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ABSTRACT

Damage to reinforced concrete infrastructure due to chloride-induced corrosion is
widespread throughout the marine environment in South Africa. This thesis is an
investigation into four current concrete repair contracts at harbours in the Western
Cape. The works are critiqued in terms of repair philosophy and methodology, and

recommendations are made for improving practice.

A literature review is presented, outlining the relevant background to the chloride-
induced corrosion of reinforcing steel, specifically in the marine environment.
Damage assessment tools and techniques are also presented, and the different repair
options that are most common in practice are discussed. The contract documentation
for the four contracts is reviewed, and it is highlighted that while the bulk of the
project specification is identical, the major differences in the documentation from the
four contracts are in the quality and level of detail of the construction drawings. The
individual repair methods chosen for various concrete elements are described in detail
and commented on in terms of concrete durability. Forensic testing results in the form

of chloride profiling and corrosion inhibitor testing at two locations are presented.

This information is drawn together and discussed firstly from a forensic testing
viewpoint, and then critiqued on the basis of repair methodologies. The four sites are
compared and recommendations are made to improve practice under each ‘phase’ of a
repair contract. The differences in the approaches taken at the four sites are evaluated
and commented on. It is evident that there is a difference in philosophy of quality and
value in current repair contracts, with some engineers being willing to invest time and
money in understanding material behaviour whilst others are satisfied to perform
minimum repairs, depending on traditional methods, despite modern advances in
knowledge.

While it is evident that forensic testing and repair trials are not commonly being
performed on site, the value of such measures in informing damage assessment and
repair method choice is shown. It is recommended that forensic testing be included as
mandatory in new contracts. An ‘anatomy’ of a repair contract is presented for
consideration for new repair contracts, highlighting the key factors that must be

addressed to ensure a high quality repair that also provides value for money.
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1 Introduction

1.1 Background

This thesis addresses the repair and rehabilitation of reinforced concrete structures in
the marine environment. In order to give some insight as to how the aspects
concerning concrete repair are applied in current practice, it was decided to
investigate current repair and rehabilitation contracts in Western Cape marine
environments. The Repair and Maintenance Programme (RAMP — explained in 1.2)
was selected to provide this data as not only was it a series of current repair projects
that mainly addressed damage due to steel reinforcement corrosion, it also presented

the opportunity to look at the approaches of a number of different consultancies.

Four locations were available for investigation in this work:
e Hout Bay Harbour (R13 Million repair contract)
e Saldanha Bay Harbour (R10 Million repair contract)
e St Helena Bay Harbour (R11 Million repair contract)
o Laaiplek Harbour (R8 Million repair contract)

The ‘base” data for these contracts came from the documents and drawings obtained
from the contracted consultancies, as well as information from other sources such as
discussions with the relevant engineers. At two of the locations in particular, namely
Saldanha Bay and St Helena Bay, there was an opportunity to perform forensic testing

on some of the deteriorating structures, and this is presented in chapter 6.

While all these contracts are under one ‘banner’ being the RAMP contract, it is
important to note that they are all performed by different consultancies and
contractors. Each consulting company had an individual style of addressing the
respective problems. By linking to the literature review presented in the next chapter
it will also be possible to see the range of levels of deterioration in each of these
structures as well as the many repair options that are covered, from ‘do nothing’ to

*demolish and reconstruct’.
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1.2 Overview of RAMI

The Repair and Mainienance Progranume (RAMP} was an indtiative of the Department
of Public Works (Marine and Coastal Manapement} to address twelve deteriorated
proclaimed fishing harbours. These hatbours had reccived no mamtenance since the
disbanding of the Fisheries Development Corporation in 1985, and many of the
structures are showing signs of major reimforcement corrosiom and other darnage.
‘Status Que” reports were completed on each of the twelve harbours towards the end
of 2001, wnd an iniial amount of RE3 nullion was allocated to the projects. It is
estimated thal it could require up 1o double that amouni o complele all twelve
contracts. At the time of the commencement of this research, only tour (see Figure |-
1) were identitied as being of interest as they were all “active” sites in necd of major

repair due 1o corresion damage.
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Fipure 1-1: Locations of RAMI sites

1.3 Ohjcectives of thesis
This thesis is an investigation inte the repair and rehabilitation of conercte structures
that have deteriorated through the precesses of steel corrosion, and still need 1o fulfil

serviceability requirements. The maring environment is one of the harshest



environments that reinforced concrete has to endure, and so it is structures in this

environment that will be addressed in the framework of this research.

The repair and rehabilitation of these structures will be evaluated in terms of the
different strategies and methodologies that are being used by consultants in present
day civil engineering practice in South Africa. Current projects are anonymously
compared and it is intended that the end product of this work will give guidance for
the present day practices of repair and rehabilitation of corrosion damaged structures
in the marine environment. Recommendations will also be given as to how to improve

practice. The objectives are listed below:

e Survey and present relevant literature regarding the repair of concrete harbour
structures
e Investigate four RAMP contracts in terms of
o Contract documents
o Site works
s Perform forensic testing where possible at the sites in order to inform study
e Compare results from investigations across the four sites, focusing on repair
methodology, strategy and philosophy
e Make conclusions about current practice

e Give recommendations for improving current practice

1.4 Scope and Limitations

This thesis uses four repair contracts to critique current practice, and there will
naturally be some generalisation made when applying results from this ‘sample’ to
general practice. Each contract will be unique and have its own particular nuances,

but the lessons learnt from a comparative critique will be valuable to future contracts.
While the Department of Public Works went to great effort to provide information for

this research, it was not possible to procure information about the exact costs of the

repair contracts.
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At the time of this thesis (2003/4-2005), particularly at the time of the initial
investigations and data capture, the various projects were at different stages of
completion. It was not practical to follow all of these projects from start to finish.
Ideally all these repair works should be evaluated after five to ten years to determine

success, but this was not feasible in this research.

The remote locations of three of the four sites also meant that information gathering

was only restricted to a few site visits per site.

1.5 Thesis Overview and Layout

The thesis commences with a review of relevant background to the chloride-induced
corrosion of reinforcing steel in the marine environment. Damage assessment tools
and techniques are also presented, and the different repair options that are most

common in practice are discussed.

Chapter 3 outlines the methods of investigation that were used to obtain data, from a
review of the contract documentation to the forensic testing that was performed.
Chapter 4 presents a review of the contract documentation. This investigates the
general and particular contract specifications, as well as the contract drawings for the
four harbours. In chapter 5 the repair works at the four harbours are presented, and in
chapter 6 forensic tests from two sites are presented, wherever possible in the form of

tables, figures and graphs.

In chapter 7 the information is drawn together and discussed firstly from a forensic
testing viewpoint, and then critiqued on the basis of repair methodologies. The four
sites are compared, conclusions are drawn and recommendations are made to improve

practice.



2 Literature Review

2.1 Introduction

Reinforced concrete structures have finite life spans. Over the course of a structure’s
life it will be subjected to various deteriorating processes and will, if left alone,
eventually fail under serviceability or ultimate requirements. The processes that lead
to the deterioration of these structures are complex and in most cases reliant on
external influences, including exposure conditions and the presence of oxygen and
water. This, coupled with the stochastic behaviour of concrete in the real
environment, results in behaviour that is not easy to predict. Many structures require
major repair in order to remain serviceable across their entire design life (Strohmeier,
1994). The most common cause of deterioration in these types of structures is a result
of the corrosion of the steel contained in reinforced concrete. Not only does the
resulting loss of cross-sectional area of the steel present a danger, but the products of
the corrosion process are also expansive and in many cases cause the corroding

member to crack.

2.2 Concrete in the Marine Environment

Use of concrete in the marine environment is common throughout the world,
attributed mainly to the fact that relative to other widely used construction materials
such as timber or steel, concrete shows good resistance to water (Mehta: 1991). The
properties of concrete, however, are such that the material does not have an indefinite
lifespan. An understanding of the microstructure of concrete helps give a clearer view

of how concrete deteriorates.

Figure 2-1 is a schematic of the porosity of a typical concrete, and it can be seen that
voids in concrete exist on a number of different scales. The penetrability of concrete,
i.e. the ease with which agents can move through concrete, comes as a result not only
of the size of these pores, but also the connectivity of the pores. This influences the
deterioration of reinforced concrete in several ways, and the most prominent is the
role that the cover concrete will play in a structure, effectively dictating that rate at
which corrosion-inducing chlorides will move into the concrete towards the steel

reinforcement.
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Fipure 2-1: Dimensional Range of solds and pores inoa hydrated coment paste
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The more poraus the concrete (e, the more vourds), and higher the connectevity of
these pores, the qurcker it will allow chlorde jon transport. Tradittonally enginecrs
have rehed on the link between the compressive strength ol @ conercie and the pore
structure 1o account for durability, noting that typically a stronper concrete will have
fewer vouls (Richardson, 20021, The maodern engineer, however, needs a greater
understandeng of the processes that are mvolved o order 10 acourately desigm concrete

sirucivres that will be durable,

The cnvironmental condiions that conerele will have o face arc as important o
address as the properties ol the concrele wsclll Table 2-1 gives a classification of
cxposure conditions daken from a research monograph by the University of Cape
Town (2001 ), The categories relate mainly to gorrosion of reinforced concrete due Lo
chlende mgress, and thus are all in relation to the presence of sal-laden seawater. The
mast severe locality is not only that m direcl contacl wirth chlondes (scawater), but
also in the marine tidal and splash zones, with the conlinuous wave action
compoundmg the deletenous mechamisms. This i3 not only duc to abrasive aetion, but
also the cvelic dryimy and wettmye of the conerele, A simibar categorization of the
intflugnee of the environment on chlonde pencimtion 15 shown for contrast m Table
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Table 2-1: Categorization of Exposure Conditions: (Mackechnie, 2001)

Marine

exposure Marine tidal and splash zones Marine spray zone

category

Extreme Sea water with heavy wave action N/A

and/or abrasion
Sea water under sheltered conditions|\  Within 500 m of shore - heavy wave action and
Very severe I . .
with little wave action onshore wind
Severe N/A Near shore (>500 m) in an exposed marine location

Moderate N/A Sheltered within lkm cho i};(t)re or within 30 km of

Table 2-2: Influence of Environme nt of Chloride penetration — (Schiesl and Bakker in Addis,

2001)

Not aggressive

Indoor conditions with <70%, constantly and
totally immersed

Moderately aggressive (without chlorides)

RH always >70%; infrequent major variations in
RH; occasional condensation

Aggressive (without chlorides)

Frequent major variations in RH, frequent
condensation or wetting and drying cycles

Aggressive (with chlorides)

Marine environments without direct contact to sea
water; low chloride attack in combination with
infrequent major variations in RH

Very aggressive

Severe chloride attack; sea water splash zone;
[frequent wetting and drying

Extremely aggressive

Very severe chloride attack; frequent chloride
splash water to horizontal surfaces

Assessing the performance of concrete in the marine environment requires the

investigation of two areas: the concrete properties and the exposure conditions.

However, in practice it is not possible to create perfect concrete properties or a totally

non-aggressive environment that will allow for an indefinite reinforced concrete life

span. Some of the mechanisms responsible for the deterioration of reinforced concrete

are shown in Figure 2-2.
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Figure 2-2: Deterioration process in marine concrete (Mehta, 1991)

The diagram above shows a range of deterioration mechanisms that can be broadly
classified into two groups, physical and chemical. It has been noted by various
authors (Pullar-Strecker, 2002) that the main cause of deterioration in reinforced
concrete structures in the marine environment is the corrosion of the reinforcing steel
in the concrete, and this process is both chemical and physical. The following section
will focus on the chemical fundamentals of concrete corrosion, moving from a

theoretical background to the physical damage that corrosion can cause.

2.3 The Corrosion of Reinforced Concrete

The corrosion of steel is an electrochemical process whereby steel is oxidised through
various stages to form an expansive hydrated ferric oxide, commonly known as rust.
Most steel will corrode in the presence of moisture and oxygen, as it is not stable and
actively seeks to convert to an oxidised state. Steel in concrete does not corrode
initially because concrete is a highly alkaline material. Concrete contains microscopic
pores with high concentrations of alkaline hydroxides in the presence of water

(Broomfield, 1997).
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This alkaline condition leads to the formation of a passive gamma ferric oxide layer
on the surface of the steel, which is a thin film of oxide that stifles any further
corrosion by forming a thin coating on the surface of the steel. In this manner, it is the
corrosion of the steel that prevents any further corrosion, a favourable anomaly. This
passive layer is however not indestructible, and will break down to allow corrosion
under two conditions. The first is if the pH reduces below the passive range, which is
what occurs during carbonation, and the second is in the presence of sufficient

chlorides.

2.4 Chloride Attack
The protective layer of ferric oxide that forms on reinforcing steel in alkaline concrete
is broken down by the presence of chloride ions in sufficient concentration. This

section will look at the causes and mechanisms of chloride attack.

2.4.1 Causes of chloride contamination

In the marine environment, the main source of chlorides is seawater. Structures do not
necessarily have to be in direct contact with the water for chloride contamination to
occur, as it is possible for sea spray to carry salts many kilometres beyond the
shoreline. The highest chloride concentrations however will be found in concretes that
have direct contact with the seawater, but if the concrete is fully submerged or
saturated, there is little danger of active corrosion, and so this is of limited interest to
the engineer. Therefore the most critical locations in terms of marine structures are

either on or just above the fluctuating sea level, as was shown in Figure 2-2.

It is also possible for chlorides to be inherently included in the concrete mix. This is
not common, but Pullar-Strecker states that there have been recorded instances of
seawater being used in marine construction instead of ordinary tap water (Pullar-
Strecker, 2002). This practice results in levels of chloride that are extremely high and
promote corrosion from an early age within the structure. Until about the 1960°s it
was also common practice to use admixtures containing calcium chloride in
construction, a practice that has since been discarded. In colder climates, de-icing
salts are used to clear roadways and this is also a common cause of chloride
contamination (Pullar-Strecker, 2002). Figure 2-3 shows the difference in chloride

profiles between concretes that included chlorides in the mix and ‘normal’ concretes.
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Figure 2-3: Typical chloride profile of concrete elements in the warine environment (Pullar-
Strecker, 2002)

2.4.2 Factors influencing transport mechanisms in concrete

Concrete provides protection against reinforcement corrosion in two ways — firstly,
the material properties of the concrete dictate the ability of corrosion causing agents,
in this instance chlorides, to permeate or travel into it. Secondly, the cover affects the
length of time before corrosion commences. The cover depth will also affect the
susceptibility of a corroding structure to crack and show signs of deterioration. Thus
not only do these material properties affect the length of time before corrosion is
initiated, but also the rate at which the structure will deteriorate. Whilst some would
say that the best protection for concrete is more concrete, and adopt larger cover
depths for design to prolong service life, others also recognise the need to understand
the factors that influence the ingress of chlorides from a material as well as an
environmental point of view. Richardson (2002) lists those influencing factors as the
following:

e Chloride diffusivity of the concrete

e Sorptivity of the concrete

e  Ability of the concrete to bind chlorides

e  Water/cement ratio

e Chloride diffusivity of the aggregate



o Degree of exposure to chloride
e Temperature
e Carbonation

e Hydrostatic head (if applicable)

2.4.2.1 Chloride diffusivity

According to Broomfield, the rate of chloride ingress into a concrete can be
approximated by the laws of diffusion. The initial transport process appears to be
suction, in that the unsaturated concrete readily absorbs seawater. Secondly there is
some capillary movement of the seawater, which contains the chlorides, and

subsequent to that is what could be termed true diffusion (Broomfield, 1997).

The diffusion of chlorides into concrete produces a gradient that starts at some initial
surface concentration and decreases as the depth increases. This surface concentration
can be hard to predict, noting that it is possible for the near surface region of a
concrete that is in regular contact with water to be diluted in terms of chloride
contamination by the constant water action (Broomfield, 1997). Figure 2-3 shows a

typical chloride profile, noting the near-surface decrease in concentration.

The chloride profile is most commonly modelled using an error function solution of

Fick’s 2™ Law, to predict a time to corrosion. The equation is shown below.

Cx=Cs (1 —erf _2;[%—; ) @.1)
Where

Cx = Chloride content by mass of binder at reinforcement

Cs = Surface concentration of chloride

erf = Mathematical error function

X = Depth into the concrete

D¢ = Diffusion coefficient

t = Time

Equation 2.1 is based upon two parameters that relate to the exposure conditions. The

first is the surface chloride concentration, and the second is the diffusion coefficient,
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and tables of values for both are given in literature (Mackechnie, 2001), based

specifically on the exposure conditions for each structure’s location.

Richardson (2002) lists many references that show how ordinary Portland cement
concretes performed very poorly in research tests in terms of diffusivity. He goes on
to state that the decrease of the chloride ion concentration associated with the use of
extenders such as fly ash, slag and even supplementary materials like micro-silica is

noteworthy.

2.4.2.2 Concrete Sorptivity

Whilst ion diffusion is the predominant mode of chloride transport, the initial mode is
through capillary suction of water into pores near the surface of the concrete. The dry
pores absorb water, and have a major influence on the ability of chlorides to move
through concrete. This is especially true in climates that have dry and wet cycles,
whereby the salt laden moisture will initially be absorbed into the dry pore structure,
and the following dry cycles will evaporate the water to leave the salt, which will then

begin to diffuse into the concrete as a result of the concentration gradient.

Richardson states that a reduction in the surface absorption can significantly enhance
service life by lowering the uptake of chlorides (2002). Alexander et al (1999) echo
this sentiment with the development of a water sorptivity durability index test that
characterises the near surface absorption of concretes. Such a test could easily be
implemented for quality control on site, directly addressing a durability requirement at
an early stage. The following diagram is taken from a UCT monograph and shows the
effect of different types of curing on the sorptivity characteristics of an OPC concrete.
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2.4.2.3 Chioricde hinding

Chlorides miay be present n three states in concrete. As chlondes are transported mio
the concrete a certain proportion will become bound. and lose mobility. They may be
strongly  bound., e, chemically combined 1o form  calcium  chloroaluminates
(3CaCh AL, CaCl 110} and caleium chiorolertites (3Ca0.Fea (s CaClz. 10H: 03,
ot loosely bound, being adsorbed by calciom silicate hydrate (3Ca€). 2500 3H0) and
calcium sluminsic hydrate on the pore walls. The remainder is termed ree chlotdes
and it is these free chlondes that are of concern {o engineers dezling with chloride-
induced corrosion. as it s these chlorides that are responsible for the breakdown of

the passive proteetive layer,

It has been shown that centwim cemeni extenders such as Iy ash and slag are capable
of mnding chlorides more effectively than normal cements. reducing the amount of
chlorides moving through the conercte. Adsorbed chlorides are also capable of being
‘released’, especially due to carbonation. Thus the combined processes of carbonation

and chlorde ingress are parbealarly deleterious.



2.4.2.4 Water/cement ratio

In the past engineers have relied upon the link between the compressive strength of a
concrete and its durability, as associated with the presence of pores in the
microstructure. A concrete with a lower water/cement ratio is very likely to be denser
than one with a high water/cement ratio, and common practice verifies this claim.
Simply basing durability considerations on the compressive strength, however, is not
adequate, as there are many other influences that can impact negatively or positively

on the ability of a concrete to have a maintenance free service life.

Figure 2-5 shows the increasing time to corrosion activation as a function of concrete
grade, and also highlights the effect that extenders can have on the durability of a
concrete. This effect could have been detected by an index such as a chloride

conductivity test, but not by considering compressive strength directly.

