 8-volt limit

Resistivity of Samples at 8-Volt Limit
60mm 30mm
Sample % Variation
kQcm kQcm
F1 102.7 245.9 139%
D1 84.4 186.6 121%
H 108.3 187.9 73%
G 175.8 287.0 63%
Average 117.8 226.8 91%
Standard Deviation 34.6 42.1
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The voltage limit data from this experiment presented in Table 4.7, confirms the impact of
anode-to-rebar spacing on the ability of the ICCP system to operate at a higher resistivity value.
The circuit voltage reaches the maximum limit of 8 volts at an average resistivity of 117.8 kQcm
for the 60mm anode-to-rebar spacing while for the closer anode-to-rebar spacing of 30 mm, the
maximum circuit voltage was reached at an average resistivity of 226.8 kQcm. The percentage
variation between 60mm and 30mm anode spacing was calculated for each sample to display
the variation between anode spacing for each composition. In addition, the total average and
standard deviation of all 60mm and 30mm anodes was calculated. The purpose of averaging the

data is to identify a universal trend which may be relevant to all concrete structures.

For the eight operated circuits, once the maximum voltage limit was reached for each circuit,
the operational mode was switched from constant current to constant voltage and the operating
current of each circuit versus resistivity was recorded and plotted as shown in Figure 4.21, Figure

4.22,

Figure 4.23 and Figure 4.24. The current output for each circuit was based on 20 mA/m? of steel
surface area. The change from constant current to constant voltage was carried out to continue
to monitor the power output and obtain further data relating to the decrease in anode current

output capacity after the 8-volt limiting voltage.
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Figure 4.21 - Sample F1 current density vs resistivity at 30mm and 60mm anode-to-rebar
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Figure 4.22 - Sample D1 current density vs resistivity at 30mm and 60mm anode-to-rebar
spacing
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Figure 4.23 - Sample G current density vs resistivity at 30mm and 60mm anode-to-rebar
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Figure 4.21 and Figure 4.22 display a steep decline of the circuit current output for samples F1
and D1 at 60mm spacing in comparison to the gradual decline of current output for samples G
and H at 60mm spacing. This variation of current decline could be related to the admixture used
for these samples — fly ash was used for samples F1 and D1, while ground slag was used for
samples D and H. Although the effect of admixtures is outside the scope of this experiment, the
observation of fly ash greatly increasing resistivity suggest that fly ash will severely impact on

the performance of ICCP, particularly regarding the voltage limit.

The voltage limit at 8 volts was reached at lower concrete resistivities for sample H than for
sample G for both the 30mm and 60mm anode-to-rebar spacing samples. For samples F1 and
D1, there is considerable impact of the anode-to-rebar spacing on the current output. At an
anode-to-rebar spacing of 30mm, the current output for both circuits is much higher than for
the samples at 60mm anode-to-rebar spacing. Future research can be carried out to further

understand the relationship between admixtures and resistivity.

Forsamples G and H as displayed in Figure 4.23 and Figure 4.24, there is a similar trend of decline

for current output for the 30mm and 60mm anode-to-rebar spacing.
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Figure 4.25 - Averaged trend of current density vs resistivity
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The graph presented in Figure 4.25 provides a correlation between current density and concrete
resistivity at the 30mm and 60mm anode-to-rebar spacing by averaging the data from Samples

F1, D1, G and H.

Based on the average trend in Figure 4.25, at 60mm anode-to-rebar spacing the current output
decreased to less than 1mA/m? at a resistivity of 408 kQcm. At 30mm anode-to-rebar spacing,
the current output decreased to less than 1mA/m? at a significantly higher resistivity of 1187

kQcm.

It is important to note that while the 20mA/m? of steel surface is an estimated current density
used normally for design purposes, normally ICCP systems operate at current density between
5mA/m? and 15mA/m? subject to corrosion activity and exposure conditions. Based on data
extracted from operating impressed current cathodic protection systems [61], the average
current densities of multiple operating impressed current cathodic protection systems ranged

from 4.4mA/m?to 17.2mA/m?.

Based on the average trend of current density versus resistivity (Figure 4.25), concrete resistivity
of 296 kQcm for anode-to-rebar spacing of 60mm and concrete resistivity of 467 kQcm for
anode-to-rebar spacing of 30mm, the ICCP system can deliver current output equivalent to

10mA/m? of steel surface area.

The graph in Figure 4.25 could be incorporated in the design of impressed current cathodic
protection systems. The graph provides an indication of current output at different levels of
concrete resistivity. Based on the input of current density required for the design of a cathodic
protection system and the measured concrete resistivity of the subject structure, the anode-to-

-rebar spacing can be modified to achieve the desired current output for the system operation.

AS2832.5 — 2008 (R2018) does not specify minimum spacing between the anode and the rebar.

The requirement is to avoid a short circuit during installation:

“In the case of impressed current systems particular attention shall be paid to avoid short circuits
occurring between the anode system and any reinforcement steel, ancillary metallic

components, reinforcement tie wire or debris steel in the surface of the concrete”.

On this basis and based on the average trend for current density versus resistivity (Figure 4.25),
impressed current cathodic protection systems can operate at relatively high concrete

resistivities by modifying the spacing between the anode and rebar.
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In practice, achieving closer spacing between the anode and rebar may not be possible in
different structures. Considerations related to the existing concrete cover to embedded rebar
and the required grout cover to the anode to achieve proper encapsulation within the concrete
cover may limit anode positioning. It is likely that placing the anode at closer spacing to the rebar
may result in greater current output in high resistivity concrete, however it is likely that this may
impact on the current distribution offered by the anodes to the embedded rebar. The CP system
in this case could be designed at a higher current density with more anodes at a closer anode

spacing.