100
0

Time o corrosion aclivation, years

Concrete grods, MPo

Figure 2-5: Model prediction results of the time to corresion activation for different concrete

types (Addis, 2001)
(CEM 1: Ordinary Portland Cement, FA: Fly Ash, GGBS: Ground Granulated
Blastfurnace Slag)
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2.4.2.5 Chloride diffusivity of the aggregate

Richardson points out that the diffusivity characteristics of the aggregates can play a
role in either improving or negatively impacting the diffusion of chlorides into the
concrete as a whole. This would depend on the diffusivity and permeability of the

aggregate relative to the cement paste fraction.

2.4.2.6 Degree of exposure to chloride

It is not surprising that the location and orientation of a chloride-affected concrete
structure relative to its source of chlorides will to a large extent dictate the movement
of chlorides into the concrete. In marine concretes with direct contact with seawater it
is the splash zone that typically suffers the most in terms of damage. Also with
bridges that encounter de-icing salts, locations such as joints and drains are commonly

the first to show major signs of damage.

Thus by addressing the most critical locations in terms of chloride exposure, it is
possible to meet the most pressing durability needs. Alternatively, these locations
could be regarded as indicators if they are identified as the most likely locations for
corrosion damage, and time and expense in terms of the inspection of the entire

structure could potentially be saved.

2.4.2.7 Temperature

Dhir (quoted in Richardson) states that the influence of temperature on chloride
ingress is also substantial, as a result of two factors. The first is the impact that
temperature can have on the diffusion coefficient, possibly doubling the coefficient
with a temperature change of 10°C. Secondly, Richardson also states that it is possible

for seasonal temperature variations to release bound chlorides (2002).

2.4.2.8 Carbonation

The process of carbonation releases loosely bound chlorides, thereby increasing the
free chloride concentration and putting the reinforcing at a higher risk of corrosion.
Thus even if a concrete is deteriorating badly due to chloride-induced corrosion, it

might be necessary to test for carbonation as well.
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2.4.2.9 Hydrostatic head (if applicable)
This is most commonly found in structures that are permanently submerged, and
refers to the possibility of a hydrostatic pressure being able to drive chloride-

containing water into the concrete.

2.4.3 Chiloride threshold

Depassivation occurs when the amount of chlorides at the steel reaches a ‘threshold
level’, and active corrosion is initiated. This threshold value (usually expressed as a
percentage of chlorides by mass of cement or binder) is often the benchmark in terms
of assessing the service life of a structure. This was seen in a previous section where
the time to corrosion initiation was modelled using Fick’s second law of diffusion.
The reason for this is that the subsequent time from corrosion initiation to
serviceability failure may be relatively short in comparison to the time from
construction to corrosion initiation. This is especially true for prestressed structures

where the consequences of a high corrosion rate are serious.

In Ordinary Portland Cement concretes, a threshold value of 0.4% chloride (by mass
of cement) is commonly regarded as being a suitable design value. It should, however,
be noted that this value does vary, especially with the use of extenders in newer
concretes. Thomas noted that whilst the use of Fly Ash as a cement extender reduced
the ‘threshold’ considerably, the addition of the extender provided better protection
because of its affect on the rate of chloride penetration. This is an important
consideration, noting that whilst most corrosion damage prediction models focus on
‘time to corrosion initiation’, the control of the rate of corrosion after the threshold
has been reached is also an effective way of managing corrosion in a structure. This is
the reason that corrosion of reinforcing steel in permanently saturated concretes such
as underwater piles and columns is not as critical as unsaturated locations, in that

there is less oxygen available to ‘drive’ the process (Thomas, 1999).

Broomfield states that a chloride threshold concentration of 0.4% chlorides by mass
of cement is the level at which the passive layer on reinforcement is broken down and
corrosion may initiate (1997). Mackechnie stated that corrosion threshold depends on

various factors that include concrete quality, cover depth and the saturation level of
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the concrete (2001). Richardson (2002) lists the factors that influence the critical
chloride threshold as including the following:

e binder chemistry — especially C;A content
» ratio of free chloride to total chlorides

e chloride ion to hydroxyl ion ratio

e the water/binder ratio

e the hydroxyl ion concentration

e temperature and relative humidity

e electric potential of the reinforcement.

The large number of influencing factors result in many different reported thresholds in
the literature, but the most commonly adopted value is 0.4 % chloride by mass of

cement or binder.

The following tables show various estimates of corrosion probability:

Table 2-3: Corrosion Probability after Browne (1980)

Chloride content by Probability of
mass of cement (%) corrosion
<0.4 Negligible
0.4-1.0 Possible
1.0-2.0 Probable
>2.0 Certain

Table 2-4: Corrosion Probability (Mackechnie and Alexander, 2001)

Chloride content by Probability of
mass of cement (%) corrosion
<0.4 Low
0.4-1.0 Moderate
>1.0 High
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2.4.4 The nature of steel corrosion in concrete
According to Mackechnie and Alexander (2001), once the passive layer has been

broken down, the following requirements are necessary for corrosion to occur at a

significant rate:

e A reactive metal that will oxidise anodically to form soluble ions

e A reducible material that provides the cathodic reactant (typically hydroxyl
ions)

e An electrolyte that allows ionic movement between the material and

environment
In concrete in the marine environment, all of the above are provided. The reinforcing
steel itself is both the anode and the cathode, whilst the concrete (especially if a high

moisture content is present) is the electrolyte.

Figure 2-6 is a schematic representation of the corrosion process:

Diffusion of molsture, chioride
and oxygen into concrete cover

Figure 2-6: Schematic representation of corrosion in reinforced concrete (Mackechnie and
Alexander, 2001)

Four states of corrosion are mentioned, each one being dependent on the surrounding

environmental exposure conditions:



e Passive State: This is the state of steel in sound concrete before deterioration
occurs. Only small levels of corrosion occur, and this is to maintain the
protective passive layer of the steel.

o Pitting corrosion: In localised anodes and cathodes, caused by the breakdown
of the protective ferric oxide layer. This is usually activated in marine
concretes by the presence of chlorides at the steel.

¢ General corrosion: This is due to a breakdown of the passive film over a larger
area. This will cause multiple corrosion sites on the steel, and is common in
carbonated concrete.

e Active, low potential corrosion: This is common in concrete in the marine
environment that is permanently underwater. There is not enough oxygen

present to restore the passive film on the surface of the steel.

Only “pitting’ corrosion and ‘general’ corrosion are of major concern to the practising
engineer, because of their ability to corrode at a significantly faster rate than passive
and low potential corrosion. At this stage the distinction can also be made between
what is termed micro-cell corrosion and macro-cell corrosion. This refers to the
relative distance between anodic and cathodic sites. In micro-cell corrosion, the anode
and cathode are closely spaced, and this is favoured in concretes that have a high
resistivity and deep cover. Macro-cell corrosion occurs more frequently in concretes

that are contaminated with salts.
The corrosion reactions that occur are summarised as follows (Broomfield 1997)
Fe— Fe*" +2¢” 2.2)

This is the anodic reaction, where the steel dissolves into the pore water of the

concrete, and gives up two electrons. These two electrons are taken up at the cathode:

2"+ H,0+10, —» 20H" (2.3)

This is the cathodic reaction and is depicted in the diagram, and the two hydroxyl ions

that are released increase the local alkalinity at the steel, thereby strengthening the
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2.5 Corrosion Damaze io Concrele

2.5 1 Lxpansive corrosion products

Cormosion prodicts are expansive and imcrease o volume as they are oxidised. This
results m the formation of large mternal pressures that are exerted on the cover
concrete, and this could lead to cracks bemg formed and even the delamination of the
cover conerete, The relative volume of the cottosion products are shown in Figure 2-7

{Mchia 1991 ):

Fa {OH]y
FalOH] 4 3 M0 _]

LA 4 4 1" K9
O 1 2 3 84 &5 & 7

Volume, cm

Firure 2-7: Relative sice of corrosion produocts

The follpw g diagrams show the manner o which the expansive products of the
corrosion  process are capable ol causing concrete damage. The first shows
longitudinal crackmg along the ede beam of o breakwater, while the sccond shows a

spalled patch of deck soffit, where the conercte has broken ofF from the struciure (o

cxpose the steel tein fbrcement.

Figure 2-8: Concrete detevinrvated due to cracking and s palling {Seuree: Anrhor)

Il a structure cracks and spalls. it may not represent a dircet dangsy in terms of

ultimate tajlure at thal particular location. From a serviceability pomt of view.

-t
|
|



however, it might need repair, because aesthetically it will affect the use of the

slruciure.

There cxisls an anomaly withm spallimg in the fact that ‘weaker’ concretes, or rther
concretes in which there are more pores, wilt be less susceptible (o the pressures that
are built up by expansive carrosion products. In more dense coneretes, there will be
foewer voids into which the corrosion products can move, and thus stresses will be

built up at a higher rate,

2,52 Loss of cross-sectional area (Pitling corrosion)

This 1g a direetly mechamcal application, where the same [oree exerted on a smalter
arca will have a higher stress, Thus, as the cross-scctional arca of the steel 18 reduced
through corrosion, there is a chance that the steel member will no longer be able to
carry 118 design load. This is further intensitied by the pernicious nature of stecl
corroston, often aftacking highly localised arcus while leaving surrounding ateus
undamaged. Figore 2-49 below shows a heavily corroded steel reinforcing bar, and its

loss of cross-sectional area can clearly be scen:

Figure 2-9; Lass of cruss-se clional arcs due Lo conoesion (BreomiGeld, 19973

2.5.3  Corrosion products as an mdicator of damage

Brown rust staining and minor cracking atc usetul to the practising engimeer as they
eive warning signs as 1o the performance of the structure. Many structural asscssment
methods are based solely on idenuiying these ¢lfects, and using them o make a

prediction of the expected future performance, Mackechnie and Alexander (2001,



specification must have an understanding of what the deterioration processes are, and

how the particular repair method that is being adopted will counter this deterioration.

Mehta (1991) describes the ‘normal’ steps that are taken in repair as being:

e Evaluation of the condition of the concrete
e Determination of the causes of damage or deterioration
e Selection of the repair materials

e Selection of repair methods, including the methods of surface preparation

It is often the case in reinforced concrete damage that the condition of the concrete
will give a good insight into what deteriorating processes are involved. The previous
section on the damage caused by steel corrosion discussed how it was possible for
there to be clear indicators of damage in a structure that is undergoing active

corrosion, typically in the form of cracks, spalls or rust staining.

2.6.2 Damage and corrosion indicators

While the ability of a corroding structure to give ‘warnings’ as to its performance is
desirable, and often used as the basis for assessment, an experienced engineer will be
required to assess the performance of a structure even when these indicators are not
present. Basing assessment on the presence of cracks, spalls and corrosion staining
might suit the requirements of the most cursory of investigations; a fuller insight can
only come from the use of more detailed test methods. Invariably this will be at a
greater cost, but as is stated by Mays (1992), the fraction of a typical repair budget
spent on initial investigations and specification preparation is minimal. A brief

discussion of the most commonly used forensic investigation methods follows.

2.6.2.1 Visual Surveys

The initial investigation will almost always be a general visual inspection, paying
attention to the following (Addis, 2001):

e Nature and pattern of cracking
e Distortion or displacement of structural elements

e FEvidence of reinforcement corrosion
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e Evidence of poor quality concrete

e Systematic recording of observations

Pullar-Strecker (2002) echoes the importance of the last point, stating that especially
in cases involving litigation; a good series of photographs of damage will go a long
way to back up the engineers’ assessment of the level of damage. In marine
conditions, where access may be problematic, Mehta (1991) states that the use of a

diver or underwater camera may suffice.

2.6.2.2 Carbonation

The most common test for carbonation uses a phenolphthalein spray gun, applied to a
core or piece of concrete. This phenolphthalein solution will remain colourless in
carbonated concrete. In uncarbonated concrete, where concrete is still alkaline (pH >
9), the solution will turn pink or purple. The importance of this test can be twofold, in
that while it checks for carbonation as a corrosion inducer, carbonation can accelerate

the rate of chloride ingress.

2.6.2.3 Chloride Ingress

Whilst it is possible to perform simple and approximate chloride ingress tests on site,
it is the common practice of the majority of engineers who require this information to
dispatch extracted cores to a forensic laboratory for chemical titration testing. This
results in a chloride profile for the core, plotting the chlorides (expressed as a
percentage by mass of cement/binder) versus depth. The critical chloride percentage is
typically adopted as 0.4%, and some judgment would be made as to whether or not

active corrosion is taking place at the level of the steel.

Mackechnie and Alexander (2001) give some limitations to be aware of when

adopting this test approach:

e Presence of chlorides in aggregates may give misleading results
o Chloride contents in cracks and defects cannot be accurately determined
s Slag concretes may be difficult to analyse with colorimetric titration methods

e Relatively large samples are required to allow for the presence of aggregates
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2.6.2.4 Half-Cell Potential

This is a measure of the electrode potential between the surface of a concrete and the
reinforcing steel. The test procedure uses an electrode in a solution of a salt of its own
ions (for example copper: copper sulphate, silver: silver nitrate), which is applied to
the surface of the concrete. A connection is made to the reinforcing and the electrical
potential between the two is measured, and expressed in millivolts. ASTM (American
Society for Testing and Materials) expresses the categories for these results as

follows:

Table 2-5: ASTM Rebar Potentials as referenced in Mackechnie and Alexander (2001)

Rebar potential (-mV CwCuS0,) Qualitative Risk of Corrosion
<200 Low
200-350 Uncertain
>350 High

The following are the limitations of such tests:

e Interpretation of results must be done with caution (preferably by a specialist)

e Rebar potentials from carbonated concrete are difficult to interpret (the
reading is a mixed potential of anodic and cathodic sites)

e Delamination may disrupt the potential field producing false readings

e Environmental effects will influence potentials ( e.g. temperature and
humidity)

e Rebar potentials cannot be directly correlated with corrosion rates

e Stray currents may affect measured potentials

2.6.2.5 Resistivity

A test of concrete resistivity measures the ability of a concrete to conduct current flow
between the anode and the cathode, recognising that this will to a large extent control
the rate of corrosion of steel in concrete. This is dependent on the pore structure of the
concrete and also the degree of saturation, implying that poor quality saturated
concrete will have a lower resistivity and a higher conductivity (and therefore be more
likely to enhance corrosion). Alternatively, good quality concrete with a low degree of
saturation will have a lower conductivity, a higher resistivity and will thus be more

capable of stifling the corrosion process (Mackechnie and Alexander, 2001).
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The most common test method for resistivity uses the Wenner Probe, which has four
probes in contact with the surface of the concrete. The two outer probes transmit an
alternating current and the two inner probes measure the potential difference. The
resistivity is then calculated relating the current flow, potential drop and spacing of
the probes (Mays. 1992).

Mackechnie and Alexander give a rough assessment of the likely corrosion rate:

Table 2-6: Concrete Resistivity Classes

Concrete Resistivity (kOhmem) Likely corrosion rate given corrosive
conditions
<12 High
12-20 Moderate
>20 Low

2.6.2.6 Corrosion Rate

Using linear polarization principles, it is possible to measure the actual corrosion rate
in reinforced concrete. Mackechnie and Alexander regard this method as being the
only reliable method of assessing the corrosion rate of a damaged structure. However,
they also state that siﬁgle readings are generally unreliable as a result of the effect of
environmental and material influences. The relatively large expense that is associated

with the equipment required for accurate corrosion rate testing is also a limiting

factor. The following table shows a qualitative assessment of corrosion rates:

Table 2-7: Qualitative assessment of corrosion rate

Corrosion Rate (pA/cnr’) Qualitative assessment of corrosion rate
>10 High
1.0-10 Moderate
0.2-1.0 Low
<0.2 Passive

2.6.2.7 Cover Survey

According to Pullar-Strecker (2001), assessing the depth of cover is important as it
can give some indication of the likelihood of future cracking and spalling. In
structures that have already spalled badly and are showing exposed steel, this
evidence is readily available. In locations where the concrete is still ‘sound’ an
electromagnetic cover meter can be used to determine the depth of the steel cover to

an accuracy of +5 mm.
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Caution should be taken with this method when assessing large cover depths, and
where steel is bunched, crossed or closely spaced as this could confuse the instrument
and result in inaccurate readings. Calibration of the cover meter is also advised
(Addis, 2001).

2.6.3 Ranking systems

It is possible to draw together the previously mentioned indicators into a comparison
and to weight them according to the level of damage, in order to compare structures to

determine the relative level of damage.

Andrade proposes a simplified method of evaluating damage in corrosion affected
structures, relating these tests to each other and to other parameters such as the
environmental exposure and the type of structure. This results in an index that will
give a guideline as to what the urgency of intervention is, and how soon the

deteriorating member will need to be addressed. (Andrade, 2004):

2.6.3.1 Environmental Aggressivity (EA)

The particular location in which the structure is found is classified according to the
EN 206 code. The more deleterious the environment, the higher the assigned index
will be, ranging from 0 (XO) to 4 (XS3). For the model proposed by Andrade, the
focus was on corrosion damage and thus certain of the above exposure classes, such

as freeze/thaw attack, were disregarded within the index scale.
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Table 2-8: Summary of exposure classes and environme nts in EN 206-1

Degradation Sub-class Environment
phenomencn
No risk of corrosion attack | X0 Unreinforced concrete: all

exposures except Jreeze/thaw,
abrasion, chemical attack
Reinforced concrete: very dry

Corrosion induced by XCl1 Dry or permanently wet
carbonation
XC2 Wet, rarely dry
XC3 Moderate humidity
XC4 Cyclical wet and dry
Corrosion induced by XD1 Moderate humidity
chlorides other than from
seawater
XD2 Wet, rarely dry
XD3 Cyclical wet and dry
Corrosion induced by XSl Exposure to airborne salt
chlorides from seawater
X82 Permanently submerge
oS3 Tidal, splash and spray zones
Freeze/thaw attack XF1 Moderate water saturation, no
de-icing agent
XF2 Moderate water saturation, de-
icing agent
XF3 High water saturation, no de-
icing agent
XF4 High water saturation, de-icing
agent or sea water
Chemical attack XAl Slightly* aggressive
environment
XA2 Moderately* aggressive
environment
XA3 Highly* aggressive environment

* Quantified in respect of the chemical characteristics of groundwater (804, pH, CO,, NH,', Mg’ ) or
soil (SO7, acidity)

2.6.3.2 Damage Corrosion Index

The index that will be combined with the Environmental Aggressivity index (EA) is
the Damage Corrosion Index (DCI), which will seek to place the level of actual
corrosion damage on an index scale. This uses the common forensic tests that have
been discussed such as corrosion rate measurement, depth of chloride penetration,
resistivity, and combines the results from each. Each individual test that is performed
on the corroding location will give a result that is then placed in an index, ranging
from Level I (no corrosion damage) to Level IV (major corrosion present). A

combined DCI is then obtained from the following equation:
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2 Corrosion  Indicator level
£

DCI = (21 Q.7

n

It is possible to weight certain results more heavily than others, if it is felt the

reliability or accuracy of some tests are higher than others.

2.6.4 Simplified corrosion index

The simplified corrosion index (SCI) is the combination of the Environmental
Aggressivity index (EA) and the Damage Corrosion index (DCI). The two numbers
are now on a comparable scale (1-4), and a simple average will suffice. Andrade

states that the number produced should fit into the following categorization:

Table 2-9; Simplified Corrosion Index (Andrade, 2004)

Level of Corrosion Simplified Corrosion Index
Very Low Corrosion 0-1

Low Corrosion 1-2
Moderate Corrosion 2-3

High Corrosion 3-4

2.6.4.1 Type of structural element

Provision can be made in this type of indexing system for the type of structural
element that is being investigated. This refers to the idea that some members will be
more critical than others in terms of the likelihood of ultimate structural failure.
Andrade made provision for this by the use of tables that would assign an index based
on the amount of shear reinforcement present (assuming shear failure as the most

likely failure mechanism), taken as an indicator of the likelihood of sudden failure.