4.4 Conclusion

The average trend for current density versus resistivity indicates that an impressed current
cathodic protection system can operate at 20 mA/m? at a concrete resistivity up to 116 kQcm
for an anode-to-rebar spacing of 60mm. Impressed current cathodic protection systems can
operate at 20 mA/m? at a concrete resistivity up to 221 kQcm at an anode-to-rebar spacing of
30mm. The level of current output decreases with the increase of concrete resistivity for anode-

to-rebar spacing at both 30mm and 60mm anode-to-rebar spacing.

Overall, the data from this research suggests that for high resistivity concrete, the desired

current output can be achieved by reducing the spacing between the anode and the rebar.

The data presented in Figure 4.25 could be incorporated in the design of impressed current
cathodic protection systems Standards. The data identified in this experiment provides an
indication of current output at different levels of concrete resistivity. Based on the input of
current density required for the design of a cathodic protection system and the measured
concrete resistivity of the subject structure, the anode-to-rebar spacing can be modified to

achieve the desired current output for the system operation.
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5 Performance of Impressed Current Cathodic
Protection in an Operational Reinforced
Concrete Structure

The purpose of this chapter is to verify the concrete resistivity, anode-to-rebar spacing, and
system current output data presented in Chapter 4. Data obtained from an impressed current
cathodic protection system operating on a wharf structure in NSW has been analysed and
assessed against the average trend of current density versus resistivity graph (Figure 4.25)

presented in Chapter 4.

5.1 The Structure

The structure is a reinforced concrete wharf, approximately 37m x 9m comprising of piles,

concrete headstocks and a composite pre-cast/cast in-situ concrete deck.

Figure 5.1 - Structure photo taken from under wharf structure
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The primary cause of concrete spalling and deterioration of the structure was chloride
contamination of the concrete. The repair of the structure was carried out using “low resistivity”
polymer modified repair mortar. The same concrete repair material (Material H) from
Experiment 4 was used during installation of the ICCP system in 1999. Material H was used for
patch repair areas as well as for the installation of the ICCP system as the anode encapsulating

grout.

5.2 Cathodic Protection System Description

The impressed current cathodic protection system was installed to the headstocks and selected

sections of the deck soffit. The system was commissioned in 1999.

The anode used for this ICCP system was activated titanium expanded mesh ribbon anode for
cathodic protection in concrete (the same anode used in Chapter 4, Experiments 5 and 6). The
current rating for the mesh ribbon is 5.3mA per linear metre. The width of the ribbon anode was
20mm and the thickness was 0.9mm. The anode substrate was titanium grade 1 and the catalyst
was noble Mixed Metal Oxide (MMO). The anode was installed in concrete slots within the

concrete cover.

The cathodic protection system was divided into 6 zones (circuits). Figure 5.2 displays the
cathodic protection transformer rectifier unit, which is used to control current output, measure
voltage and measure embedded concrete reference electrodes. The anode, rebar, reference
electrodes and reference return cables were terminated in junction boxes along the wharf and
extended to a transformer rectifier unit. The transformer rectifier unit houses 6 power supply

units, each feeding one zone. The power supply units operate in constant current mode.
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Figure 5.2 - Photo of cathodic protection transformer rectifier unit

Seventeen silver/silver chloride reference electrodes were installed for the system monitoring.

The system zoning was based on the exposure conditions for the various elements of the wharf

and the type of protected element (headstock or deck soffit).

The system zoning and exposure conditions are detailed in Table 5.1.
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Table 5.1 - Structure zoning and environmental exposure condition

Zone Element Environmental Exposure Condition
3 Rear deck soffit bays 1-4 Splash zone
4 Rear deck soffit bays 5-8 Atmospheric zone
5 Middle & front deck soffit bays 1-3 Splash zone
7 Middle deck soffit bays 6-8 Atmospheric zone
9 Headstock top bays 1-9 Tidal zone
10 Headstock bottom bays 1-9 Tidal zone

Figure 5.3 display the zoning and plan view of the reinforced concrete wharf structure. The

structure consists of a reinforced concrete slab and nine headstock beams. Zones 3, 4, 5 and 6

are located in the soffit of the reinforced concrete slab, and zones 9 and 10 located in the

headstock beams. Figure 5.4 displays a photograph taken of the headstock.

Middle and Front
Deck Soffit

(A)

Read Deck Soffit

Read Deck Soffit

Middle Deck Soffit

Headstocks (Zones 9 Side and 10 Bottom)




Zone 9 Headstocks Zone 10
(Side View)
1 2 3 4
Headstocks
Piles
Mid Tide Level

(B)

Figure 5.3 - Structure ICCP system zoning plan — (A) top view of structure main slab soffit, (B)

side view of structure

Figure 5.4 - Photo of headstock 8
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5.3 Assessment Methodology

Resistivity testing, cover to reinforcement measurements, verification of steel layout within the
concrete, and a review of circuit voltage data were performed as a part of the testing. Testing

was carried out to the underside of the wharf structure with a boat.

Resistivity testing was performed for the elements of the structure protected by the cathodic
protection system. Resistivity data was obtained onsite using a four-point Wenner probe
(Proceg 50mm). Testing of this structure was conducted prior to the tested methodology using
stainless steel probes for resistivity measurements detailed in Chapter 3 Section 3.7. The
commonly used surface resistivity testing method was applied [10]. As shown in Figure 5.5 prior
to resistivity testing, scabbling of the concrete surface was carried out in order to remove the

external layer of concrete. This was carried out using a handheld portable angle grinder.

Figure 5.5 — Cleaning of surface using angle grinder
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Figure 5.6 — Onsite resistivity testing using Proceq Resipod

A system performance report was attained. The report includes circuit zoning, maximum design
current and zone output current and voltage data. A summary of the systems data is presented

on the following page in Table 5.2.