2.6.4.2 Safety Margin and Consequences of Failure

Where such information is available and accurate, the amount to which the section
capacity is over-designed can also be factored into the index considerations. The
consequence of the structure’s failure is also categorised, noting the connection
between the two. The higher the consequence of failure and the lower the amount to
which that particular structure is over-designed, the more critical the index will be

from a ‘necessity of rehabilitation’ point of view.

2-26




2.6.4.3 Urgency of Intervention

The final index into which the structure is placed is a categorization that gives
guidance as to the ‘urgency of intervention’, i.e. it gives some indication as to the
appropriate steps that are to be taken and in what timeframe. For this to be done, all
the index values that have obtained until now, such as the Structural damage index,
the Corrosion index and the consequences of failure are drawn together as a final
Structural Damage Index (SDI) value. The classification follows from this value, and

an example taken from Andrade’s work is shown below:

Table 2-10: Structural Damage Index after Andrade (2004)

SDI Value Urgency of Intervention Action Needed

Negligible >10 Periodic inspections

Medium 5-10 Reassess structure within this
time
Severe 2-5 Structural assessment within
this time
Very Severe 0-2 Repair or detailed structural
assessment need within this time

2.6.5 Discussion

A summary of the most common methods in current use in local engineering practice
has been presented, and an attempt has been made to show how they are capable of

guiding the decisions that are made regarding repair and rehabilitation.

Focus was given to work proposed by Andrade, where a simplified method of
corrosion assessment was used to evaluate the need for repair, and some discussion is

necessary about the appropriateness of such a system.

The use of any system of assessment will be doomed to failure if there is no
understanding of the basic mechanisms of deterioration, from understanding what the
governing inputs are to how they are recognised and as to how ‘best’ to treat concrete
that has been damaged by such mechanisms. Within a system such as this simplified
approach, more than a single method of assessment is used and the results are
combined for an index of the corrosion level. It is questionable whether it is best
practice to combine different sets of results with the same weighting to obtain an
average. The reason for this is twofold. Firstly, the accuracy of the tests might be such

that one may predict or report the level of corrosion damage with a much higher
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accuracy and confidence than other tests. It then follows that this set of results would
be given higher weighting in the combination of results, thus having more influence
on the average value. Secondly, if the engineer responsible for compiling data from a
number of tests is not confident of the accuracy of the results or the methods that are
being used to obtain them, he/she should be allowed the opportunity to either reduce

the impact of that set of results on the final value or to discard them completely.

The other concern that arises out of the proposed methods for simplified indexing is
that the ultimate goal is to place the particular location into a scale that will represent
the action to be taken. The idea in this approach is that it is sufficient to allow a
structure to deteriorate until a specific level of damage is reached such that its
combined indicators (such as corrosion damage, consequence and failure and
relevance of damage) place it in a category that recommends that remediation take
place as soon as possible, or at least within the next few years. From the viewpoint of
simplifying the assessment process and unifying different investigation and
recommendation techniques, this is a step forward. From the viewpoint of what the
most effective method of repair is in terms of saving money and prolonging service
life, it is limited in the simple fact that certain repair measures are most effective
when applied at levels of deterioration that might not coincide with the level of
deterioration that the structure would be allowed to reach under the aforementioned
approach. Some treatment and repair methodologies, when applied at an earlier stage
when damage is not at a critical level, will perform better and give the structure more
protection against future damage, as opposed to allowing the structure, untreated, to
reach a damage level that requires more costly and possibly less successful methods

to be mstituted.

The strength of this approach lies in its ability to identify structures that are in the
most need of repair, and this is all too often the scenario that engineers are faced with.
Thus, when deciding which structures should be repaired first amongst an array of
deteriorating structures, and more importantly how the oftentimes small allocated
repair budget should be spent, a simplified approach to assessment finds itself being

well suited to the task.
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2.7 Repair Options

2.7.1 Introduction

There are different strategies that can be selected for the rehabilitation of concrete that
has undergone reinforcement corrosion. These range from surface applications of
protective treatments to expensive electrochemical techniques and even the
demolition and reconstruction of the structure itself. Typically the cost of the repair is
proportional to the level of deterioration of the structure, but when a decision must be
made between different options, each will have a different impact in terms of cost and
period of protection. Also, the selection of some repair options are dependent on the
deterioration that has already occurred, and so might not be a viable option for use if
the structure is in an advanced state of deterioration. Methods of repair will be
discussed in this section only as they pertain to the treatment and repair of chloride-

damaged structures.

2.7.2 Do nothing (Leave alone)

An option open to the engineer is not to perform any repair on the structure. There
may be varying reasons for this, for example if the structure is nearing the end of its
design life, of if it is not being used as intended and there is no need for it to be fully
functional. Alternatively, there may be insufficient funding and thus the decision is
guided by monetary considerations. Wherever this approach is adopted, care should
be taken as to the safety of the people who will interact with the structure, especially
as it moves toward eventual failure. Thus on certain occasions, it is best to use this

strategy in combination with demolition (Scott, 1997)

2.7.3 Physical and chemical repair techniques

2.7.3.1 Coating (Barrier) systems

Barrier coatings and surface sealants are preventative methods that are used in
structures where active corrosion is not occurring. The purpose of a barrier system for
concrete repair and rehabilitation is to prevent the movement of these chlorides into
the concrete. Broomfield notes that once chloride corrosion has initiated, a barrier

sealant will do little to prevent further corrosion (1997). He stated that, typically, once
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the steel had started to corrode, there is already enough moisture and oxygen in the
concrete for the steel to further corrode and crack the concrete. Once the concrete is
cracked, moisture and oxygen will have free access to the steel. He further noted that
because of the fact that a barrier coating would not restore the passivity to the steel,

their use after corrosion has been initiated provides little protection.

Modem coating systems use silanes and siloxylsilanes to penetrate into the pores of
the concrete and form a hydrophobic layer. This layer allows the movement of water
vapour through the membrane, allowing the concrete to breathe while still retaining
impermeability to water. The different types of surface protection are shown in Figure
2-10:

)

o

(a) (b) ©) (d)

Figure 2-10: Surface protection, ranging from intermittent layer (far left) to full barrier (far
right) (Mehta, 1991)

Mackechnie and Alexander (2001) suggest that the use of hydrophobic sealants is
better than the use of full barrier coatings in that they reduce the moisture content of
the concrete, lowering the potential for corrosion to occur. They also state that
hydrophobic sealants are best suited for use in uncontaminated concrete that is free
from cracks and surface defects. Unfortunately the recent advent of these types of
treatments means that there is in fact little real data from in-situ experiments to
substantiate the claims of the manufacturers. Another major deterrent with this
treatment is the dependence on correct procedures to be followed on site, especially

with regard to the methodology of surface treatments and coating applications.
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2.7.3.2 Patchrepairs

The manner in which chlorides are able to ingress into the concrete and break down
the passive layer of the reinforcing steel is such that instances of reinforcement
corrosion can be isolated, with the formation of distinct anodic and cathodic sites. In
this case, it may be suitable to remove the chloride-contaminated concrete from that

particular location and replace it with a patch repair.

Patch repairs and chloride-induced corrosion

Chloride induced corrosion is much more aggressive in nature and although the
locations of corrosion are well isolated, there is usually a high rate of corrosion
present. The main danger with this type of corrosion is that it is possible for large
areas of reinforced concrete to be corroding without visibly showing signs of

corrosion.

If the concrete surrounding a patch repair still contains chlorides it could result in the
formation of incipient anodes on either side of the patch. According to Mackechnie
and Alexander (2001), not only does this initiate corrosion adjacent to the patch, it

could also result in patch failure within as little as two years.

" Dapth of chiorids penstration
or cerbonation athack

Figure 2-11: A typical patch repair (Mackechnie and Alexander, 2001)

Therefore it is vital to remove all the concrete containing chlorides in a patch repair.
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Concrete removal

The first step is to expose all of the corroded reinforcement by removing the
surrounding concrete. This is often termed ‘breaking out’.

Steel preparation

After the concrete has been removed, the corroded reinforcement bars must be
cleaned. This stage is important, as corroding reinforcement will continue corroding
unless it is properly cleaned. Once the steel has been cleaned, it is common practice to
apply an anti-corrosion coating to the surface of the steel.

Patch application

A bonding aid can be applied to assist the bond between the patch and the original

concrete, but most patch material manufacturers claim that this is not necessary.

In terms of materials, the repair mortar that is used as a replacement material to the
original concrete is typically a cementitious grout/mortar containing small aggregates
or even small fiber-reinforcement to improve micro-cracking properties.

Curing and sealing

The correct curing of repair concrete is very important, and curing can be performed
by the use of sealing membranes or polyethylene sheets that are attached to the patch

surface to prevent moisture loss.

In site conditions, the main problems that are encountered with the successful
applications of patch repair involve the correct preparation of the substrate surface
and the mix of the repair mortar. The surface of the steel must be fully cleared of any
corrosive products and the concrete surfaces must be free from dust deposits and

loose aggregates.

2.7.3.3 Corrosion Inhibitors

Corrosion inhibitors are different to the previously mentioned methods of treatment in
that they do not focus on the agents that initiate corrosion, i.e chlorides, but rather
with the rate of the corrosion reactions. According to Mackechnie and Alexander
(2001, pg. 20), a corrosion inhibitor is a chemical substance that reduces the corrosion
of metals without a reduction in the concentration of corrosive agents and this is

achieved by the reduction of the rate of the anodic and cathodic reactions at the steel.
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The principle in corrosion inhibitors is to develop a thin layer not more than a few

molecules thick that will inhibit corrosion at the surface of the steel.

The performance of the inhibitors is dependant on many factors, and the predicted

inhibition as a result of these influencing factors is shown below (Mackechnie and

Alexander 2001):

Table 2-11: Likely performance of corrosion inhibitors

Likely Inhibition Corrosive conditions Concrete conditions Severity of corrosion
Good Mildly corrosive, low Dense concrete with Limited corrosion with
chiorides or goad cover depths minor pitting of steel
carbonation = 50 mm)
Moderate Moderate levels of Moderate quality Moderate corrosion
chloride at rebar concrete, some with some pitting
(i.e. <l %) cracking
Poor High chloride levels at Cracked, damaged Entrenched corrosion
rebar fi.e. >1%) concrete, low cover to with deep pitting
rebar

Thus from the above the ‘best’ concrete to apply inhibitors to would be the concrete
that has deteriorated the least, having mild corrosive conditions and showing little

damage. The suitability of this method as an early preventative measure is noted.

A corrosion inhibitor that is applied after construction must be capable of ‘migrating’
into the concrete to the level of the steel. Migrating inhibitors move through
unsaturated concrete by vapour diffusion, according to Mackechnie and Alexander
(2001). Thus the use of a corrosion inhibitor can have limited success in structures
that are exposed to the marine environment, because of the fact that many of the
members will contain concrete that is near saturation. Mackechnie and Alexander
(2001), state that this is a result of the high moisture and salt levels that prevent
significant vapour diffusion.

Therefore, two key factors influencing the success of corrosion inhibitors must be
assessed prior to application. Firstly, the ability of the inhibitor to be able to penetrate
into the concrete to the level of the steel (which can be assessed through test patches),
and secondly, the severity of the corrosive environment (which can be assessed by
chloride profiling). This is important because if the corrosion at the steel is too
advanced, successful inhibition is not possible. In work done by Rylands (1999), it

was suggested that it would not be possible for a corrosion inhibitor to work
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successfully if the chloride content in that particular concrete was more than about 1.0

% by mass of cement.

Alternatives to the surface application of penetrating corrosion inhibitors are to apply
them directly to the steel, which would require concrete to be removed, or to

incorporate the admixture in concrete overlays (Broomfield 1997).

2.7.3.4 Electrochemical Chloride Extraction (ECE)
Electrochemical Chloride Extraction is a process whereby the chlorides that are
present within the concrete and would cause the passive layer on the steel to break
down are removed. It is also known as desalination. This is done by temporarily
applying a strong electric field across the cover concrete region, between the
reinforcement and an external anode placed on the surface of the concrete. This
causes negatively charged ions to migrate from the reinforcing to the external anode,
and the result of this is threefold —

e Decreases the potential of the reinforcement

e Increases the hydroxyl ion concentration

e Decreases the chloride concentration at the level of the steel.
(Mackechnie and Alexander, 2001).

A schematic illustration of the process is shown in Figure 2-12:

Figure 2-12: Electroche mical Chloride Extraction (Pullar-Strecker, 2002)
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According to Mackechnie and Alexander (2001), the success of ECE is dependent
many factors, including the following:

e The level of deterioration of the concrete in question

e The physical properties of the concrete, such as cover and spacing of

reinforcement

e The length of application and current level

o The ability of the cover concrete to conduct the electrical field

» The presence of defects in the cover concrete, such as cracks and spalls, that

might cause uneven chloride extraction

According to Pullar-Strecker (2002), the typical current density that is applied in
Electrochemical Chloride Extraction is 1 A/m’ of reinforcement, applied at a voltage
of between 20-100 V. The current is applied over a period of between 2-10 weeks.
Mackechnie and Alexander (2001) suggest that for complete chloride extraction to

occur, the charge must be applied over more than 8 weeks.

The negative aspects of this type of treatment are as follows:

e It may be possible for surrounding concretes that contain chlorides to
replenish the concrete over time, and to reinitiate corrosion.

e The process requires a temporary power supply during application, which can
be problematic in isolated structures.

o If the cover to the reinforcement is not constant through the member, it is
possible to short circuit the electric field.

e In prestressed concrete structures, there is the danger of hydrogen
embrittlement occurring.

e It is possible to accelerate Alkali-silica reaction with this treatment, and

special care must be taken with reactive aggregates.

2.7.3.5 Cathodic Protection

Whereas Electrochemical Chloride Extraction is a temporary treatment, cathodic
protection is a permanent application of an electric field in the cover concrete. The
impressed current ensures that the reinforcement is cathodic and that corrosion will

only occur at an externally applied anode, commonly known as a sacrificial anode.
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There are two types of cathodic protection, namely active cathodic protection and
passive cathodic protection, and the difference between these two is the manner in
which the ‘power’ is supplied to ensure that the steel remains cathodic (Pullar-
Strecker, 2002).

Active cathodic protection is a process whereby the steel reinforcement is kept
cathodic by the application of a current from an external power source, and a
transformer-rectifier supplies the current between the reinforcement and an anode,
which is placed on the surface of the concrete. These anodes may range from
conductive paint overlays to titanium mesh embedded in shotcrete. According to
Mackechnie and Alexander (2001), these types of anode systems are designed for a

minimum service life of twenty years, but may last more than fifty years.

Passive cathodic protection is where there is no externally applied electric current to
promote the movement of ions, but the anode that is placed at the surface of the
concrete is a metal that is higher than steel in the electrochemical series, such as zinc.
1t will therefore corrode instead of the reinforcement steel, and supply electrons to the
cathodic steel surface. The use of sacrificial anodes to prevent steel corrosion has
been used for over a hundred years in applications where the steel is wet, such as in
the hulls of ships. In concrete, however, the resistance of the concrete to the
movement is usually too high for the use of these systems without an external power
source (Pullar-Strecker, 2002). These types of sacrificial anode systems are therefore
most successful in temperatures above 20°C and where the concrete is wet and thus

resistivity is low (Mackechnie and Alexander, 2001).

Figure 2-13 shows a typical impressed current cathodic protection system:
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Figure 2-13; Cathodic Protection (Pullar-Strecker, 2002)

Of all of the repair options, cathodic protection is the most successful in practice in
that it directly affects the corrosion process, and provides a much longer lasting
solution with a reduced likelihood of corrosion occurring again. The cost is, however,
relatively high compared to other treatment options. Besides this initial cost
consideration, there are other factors that would influence the choice of this treatment
method:
e The reinforcement must be electrically continuous.
e As with ECE, the cover must be uniform and must not contain any major
defects such as delamination.
e Special cares must be taken when working with prestressed membérs and
alkali reactive aggregates.
e There must be a permanent power supply available to power the operation.
(Mackechnie and Alexander, 2001)

It is important that the correct amount of current is used in the system, because if
there is too much negative potential in the system it could result in negative side
effects such as hydrogen embrittlement of the reinforcing steel or reinforcement bond

loss.

Cathodic protection has been shown to be successful in the Western Cape, with a jetty

in the Simonstown Harbour having been successfully rehabilitated to full
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2.8.1 Service Life

Mehta (1991) notes that it is the current assumption at the design stage that many, if
not all, concrete structures will go through their service life maintenance free. Current
repair practice shows that this is not a valid assumption to make. A study of marine
structures in the Western Cape revealed that in most of the structures investigated will
require major repairs before their design life is reached (Strohmeier 1994). In the
design phase, it is expected of the engineers involved that they design the structure to

withstand the expected deterioration processes safely until a specified age.

The engineer who has to design the repair works for a deteriorated structure must
make key decisions as to how much money to spend and to what level the structure
must be restored. Figure 2-14 is a model of a typical life span of a structure that does

not undergo repair, from construction to failure by corrosion damage:

&
INITIATION PROPAGATION ADCELERATION
Fallure PERIOD PERIOD PERIOD
EXTENT
OF No evidence of Comosion with ' orecking
DAMAGE corrosion demage minor aracking wpalling of cover
As bisiit »

Figure 2-14: Tutti Diagram (Mackechnie and Alexander, 2001)

This model represents the typical life span of a reinforced concrete structure. It is
divided into three periods, namely the initiation period, where the corrosion causing
elements have not yet penetrated to the level of the steel, the propagation period,
where corrosion has been initiated and the protective layer covering the steel has been
broken down, and the acceleration period, where corrosion causes cracking and
spalling, and so the access of corrosion-causing chlorides and carbonates into the

material is improved.
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A rapid increase in the level of deterioration with increasing time is evident in Figure
2-14. 1t is therefore expected that the cost of repair will also increase with the level of
deterioration. Strohmeier’s research confirmed this, and he further stated that repair
work should be performed as soon as distress is noted (1996). This is difficult to adopt
as a rule, however, because in practice the level of distress might have different
implications for different engineers and owners. Thus the decision has to be made as
to what practical level of deterioration the structure is allowed to reach before
rehabilitation. It has already been seen in the previous section on repair options how

different repair methods are suited to different levels of damage.

The following Table 2-12 is taken from a study done by Scott (1997), which shows

the typical extension of service life that is available through certain repair measures.

Table 2-12: Life extension for various repairs (Scott, 1997)

Repair Methods Possible Useful Life

Surface treatment Approximately 10 years (based on European data)

Reconstruction of damaged | Variable, depending on rate of penetration of contaminants:

areas (patch repairs) o  Complete removal of contaminated concrete — 10 years or
more

o  Partial removal of comtaminated concrete — fairly short (a

few years)

Cathodic Protection Variable, depending upon components of the system. Minimum of 20

years

The following graphs show what impact these repair methods would then have on the
basis of a Tuutti type model, showing deterioration plotted against age.
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Figure 2-15: Do nothing option (Strohmeier, 1994)
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Figure 2-16: Regular minor repairs, for example patch repairs (Strohmeier, 1995))
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Figure 2-17: Cathodic Protection (Strohmeier, 1995)

Whilst the above three diagrams are purely for illustrative purposes, the effect that the
different options have on extending the service life of a structure is clear. The third
diagram, which represents cathodic protection, suggests that it is possible to
indefinitely prolong the service life of a structure, but the practicality of this system is
not that simple in that there are many factors, including the high cost and permanent
current requirements that influence the implementation of this method. In the South
African context, there have only been a few cases where this has been successfully

adopted, for example at the Simonstown Jetty (a historical site).
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The main parameters that govern the previous figures from Strohmeier are the
required service life and the acceptable level of deterioration. Every structure will
encounter some deleterious mechanisms that will degrade the structure to a point of
failure. At the repair stage, if these mechanisms have resulted in a need for repair at a
stage that is earlier than predicted, which is the standard case as concrete structure are
designed for ‘maintenance free service lives’, it is clear that applying the same
approach in repair will result in failure. Lessons can be learnt from structures that

prematurely show damage.

2.8.2 The basic ‘rules’ of repair

According to Mackechnie and Alexander, in developing such repair strategies there
are three basic rules that should be addressed (2001):

e The level of deterioration of the structure that is to be repaired will indicate the
performance that is to be expected from the structure after repair. In other
words, the repair must be able to withstand the deterioration processes that
cause the necessity for repair. This may seem like an obvious requirement, but
it can be the case that a standard method of repair treatment that is applied
without the full understanding of the damage-causing mechanism involved can
result in a detrimental effect on the structure instead of a beneficial effect.

e Corrosion rates and damage increase dramatically with time, and thus the
timing as well as the method of repair is crucial to the successful rehabilitation
of a structure. Structures that are left for too long without rehabilitation may
not be able to be restored to full serviceability.

» Different treatments are able to repair and restore the structures to different
levels. Some repair methods, if instituted incorrectly (such as patch repairs
causing incipient anodes), will increase the rate of deterioration of the

structure as opposed to improving it.

Unfortunately it is often not possible to make the above three considerations freely
without the limitations of timing and budget, or even the lack of available necessary
information to guide decision processes. Mackechnie and Alexander state that the

reasons that repairs often perform poorly include the following five aspects (2001):
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o There is a lack of understanding on the part of the engineers involved of the
corrosion and deterioration processes. If the fundamentals are not clearly
understood, it will not be possible to adequately repair the structure in
question.

e Proper investigation and testing are not made prior to the important decisions
regarding the state of the structure. Thus the accurate state of the structure is
not fully assessed and the engineer might propose remedial works that are
inadequate are even unnecessary.

e As mentioned earlier, there might not be sufficient funds available to fully
repair the structure.

e Inappropriate repairs could lead to poor performance, where the specified
method of repair is not the most suitable for the rehabilitation of the structure.

e The actual institution of the repairs on site could be defective in procedure. If
proper site practices are not ensured, it is unlikely that the repair will be

successful.

Thus there are financial, forensic, procedural and fundamental considerations to be
made and balanced against each other. It is shown through common practice,
however, that the economic considerations of such repair have the greatest impact and
they will dictate the timing and scale of repairs (Mackechnie and Alexander, 2001).
The most common practice mistakenly looks only at the short-term cost associated
with one single set of repairs at a single stage of the structure’s design life, instead of
adopting a more holistic view of how cost can be minimised throughout the entire life

of a structure.

2.8.3 Life Cycle Costing

Very few clients (i.e. the owners of the structures) are capable of effectively
budgeting for future repairs, and this means that the repair works are commonly very
poorly funded (Mackechnie, 2001). The ideal scenario is to construct structures that
do not require any future repair works, but the high cost upfront is the major hurdle in
this regard, and it can be hard to persuade clients that money will be saved over an
extended period of time. In work done by Scott, the above was shown to be true in
that it is cheaper to spend more money upfront than even to defer funds for repair at a

later stage.
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Table 2-13: Total Life cycle costs of typical beam members exposed to marine environme nt

{Scott, 1999)

Option 1 2 3 4 5
Original Design 60 MPa 60 MPa 60 MPa 60 MPa 60 MPa
30% fly ash | 30% fly ash 30% fly ash | 30% fly ash 100% PC
55 mm 30 mm cover | 40 mm 40 mm cover | 75 mm
cover cover cover
Repairs/maintenance None Surface Patch Cathodic Patch
treatment at | repairs gfter | protection repairs gfter
10-year 20 and 35 after 20 years | 15, 25 and
intervals years 35 years
Relative Costs 1.0 2.0 2.3 3.0 3.5

Notes on repair options:-

Option 1. Durability design for maintenance free 40 year service life

Option 2. Based on anticipated life of surface treatment

Options 3-5. Based on the likely stage at which spalling damage becomes excessive
Option 5. Design required by SABS 0100:1992

Within the scope of current repair projects and new structures, however, engineers are
able to make use of the advantages that have been in the fields of forensic analysis,
repair methodology developmient and serve life predictions in order to increase the
reliability with which they can predict the future performance of a structure. This is
not just a consideration to be made in new structures, but also in repair contracts as
the exponential nature of corrosion damage escalation results in exponentially

increasing costs associated with delaying concrete repair.

2.9 Conclusion

A review of the aspects concerning the repair of reinforced marine concrete structures
has been presented. This progressed from the fundamentals, looking at an
understanding of deterioration processes in marine concrete, focussing specifically on
corrosion damage as induced by chlorides, to the assessment of such damage, the
options for repair and what the necessary considerations should be in making
decisions regarding concrete repair and rehabilitation. The research to be presented in
the following chapters will investigate repair contracts for local reinforced concrete
structures that are situated in the marine environment, and that already show clear
signs of corrosion. An assessment of the contract documentation for these repair
works is presented, followed by a description of the repair strategies that are being
implemented by the engineers on site. In chapter 6 some forensic work that was
performed at two of the locations is presented and chapter 7 critiques the works from

a number of viewpoints pertaining to concrete material repair and rehabilitation.
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3 Methods of investigation

3.1 Introduction

This chapter discusses the methods of investigation that were used, detailing what
each investigation entailed and their relevance to the research conducted in this thesis.
These investigations serve as tools by which the repair methodologies used in the four
contracts can be assessed and quantified, and then in turn compared and critically

reviewed.

The purpose of this chapter is to help with understanding the results that will be
presented later, and to give some idea of the limitations and fundamental mechanisms
of each investigation. The following are the methods used in this work:
e Review of Contract Documentation
o Project Specifications
o Construction Drawings
e Discussions and Meetings with Consulting Engineers
e Visual Condition Surveys
e Invasive Techniques (Selected Sites)
o Chloride Profiling
o Penetrating Corrosion Inhibitor Test

3.2 Review of Contract Decumentation

3.2.1 Project Specifications
Chapter 4 reviews the project specifications for the repair works at the various

harbours. It is evident that these documents are copied from project to project, and
that the real instructions for repair methods exists either in the form of drawings or

on-site supervision.

The specifications given in these documents are commented on in terms of suitability,

practicality and likelithood of success.
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3.2.2 Construction Drawings
The most prevalent form of instruction between the consulting engineers and the

contractors on site is in the form of construction drawings, which give details of the
work that is to be carried out. The level of detail contained in these drawings and the
clarity of the instructions given therein are important in ensuring quality
workmanship.

The drawings are commented on for each location, and in some instances certain
details have been reproduced to show the details of the repair works that have been

carried out.

3.3 Discussions and Meetings with Consulting Engineers

During the course of this investigative work it was also felt necessary to communicate
with the consulting engineers involved at each location. The purpose of this was two-
fold: Firstly, it served as an introduction to the various sites and works, but secondly,
it also gave an opportunity to ascertain the repair philosophy that was being used, and
how that was affecting the chosen methodologies. In addition to this, an attempt was

made to gauge the ‘attitudes’ of the respective engineers to the various repair options.

3.4 Visual Condition Surveys

3.4.1 Objectives

Visits were made to all four contract sites. The objective of the various site visits was
to gain familiarity with the structures that were being repaired. In this way it was
possible to do two things: Firstly to relate the locations in order to contrast the
adopted repair strategies, and secondly to be able to relate the level of deterioration at
each site/structure to the methodologies that were implemented. These investigations
form the basis of much of the discussion at the end of the thesis. Unlike the particular
forensic tests that were performed, the investigations made in these condition surveys

were fairly simplistic, relying mainly on visual surveys for data.
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3.4.2 Limitations

3.4.2.1 Specific Limitations

A number of different types of structure were investigated: these were constructed at
different dates, using different materials and methods, and thus the performance of
each is not expected to be similar. Not all of this ‘base’ information is available, and
many of the structures show signs of previous repair measures, which will also have

influenced the performance over time.

As these structures are all in the marine environment, accessibility was often a
problem, and it was not possible to survey some of the more inaccessible places such

as underwater and underneath some jetties and quays.

Another limitation of this survey was the timing of the investigations, which were
performed as soon as possible within the timeframe of this thesis, but often not at the
most suitable time for investigations — most were performed whilst the repair

contracts were underway, and this should be considered in perusing the collected data.

3.4.3 Methodology

As far as possible with the available information, the performance of a structure

(whether showing visible signs of deterioration or not) is defined in terms of:

Properties of the structure
This includes material properties such as the concrete type, type of member/structure,
the age of the structure, possible repair history, and location relative to deleterious

mechanisms.

Damage indicators

Visible damage, for example in the form of rust staining, cracking, and spalling.

Cause
Whether or not estimation can be made from the visual survey as to the cause of the
deterioration, for example whether the damage is caused by mechanical means or by

reinforcement corrosion.



3.4.4 Focus of Investigation

Chloride induced corrosion damage

The damage of reinforced concrete as a result of chloride-induced corrosion is a
theme that runs throughout the entirety of the thesis, and so it is this damage
mechanism that will be highlighted as the most important to address. It is also the
most common cause of damage in the structures that are being investigated.
Performance of previously performed repair work

The performance of previous repair measures can also give insight as to how the
current measures will perform in the future, and investigations will be made into
these.

Current repair works

Current repair works are identified and investigated in order to make a comparison of

the differences in repair strategy between the four contracts.

3.5 Invasive Techniques

3.5.1 Chloride Profiling
This procedure quantifies a chloride profile from the surface into a concrete,

representing the percentage chloride present (expressed as a percentage by mass of
binder) in a concrete sample, plotted against depth. The results are typically shown in
graphical format, and are useful in understanding how chlorides are able to move

through concrete.

The typical chloride profile follows a roughly hyperbolic decreasing shape, moving
from a high surface concentration and tending to either a zero concentration or the
‘cast in’ chloride concentration. The properties of the concrete will dictate the ability
of chlorides to be transported, and thus this test will also give an indication of the

‘quality’ of the concrete in relation to the environment and time.

3.5.1.1 Sampling
A common method of sampling is to extract cores from the in-situ concrete member

that is being investigated. These cores are drilled to a specific depth, which is




state that the susceptibility of a structure to corrode and to show signs of corrosion is

influenced by the following factors:

e The size of the reinforcement will affect how easily the cover concrete will be
able to delaminate. Also the steel bar spacing will impact on the likelihood of
delamination.

e The depth of cover, in that if the steel is at a large enough cover depth, full
oxidisation will not be possible.

e The resistivity of the concrete, connected to the moisture content will
determine the development of anodic and cathodic sites.

® Cracks provide pathways for chlorides to ingress to the level of the steel, and
promote corrosion. The crack may not necessarily have been caused by the
corrosion itself, for examples cracks may appear under working loads.

e Connected to the above is the possibility of corrosion being promoted in

highly stressed members, i.e. stress-induced corrosion.

2.6  Assessment of Corrosion Damaged Concrete

2.6.1 Introduction

This section refers to the inspection and assessment of the level of damage that has
occurred and could potentially occur in reinforced concrete. According to Pullar-
Strecker, such inspections are typically required at the change of ownership of a
structure, through a routine health check or possibly as a result of visible corrosion
damage (2002). For infrastructure such as bridge, harbours etc., this would entail

regular maintenance inspections by the authority.

Options for corrosion assessment cover a wide range of different types of
investigation, from general visual inspection to more detailed testing methods that
require time, expense, and specialised expertise. The option that is chosen would be
set out by the client at the start of the work, and would usually move from general to
specific over the course of the repair contract. Baker (in Mays, 1992) notes the
importance of a correct and comprehensive diagnosis at an early age, stating that in

order to successfully repair a structure, the engineer developing the repair
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dependant on the requirements of the investigation. most commonly at least to the

depth ol the remnlorecment.

The core 1s taken to a laboratory and sliced wilo ncrements, and cach inerenwent is

pulverised in order to prepare it for solution. This s shown in Figure 3-1.
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Figure 3-1: Sliced cores ready for Chloride Testinge

An alternative method to this approach is shown inthe Figure 3-2 below, whereby the
conecrete member 10 be investipated is drilled and the powder is collected, Care is
fuken to ensure the correct depth measurement ol the drill bit and this could save time

amd money n the lab hy resulting m an already pulverised sample.
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Figuere 3-2; Drust collection Tor Chloride Testing with drilling



344 Pocus of Investigation

Chlowride nduced corrasion dimage

The damage of reintorced concrete as a result of chloride-induced corrosion is a
theme that runs throughout the entirely of the thesis, and so il is this damage
mechanism that will be highlighted as the most imponant to address. T s also the
most common cause of damage 1n the structures that are beine investigated.
Performance of previousfy performed repair work

The pertormuance of previous repair measures can also give insight as to how the
current measures will performe in the foture, and mvestipations will e made into
Lhese.

Current Fepaiv worky

Current repalr works ure identified and mvestigaled in order 10 ke a comparison of

the dillerences in repair stratepy between the tour contracts,

A5 Invasive Techmigues

3.5.1 Chloride Profiling
This procedure guaniifics a chloride profile Jrom the surface ino a conerete.

representing the percentage chlotide present (expressed as 4 percentage by mass of
binder) in a conerete sample, plotted against depth, The results are typically shown in
eraphical format. and are usctul in understanding how chlorides are able to move

through concrete,

I'he typical chloride profile tollows a roughly hyperbolic decreasing shape. moving
trom a high surtace concentration and tending to cither a Zero concentration or the
‘cast in” ehloride concentration. The propertics of the concrete will dictate the ability
of chlorides to be transported, and thus tlus test will also give an indication of the

‘quality” of the conerete inrelation to the environment and time.

Ja. 00 Sampding
A commen method of sampling 15 Lo extract cores [rom the in-silu concrele member

that 18 bemg mvestigaled. These cores are drilled to 4 specilic depth. which s



Figure }-3: Corvosion [nhibiror Test Kir

3321 kSompling
The method of sampling adopted in this thesis was to exiract cores trom a suoeture o

which the migrating inhibitor had already been apphicd. This wus perlonmed al a
rnumber of different locations in tenms of depth relative to mean sca level and also to

different tvpes of concrete member.

3322 Samgde Preperafion
The cores were cut in half lomgitudinaliv. and one hal(was shiced into increments ol

10 nun. The other hall was retamed [or conlirmatory testing it deemed necessary., A
‘contiol” was tested, Le performing the same test on an untreated sample of conerete,
Each incremental dise was crushed into a fioe powder of parlicle size Tmm or less
using the woods privided in e test Kt (hammer and platey. 1g ol this powder s mixed
with 1 ml of distilled waler. mixed vigorously and left to settle tor ar least half an
hour, The supernatant was then remowved and filtered through a svringe 1o produce the
liguid specimen thal was lested. This was tested alongside the conuro] sample. as well
as against a slandard solulion, which represented the minimum amount of inhibitor

Lhal the test can detect.
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The pulvered sample s then digested in concenirated nitric acid in erder (o release

all chilorides,

35,42 Analvsis
The samples are then amalysed using polentionwetric titration in accordance with 13S

1R81: Part 124, vtuting the digested solution against silver mtrate, A result s
produced in terms of pereenrage chloride by mass of binder, and it is noted that this is
an overestimale ol the durability threat as it represents the total chlorides present and

net anly the corrosion-inductng tree chlorides.

2503 Muodelling
Each depth inerement wilt have a chloride content value, and fiom this data a profile

can he drawn o interpolate or exteapolate other values, Using Ficks 2™ law of

diffusion to model the profile, future chloride levels can also be predicted.

From this, values fir the [3fTusion cocfcient and Surface concentration of the
concrete can be extracted, and the depth of the 0.4 % Chlovide threshold can be

caleulated,

3,52 Pengtrating Corrosion [nhihiter Test
This test kit is provided by the manutacturer of the penetrating corrosion inhibitor,

and is designed to be a qualitative assessment of the ability ol the inhibitor 1o
penetrate 1o suitable depths. The test kit s suited to on-site use, and does not reguire
large expensg. Uime o expertise W produce results. As wath the chloride concentration
test. it is possible to use a serics of results at different depths Lo produce a “profile’,
although the typical goal of such a test is to ascertain whether or not the inhibitor has

penetrated in sullicient guantity to the depth of the reinforcement.



3523 Test Pracedure
The samples are extracted trom ther containers using a micro pipette and applied to a

white chromatography plate in the form of a circular dot. not greater than Smm
diagmeter. This was performed in 5-6 lavers, drying the plates with a hot air blower

between each application. Chenucal selutions were applied and dried for [-3 minutes.

3524 Analvsis
Adier the above is performed, the sumpie will change colour 10 & reddish brown il it

cantains the mbnbiter, The conlrol sample should remain white, bul may contam a
slight discoloration due to the pellution of the concrete or dug to slight contammation

during the test, The standard test selution should discolour to light brown.
The test specimens should discolour to a shade of light brown-red. Tf not. ir dees not

necessanly mean that the samople docs not contnn traces of the mbabitor. but rather

that tere precise methods shoold be uscd for Turther analysis,

Figure 3-4: Chro matography plate reading for inhibitor test (Heivantodowa, 2IH1 )

An example of a plate showmg the test colours is given above in Figure 3-4, This
shows the dilference between a good (e dark) bnck red reading (A-C) and a paler

“race’ reading (D0
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The qualitative raning that was given 1o the resuhis in Hlervanmuduwa's thesis 1s shown
helow. and alomoside is the breakdown given to the tests that were performed under

this thesis,

Tuble 3-1: Qualitative Ratiog of Tnbibitor 'Tosting { He ivantuduwa, 2001

Test kit colour | Qualitative rating
Brick Red | Fvceliont =
Fink {reaend

Pale Pink At

I race Tnadcgnare

Tahk 3-2; Qualitarive Rating osed im this 1hesis

“lest Kit Colonr Kating
o Colowr N Trace
Circular Pink stamn Lokt Troce
solid Pink Trema
Pink o Ked Crcaef VroeefMecdiumg
Beck Red to I"urple Eroniel

3525 Limirations
This test is capable of providing imnsight as (o how far the imhibitor has inpressed into a

conerete within a reasonably short space of ume. The major Emitation 15 that unless
corrosion rate momtonng is performed belore and al a long time atter apphication, the

engmeer has te rely on the manufactorer™s clams tor the suceess of the product.

3.6 Inscussion
These mvestigauionps are not an attempl at accuralely studying every single structure
investigated trom a forensic point of view, [nstead. they operate ar two different

levels:

Firstly the inhebidor and chloride tests mive particular resulis that have direct
application 1o the repair methodologics adopled at the relevant sites, and will be
discussed turther in the form of case studies.

Secondly the visual survevs and conract documentation review will inform
discussion of repair strategmes and philosophy four all four sies as an ndicator of

current praclice.
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4 Contract Documentation: Project Specifications and

Drawings

This chapter presents the project specifications for the four repair contracts, moving
from standardized specifications to the more particular requirements as prescribed in

contract drawings. Particular focus is made on concrete durability aspects.

4.1 Standardized Project Specifications (SABS 1200G)

The RAMP programme adopted the SABS 1200G guidelines for standardized
specification of construction works. Thus for all four contracts the requirements were
the same and reference is made to SABS 1200G in particular in terms of concrete

requirements.