Cover meter testing was carried out using a Proceq cover meter. The concrete cover to existing
rebar was measured and verified at various breakout locations in order to confirm the exact
cover to the rebar. The cover to the ribbon anode was measured on-site and anode-to-rebar

spacing was calculated.

5.4 Results and Discussion

5.4.1 System Performance Data

Table 5.2 presents data extracted from a system performance report detailing the ICCP systems
circuit zoning, location of each zone, the maximum design current based on 20mA/m? of

embedded rebar surface area, and the output current and voltage of each circuit.
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Table 5.2 - Structures cathodic protection system data

L . Exposure Maximum Output Measured
Zone/Circuit Location .. .
Conditions Design Current Voltage
Current
(mA) (mA) (V)
Soffit Rear
3 Bay 1-4 Splash 800 150 2.8
Soffit Rear .
4 Bay 5-8 Atmospheric 800 10 9.0
Soffit Middle
5 and Front Splash 2190 250 2.5
Bays 1-2-3
Soffit Middle .
7 Bays 6-7-8 Atmospheric 1590 170 8.1
9 Headstock Tidal 1800 1050 2.4
Top
10 Headstick Tidal 1750 570 2.2
Bottom

Zones 4 and 7 highlighted in yellow in Table 5.2 were both located in atmospheric exposure
conditions and were found to be operating above the maximum recommended voltage for ICCP
systems (8 volts). Voltage will fluctuate due to environmental exposure conditions. The ICCP
transformer rectifiers operate in constant current mode. During the last monitoring session
(commonly annually), the current output would have been set with a measured voltage under 8
volts. Due to the changing environmental conditions, voltage limits in some cases may be
exceeded. In cases where an 8-volt limit is reached, the current output decreases during the

next testing and adjustment session.

The design current for zone 4 (atmospheric) was 800mA based on 20mA/m? of steel surface
area. Zone 4 operated above the maximum voltage limit of 8 volts. The output current for this

circuit was 10mA which is equivalent to 1.25% of the design current.
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The design current for zone 7 (atmospheric) was 1590mA based on 20mA/m? of steel surface
area. Zone 7 operated above the maximum voltage limit of 8 volts. The output current for this

circuit was 170mA which is equivalent to 10.69% of the design current.

Zones 3, 5 (splash zones), 9 and 10 (tidal zones) operated below 40% of the voltage limit of 8

volts.

5.4.2 Resistivity Data

The following data in Figures 5.7 — 5.14 were obtained by onsite four-point Wenner probe
resistivity measurement testing. Resistivity measurements were averaged out from 8 to 10
readings at each data point location/zone (Figure 5.6). Measurements were carried out
immediately one after the other within a 300x300mm area and within the specific zone. The
Proceq Resipod four-point Wenner probe automatically calculates the mean value (f) of the
measurements (N) in the test location (displayed in Figures 5.7 —5.14). A mean value is used for
resistivity measurements as measurements do range (as seen in the minimum and maximum
measurements) when carrying out onsite measurements. These variations can be caused by the
location of rebar, influence of aggregate, temperature, moisture content, carbonation, and
concrete-to-probe contact resistance [10]. Concrete-to-probe contact resistance is believed to
be the main cause of these variations. A solution to this issue is detailed in Chapter 3 Section
3.7. The site testing was carried out prior to the development of the methodology in Section 3.7.
For the Proceq equipment settings, contact spacing is based on the equipment’s probe spacing
(50mm), and the specimen shape was set to flat—default setting, used for onsite measuring.

These setting are in accordance with the Wenner probe operation manual [10].
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Name |Date & Time |Mean Value

|T0tal | Std. Deviation

Zone4 | 07/25/2018 1227 PM AGEIGER—— 105443
EBecific Resistance diagram [measurement order]  Resistance Values Statistics
cm
400 167.9 kQcm Measurements
246.0 kQcm Mean value f = 246.3 kQcm
176.1 kQcm Standard deviation s = 544 kQicm
300 264.0 kQcm Range = 164.1 k)cm
243.0 kQcm Minimum = 167.9 k)cm
280.0 kQcm Maximum = 332.0 kOcm
200 1942 kQem
250.0 kQcm Settings
100 3100 kQem Serial number RP01-003-0060
332.0 kQcm Measurement Mode Surface
Contact spacing 50.0mm (default)
0 .
1 2 3 4 5 6 7 8 9 10 Specimen Shape Flat
Correction 1.000
Comment
[Add]
Figure 5.7 - Zone 4 (atmospheric) resistivity measurements
Name |Da‘[e & Time |Mean Value M |Total | Std. Deviation
Zone7 |07/25/2018 1227 PV SN 10 [5737
igecific Resistance diagram [measurement order] Resistance Values Statistics
cm
400 273.0 kQcm Measurements
191.1 kQcm Mean value f =229.5 kQiem
273.0 kQcm Standard deviation s = 57.4 k(lcm
300 190.0 kQcm Range = 174.3 kQiem
291.0 kQcm Minimum = 124.7 kQcm
195.7 kQcm Maximum = 299.0 kOcm
200 299.0 kQcm
196.7 kQcm Settings
100 124.7 kQcm Serial number RP01-003-0060
261.0 kKQcm Measurement Mode Surface
Contact spacing 50.0mm (default)
0 - -
1 2 3 4 5 6 7 & 9 10 pecimen Shape Flat
Correction 1.000
Comment
[Add]
Figure 5.8 - Zone 7 (atmospheric) resistivity measurements
Name |Date & Time |Mean Value v |Total | Std. Deviation
Zone9  07/25/2018 1227 M [ElORGcg 10 3737
Egecific Resistance diagram [measurement order] Resistance Values Statistics
cm
200 89.2 kQcm Measurements
95.5 kQcm Mean value f =121.0 kQcm
250 139.3 kQcm Standard deviation s = 374 kldcm
215.0 kQcm Range = 125.8 klcm
200 134.9 kQcm Minimum = 89.2 kQcm
S o @ 90.4 kQcm Maximum = 215.0 kQcm
=0 = _BEZ S 1152 kQcm
+ = =] .
100 =] - 121.9 kQcm Settings
103.6 kQcm Serial number RP01-003-0060
50 104.6 kQcm Measurement Mode Surface
Contact spacing 50.0mm (default)
0 - .
1 2 3 4 5 6 7 &8 9 10 Specimen Shape Flat
Correction 1.000
Comment
[Add]