4.1.1 Exposure Conditions
The classification of exposure condition, ‘very severe conditions’, was assigned to all

four locations because of their close proximity to seawater. Scope was also given to

allow for a more severe classification in the specification if needed.

4.1.2 Materials
Table 4-1: shows the cements that were specified for the RAMP contracts, and

includes the allowance of the use of blended cements. This is beneficial in terms of

durability and is common practice in current construction contracts.

Table 4-1: Cements allowed in the RAMP contracts

Cement | Description
CEMI
42,5 Portland Cement
CEMI Portland Cement, rapid
42,5R hardening

CEM
II/B-V Portland fly ash cement
CEM
1I/B-W Portland fly ash cement
CEMIIV/A | Blast furnace cement

Allowance is also made for the onm-site blending of cements, conditional on

compliance with the relevant standards as shown in Table 4-2.

4-1




Table 4-2: Cement extenders and the governing SABS standards

SABS EN Cement - Part 1: Composition, specification and conformity
197-1 criteria for common cements

Portland cement extenders - Part 1: Ground granulated blast
SABS 1491-1 | furnace slag
SABS 1491-2 | Portland cement extenders - Part 2: Fly ash
SABS 1491-3 | Portland cement extenders - Part 3. Condensed silica fume

4.1.3 Construction

4.1.3.1 Cover

For three of the four contracts, reference was made to the contract drawings for cover

information. For the St Helena Bay contract, however, a ‘blanket’ governing value of

75 mm was specified as minimum cover. This is noteworthy as it appears that the

engineers on the St Helena contract have opted to specify a relatively high cover in

order to conform to a more conservative design.

4.1.3.2 Concrete (Structural)
The common concrete material specifications are given in Table 4-3, and show the

options that are available to the engineer for concrete choice.

Table 4-3: Typical Concrete Mises Recommended by Contract Documents

Minimum Maximum
Cement type and Extender type cement +
Concrete type % content and % content | extender content water/ c'ement
lgg/m’ ratio
CEM ] GGBS
Steel reinforced 50%60% 40%-50% 420 0.40
CEM 1 FA
70%-75% 25%-30% 420 0.40
Go0se Nil 340 0.50
CEM | FA
Plain 75% <25% 340 0.50
CEM 1 GGBS
35%-65% 35%-65% 340 0.50
CEM 1 FA
65%-74% 26%-35% 300 0.55
Note:

1) CEM Imaybe CEM142,5N or 42,5R

2) GGBS - Ground Granulated Blast Furnace Slag

3) FA-Fly Ash

4) Factory blended cements (CEM IVB-V, CEM IV/B-W or CEM IIVA) will be accepted
provided that they conform to one of the blends specified in the table. The Contractor shall
supply certification thereof.

5) Water-reducing admixtures may be used to improve workability. The water cement ratio shall
include the water content of admixtures.
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The options given for selection above, especially those for steel reinforced concrete,

show acceptance of current practice regarding the use of cement extenders. The use of

Pozzolans such as Fly Ash or latent hydraulic binders such as Ground Granulated

Blast-Furnace Slag have been proven to increase the durability of reinforced concrete

in the marine environment.

4.1.3.3 Curing and Protection

The curing requirements given below are standard recommendations for projects of

this nature, but in practice these are very rarely fully adopted, or adequately

performed on site.

Table 4-4: RAMP Curing Requirements

Curing Requirements:

For plain concrete

For steel reinforced concrete:

i) Retaining forms in place on vertical surfaces
provided they are made with non-absorbent
facing materials.

1) Covering with burlap or hessian or similar moisture
retaining materials and keeping the concrete
continuously wet.

ii) Ponding of water on horizontal surfaces.

i) Continuous spraying with water.

iii) Covering with sand, earth, straw, sawdust,
cotton, jute, burlap or hessian or similar moisture
retaining materials.

iii) Releasing the forms slightly and allowing a flow
of water between the form and the concrete by
continuous spraying with water.

iv) Continuous spraying with water to ensure that
the concrete surface remains continuously moist
and is not allowed to dry out.

iv) Curing methods using sealing materials such as
plastic or liquid membrane forming compounds shall
not be used for steel reinforced concrete structures
due to the low W/C ratio of the concrete mix. The
water provided by the moist curing is required for
completion of the hydration of the concrete in the
cover layer.

v) Covering with plastic sheeting, waterproof or
other curing paper.

vi) Liquid membrane-forming curing compounds
may be used. Only resin type compounds will be
permitted.

The curing period for concrete containing CEM I only shall be 7 days. The curing period for concrete's
containing CEM I plus cement extenders (GGBS, FA) shall be 10 days.

All water for curing shall be clean, fresh water and under no circumstances shall seawater be used.

4.1.4 Comment on Project Specification

While the more detailed discussion on the use of project specifications will follow in

Chapter 7, it is important to note that it is the specifications on the drawings

themselves that will usually take priority for a given project. What results is that the

‘theory’ given in these specifications often does not correlate to what is performed on
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site. The point here is that onsite practice does not necessarily correlate to the written
specification. Also important to note is that these are very common specifications, and
so a comparison of only these specifications across the investigated sites on this basis
would not prove insightful.

4.2 Particular Specifications

The particular specifications used in the four contracts cover methods used in the
rehabilitation of concrete structures that are not covered in SABS 1200G. It is clear
that while some editing and minor alteration was performed, essentially the same
document was used throughout the four contracts. The key elements as they pertain to
concrete durability and the works performed in these contracts have been identified

and critiqued in this section.

42.1 Materials

Table 4-5 shows the repair materials that were specific for the RAMP contracts under

the particular specifications.

Table 4-5: Repair materials as specified in RAMP contracts

Repair Materials
Large Crack Sealing:
. Sikadur 31 Thixotropic Epoxy Resin
Temporary surface sealing: Adhesive
Crack injection and grouting: Stkadur 52 Low Viscosity Epoxy Injection E Based
Resin for cracks less than 5 mm width poxy Sase
Sikadur 42 Epoxy resin based flowable
grout for cracks not less than 5 mm width
Cracked, spalled and
delaminated areas:
Reinforcement corrosion Sika Af!onoto‘z.z 610 ﬁondzng s‘lurry and Barrier Protective
. . . anticorrosion primer or Sika Top .
protection and bonding coat: Coating
Armatec Epocem
Repair mortar - overhead and Sika Monotop 615 HB Repair Mortar Cement Based
vertical Mortar
Sika Grout 212 expanding cementitious
Repair mortar - horizontal grout for repairs less than 60 mm Cem(e;nt Based
. rout
thickness
Sikacrete 214 structural repair concrete, Cement Based
Jor repairs greater than 60 mm thickness Grout
Dowel bar grouting:
In vertical holes and horizontal | Sika Grout 212 Expanding Cementitious Cement Based
slots: Grout Grout
. . Sikadur 31 Thixotropic Epoxy Resin
In horizontal holes: Adhesive Epoxy Based
Protecting concrete surfaces:
. . . SikaTop - Seal 107 Protective and Barrier Protective
Carbonation protective coating: Waterproof Coating Coating
Penetrating zg;?nsgn protective Sikagard 903 Corrosion Inhibitor Corrosion Inhibitor
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Three general repair methods are described here: the first is that of crack injection,
using low viscosity epoxy to fill cracks that have formed in concrete. This not only
restores strength to the concrete, but also helps in preventing the ingress of deleterious

agents.

The second used cementitious grouts and repair mortars to ‘patch’ spalled or badly
cracked concrete. This method is widely used within these contracts, and the potential
for failure of such methods was presented in 2.7.3.2, where it was discussed that if the
neighboring concrete to a patch of repaired concrete is chloride contaminated,

‘incipient’ anodes will form adjacent to the patch site and corrosion will continue.

This method of repair is used on concretes that have spalled due to chloride induced
reinforcement corrosion. The specific method for repair is as follows:
e Defective concrete to be removed and reinforcement exposed to a
minimum depth of 25 mm behind the reinforcing bar
e Reinforcing bars corroded beyond usable extent are to be replaced by
welded or lapped new steel bars
e Retained steel to be cleaned of rust and dirt by sandblasting, and two coats
of anticorrosive coating are to be applied
e Repair mortar is to be used in areas with a depth of less than 60 mm. In

areas of greater depth, a suitable structural concrete is to be used.

The specified method for protecting concrete surfaces comprises a barrier coating and
penetrating corrosion inhibitor. Comment has been made in 2.7.3.3 that with
concretes that have already been exposed to significant amounts of chlorides, these

methods will most likely fail.

4.2.2 Trial Repairs
The contract documents clearly state that repair methods are to be tested before full

scale work is implemented. This is to be performed in accordance with the

manufacturer’s instructions under observation of the engineer.




4.3 Project Construction Drawings
Table 4-6 below gives a summary of the information that is presented in the contract
drawings for the four sites. It evaluates not only the information given in the

drawings, but also the level of detail of many of the descriptive elements.

Table 4-6: Evaluation of Project Drawings

Contract Laaiplek Hout Bay Saldanha Bay St Helena Bay
Concrete Material
Mix Information Referred to profect
(Concrete Strength) 4519 50/12 or 50/19 specifications 40/19
- MPa/Stone Size)
Repair Material | Products specified | Products specified Very Detalleq,
information repeatedly repeatedly number of vaggd None
products specified
60 mm for precast
Cover Standard 60 mm Standard 60 mm Standard 60 mm elements, 76 mm
elsewhere
Repair Minimal detail and | Minimal detait ang | Vo' detailed,
Methodology description shown | description shown |PrOcESSes exp fained None
information P e clearly and concisely
Very
. . ) comprehensive, Good, adequate for
Level of d(awmg Clear and rglat:vely Clear and (elatlvely including the construction
detail basic basic >
construction works
sequencing elc.
) Included detail of
Other In:k:i?:g ?ge:gag:e past construction
P P and repair works

4.3.1 Laaiplek and Hout Bay
The same consulting engineers had been appointed at Laaiplek and Hout Bay, and the

drawing standards for the two were similar. The concrete strength requirements
shown on the drawings were 45 MPa and 50 MPa, and a standard cover of 60 mm was
specified. Some repair products were specified repeatedly, but in general the repair
methodology information was sparse or non-existent. In comparison with the other

contracts, the drawings were simplistic and limited in detail.

4.3.2 Saldanha Bay
The drawings from the Saldanha Bay contract also showed a cover of 60 mm, and

referred the reader to the standard project specification for concrete strength
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requirements. The repair methodology information shown in these drawings was very
detailed, and included the use of various repair products. Construction phasing was

also detailed in the drawings.

4.3.3 St Helena Bay
The drawings from the St Helena Bay contract specified the lowest concrete strength

classification (40 MPa), but showed the highest prescribed cover. While detail on the
structures was of a high standard, very little repair information was given and no
repair products, such as surface treatments, were incorporated into the drawings. This
was the only site, however, to include drawings that detailed the previous construction

and repair methods.

These results are reviewed more critically in Chapter 7.
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§ Descriptions of Repair Works

5.1 Introduction

Table 5-1 gives a summary of the repair works that were investigated within the four
contracts presented in this thesis. The four contracts have been separated and the
repair works are described in terms of location, type of repair and a brief description
of the damage at each. It can be seen that the types of repair range from ‘do nothing’

options to complete reconstruction.

This chapter is divided into four sections, describing the repair works of each contract
in more detail, giving material information and descriptions of repair works and
methodologies. Important aspects of each are highlighted and commented on, while

comparative discussion will be presented in chapter 7.
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5.2 Laaiplek Marbour

521 Description of site
Lamplek harbour 1s located at the mouth of the Berg River, and comprises 1two

breakwaters on either side ol the river mouth. 1 is a proclamed harbour located

adjacem 1w an environmentally sensitive wetland,

Figure 5-1: Acerial View of Laaiplck Harbour (Google Larih, 206§

The majority of the work that was performed here comprised pateh repairs to the Jong

cdge beams of cach breakwater, and an example of this is shown in Figure 5-2.

Figure 5-2: Spalling to Western Brealwater (Typical across site)



P

- Concrete Mix
Location Type ?f Description of Description of Repair Works Specified Cover | (Strength, Use of Specialist Repair Products
Repair Damage g
Aggr. Size)
West and Large quantities of patch repairs 45/19
East Patch Cracking and performed, concrete cut out and 60 mm (OPC+30%FA SIKA Monotop Protective Coaling,
Breakwater Repair | delamination present replaced with patch mortar, steel or 50%GGBS) SIKAGARD 70
cleaned
. . . . 45/19 ; .
End of East] Partial Major settiement of New ring beam instated to support 60 mm (OPC+30%FA SIKA Monotop Protective Coating,
Breskwater| Rebuiid structure setfled structure SIKAGARD 70, Grout also used
or 50%GGBS)
Reinstated ,
Major settlements, . 45/19
s‘ﬁgt’ c;e";'l’l'if;e stoolloss due to | einorced ”Zf,;?:,ys’abs replaced 60 mm (OPC+30%FA N/A
corrosion or 50%GGBS)
Breakwater

wopdive | 59404 Jindoy Jo Arewmmng :Z-G 3[qBL



3.2.2  Discussion of Laaiplek [Harbour
A visual inspection of the Laaiplek Harbour site was perlormed by the author towards

the completion ol the repair works. and it was possible even al this lale stage (o
wWenely many locations ol damage due 10 chloride induced corrosion, 'The most
predominant manner in which damage could he identified was through the cracking
and spalling of the cover conerete along the long pile cap beams. Figure 5-3 shows

such craching, and further inspection showed that a large piece of the concrete had

fully delaminated.

Fignre 5-3: Cracking to Edge Beam

U'pom removal of the concrete at such locations, as shown in Figure 5-4, the
reintoreing steel was found to be at an advanced stage of corrosion, The two smaller
photographs (Figure 5-3}3, show steel that was lound al similar locations and the loss
of cross-sectiongl area can be seen. This was estimated a1 50% loss. which suggested

an advanced lovel of corrosion present.



Figure 5-5: Severce fiss of seetion due Lo corrusion

The survey shwowed the pemicious nature of chloride attack., with secmingly

‘untouched” reinforced concrete being located adjacent to severcly damaged concrete.
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Figure 5-6: Use of new and existing clements

Another point that was ohserved during the investigations was the combinalion of
new structural elements. such as the slab shown in I'ipure 3-6, with existing elements,
m 1his case the pile capping beam. The dithieully with which certain elements can he
repaired or replaced is clearly an important factor in the repair methodology. The lonyg
quay wall was heing repaired on 8 patch basis. where the worst locations ol damage
were heing dentitied and treated. With the slabs, however, a decision was taken to
replace all of them as this would most ikely have been the more eost-effective option

for repair.

323 West Breakwater

Figure 3-7 below shows the slabs on the western breakwater that were replaced. It
was decided that the damage to these clements was Loo great for rehabelitation, an
that the demolition and the recomstruction ¢l the surface slabs was a more sunable

option.



Figure 5-7: Reinstating of new slabs on Western Breakwater (Mote existing capping heams)

524  Fast Breakwaler

There were numerous instances of patch repairs along the cdees of the castern
breghwater too, bui the mam work at thas lecation concerned the breakwaler head.
This had settled due the corrosion dumage and the settled structure was linked to the
breakwater using a new reinforced conerete edge beam

o - e AR
_— </

Figure 5-8: Settled Slab at Lighthouse ©nd of Eastern Breakwater

The lterature review 10 chupter 2 notes the possibility of the Tailure of pateh repairs
due to the formation of “meipient anedes”™ on either side ol the new pateh, restarting
the corrosion process. Also key 1o the success of patch repairs is adequate surfice
preparations. something which 15 lar from sparuntecd in oan environment that is

difficult to work in such as thas,
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5.3  Houwr Bay Harbour

5.3.1  Description of site

Hout Bay harbour is & proclaimed fishery harbour located on the west side of the
Clape Perinsuda, The harbour s protected by two large "moles” and 1l was these moles
along with a mumber of other reinforced conerete structures that were in need of

varying levels of concrete repair.

WRage © 2006 DiglalGlob:

C 2008 Eviope Tachhologiss

Figure 39 Aerial View of Hour Bay Harbour (G oogle Carth, 2004)

The structures that involved corrosion damage due to chloride penetration were
highlighted and investipated further, The consultants that were appoeinted to specify
the repair works af thes harbour were Lhe same as the consultants [or Laaiplek. but as
can be seen in the sumimary Table 3-3, different specitications and approaches were
used. Thisy was hecause the different engineers within the consultancy were appointed

to perlorm the work.



o1-¢

. Concrete Mix
Location 2::3;’ De;c:ﬂ;p;ion of Description of Repair Works Specified Cover | (Strength, Use of Specialist Repair Products
g Agar. Size)
Eg?t:%‘g;y Do Major collapse in Structure not repairedirebuilt, left for N/A NA NA
(Alt. Design) Nothing |secfions later assessment
Jetty 1 Surface (Minor cracking, rust |Surface applications of barrier coaling NA N/A SIKA Corrosion inhibitor and Armatec
ty Treatment |sfaining present or corrosion inhibitors Barrier Coating
823:33' Partial |Major collapsein | Toistate new span fo structure. 5012 | siKADUR Epoxy, Monotop protective
Tuming B Rebuild lsections Approach discarded upon 60 mm (OPC+30%FA co'a fing
North MOZV condemnation of entire structure or 50%GGBS)
Turning Bay 50/19
North Mole | Complete Total collapse New structure rebuilt at same location, 60 mm (OPC+30%FA NA
D( :‘ ::;rl! ) Rebuild using similar design concepts or 50%GGBS)
, . Reconstruction of entire jetly, using 5019
New Jetty C: n;pl':a;e Isl'fa;;irncrackmg ad modermn concrete standards and 60 mm (OPC+30%FA N/A
ebulld |spaling materials or 50%GGBS)

Aeg noj 534044 Hedsy] Jo AvmiEng (05 Jqe L



5.3.3  Tocalised repawr

S
- - e,

-

Figure 5-11: General Corresion daoage

The two photos in Figure 5-1F show corrosion damage along a jomt that had been cut
out. showimy the discontinuny of the steel across this support. something that the

original engineers would not have desired.

534 Structural Strengthening

Figure 5-12: Jetty 1 Hout Bay



The above Figure 3-12 shows the rehabiluation of Jeny 1 at How Bay Harbour. by

placing a now supporting ring beam underneath the structure. The use of surface

lreatinents as 1s shown i the diagram s notewiorthy.

Figurc 3-13: Crack scaling and erach grouling

The use of crack seahing and grouting with morlar and/or epoxy 1s evident m Figure

3-13,

5.3.5  Ihscussion of Howl Bay Harbour
I'he turming bay structure on the Worth Mote was of particular interest because it was

a structure that bad reached the point of ultimate structural failure. L'igure 5-14 shows
the structure st 3 stage of partial collapse. where the central spanming slab had lailed
m an assumed shear mechamism. ‘the exposed sieel revealed minimal reinforcement
and the minimal visible steel (assumed to be Jdesipned to minimum code
requiremicnts) was found to be in an active state of corrosion, despite showing pood

cover depths (=30hmm).



Figure 5-14: Collapsed bay of Turning Mole, showing damaged steel reinforcement

According to the resident engineer. the structure was previously used to manoeuvre
hoats coming into the harbour, thereby exerting large horizontal forees on wo the piled
structure, which would almost certainly not have been designed to withsiand his load.
Thus 1t could be sad that lrom a conerste material perspective the fallure ol the
structure as a whole comes not from a conercete material or structural shotteonung. but
rather from inadequate design assumptions or the change of use of the structure. The
methodologies used in the repairfrehabilitation process of the structure are still of

interest 1o the research, however,

As Figure 3-14 shows, the use of steel *1" beam hraces were necessary o maintain the
stability ot the structure duritye wnveshigation. Tmital nvesugations led the consultants
to adopt a “partial replace’ approach to the structure, and a new centrai slab was
designed and included w the original tender. A delailed investigation including
structural analysis of the bay revealed that the best option would be 1o demolish the
struclure. This was done on site, amd as vet Uwe structure has ool been replaced. Thus,
it was the siruciural requirements that poverned the repair stratcoy al this location.

This was confirmed through discussion with the engimeers involved.

Throuphowt the barbour, logations of repaic works incorporated existing but aged
reinforced concrete elements with pewly-cast works, The performance of such

“composite” members from a durabliily perspective remains (o be seen, but it noted
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that the engincers in charge were willing (o adopt a 1otal replacement for the North
Mole turning bay. Tlns practice ol Lotal replacement as opposed Lo combining old and
new structures will be discussed [urther o chapter 7.2, as will the use ol g shightly
higher cement content, as shown by the hicher reguired strenoth reguirement (50419

as opposced to 453:1W8,

5.4 Saldanha Bay larhour

541 Description ol site

Figure 5-15: Aerial plan of Saldanba Bay (Goagle Earth, 2004)

Saldanha Bav barbour is a heavily utilised proclaimed harbour localed approximately
100 km north of Cape Town, OF the [our selceted in this research, thns was the port
most in need ol repair works. and Lhe majority of the repair lpcus was on concrete

repair to structures that had deteriorated due to reinforeement cormosion.

As is scen in the summary Table 3-4, the consulting cnginecrs at this harbour adopted
an approach that heavily favoured the use of surface treatments, cither on their own or
i conjunction with other repair works. The specilicd conerete mix refers the reader o

the prajeet specitications  discussed n4.1 3.2



352 Jety |

Onc of the mamn tocus paints of the rehabslitation contract at 5t Helena bay was the
identification of major corrosion damage at fetty 1. Investigation of the undermneath of
the jetty showed severe cracking to the longitudinal and transverse beams supporting
the main deck. and the decision was made to demolish the deck along with the support
beams, but to retain the columns. The new design used both precast elements and in

situ cast members,
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Figure 5-27: MNew works at Jeity 1, showing Frecast Beam shuttering
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Concrete Mix

; Type of Description of oy ! Ji : s
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4.2 Government Jetty
Government Jetty comprisces a beam and slab superstructure supported on reinforeed

conerete ples, constrocted e 15944,

Many of these piles had been damaged cither due to mechanical impact or corrosion
and spalling. These were 1o be repaired as shown in Figure 3-16. wilh the damaged

concrete heing removed and new jackets cast around the top of the piles,
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Figure 5-14: Hepairs fo damaged piles

There had been much mechanical damape along the cdee coping beam of the jetb,
and the adopred repair method involved cutting back the conerete w beyond the level
of the steel and recasting the edye beam. While Lhe damagre may have been attributed
to mechanical impact of ships dockmg at the jetty, the remonval of the sarface conercte
clearly showed the presence of steel cormosion. Also noticeable m the photo on the
right 15 the presence ol previcusly perlormed repair works, showing at least threg

diflerent coneretes in one edge beam.



Figure 5-18: Edge beam of Government Jetry

Figure 5-18 and the lollowing dizpram (Figure 5-19) show the supersiruciure of 1he
Government fetty. to which surface tresament of barrier coatings and penciraing

corrosion inhibitors was applicd. This repair method will be given more focus ul a

S5-1%



later stape in the thesis, where the forensic woik leading to this decision will be
analysed. I'his rreatment was also applied beneath the jetty, and much carc had to be
taken in the application ol the treatments on account of two considerations, Firstly.
some of the application was within the tidal range and needed a specified dry time for
elective use. and secondly the jetly was to remain i serviee for the duration of the
contract, and the application of the ireatments required the temporary removal of the

furmiture fixed to the coping beamis,
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Ficure 5-19: Repair details o Governmeni Jetty substructure

343 Trawler Quay (Phase 1)

The Trawler quay was comstructed inapproximately 1963, and the main damaged area
4l the commeneement of the repair contract was the supporting remlorced conerete
columns. Upon investigation it was found that three of the fourteen eolunmns had
[ailed completely. with @ number ol other picrs showing simiar advanced levels of
damage. A temporary measure was instituted to prop up the cdge of the quay with two
203x203x52 sleel H-sections. 'L'ests carred out on the quay superstructure showed the
deck elements to be ol a reasonably sound structural condition. and the decision was

made to rehabilitate the columns and the edge beam only.

A Cstrong-back’ steel girder wus used as a temporary stay 10 prevent the deck
collapsing completely while the columns where being demolished. The deck was then
jacked 1o its correct line and level belore new columms were cast. A new edge beam

was cast upon completion of the cohnmns.



Figure 5.20: Scvere damage o Prawier Qoay beams and enlumns

Vigure 5-21 shows the prescnibed surface treatiments to the 1rawler Quay:
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Figure 5-21: Trawler beam surface treatments

As with the Govarnment Jetty, the use of a penetrating corrosion inhibitor in

conjutictiom wilth a hydrophohic surface (eeatment was adopted [or treatment 1o the

undermeath of the superstructure.

Previous repair
MULSIres

Figure 3-22: Trawler Quay shewing strongback” wirder
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The pholo above shows clearly the deflection that had oecurred along Lhe edge of the
Trawler Quay. and the stromg-back wirder thar was being used for temporary support.

Also noticeable is the presence of previous repair measures.

544  Ilrawler Quay (Phasc 2}
Phasc 2 of the Trawler key rehabilitation involved the repair of the edge beam located
further alomyg the deel., which had been previously damaged due (o mechamcal mpact

fram ships,

545 Repair Jeily

The Repair Jetty is a beam and slab superstruclure supported on reinforced concrete
piles, and it 1s likely that 115 ongmnal construction date was somelime between 1960
and 1970, At the 1op ol the piles there was longiludmal cracking evident. and
according to the comract is likely that the damage has been caused by reinforeement
carrosion. Rehabilitation required the removal of eracked and spalled conerete and 1he

casting of'a new jacket around the top of the piles, as is shown in Figure 5-23.
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Figure 5-23: Cracked pile repair deeail

5.4.6  Pepper Bay Concrete Quay
The Pepper Bay Concrete Quay 1s a reinforced conerale sirueture comprising a svslem

of 1-s11 cast beams supporting a deck made up ol precast planks, all supported on



conerele piles. 11 13 estimated that it was constructed w the fate 19600 s, Severe
spalling had occurred on the precast planks and the decision was made thal the deck
would be replaced i its entirety, due (o the impracticality of repairing the spailed

Cconerele.
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Figure 5-24: Pepper Bay repair defails



5.5 St llelena Bay Harbour

5.5.1  Description of site

m--.

mage © 2008 Digdei3 ok
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Figure 5-25: Aerial ¥View of 5t Helena Bay Harvbour {Google Farth, 2006)

st Helena Bay harbour comprises a number of jelties and quavs. some ol which have
had previous repair works performed upon them. The repair works, shown in
summary form m Table 5-5, range lrom “do nothing’ Lo complete reconstruction. | he
approach at this location, as gleaned from the table seems not to rely on repair
products. but rather on a more conservative approach reparding concrete cover. This
conscrvalism is again noted with the reconstruction of beam elements, as opposed 10
rehatvliation. In contrast 1o this 1% the use of a relatively Tow conerete strength
requirement of 40 MPa, T'his is discussed and analysed with the other harbour sites i

chapter 7.
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Figure 5-28: Faflure of previewsls poviorme d vepairs sl Jetis 1,50 Helena Bay
Previpusly performed repair works were also identified, and the failure of the ane of
the patch yepam locations 15 visihle n Figure 528 The reinforcing steel has again

become expased due to the spalling of the patched conerete,

Figury 5-29; Typecal reinforcement sl SU Helena Bay Jetty 2

5.27



Jetty 2 is a lead-in jetty for the main shpway al St Telena Bay. It comprises a deck
supported om (ransverse and longitudinal beams. which are n turn supported on
concrete piles. The rieinforcoiment in the piles and beams are Rolled Stea] Joist beams,
and n the beams especiully. major spalling had oceurred exposing the boittom flanpe
of these beams. The method adopted inthe repair of these elements was to the reniove
the damaged concrete and shothblast the corroded steel to cdd 1t of corrosion products.
An anti-corrosive coaling was then applicd to the steel beforve the member was

cunited to a minimum cover of 75 num, as is shown in Uigure 5-30 below,
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Figure 5-30: Guniting deiail lor Jetiv 2, 58 Jekna Bay

It should be noted that previous repaie nicasures were also present in these elements,
DNetuils of these are shown in the following drawing, noting the date (1977), and the

similarity between this methad and the corrent method of repair.

The major ditterence is the level of cover provided, und it is likely that the failure of

the previous method of repuir contributed W this inereased cover specification.
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Figure 3-31: Pretails of previously performed repaic methods to Jetty 2

Major repairs were being performed along the surface of the deck, ramging from areas

sich as shown below where breaking ow and recasting s required to crack injection

and sealing,

Figure 5-32: New reinfurcement to Jecty 2 a5t Helena hay

554 Quay3

The deck of the quayv was found to be in very poor condition with most of the post-
lensioned transverse beams having spalled so severely that the structure had been
condemned. The piles and the pile cap beam. however, were in pond condition and
were retained for the new construction. Shown in Figure 5-33 are the new prestressed

transverse beams sitting on the ariginal pile cap beam



Figure 5-33: New transverse beams for Guay 3, 51 Helena Bay

M

553 Jetty 3 and 4

Al the commencement of the contract. Jetty 3 and 4 did not show enough damage to
warrant inclusion in the original repate works. However, as the contract prooressed it
wils secn that there could be funds availuble [or certain remedial measures to be
applicd o the locations. and testing was performed at UCT w0 ascertain the

appropriateness of such measures (7.2.4),
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6 Forensic Testing

6.1 Introduction

During the course of this rescarch. the Conercle Muaterials Research Group {CMRG)
at the University of Cape Town (UCT) wus contracted to perform certain forensic
testing at two of the harhours invelved in the RAMP prooranmitne, The twa tests used
in particular were chlomde proliling und penetrating corrosion nhibitor testing. both
described 0 chapter 3. Presented in thus chapter are the resoits of these tests, The

discussion and critical evaluation ot these resulis is contained in chapler 7,

6.2 Sallanha Bay llarbeur

6.2.1  Government Jetty Chloride profiting resaits

Two locations were investigated m detal at the Saldanha Bav Harbour, namely the
Grovernment Jetty and Trvwler Quay, The CMREG art UCT was contracted 10 analvse
twenty-four cores that were extracted from these structures in order to ussess chlonde
ingress into the conerete. Both structures had been showing severe signs of corrosion
dumage. and the investigation wus Lo inlorm appropriate remediat recommendations

{ECT, 2007,

The locations of the cores woree as [ollows;

Creverisment Jety

Slab soffit {including two samples through reinforcing t Naf1-6)
Beatn side above high water mark 2 No.¢7-8)
Beanm side below high swater nurk 2 N -1
Column abose hich water mark 2 No.rlf-12)
Column below high water mark 2 MNorf3-14)
Travdor OQuay

Beam side abovie hioh waler mark IAWarli-Ia)
Beam side helow high water mark 3 No.fi8-20)
Slab soltfit 4 Nof2i-24)

Uising the chlonde proliling technigue discussed i chapter 3. ehloride profile unalvsis
was performed on the cores: in sonke mstances cores were combined 1o produce

results. The results are shown in Figure 6-1and Figure 6-2:

fr-1



Table 6-1: Summary of results for chloride contents at level of reinforcing steel

Government Jetty
Cover Cl Level
Location |Depth (mm) (% mass cem) (Comments
1 (40-65); 30 & 45 from > 1.5 At level of 30 mm steel.
Substantial rusting and pitting of steel
2 (20-60), 50 >2.0 At level of 50 mm steel. (No Staining?)
3/4 (40-65), 45 > 2.0 At level of 45 mm steel.
5/6 {40-60), 50 >1.5 At level of 50 mm steel.
7 50 assumed >1.0 Above highwater mark
8 50 assumed >3.0 Below highwater mark
9 (50-65), 50 > 1.0 At level of 50 mm steel
10 {50-65), 50 > 3.0 At level of 50 mm steel
11 (55-60) =10 Above highwater mark
12 (55-60) >2.0 Below highwater mark
13 (55-60) ={(.5 Above highwater mark
14 (55-60) > 2.0 Below highwater mark
Trawler Quay
Cover Cl Level
Location |Depth (mm) (% mass cem) |Comments
15 50 >0.2 Above highwater mark
16 50 >0.5 Below highwater mark
17119 |(55-65), 60 <0.2 Above highwater mark
18/20 _|(55-65). 60 <1.0 Below highwater mark
21/22 << 0.5 Depth assumed to be greater
23/24 < 0.5 than 80 mm.

(NOTE: Cover depth given in second column in brackets is an approximation)

The summary of the chloride results is given below:

Government Jetty

Slab soffit. In excess of 1,5% (by mass of cement). Relatively high chloride level,
confirms damage observed on site.

Beams above high-water mark. In excess of 1% but not greater than 1,5%, not yet
considered excessive.

Beams below high water mark. In excess of 3%. Very high chloride level, as
expected in permanently saturated elements.

Columns above high-water mark. Between 0,5 and 1%, moderate.

Columns below high-water mark. In excess of 2%.
The authors noted that the high chloride levels in the slab had led to major corrosion

damage, despite the lack of major visible damage in the most contaminated areas.

This was because the chloride levels above the high water mark were not yet at

6-3




excessively high levels, while below the high water mark, the permanently saturated
nature of the concrete had resulted in little damage.
The authors also noted that the column elements were of a higher quality than the

beam elements.

Trawler Quay

Beam elements above high water mark. Chloride levels generally 0,2%. This is a
low chloride content, below the generally accepted threshold level of 0,4%.

Beams below high-water mark. Chloride levels berween 0,5 and 1%. Moderate.

Slab soffits. Chloride contents generally less than 0,5%, which also indicated a

relatively passive steel condition.

These results indicated that the beam quality was higher than that of the slabs and
suggested the possibility of the use of different binders, such as Sorel Cement.

While the permanently saturated elements showed high chloride values, they were not
deemed to be at a great risk of corrosion because of the starvation of oxygen at the
steel. For the elements that were partially saturated, particularly those located within
the tidal zone, the following categorization was devised for recommendations for

repairs (UCT, 2002):

Cl level

<0,5% Structure to be protected from further chioride ingress in non-permanently
saturated areas.

0,5-1% Structure to be protected from further chloride ingress; also, use of a
corrosion inhibitor to be considered

1-1,5% Structure to be protected from further chiloride ingress; also, use of a
corrosion inhibitor to be considered, possibly at a higher dosage rate.

> 1,5% Conventional remediation measures such as patch repairs or application of

corrosion inhibitors are unlikely to be successful. Cathodic protection
(impressed current or sacrificial anode types) is the only proven method of

halting corrosion in such areas.

The use of a penetrating Corrosion Inhibitor (CI) was suggested in order to slow the
rates of corrosion at the level of the steel, but in conjunction with a surface treatment

to promote the migration of the inhibitor as well as to reduce further chloride ingress.



It was recommuended that field trials be implenmented on site belore any full scale

work was attempled.

8.2.2  Corrosion [nhibitor feld wrials
In order 1o gain some assurance of what combination of surfuce ttcatment and

corrosion inhibitor (CT) would be most suitable, three different combinations were

applicd tir scetions of the Government jetty columns and beams as oflows:

* Ao Clonly
o 13 C1 plus a surface coatingdbarricr coating to physically prevent penetration}
o  C:Cl plus a stlane coating (hydrophobic coating allowing gaseous penctration bul

imiting maoisture ingress)

The colurms and beams were cored a month aler application and the penetration

levels of the CT were tested. The surface treatments were also inspected.

Seventeen cores in total were extracted, and Fisure 6-3 shows the locations of cach:
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g
O
I



The following ohservations were made of the cores and locations.

e The cores were 32 mm in diwmeter, rangmyg in length from 125 150 mm.

s large agpregale sizes present, 50 mm and larger.

e Ciranitc coarse agercpate used, some weathered,

= Jxolated presences ol Alkali-Silica reactions visible.

« Cood compaction in general. fow voids present,

s Sogme cores showed steel ar 40-640 nun cover.

s Organic deposits/‘growth still present on many surfaces, ey barnacle traces.

+  Samples taken from below sea level had characteristic darker first 3 nun.

o Surlaces ol the cores visually not impacted by the apphcation ol the
treanments, except for grev Surlace Rarrier Coating. On these cores (the "B
st} it was possible to remove the coating casily: appeared to be as a result of
the presence of the organic residue. Residue could be removed with better

suriiace preparation.

6.2.2.1 Test Rexults:

Figure 6-4 below shows the results of the eorrosion inhibitor combination testing. on
beam and colemn elements, The darker the colour, the stronper the presence of
inhibitor at that depth (shown on left).

Test resufis: Presence of Ferrogard af core depihs
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Figure 6i-4: Resulis ol Inhibitor Testing
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MNotable results are discussed bricfly in bullet form below:

The CI penetrated 10 an adequate level (70 mm plus). The majority of the samples
showed ot least a trace Cl presence.

In termis of the quantity of C1 that is tound n the concrete, in general the cores
shonwed fairly low concentrations of Cl present, This can be seen in the majority
af the results showing “trace” levels of the CL The faet that this s not a
quantitarive test as such must be kept in mind. as the test is designed to show the
level of penetration,

The best results were obtained vsing a coating of Stlane in combingtion with a CT,
The Silane appears 1o act well as a hvdrophobic barrier, This bareier prevents
warcr from moving inta the material and diluting the CT out of the concrete. which
can be scen ml the inereased presence of Clin the *C7 samples.

The first 20-30 mm ol conerete typically showed na Cl prescnee. The reason for
this is the dilurion and extraction of Cl duc (o the constant waler action on the
surlace of the concrete,

The best performing location was above MSL. at the solliL. especially for column
clements as apposed 1o beam clements, and this was expeeted because it has
relatively little direet contact with water. The warst location was on the mean sca
level where there s constant wea action against the concrete.

In general the columing appear to have performed better than the beams. This
cauld he ascribed to a difference in quality of concrete between the two. noting
that while a lesser-grade conerele offers less resistance to the mhibitor ingress, o
higher prade conerete will be able 1o hold maore ol the inhibiror and thus be more
resistant to the surface dilution eflect.

The barrier coating, despite retaining its bond with the surface of the conerete
adequately, had little i any positive cllect on the performance of the mhibitor in

terms of ingress and retention

(rher conimenis!

-

The concrete contains large aggregwes, and it 15 possible thar these aggregarcs
provide a barrier to penetration. increasing the distance that the €1 would have 1o

travel 1o get to the level of the reinforcing stecl. This also mpacted the 1est
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procedure in that the cores that were drilled have a lower cement paste content,
because of the large aggregate sizes.

e Organic deposits (barnacles etc.) were found on the surface, even beneath the
barrier coating. This indicates poor surface preparation prior to the application of
the treatments. The effect of this on the migration of the inhibitor is unknown, but
it was seen that it directly affected the ability of the barrier coating to bond to the
surface of the concrete.

e The applications were applied with only a few hours before the surfaces were in
contact with the rising tide. The ‘drying’ time of this treatment is stated as 6
hours, with a time of 5 hours required between each coating. In terms of
overcoating procedure, the CI coat should be allowed to dry for 3 days before a
surface overcoat is applied. The fact that these requirements are very difficult to
meet in harbour structures has negative impacts on the performance of the

penetration of the inhibitor.