Figure 5.9 - Zone 9 (tidal) resistivity measurements
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Name | Date & Time | Mean Value |T0tal | Std. Deviation

Zones | 07/25/2018 1227 M [Gkacg 10 1390

EBecific Resistance diagram [measurement order] Resistance Values Statistics
cm

200 103.5 kQcm Measurements N=10
93.8 kQcm Mean value f =117.2 kicm
113.6 kQcm Standard deviation s = 13.9 kQicm
150 112.6 kQcm Range = 47.5 kQiem
116.9 kQcm Minimum = 93.8 kQicm
118.4 kQcm Maximum = 141.3 kQ)cm
Ly 1108 kQcm
130.6 kQcm Settings
50 130.1 kQcem Serial number RP01-003-0060
141.3 kQcm Measurement Mode Surface
Contact spacing 50.0mm (default)
Y 1 2 3 4 5 6 7 8 9 10 Specimen Shape Flat
Correction 1.000
Comment
[Add]

Figure 5.10 - Zone 5 (splash) resistivity measurements

Name | Date & Time | Mean Value |Total | Std. Deviation

Zone3  07/25/2018 12:27 M [EGIEIKGIEIN 10 1147

igecific Resistance diagram [measurement order] Resistance Values Statistics
cm

80 48.2 k(lcm Measurements N= 10
— " 58.6 kQcm Mean value f =49.2 kQcm
g = 64.1 kQcm Standard deviation s = 11.5 k(lcm
60 d 44.9 kQcm Range =339 kQcm
30.6 kQcm Minimum = 30.6 kQcm
55.5 kQcm Maximum = 64.5 kQcm
W 41.0 KQcm
48.4 kQcm Settings
20 64.5 klaem Serial number RP01-003-0060
36.3 kcm Measurement Mode Surface
Contact spacing 50.0mm (default)
0 Specimen Shape Flat
Correction 1.000
Comment
[Add]

Figure 5.11 - Zone 3 (splash) resistivity measurements

Name |Date & Time |Mean Value |T0tal |Std‘ Deviation
Zone 10 Top 07/25/2018 1227 PN [TONIRGC 10 648
asecific Resistance diagram [measurement order] Resistance Values Statistics
cm
120 754 kQcm Measurements N=10
75.5 kQecm Mean value f =791 kQiem
100- 73.6 kQcm Standard deviation s = 6.5 kQcm
73.7 kQcm Range = 19.9 kQcm
80- 82.4 kQem Minimum = 70.7 kQcm
81.4 kQcm Maximum =90.6 kKQcm
b0 87.6 kQcm
40 70.7 kQcm Settings
80.1 kem Serial number RP0O1-003-0060
20 90.6 k(lem Measurement Mode Surface
Contact spacing 50.0mm (default)
9 Specimen Shape Flat
Correction 1.000
Comment
[Add]

Figure 5.12 - Zone 10 headstock (tidal) top resistivity data
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Name

Date & Time

|Mean Value

|Tutal |Std‘ Deviation

Zone 10 Bottom

Esecific Resistance diagram [measurement order]
cm

60-

50

40

30

20

i
@
=t

o3
~
~

07/25/2018 12:27 PM

Resistance Values
42.5 kQicm
38.4 kQcm
28.9 kQcm
31.5 kQcm
43.4 kfem
44.1 kQiem
47.5 kQiem
48.6 kQcm

Statistics

Measurements N=8

Mean value f = 40.6 klicm
Standard deviation s = 7.2 kQcm
Range = 19.7 kQcm
Minimum = 28.9 kQcm
Maximum = 48.6 kQcm
Settings

Serial number
Measurement Mode
Contact spacing
Specimen Shape
Correction

Comment
[Add]

Figure 5.13 - Zone 10 headstock (tidal) bottom resistivity data

Name

|Date & Time

Zone 10 Side

150+

17.6

103.3
1064

o &
~
| I

56 7 8 9

1200

07/25/2018 1227 Py G

Esecific Resistance diagram [measurement order]|
cm

10

|Mean Value

RPO1-003-0060
Surface

50.0mm (default)
Flat

1.000

8 Al

|Total |5‘[d‘ Deviation

Resistance Values
97.2 kQcm
103.3 kQcm
117.6 kQem
106.4 kQcm
95.5 kQdcm
81.7 kQcm
120.0 kQcm
54.8 kQcm
57.9 kQcm
62.8 kQcm

Statistics

Measurements N=10

Mean value T =89.7 kicm
Standard deviation s = 24.2 kQ)cm
Range = 65.2 kQcm
Minimum = 54.8 k(cm
Maximum = 120.0 kQcm
Settings

Serial number
Measurement Mode
Contact spacing
Specimen Shape
Correction

Comment
[Add]

Figure 5.14 - Zone 10 headstock (tidal) side resistivity data

RP01-003-0060
Surface

50.0mm (default)
Flat

1.000

Table 5.3 - Circuit, voltage, resistivity, and exposure condition data

Circuit/Zone

3

10

Voltage (V)
2.8
9.0
2.5
8.1
2.4

2.2

Resistivity (kQcm)