The report showed that the CI was most successful when used in conjunction with the
Silane surface coating. It also showed that it was possible, with the correct surface
preparation, to achieve a penetration of up to 70 mm into the concrete. Noted was the
present of CI at the most vulnerable areas to corrosion, that being above the MSL
(UCT, 2003).

6.2.2.2 Recommendations

The report produced from these findings made the recommendation of full scale
implementation of a Cl/Silane system to inhibit reinforcement corrosion. The trial
testing had shown that this combination was likely to produce the best results. It was
noted that the accurate prediction of service life for the structure was difficult, and
thus an estimate of a service life extension of between 5 and 10 years was given, at
which point more serious investigations and repairs of a more permanent nature

would be necessary.

Because of the possibility of problems with surface preparation and application of

such materials, a recommendation was also made for the manufacturers of the
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products to preduce a Method Statement, The Method Srarement was to address the

most appropriate mannct in which to apply the materials for the particnlar location.

6.2.23 Retest
Remnants of Jour ol the orginal cores were retested three months later o give

contidence in the original results — Results are shown in Figure 6-5:

Retest
Mew Crig Mew i Mew Orig Mew
Core DEQT] CAZ | LA K EE? o 3 Ho] 3 0 N [N coour
L] N N NN L :
10-20 N ILTE LTR| M D
.30 JETE E M
4 | M L
40-50 LT |
5060 TR LTk

Figure 6-5: Retest results fur Inhibitor Testing, camparing Originad and New Test Resules

CA2: On column, at MSL, Cl application only
B3: On beam, above MSL, €T and Surface Coating application
C3: On beam. above MSL, Cl and Silane Coaling

CO3: On column, above MST | CT and Silane Coating

The above figure shows the comparison between the results of the retest and the
original sct. The majority of the results contirm the original fimdings, with the
Cl:Silane combination again providing the best performance. The re-test ol core B3
showed a better result for the ClUSurface Coating. but this is still inferier o the

performance of core CC3,

6.2.3  Trawler Qoay: Chlonde profiling of vertical cores through deck

M) mm cores were extracted vertically through the 300 mm Trawler Quay deck,
These cores were tested using chloride analvsis to produce a chloride profile. It was
possible o see the chlonde level (expressed as a percentage of binder) from both the

‘top” (deck surface) and the “bottom” (deck soffit),



As this deck iz in such close proximity 1o the soa. the resulis [or the chloride levels
were expected to be high (See Figure 6-631. These are compared Lo the results obrained

for the deck cores cxtracted rom SL Helena bay n the tollvwing chapter.

i +* FromTop
[ = From Bottom

Chiloride Level (%by mass hinder)

an — -
T i
100 150 200
Depth {mem)

Figure 6-h: Average chloride profiles for Trawler Quay Vortical cores

The results show a typical chloride profile. with a Tigh surface concentration value {1n
the order of 3-8% by mass of hinder cach side). Beyond a depth of 100 mm into the

concrete. the ¢hloride levels drop below the 0.4% *threshold.

It Is interesting to note thal the core [rom the hotlom has a higher surface chloride
value bt quickly reduces Lo a lower value, The core that was extracted from the top.
however, shows a lower inital value but the rate at which this value decrcases mto the
concrele is less. This would be consistent with the physical arrmgement. with the
lower face bemg in more repular conract with seawater, whereas gravily would
chicourage the transport ol the chlorides trom top to bottom but hioder the wovement
[rom botom ko Lop. There is also the possibility of the top surlace chlorides being

Hlushed oul” by rain,

0.2.4  Trawler Quay: Chloride profiling of horizontal cores into wall

Three 100 mm diameter cores were extracted from the Trawler Quay cdge beam and
tested [or chlorides. These cores were drilled horizontally, core 2 from the scaward

side whilst cores 1 and 3 woere extracted from Lhe sheltered side,
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Figure 6-7: Chloride Profile Tor U'rawler Quay Horizootal Cores

Whilst the resuits show considerable scatter, there are some points that can be made
from the profiles. There is detinite *leaching” present, accounting tor the low surlace
values ol cores | oand 2. Alse notable is the high level ol chlondes (=2%) at
considerable depthy reaching up w 80 mm and beyond. The beums/wall irom which
these cores were extracled showed high levels ol corrosion dumage (cracking and

spalling ) and were subsequentiyv demaolished and replaced.

In the case of core 3, Figure 6-8 shows cvidence that patch repairs hud been
perlormed on the vertical wall clements, The dilterence 1w the two concreles is
striking: with the older conerete (Core 1) using a smaller stope whercas the newer
patch repair mix (Core 33 uses a much larger stone. Whilst this mix may achieve its
desired properties in terms of shrinkage, the transport properties of chlarides through
the material will be very different as a result of the diflerent microstructure and this

hus direct implications {or corrosion.



RN 7Y T3¢ ———
SHLD .

Patch Concrete

Figure 6-8; Core through Trawler Quay showing orviginal conerete (helow left) and paich cepair

tabove righi).

6.3 St Ilclena Bay Harbour

6.5.1  Jetty 1; Chloride profiling of heams
fetty 1 showed major signs of reinloreement corrosion damage and it was decided (o

wvestipate further the level 1o which ehlorides had moved into the structure.

Drilled powder samples were taken from eleven transverse beams underneath the
deck. At cach beam, four locations were drilled to ensure a large enouch sample. The
drilled powder was colleeted i 20 mm inerements 10 & depth of 60 mun. Testing was
not done at beams where corrosion staining was present, assuming that these heams
wore already beyond repair, Contact was made with reinforcement at one location al g
depth of approximately 30 mm The longitudimal beams that crossed the cleven
transverse beams showed signs of major corrosion with laree scale cracking and

spalling present, s had been condenmed.

Chloride conteats were determined and the results are displaved below in Figure 6-9,
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Figore 6-9: 11 Chloride profiles for 51 Helena Tetty |

By approximating the curves in Figure 6-9 to a Ficks 2" law model based on the
dilfusion properties of the conerete, it 1s poessible to ascertan the depths ol an

assumed 0.4% threshold [or euch beam. These are represented in Uigure 6-10:

& S N—fi——

T

Possible ranga 27 cawer
oeplh

Depth {mim}

I ot E B 5 0

Beam

Figure 6-10: Dhepths of the 0.4%% threshold ot which corrosion risk becomes Dominenl

This figure shews that at present, the threshold value at which corrosion risk becomes

imminent (0.4% chlorides by miass of coment) 13 i many instances (2, 9, 10, 11) at a
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depih that 15 greater than the suspected rapge of cover (3U-60 mm). The possibility of

corrosion buing active in many of these beams s therefore high,

6.3 1.1 Conclusions

The results of the chloride profile testing showed that there is a high chlonde presence
in these beams. Using chlernde profiling techniques il can be seen that the depth of the
0.4% threshold is well into the estimated level ol cover i many beams. 1 fact all bar
one. This indicates that corrosion s likely o be active and the beams are being
stcadily deteriorared. As the structure is 32 vears of age, it would be capected 1o be

corroding under such a harsh marine environment.

6.3.2  Jetiy 1: Chloride profiling of deck

The demolition of the deck was already part of the works programmue. bul it was
decided for the sake of confirmation that two cores were 1o be extracted from the
deck. These cores were drilled vertically through the 400 mm thick deck and chloride
analysis was pertormed on slices extracted from the cores m 20 mm mcrements,

Results are shown as follows:
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Figure 6-11: Chloride profiles for Jetey 1 from Soffit
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Figure 6-12: Chloride profiles for Jetty 1 from Yop of Deck

The resualts for Core E are in bath cases ttop and bottom profiles) lower than for Core
B. This could be a5 a resalt of a ditlerence in location (Core E was extracted trom a
more sheltered location than Core B) The kev result to notice. however, is that the
chloride values are very high at great depth into the deck. It is clear that even in the
case of high cover to reinforcement C-100mmm). 1t is very likely that sctive corrosion is
present throvghout the deck. The red ling in the graph shows the chloride threshold
value a7 (1,4% chloride by mass of binder. and it is only in Care L at a depth of crcater

that Hmm front the solTi, that the level s lower than this,

6.3.3  Jeity 3 and 4 Chloride profiling of deck

In the repair works propeanmume. it was found that finances were possible for more
tepairs than were initially budoeled for. It was decided that the decks of jetties 3 and 4
should be mvestigated 1o see to what Ievel ol chlorides had penetrated into the cover

congrete, angd then o make remedial recommendations.

Tliree cores were extracted from each deck, and were labelled as follows:

3 1.32. 33and 4.1.4.2. 4.3



Cores 3.1. 3.2, 3.3 and 4.1 were continuous thraugh the deck. ranging in leneth from
450 mm to 465 mm. Cores 4.2 and 4.3 were incomplete. In cach core steel was
present with op cover depths varyving lrom 30 mm (Core 3.1} to =100 mm (Core 3.3}

Bottom cover depths ranped from 30 mm (Core 4.27 to S0 mm (Core 4.3),

The cover depths that were oblained (ot the six cores are shown below in Table 6-2:

Tabte 6-2: Cover depths as ohtained from cores.

fSterted cover fs Ol
*Steel found ar two depihs

Core I Tep Cever Depth {mm) Bottomn (.'nﬁ?ﬂéﬁli -
. {mm)
14 E 30+ ot \ 83
3.7 O fiat 1 Mot presest inocore
T 73 P20 L
v = . i
T 1itd : 31
4.3 G5+ 130 | o)

At a cover depth of 30 mun in Core 3.1 the top steel had begun to comade heavily and

there was some visible loss of cross sectional arca.

The visible conerete properties showed the cores to have good compaction, but there
were some isolated instances of major voids and large air hele sizes (=2mm

dimmeter),

6.3.3 1 Resuits of Chioride testing
The results for the 12 profiles are shown in Figure 6-173 below, It should be noted that
not all these results are shown in the following graphs. as certain “outliers’ (results so

far out of the range to be considercd as errata) have been removed to produce more

umilorm curves,
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6.3.4  Discussion of St Helena Bay 1larbour resualts
The results of the chlonde testing showed that for regions where steel remlorcemen

is ttr be cxpected (at 60 mm). the majority of the measured chloride levels were below

the “threshold® level of 0.4% by mass binder, Howuever. the scatter of the results m
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Iigure 6-13 and Figure 6-14 showed that there were instances where the measured
chloride value at a depth greater than 60 min is relatively high e, 0.4%%-1.0% chloride
concentration by mass binder, tor exampla in Cores 3.1 and 3.2, This would indicate
that certain remedial measures could be appropriate for the state of the structure at
preseml. The scatter of the results could be attributed to the variable porosity asz
evidenced by the presence of some large pores. The variability of the measured cover

valuegs present in the cores should also be notad.

(i site, it was these results that led the engineers to investigate the opportumties for
use of a penetrating corrosion inhibitor to prevent further corrosion damage in the
existing structurg, based on the suceess of the lesting perlformed at the Saldanha Bay

site (LCT, 2004,

6.4 Closure

The forgnsic tests presented in this chapter all pave valuable insight into the
performance of the conercte materially, The expense and time consumed by these
tests are negligible when compared to the positive ctfect that the results have on

decision making and repair specification,

The chloride profiling perfarmed at the Government Jetty at Saldanha Bay Iarbour
was intended to provide more information to the consultants about the state of
deterioration of the structure. The results confirmed the onginal assumption of
relatively high chlonde content throughoul, but also lead to the recommendation of
specific repair methods. which were tested for suitability in 6.2.2.. These trial repairs
gave clear puidance as to what was likely to be the most successful combination oul
ol three suriace treatment and corrosion imhibitor permutations, It also showed that is
wan possible even in such harsh conditions to achieve penetration to a depth of 50-70
mim, something that may well have been considercd unlikely without such tests. The
chloride analysis of cores extracted from wvertical and horizontal clements of ihe
adjacent Trawler Quay also showed high chloride levels. which correlated to the site

exposure condilions.
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AL St Helens Bay Harbwoor, Jeity 1 was investigated using chlornde profiling to
determine that state ol chloride migratwon onto the deck and beam substructure.
Resulis from 11 heam locations were obtained and they indicated a high likelibood of
active corrosion as the chloride valoes at depths grgater than 50 mm were tending to
be larger than the “threshold™ of 004 % chlorides by mass binder. Cores through the
deck of the same structure revealed cven ngher values, which served as conlirntation

o a decision to demolish and replace.

At Jerty 3 and 4. the chloride profiles for cores through the deck showed that at
depths greater than 30 mm (the likely depth of reinforcement). the level ol chloride
contamination was of a range suiled 1o the use migratmg corrosion whibitors as g
repair methods. This was recommended as an option for further repair works. being

dependant on the allowed bodget for the remamder of the contract.

In Chapter 7.1 the results of this chapter are critically reviewed. Special locus 1s made
on the dillerence in chloride results and profiles between different types of concrete
elements. and similar elements with different orentations (such as deck prafiles from
wp and bottomisoffit facesy. Contrast is made across sites as well, for example the
discussion of deck chloride profiles from both the Trawler Quay at Saldunha Bay

Harbour as well and Jetties 1.3 and 4 al SL T Telens Bay HMarbour,

More generally, the value ol these tests m gaining knowledee about the deterioration

of the structure and informing repair is shown repeatedly.
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7 Evaluation and Critical Comparison

A eritique ol the research presented in the previous chapters can be divided into two
categonies. The first s specific forensic lesting of ehloride levels that was performed
al Saldanha Bay and 5t Helena Bay, and this is discussed with a comparison being
made between dillerent localities. The findings of the corrosion inhibitor (C1) testing
are dlso discussed further. The second discussion uses examples from all lour sites o
discuss “Repair Methodology®. The phases of the repair process, from inifal
nspection 1o repair implementarion are investigated apd key issues for consideration

in rehabilitation projects are presented.

Asoan introduction,  Table 7-1 symmarises the relevant ypes ol repar and
rehabilitation that were mvestivated during the course ot this work. Wilth each
location is the method of investigation, lTahelled the “Indicator’. being the munner in
which the damage was assessed. An estimation of the degree of damage 15 given for

each.

The majority of these structures were damaged by reinforcement carrosion, and the
level of damage (assessed visually by Lhe author) varied Fom mimor W total collapse.
I s eviden! that more complex and specialised methods of repair such as Chloride
Lxtraction or Cathodic Protection have not been used. while methods that require
patch repairs and pew consiruction, elther partial or complewe, have been lavoured.
There 18 & moderale comrelation between the degree of damage and Lhe chosen aption
for repair. but the lactors that will be discussed in this chapler (such as relevance.
gxtent) result in a more detailed approach being necessary for repair choice. This will
he discussed lurther mosection 720 As s common wilth repam projects n curretit
praciice. the mal indicator that informs Lhe damage assessment is o visual survey,
The need, ol course. lor an appropriate methodology to move from assessing damage
to applying reparr methods s also discussed further. HEven within the range ol
localities and repamr methods that were adopled in these contracts, the fwed lor a
sound repair strategy that takes into account a holistic view of the repair process is

vital,
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Type of
Repair

L.ocatinn

Indicator

Deseription of Damage

I Nothing

Jetty 3 and 4. 80 Helena Bay

Chlorde westing

Mior craching, rost staiming present

AL Desien Turning 13ay North Maote, Hout Bay

Wistah, Collapse evident

Major collapse 0 seetions

Gevernment Jetty, Saldanha Bay

Wiserl, Chloride

Magor craching and spalling

T:::tf;?m Trawler Quay. Saldanha Bay Visual, Chloride Major cracking and spalling. faree deflections
Jetty +, Hout Bay YVisual Minor cracking, rust staining present
Cunming — Jetty 2. 5t Hetena Visual Major cracking and delamination. rust staining
;.:I;;]:l‘ Woest and Last Breakwater, Laaiplek Wisual Cracking and delamination present, settbements
Gevernment Jetty edge beams. Saldanha Bay Visual Vajor cracking and spalting. mechanical damage
Jetty 1. Chuay 3. St Helena Bay Chhtonde lesting Major Rust staineng, high chloride levels
. Pepper Bay. Saldanha Bay WVisnal Major crackig and rust siaing present
lf:l::i.‘:tlj Reparr Jetty, Saldanha Bay Wisinl Unknown
Original Design, Tarning Bay North Male, Tewt Bay| Visuat, Partial coltapse {Major cotlapse in sectiens
End of Last Breakwater, Laaiphck Yisual, Major settlement| Major setitement of soructure
lFinal Design Turning Bay North Mole, Houl Bay Complete cotlapse |1 otal coltapse
New letty, Hout Bay Major deterioration  [Major cracking and spalling
Complete I ewber Qruay Columns. Saldanha Bay Cullapse Total detenisratiom capacity foss
Rebuild

[reck al Jetry 1, 5t 1elena Bay

Clhilaride testing

Minor cracking. mederae chloride levels

Central Span Bearm Jetty 1. 51 Helena Bay

Visuat, Major cracking

Major craching and delamination, severe slaimimg

Keinstated slabs — West Breakwater. Laaiplek

Yisual. Majar settlement

Majuor settlements, steel loss due 1o cormrosion

1AL MIRL

S1Say [ s M paEdns s S04 arday) jo Alenning



7.1  Discussion on Forcnsic Investigations

This thesis made a study of reinforced concrete structures that were underpoing
conecrete repair because of damage from chloride-induced corrosion, Coring and
chloride profiling was used to assess the level of chloride contamination of elements
mn order to further establish corrosion risk, his section discusses these results.

contrasting them across the different sites,

7.1.1  Chloride Profiling at Saldanha Bay

- Government Soffit
—=- (3ov Beam Above

| <+ Gov Beam Below

! -~ Gov Column Above

| =— (sov Column Below
—— Trawlar Soffit

1---- Trawler Beam Above

- Trawler Beam Below

Chloride (% by mass cement})

7.5 22,5 375 BB
Cepth (mm)

Figure 7-1: Summary ot Chloride Resuolts for Saldanha Bay

Figure 7-1 shows a summary of the resuits ohtained from the Govermment Jetty and
Trawler Quay chloride investigations. The results of the tests are presented fully in
{hapter 6.2.1, but a kev point that led 1o the recommendation of repair mothods was
the high chloride levels that were found at Jarge depths (= 55 mm). The values were
high enough o recommend that suitable long-term measures be investisated/budgeted
for. as the recommended measures (Corrosion Inbibitors and Surface reatments)

would only e suitable w "buy time”,

The results also revealed an interesting point. shown in Figure 7-2. that chloride levels

below the mean sea level (MSL) were significantly higher n general than the than
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those for the samples extracted sbove MSL. This is perhaps Lo be expectled with the
arcas below MSL being in comstant contact with sea water, but the visible damage on
site dicl not corretale with the level of chlorides. This was atteibuted to the fact that the
COITOsion process operates al a slower rate in saturated conditions, Le. it is starved of
oxveen. Thus it was not deemed necessary Lo specify repair technigues to elements

that were permanently submerged,

—a— Hhoue Water Lewel

—a— Below Water Lewel

Chloride (% by mass cement)
L

3
1 S
0 - — — |
i 225 Irs 52.5
Depth {mm}

Figure 7-2; Saldanha Bay Chlaride resoles shawing inflocnee of mean sea level

7.1.2  Corrosion [nlibitor testing at Saldanha Bay

The chloride testing deseribed above led Lo repair recommendations and the on-site
testing ol the remedial measures. A summuary is given below (See chapter 6,2.2 for
more detail):
o Corrosion Inftibiior wlone: Moderate penetration
s Corroston Infibitor with Barrier Cooring: Additional coating appeared
inellective
o Corrosion fnfitiior with fledroplobic Surfuace Coating: Perlivmed best of the

three combinations  providmyg inhibitor concentrations at depth

I'he limited trials of a penctrating eorrosion inhibitor at the Saldanba Bay Government
Jetty showed that it was possible for a repair thal 1o be implemented and produce
results that could affeet full-scale implementation, Thus, wherever possible, repair

trials should be implemented on site and monitored tor ctfcetivencss prior w [ull scale
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repair. The problem with such & recommendation s the fact that many repair
procedures use methodologies that are such that ellective monitonnmg 15 nol only Lime
consuming. but costly as well (lor example nsing in-situ corrosion rate measurement
to monitor chloride extraction or sacrificial anode systems). The results of a trial

repair need 1o be available within an acceptable timetrame for the particular project.