49.2

246.3

117.2

229.5

121

69.8

137

10 2419

Exposure conditions
Splash
Atmospheric
Splash
Atmospheric
Tidal

Tidal



Table 5.3 displays the circuit/zone, operating voltage, resistivity, and exposure condition data.
The data shows that the highest resistivity measurements of 246.3 kQcm and 229.5 kQcm (Zones
4 and 7) were in the atmospheric zones. Zones 4 and 7 also exhibited the highest voltages of 9
volts and 8.1 volts. Averaging the data between the exposure conditions, voltage in the tidal
zones (9 and 10) was 2.30 volts, 2.60 volts in the splash zones (3 and 5) and 8.55 volts in the
atmospheric zones (4 and 7). This data identifies a correlation between operating circuit voltage
and exposure conditions. The impact of circuit voltage limitation is more relevant for

atmospheric zones (dry conditions) than for tidal and splash zones.

5.4.3 Current Density Output

Table 5.4 - ICCP design vs operating current density

Zone dZEi:E;;:;;Zn;n Operating cur(r)eietrjt;riign OUtF.)Ut curren’zc

20mA/m? current (mA) density density (mA/m?)
3 800 150 0.1875 3.75
4 800 10 0.0125 0.25
5 2190 250 0.1142 2.28
7 1590 170 0.1069 2.14
9 1800 1050 0.5833 11.67
10 1750 570 0.3257 6.51

Table 5.4 displays the output current density calculated by dividing the operating current density

by the design current density (based on 20mA/m? of steel surface area).

The exposure condition of the wharf can be divided into three categories. Atmospheric, splash
and tidal. For the elements located in the atmospheric zones (zone 4 and zone 7), the concrete
resistivity ranged between 229.5 kQcm and 246.3 kQcm with an average resistivity of 237.9
kQcm. The average circuit’s operating voltage was 8.55 volts, and the average current density

was 1.19mA/m>.
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For the elements located in the splash zone (zone 3 and zone 5), the concrete resistivity
measured was 49.2 kQcm and 117.2 kQcm with an average resistivity of 83.2 kQcm. The average

circuit’s operating voltage was 2.65 volts, and the average current density was 3.01mA/m?2,

For the elements located in the tidal zone (zone 9 and zone 10), the concrete resistivity was 95.4
kQcm. The average circuit’s operating voltage was 2.3 volts, and the average current density was

9.09mA/m?.

Based on the data presented in Table 5.4, it can be observed that while all zones are designed
to a current density of 20mA/m? of steel surface area, the actual operating current density
greatly varied between zones. The tidal zones operated at a current density of 9.09mA/m?, the
splash zones operated at a current density of 3.01mA/m?, and the atmospheric zone operated
at a current density of 1.19mA/m?2. This data identifies a correlation between operating current
density and exposure conditions of different elements/zones of the structure. This is related to
the conductivity in each zone. The atmospheric zones have the lowest water content as they are
least exposed to tidal fluctuations and understandably were found to have the highest resistance

(resistivity).

5.4.4 Anode-to-Rebar Spacing

Cover-to-reinforcement measurements were performed for the elements of the wharf. The
average cover-to-embedded rebar was 60mm and the average spacing between the rebar was

200mm.

Ribbon anodes were installed in slot cuts within the concrete cover. The average depth of ribbon

anode cover was 20mm.

Figure 5.15 displays the anode and steel layout and spacing.
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Figure 5.15 - Typical ribbon anode and rebar layout and spacing

Based on the distances between the anode and steel reinforcement as pictured in Figure 5.15,
Pythagoras theorem was used to calculate the anode-to-steel distance. A typical anode spacing

for all zones/circuits of approximately 107mm between anode and steel was calculated.
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5.4.5 Current Density Comparison Between Site and Laboratory Data

The laboratory data gathered in Chapter 4 identified a correlation between operating current
density (mA/m?), concrete resistivity and anode-to-rebar spacing. The averaged trend line
laboratory data from Chapter 4 (previously presented in Figure 4.25) has been incorporated with

the structure data obtained in this Chapter.

Figure 5.16 displays the two data sets. The purple trend lines display the 30mm and 60mm
anode-rebar spacing data from Chapter 4. The current density and resistivity data obtained from

the ICCP structure in this Chapter is also displayed in Figure 5.16.

20
18
16

14

Zone 9

12 Projected 107mm anode-to-rebar spacing

10

Zone 10
[

Current Density (mA/m?)

Zone 3

Zone 5 Zone 7
2 L °
Zone4
0 o ‘
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Resistivity (kQcm)

60mm

® Zone 4 (Atmospheric) ® Zone 7 (Atmospheric)
® Zone 9 (Tidal) ® Zone 10 (Tidal)

® Zone 3 (Splash) ® Zone 5 (Splash)

Figure 5.16 - ICCP laboratory and on-site data comparison
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From the structures tidal and splash zones 3, 5, 9 and 10 all operated under the 8-volt limit
threshold, while atmospheric zones 4 and 7 exceeded the 8-volt limit. Based on this data, a trend
line was estimated depicting the current density to resistivity trend line limit for the structure at
the measured anode-to-rebar spacing of 107mm. This projected trend line limit is displayed in
Figure 5.16 as an orange dash line. The zones which operate under the 8-volt limit (tidal and
splash zones 3, 5, 9 and 10) are on the left of the trendline, while the zones (atmospheric zones
4 and 7) exceeding the 8-volt limit are on the right. If the zones are displayed on the right, at the

specific anode spacing, they will operate above the 8-volt limit.

Based on the data from Chapter 4 it was evident that as anode-to-rebar spacing increases,
current density output decreases (due to the voltage limit). When the anode-to-rebar distance
increases, the trend line will move to the left. In the case of the wharf structure, an anode-to-
rebar spacing of 107mm is more than that of the tested 30mm and 60mm anode-to-rebar
samples tested in Chapter 4. The trends presented in Figure 5.16 are consistent and a correlation
between current-output, concrete-resistivity and anode-to-rebar spacing of laboratory data and

data from a real operating structure is established.

The consistent trends between the laboratory and site data presented in Figure 5.16 indicate
that the anode-to-rebar spacing can be used as a tool to estimate the current output for an
impressed current cathodic protection system at different concrete resistivity. Anode-to-rebar

spacing can be adjusted to achieve the optimal performance.

For example, the data suggests that if we take a structure with a measured concrete resistivity
200 kQcm at 30mm anode-to-rebar spacing, the ICCP zone will operate at a full 20 mA/m? within
the 8 volts limit, but at a 60mm anode-to-rebar spacing, the ICCP zone will exceed the 8-volt
limit. It will however at 60mm and 8 volts operate at a limited current density of approximately
11 mA/m?. Increasing/doubling of the amount of installed anode may be one solution if the

minimum anode spacing is limited to 60mm and a full 20 mA/m? output is required.

The data presented in Figure 5.16 provides vital design information currently absent in ICCP
international design Standards [2] [4] [3]. The data provides information which identifies how
the manipulation of anode-to-rebar spacing can be adjusted in order to design efficient and

effective ICCP systems.
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5.4.6 Long Term Repair Mortar Resistivity Trends

As noted in Section 5.1, the same concrete repair material (Material H) from Experiment 4
(Section 3.8) was used during installation of the ICCP system in 1999. Material H was used for
patch repair areas as well as for the installation of the ICCP system for the anode encapsulating
grout. Figure 5.17 plots the data of grout Material H from Experiment 4 (564 days of testing)
alongside the resistivity data taken from the real structure 22 years after grout repairs and ICCP

installation.

As displayed in Figure 5.17, the measurements of laboratory saturated samples (H1 and H2)
were significantly lower than all structure resistivity measurements. Supporting the theory in
Experiment 4, resistivity measurements carried out in saturated conditions (H1 and H2),
(particularly after 28 days) will not yield representative results for concrete located in tidal,
splash or atmospheric zones. The site data in the splash and tidal zones was found to be within
the range of the outdoor samples (H5 and H6), while the atmospheric zones 4 and 7 were
significantly higher than both the saturated and outdoor samples (H1, H2, H6 and H7) from

Experiment 4.
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® Zone 3 (Splash) ® Zone 5 (Splash)
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® Zone 9 (Tidal) ® Zone 10 (Tidal)

Figure 5.17 - Resistivity data from Experiment 4 vs structure site resistivity after 22 years
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The data presented in Figure 5.17 supports the theories in Experiment 4 (Section 3.8). Further
research into the resistivity development over long periods of time of polymer modified

materials is required.

5.5 Conclusion

This chapter involved the analysis of data from a reinforced concrete structure with an operating
impressed current cathodic protection system. Operational data from the structure was
obtained and site resistivity and cover-metre testing was undertaken. Based on the site data
obtained in this chapter, the average concrete resistivity of 95.4 kQcm was measured in the tidal
zones, 117.2kQcmin the splash zones, and 229.5 kQcm in the atmospheric zones. At a calculated
anode-to-steel spacing of 107mm, the ICCP performed under the 8-volt limit in the tidal and
splash zones, while in the higher resistivity atmospheric zones the ICCP exceeded the 8-volt limit.
In the case of the ICCP system operating on the structure, the maximum operating voltage limit

was reached in the atmospheric zones around the vicinity of 229.5 kQcm.

The data was analysed in conjunction with the laboratory data gathered in Chapter 4. The
information gathered was plotted in Figure 5.17, confirming the correlation between resistivity,
current output and anode-to-rebar spacing between a real operational ICCP system and the

laboratory data gathered in Chapter 4.

This is the first research to identify the relationship between concrete resistivity, current output
and anode-to-rebar spacing. The data presented in Figure 5.17 can be incorporated into the
International ICCP design Standards as it provides significant data on the impact of resistivity on

the current output of ICCP systems.
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6 Conclusions & Future Work

The primary aim of this research was to expand the body of knowledge on the impact of concrete
resistivity on the performance of impressed current cathodic protection (ICCP) systems used in

conjunction with concrete repairs.

To achieve this aim in an under-researched area in the field of concrete repair and corrosion
protection, it was necessary to carry out a series of laboratory and field experiments. The key

challenges associated with this research work are summarised below:

e The absence of an accurate and practical method for laboratory and field concrete
resistivity testing under atmospheric conditions. As a result of this issue, a new method
of concrete resistivity testing utilising existing Wenner probe equipment was proposed
in Chapter 3 Section 3.7. The innovative method allows for resistivity testing to be
carried out in dry atmospheric conditions, without the need for sample water

saturation.

e The lack of data related to the resistivity development over time under saturated and
atmospheric conditions. This was exhibited by all manufacturers of repair mortars used
in conjunction with electrochemical protection systems reporting short term resistivity
data under saturated conditions. The common assumption that saturated and short-
term data was indicative of the long-term resistivity of the material in atmospheric

conditions was identified to be incorrect in Chapter 3, Section 3.8.

e The lack of design guidelines in the applicable Standards for cathodic protection
regarding the potential impact of concrete resistivity on the design and performance of
cathodic protection systems. Chapter 4 resulted in the development of a trend line
graph for current density output at different resistivities and at different anode-rebar
spacing. Chapter 5 further confirmed the trendline with data from a real structure with

an operating cathodic protection system.
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6.1 Development of Concrete Mixtures For Resistivity Testing

In order to perform laboratory research on the topic of concrete resistivity, it was necessary to
develop different concrete mixtures in order to test concrete resistivities at different levels.
Seven commonly available materials in nine compositions were tested. The following

conclusions was identified from this experimental work:

e  Where low resistivity concrete is required, a simple composition of sand, cement, and
water (sample A) displayed the lowest resistivity values. At 63 days from casting, the

resistivity value was measured at 37 kQcm.

e If medium resistivity values are required within the same period (63 days), the addition
of ground slag was found to increase resistivity by 132%. The increase of ground slag

from 16% to 27% (gravimetric) increased concrete resistivity by 294% (sample F).

e If medium to high resistivity values are required, the addition of Silica fume increased
resistivity by 448% (sample G), and the addition of Denka Sigma increased the resistivity
by 602% (sample H).

e To achieve the highest resistivity values, the substitution of fly ash for ground slag
would result in a 2600% increase (sample F1), 4021% increase (sample G1) and 5305%

increase (sample H1) in concrete resistivity.

Experiment 1 provided the plotted resistivity trends for each of these tested compositions in
atmospheric exposure conditions. By varying the materials and compositions, the increase of
resistivity can be controlled allowing for the creation of samples with concrete resistivity from
37 kQcm to 2000 kQcm at 63 days. The data gathered in this experiment provides a mixture
composition guide to design concrete mixtures for use in laboratory resistivity experiments,

where varied concrete resistivities are required within a short testing schedule.
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6.2 Effect of Water Saturation on Wenner Probe Resistivity Measurements

Section 3.6 involved the resistivity measurement of concrete samples under dry laboratory
conditions. A major issue was identified during the resistivity testing process using the four-point
Wenner probe resistivity equipment. While stable and accurate resistivity measurements were
achieved for the concrete samples in atmospheric conditions up to approximately 10 days from
casting, no accurate data could be achieved beyond this point. For concrete resistivity testing
the AASHTO T358-19 [1] is commonly adopted, as it is the only current Standard for the
measurement of concrete resistivity using the four-point Wenner probe. Unfortunately, this
Standard is based on testing under saturated conditions only, requiring concrete samples to be
water saturated. It was suspected that water saturation of atmospheric dry concrete will greatly

impact resistivity values.

Section 3.6 found a considerable drop in resistivity values after the water saturation of the dry
concrete sample. A significant drop (70.1%) for the sample with a high initial resistivity value of
420 kQcm and a relatively minor drop (2.94%) for the sample with a low initial resistivity value

of 10 kQcm was recorded.

Resistivity measurement standard deviation was smaller for saturated samples, and larger for
the dry samples. This indicates that for concrete in atmospheric conditions, there is a large
variation of resistivity data, and the stability and replicability of measurements cannot be

achieved.

Water saturation was found to decrease standard deviation between measurements. However,
the effect of water saturation was found to greatly affect resistivity measurement results. This
thesis identified and confirmed a major flaw with the current method of concrete resistivity
measurement and identified the need for the development of a reliable and accurate method
for the resistivity measurement of concrete in atmospheric conditions. Hence a new concrete
resistivity testing method which would allow for concrete resistivity testing of atmospherically

exposed concrete without the need for any water is proposed in the next section.
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6.3 New Method of Concrete Resistivity Measurement for Concrete in

Atmospheric Conditions

This experiment involved the development and testing of an innovative method for quick,
accurate and replicable resistivity measurements for concrete in atmospheric conditions. The
resistivity testing method is applicable to different concrete types, in saturated or dry
conditions, and in high or low concrete resistivities. This testing methodology allows for concrete
to be tested in the actual environmental exposure conditions. This method does not require
extracting core samples from structures in atmospheric conditions and performing the testing

in water saturated conditions as per the current Standard [1].

The new method allows for the elimination of variability of test results due to water saturation.
The use of temporary embedded stainless-steel probes drilled into the concrete can provide the
necessary contact between a four-point Wenner probe and the concrete. A 15mm probe depth
was shown to provide the most consistent readings for water-saturated concrete, recently cast

new concrete, and long-term dry concrete.

6.4 Effect of Long-Term Exposure Conditions on Concrete Repair Polymer

Modified Repair Grouts

Applicable Standard [2] for cathodic protection provides general guidelines in relation to the
resistivity of the concrete repair mortar relative to the parent concrete. The resistivity of the
repair mortars used in conjunction with cathodic protection repairs are quoted in saturated
conditions over a very short period (28 - 96 days). The aim of the experiment was to verify if the
short-term resistivity data for repair mortar (as quoted by manufacturers’ TDS) is indicative of

the true, long-term mortar resistivity in atmospheric conditions for real structures.

The experiment demonstrated that use of repair mortar based on published short term
resistivity data (28 days) and under saturated conditions is misleading. The suitability of
polymer-modified repair mortars in conjunction with cathodic protection must be verified based

on long-term test data under atmospheric outdoor conditions. Testing in accordance with the
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methodology trialed in Experiment 3 provides a solution which can be adopted by the industry

to test concrete in representative atmospheric conditions.
The key finding from the experiment include:

e Resistivity trends were found to substantially vary with time and between repair
mortars. The resistivity of all four tested repair mortars increased over time under
both saturated and outdoor conditions. The experimental data identified a major
difference between resistivity values at 28 days and at 564 days for all products in
saturated and outdoor exposure conditions. Based on this experiment, the 28-day
resistivity data typically reported in manufacturer technical data sheets is not indicative
of the resistivity value over a relatively short period of time for the life of a repair
(564 days). Resistivity trends may continue to increase beyond the 564-day test

period of this experiment.

e Resistivity measurements in outdoor exposure conditions were consistently higher
than those in saturated condition. The current resistivity Standard [1] which
measure samples in saturated conditions will not be representative of real exposure

conditions.

e Australian Standard AS 2832.5 (R2018) [2] relates the resistivity of the repair mortar
to the electrical resistivity of the parent concrete. While it could be assumed that
the resistivity of the repair mortar and parent concrete can be measured to AASHTO
designation: T358-19 [1], a short 28-day resistivity testing period in saturated
conditions is commonly used for new repair mortars. Based on the data from this
experiment, the 28-day resistivity value under saturated conditions is not indicative
of the true mortar resistivity value over time under both saturated and outdoor

conditions.

6.5 Thelmpact of Concrete Resistivity and Spacing Between Anode and Rebar on
the Cathodic Protection Current Delivery for Impressed Current Cathodic

Protection Applications

The aim of this experiment was to verify the correlation between concrete resistivity, current

output and anode-to-rebar spacing in impressed current cathodic protection (ICCP) systems.The
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laboratory experimental work resulted in the development of a trend line that can be used for

the design of ICCP systems. The key conclusions from this experiment are as follows:

e Regardless of the anode-to-rebar spacing, the circuit voltage increased progressively
with the increase of resistivity value for each test. This confirms a correlation between
the mortar resistivity value and circuit voltage. The higher the resistivity of the mortar,

the higher the circuit voltage required to impress the same amount of current.

e Atthe same concrete resistivity value, the circuit voltage is lower at a set current output
when the anode is located closer to the rebar. While the impact of anode spacing is
relatively negligible at low concrete resistivities, the impact is considerable at high

concrete resistivity values.

e Inthe case of high resistivity concrete, this work finds that an increase in current output
can be obtained by decreasing the anode-to-rebar spacing. Placing the anodes closer to
the rebar may impact on the current distribution of the ICCP system and may necessitate

the system design to increase anode current density to achieve corrosion protection.

e In high resistivity concrete, the location of the anode can be adjusted to achieve alower
output voltage and consequently, higher cathodic protection current. For the highest
resistivity measurement in this experiment (1320 kQcm), the installation of the anode
at 30mm instead of 60mm resulted in the reduction of operating circuit voltage by
183.73% from 10 volts to 3.5 volts to well below the maximum voltage limit for CP

systems operation.

6.6 Effect of Concrete Resistivity on the Ongoing Application of Impressed

Current Cathodic Protection and the Effect of Anode Placement

The key conclusions from experiment 6 are as follows:

e The average trend of current density versus resistivity indicates that an impressed
current cathodic protection (ICCP) system can operate at 20mA/m? at concrete
resistivity up to 117.8 kQcm for anode-to-rebar spacing of 60mm. ICCP systems can
operate at 20mA/m? at concrete resistivity up to 226.8 kQcm at an anode-to-rebar

spacing of 30mm.
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e The level of current output decreases with the increase of concrete resistivity in both

30mm and 60mm anode-to-rebar spacing configurations.

e Based on the average trend line developed from the data in this experiment at 60mm
anode-to-rebar spacing, the current output decreased to less than 1mA/m? at a
resistivity of 408 kQcm. At 30mm anode-to-rebar spacing, the current output decreased

to less than 1mA/m? at a significantly higher resistivity of 1187 kQcm.

e Based on the developed trend line, ICCP systems can operate at relatively high concrete
resistivities by modifying the spacing between the anode and rebar. For high resistivity
concrete, the desired current output can be achieved by reducing the spacing between

the anode and the rebar.

e Thetrend line developed in this experiment can be incorporated into the design criteria
of ICCP systems Standards. The trend line provides an indication of current output at
different levels of concrete resistivity. Based on the current density required for a CP
system and the measured concrete resistivity of the subject structure, the anode-to-
rebar spacing can be modified to achieve the desired current output for the system

operation.

6.7 Performance of Impressed Current Cathodic Protection in an Operational

Structure

The aim of this work was to assess the applicability of the trend line developed in the laboratory
testing in Chapter 3. A correlation between concrete resistivity, anode-to-rebar spacing and
current output of a CP system between the experimental laboratory data and a real operating

CP system was carried out.

The key results from this experiment indicate that the data from the operating structure
supports the overall correlation trend of resistivity, current output, and anode-to-rebar spacing

obtained from the laboratory test.
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6.8 Future Work

e This research involved the development of a new method of concrete resistivity testing
for atmospheric concrete structures. The current concrete resistivity testing Standards
do not provide a methodology for testing in atmospheric conditions, being limited to
only saturated conditions which is shown in this research to yield unrepresentative
results. Additional verification of the developed method in the research may lead to its

adoption into the current AASHTO [1] resistivity Standards.

e This research found that the resistivity data included in manufacturers’ technical data
sheets for resistivity repair mortars are carried out in short-term, saturated conditions.
This research further identified that the current testing procedures are not
representative of repair mortar resistivity in long-term and atmospheric conditions.
Future work may include further long-term testing of repair mortars under both
saturated and atmospheric conditions to confirm the duration required for the

resistivity value of these mortars to stabilise.

e Atrend line correlating resistivity data, anode-to-rebar spacing, and current output of
ICCP systems was developed in this research work. Incorporating guidelines related to
concrete resistivity data in the current cathodic protection Standards [2] [3] [4] is
essential to optimise the design of cathodic protection systems in high resistivity
concrete. Further research in this area is required to further develop this trend
line/correlation using larger data sets to allow for incorporation of such design data into

the applicable Standards for cathodic protection.

e Concrete resistivity may have in theory, a larger impact on galvanic anode systems than
ICCP systems. Future research may include establishing guidelines outlining the
correlation between concrete resistivity and current output on the performance of

galvanic anode systems.
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