The trials performed at Saldanba Bay showed that the corrosion mhibitor was able (o
reach sullicient depth when wsed m conjunction with a hydrophobic surlace treatment,
despite the high chloride Tevel and relarively satirated concrete. I was nat possible o
measure the effect that this inhibiter actually has on the corrosion rates of the
reinforcement in the conerete. as the speeilic circumstances of the project required
immediate action. The predicted success of these works is then partly hased on the
guidance given by the forensic testing done at the location. but also on information
eleaned troum inhibitor tests under similar conditions such as Lhe tests performed by
Heivantuduwa and Rylands (UCT Monograph No 7. 2004, also see 2.7.3.1) It is
likely that these methods wall slow corrosion rales, bul as ndicated i the repair trial

reports, this will only “buy time” betore further repairs are necessary.

The combmation of a hydrophobic cealing and a penetrating corrosion inlibitor was
shown to be the most effectivie in obtaining a pood pengtration depth. which is

necessary for reinforced conercte clements with deep cover.

T.1.53  Chloride Proliling at 5t Helena Bay
Fleven transverse heams were drilled and tested for chlorides at Jetty 1 at St tHelena

Bay. The purpose of this was to assess the condition of the beams. which were
showing signs of corrosion damage (See Chapter 6,.3.11 Several adjacent beams had
alrcady spalled and cracked to such an extent that demolition and replacement was
required. bul more insight was réquired as to the possible [uture perlormance of the

remaining eleven,
The resulls are summarised in Figure 7-3. with good consisteney obtained across the
gleven samples, An average value tor chloride concentration at 30 mm depth {the

depth at which steel was found in a sample) was approximately 0.6% by mass of
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cement, which is wbove the “threshold” value of (.4% where corrosion s suspected to
commence. This was reported to the consulting engincers for the project and the
decision was tuken 1o replace all the beams in the structure. as well us the deck which
was ilso found to be severely contaminated (Sce next seetiony. The piled columns,
which were not investigated, were retamed and the new beam and slab system wius
cast upon them,
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Figure 7-3: Summary of Jerty 1 Beam Chloride Profiles — St Heleona Bay

The implications of this decision are noteworthy, The recorded chloride levels were
within the range that would potentiaily be suitable {or the application of corrosion
inhikition, but instead of opting for this method {as was implemented at Saldunha
Bay). the decision was made 1o demaolish und reconstruet the beam and deck elements.
The reason lor this decision was that the central spanning beam had already
deleriorated bevond the point of repair, and thus it was impractical to retain the rest of
the structure whilst replacing that element. Where this not the casc. it is likely that
remedial measures such s surlaee treatments and corrosion inhibitors would have

been more suited Tor the repair.

714 Deck Coring Resulis
T'he chloride profiling of four reinlorced conerete jelly decks (Tetty 1, 3 and 4 at St

Helena bay und Trawler Quay at Saldanba bay) showed the difference in chloride
profiles between the top and bottom faces of reinforced concrete decks. Jetty 1 oat St

Helena Bay was tosted prior 1o demolition, whilst the other decks are still in use, The



combined proliles are shown in Figure 7-4, expressing chlonde level versus depth

tfrom top face (i) or bottomd/solii (b
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Figure 7-4: Chloride profiles for deck vores

T4 Chiaride penefraied 1o depth from both sides
I was lound 1o the chloride profiling results that the chlorides had been able 1o

penelrate to a significant level (=50 mm) from both the top surface as well as
the soffit of the deck slabs. It could be expected that the close prosamity of
scawaier 1o the soflit would resull in mereased levels of chlondes, relative 1o
the twp surface. This s shown to be true for the sollit, which shows higher
surface chloride values than the top of the deck. A factor that may influence
the migration ol chlorides Irom the deck surfuce could be the ponding of
scawaler on Lop of the deek for appreciable periods ol time. This would create
a constant driving pressure head as well as a constant source of chlorides. and
would results m more chlorides penetrating to greater depth, The likelihood of

sieh an occurrence 1s debatable, amd was not nhserved on sile.
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Fipure 7-5: Averave chloride profiles fin deck cores from top and bottom
Figure 7-5 above shows the averaged profiles from Figure 7-4. Bevond a
depth of 1040 mm. the ditferences between the profiles are minimal, but there
is a modcrate difference shown in the near surface results. For the top surlace,
the chlumde transport mechantsms ol sorption and diffusion account for a
higher result al depth (30mm), while Nusling during rain cowld potentially
accounl for the lower surface concentration. For the botton surface. the more
frequent contact with seawater explains the higher surface concentration while

the mechaism of dulfusion only weuld link to a lower concentration al depth.

742 High surface levels
Both surlaces showed very high surlace chlovide concentrations. Also notable

was the lack of any presence of “leaching™ or removal of surface chlorides
through mechanical means such as wave action. abrasion. ewc.. The lact that
that beth surfaces are horizontal would aftect the impact ol wave action on
“washing” the surlaces ol chlondes, in that Lhe surlace would be in less contact

with splashing water than if it were vertical.

7143 Critical Depth af Chlorides
The prefiles of the cores extracted from all jerties except the excessively

damaged Jetty | show an mnerease in chloride conmceniration at depths
shallower than 40-60 mm. While the profiles for Jetty | indicate that chlorides
will most likely move through the cover concrete in lareer quantities, it is

suggested that an initial value that should be adopted as adequate” for cover
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shoukl be larger than 40-60 nun, more likely 75 mm, asswiming OPC concrete
{us would have been origmaliy typicaliy speaitied for these works) is wsed.
Chapter 3 shows that the maority ol the contracts wnvestigated adopted a 60
mm  cover depth. These results show that this depth s perhaps not
comservative enough for Jle spans of more than 34 vears, unless a more
suitable inder material (such as blended binders with extenders e.g. Fly Ash,
Slag). The results also show the very rapid chloride level increase o the cover

of the conecrete.

744 Jewv I Nt Helena Bay
The results of the chloride prefiling of the Jetty 1 deck stand out amongst the

others, showing higher chloride concentrations throughout the deck. This was
found to be consistent with the appearance and visible damage indicators on
site. Lixtensive cracking and spalling had occurred in the jetty. and the visual
indicators alone were encugh in the mind of the engineer upon which to base a
“demolish™ decision. Tt was decided that it was impractical and would be too
costly to endeavour to salvage certain elements of the strucrure, while
replacing the deck. A new beam and deck system was opted for, built upen the
existing ples. A correlation between chloride lesting und uctuwa] perlormance

15 sl

Al Saldanha bay, surface washing/leaching and the cffcer of gravity was deemed to
have influcneed the surluace concentrations of botl chlorides and penetrating corrosion
mhibitors. Current specilications lor new structures, such as the specifications
discussed m 3.2, do not specily different levels of cover for top taces and soffit faces.
but possible differences or correlations in their “chleride behaviour”™ may prove
relevant in the sphere ol repuir. They could mtorm diflerent specifications tor repairs
1o deck sollits and surliaces. but also help in an understanding of the Influence of

surtace washing and gravity in the trunsport ol chlondes through conerete.

7.1.5  Conclusions
l'orensic tests on conerete clements in the RAMP programme huve been presented

and discussed. The use of forensic tests provides the engineer/consuliant with

yuantifiable dala upen which lo buse his‘her repair decisions, The ability of chloride
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profiling 10 show corrosion risk is used to gain insight into the performance of the
elements. and (o esiablish the potential tuture performance as well, Clertain levels of
chleride are also more suited to certain repair technigques, as was scen in Saldanha
Bay Governmeni Jetty, where "high’ to “moderate’ chloride levels permitted the use
of corrosion inhibitors in order fo “buy time ™. At 8t Tlelena Bay. however, the chloride
levels in the deck ol Jetty 1, coupled with the existing damage. led the enpincers o

recommend that the structure be replaced.

Repair decisions/processes adopted at those locations have been contrasted, While the
most common method of assessment threughowt the numerous myvestiigated works was
om a4 visual basis, it is clear that the relatively minimal expense of perlinming lvrensic
tests where possible proved valuable in understanding the performance ot thesc
structures‘elements from a durability viewpoint, The autputs of the chloride tests in
particular, such as surtace concentration. critical chloride depths, rates of c¢hloride
movement and relative conerete material perlormanee all have direet bearing on
material performance, and help o inderstand how reinforced concrere behaves in a

SEVEre marine enviromment,
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7.2 Dhiscussion on Repair Methidologies
The route taken by a consulting engineey in moving front initial damage detection und
assessmcit o repair method mplementation and monitering is discussed in the

[ollowing section Tt is divided into four parts:

*  Damage Detection
Accuracy of damage assessment methods
o lorensic testing
= Devision Making! Detailed Design
o Problems in relating degree of damage to extent of repamr
o Repeating oldor designs In new construction
< Combinatin of new and aged reinforced concrete elements
i Link between binder tvpe and durability
o Cover W rembircement
o 1lse ob g repair philosophy

« lmplementation/ Execution

o Oudance and dirceron lrom Contract Docuinents
o Quality control ol conerete on site lrom o durshility perspective
o Tnal Repars

«  Monitoring/ Assessiment
o luture performance of repair nigasires
o Fulure mainienance planning

o Cost effectiveness n repair contracts

Key questions are asked in each section, and the projects that have been presented in
this theses will be discossed ahd evatuated. The objective 15 1o use this Tramework 1o
assess current practice using the four BAMP contracts investipated im this work,
Relerenee will be made to scetions ol the hrerature review presented in chapter 2 for
more detatl where necessary. The chapter will conclude with a presentanon ol a

revised breakdown of repair methodolooy to be considered 1 new repair contracts,

-11
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7200 Damage Detection

7201 Accuracy of dumiage assessment wtethods
Hefore discussing the appropriate specification for damaged conerele. it s Impuortant

to investigate the accuracy of currcnt damage assessment lools, e the comrelation
between damage measurenment and actual damage recorded within the structure. The
method of investipation that is used in the assessment of dumaged reinforced concrele
structures. espectally thul of vispal nspection, s reliant on buman fctors and sooa
large degree of variance is expected. Simple reliance on onc method (such as visual
inspection) is not recommended und rather an approach that incorporates ditferent
mcthods of assessing and quantilving dumage should be used. The results prodoced
by the forensic testing at $t Helena Bay and Saldunba Bay reinforced this point in that
they influenced the repair choice directly tless 1o the preseription of surtace
treatmients as a suilable repair method. Had the chowe been hased solely on visoval
mmspection methods, it 1s hikely that a less appropriate repair nethod would have been

adopted, sueh as 1selated pateh repuirs.

As was discossed i chapter 2. It is important for a consulling engineer o have a good
understanding of what the mechanism of deterioration at hand 15, and especially so in
reinlorced conerele structures. as tell-tule signals of reinforcement corrosion are oficn
present. TLis passible to misread the extent to which the structuee has been damaged

as well as the relevance of such dumage.

An cxample of this in practice is Lhe Investigation of repair works at Laaiplek
Harbour. The lindings in Chupier 3 showed corrosion damage in the form of exposcd
reinforcing steel elements that had lost cross scctional arca o 4 greudl extenl. The
relevance of such damage, however, 15 lessencd by the muss concrete nature of the
guay/breakwater. The stee] was not eriteadl and was most probably inchuded in the
design of the structure for other considerulions (crack control. handting ete) rather
Lhan performing a structural function, The nzed for repair might thus be dilferent [rom

a stroctural vicwpaint. i.e, no danger of structweal fallure present.
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7242 lorensic resting
Table 7-2 below summurises the forensie testing performed at the lour sites. Two of

the four contracts used forensic testing as a means to gain furtber insight imto the level

ot deterioration, and also to help inform repair methods,

Fable 7-2; Forensic testing

l.ocatinn Laaiplek Hout Bay 5t Helena Bay  Saldanha Bay |
Forensic Testing | Nonr 1 C Nenie Chioride anafusis,  Chforide anabviis
e SoRbe R Larrosion
- efetermingtion inhibitor iesting |

I he chlonde apalvses that were performed at Saldapha Bay on Government Jetty
(Chapter 6) showed very bigh chioride levels, and this corresponded to the visible
damage. confirming the asswnpuon of a high corrosion risk. The results were also
able 1o indicate that certain repair measures would omly be satisfactory i followed up
by more long term measures at a fater stage. The high chlaride Tevels did nor always
correlate to corresion damage, as was seen in clements below the water level where

the corrosion process was starved of suflicient oxyvgen for there 1o be a cortosion risk.

I'he recommendation of using a migrating/penairating corrasion inhihitor, and Further
rial repair testing, produced the recommendation of a specilic combimation of
inhibitor and silane-based surface treatment. Uhe vse of further forensic testing in the
form of repair trials provided valuable miformation. relevant to the particular location

and repair type in terms of showing the sutable treatnent combinations for repair,

The repair works at St Ilclena Bay (Chapter 63 were also guided by the resulis
obtaincd from chiovide profiling, The results of chloride protiting of the bcams al
Jetty 1 contirmed the Nkelibood of active corrosion, while 1l cores through the deck
produced very igh chloride levels, enforemg the decision 1o replace the beams and
deck. Cores through the decks of Jetty 3 and 4, however, did not produce as high
levels of chlorides and thus did not cause the consulung engineer to Investioate any
further repar methods. Agam the abilily of forensic testing 1o pude decisions s
dhown. In the absence of Lthis, 1L 1s possible thal expensive and unnecessary repars

may have been performed on the structures.



One clear pomt emerging from the forensic investigations is that it is possible for
relatively “low cost’ investigations to produce good results that can impact positively
upon the decision process. In particudar. the use of chloride analysis in reinforced
concrete elements in the marine environment has been shown to produce results that
have real value m not only assessmg the level of damage and corrosion nisk, but alse
in prescribing appropriate remedial measures. The costs of the investigations, when
compared to the project as a whole (Approx Ri0 mullion per site), arc typically
minimal {unlikely o be more than a few percent), and it does not take long to obtain
results. While the exact cost of the repairs was not avajlable to this research, it s
possible that these mvestiganons might help save money rom a leog term pomt of

WL,

Certam locations may limit practical forensic testing, but its value has been shown
and thus it 15 recommended that it should be addressed as mandatory wherever
prossible,

7.2.2  Decision Making’ Detailed Design

72210 Problems in relating degiree of damage te extert of repaie

Eeintorced concrete gives signs of corrosion damage (such as staining. spalling)
hefore ultimele fatlure, but unfortunately this relationshop 15 not always clear or
predictable. As was the case in certam of the structures that were mvesiigated m this
thesis, for example the deck of Jetty 1 of 5t Helena Bay Harbour (Chapter 7).
elements showed the expected high levels of damage on demwlition of the structure.
However, the lack of any damage to the permanently saturated columns at Saldanha
Bay {which showed high chlonde levels in Chapler 63 showed that one cannot rely on
these results as  indicators without understanding  the  relevanl  detenoralion
mechanisms, The discrepancy between the predicted and the actualb m remforced
concrete should alse be noted, and an cxample of this n this work could be the
relatively moderate chloride values found at Jetty 3 and 4 at St Helena Bay, despite
the presence of corrosion stainmge Reasons [or this dwscrepancy could melode
unknown miormation pertammy 10 the structure age, bmder tvpe. cover depth,
density. ete. ‘Thus information gained about a structure {as has been shown by forensic

testing especially) will only benefit the repair process and improve practice.
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Also key to the cortect application of remedial migasures is the understanding of the
full consequence of ultimate structural failure. The ‘relevance’ of the loss of use of
the structure mvariably has an impact on repair philosophy, in that in may be deemed
unnecessary 1o repair something that s not wtihsed, whercas o heavily utilised
structure may seem more 0 need of urgent repair, Table 7-3 shows examples from
this work.

Table 7-3: Examples of structures with different nsage regquine ments.

Location Laaiplek Hout Bay St Helena Ray Saldanha Bay |
Structury Western | Narthern Mol detted Crevversintent Jetie
fivealwater Furiing Bay
fi Ll e 5 Lerws fo mergher cage Low Maodlerete Hiph
| Reason Lany. fsolafed | Stenctiee hod Becreationa fetty, | Comorcial fei,
STPHCTHE, coffeapaeed wirhons e feority heguily wilised
predaminainly AR change lo HErsed

HITSE oo e

faarberar Hsage

The repair needs of a heavily utilized Jetty, such as Gevernment Jeity in Saldanha
Ray, arc different to these of the Western Breakwater at Laaiplek, becavse of the
differcnee 1 day-to-day use, the likehhood of encountering full loading as well as the
risk o human life il structural failure were 10 accur. The repair of the surface concrete
damage at the Laaiplek locations is more of an aesthetic function than one that has

serious struetural sipmificance.

The wvarious factors that impact upen repair choice, such as the comscguences of
[atlure and the available budget would aflect the mlationship between the level of
dumage that 15 recorded and the actual repair level that is implemented, Thus the
application of remedial measures cannot be simply reduced to a linear function
whereby the egreater the assessed damaged. the ureater level ol repair that s
mplemented on site. The approach used by the enmnecr should incorporate all

relevant tactiors.

In some damage detection systems {such as the method proposed by Andrade -
Chapter 2.6.4} there is the opportunity for the engineer to rate the relevance of the

assessed damage In 4 matnx system to ascertain which structures are most in need of

repair.



7222 Repeaiing ‘ofder’ desivny I now consiruction
An interesting example of “repeat” construction, in fact ‘repeat’ repair method. is the

repair of Jetty 2w St Heleng Bay (Chapter 7,120 Original repair works m 1977
invirlved the removal of cracked concrete areas and the coating of the “reinforecment”
steel (large R8T scctions) with cpoxy tar, and then covering with o Javer of new
concrete. Corrosion of these large sections had resulted in targe scale cracking and
spalling of the cover concrete. and 1t s interesting to note that the new repair methods
mvolved the application ol fresh comerete i the lorm of gunite/shoterete as a
protective biver (implyimg that the most efficient protection to reinforcement in
reinforced conerete is in fact more conerete), The patnt here is that the original repair
works are being ninucked by the engincers. with ninimal incorporation ol new

products and methods.

Unfortunately there exists a mindset at the core of some engincering philosophics that
it repair projects, i is sTmply etoueh to replace what was mitially constryeted and not
to melude advancements 1w knowledpe that may have occurred since the original
conception ol the particular structwe. Whilst it is acknowledged that perhaps the brief
lor the Tepalr project may teguire no more than a repeat of the orginal construction.
the lailure on the part of the engineer 1o be able to adequately incorporate modemn
methods and materials could unnecessarily disadvantapge the future pertormance of the

structure.

223 Combinmtion of new and aged veinforced concrete elements

Table 7-4 shiows examples of the use of new and aged reinforced conerete elements in

the four contracts presented in this thesis.

Taldle 7-4: Uhe combination of new and existing clements

Location Laaipiek Hout Bay ' St Helena Ray } Saldanha Bay
Meseription el poateds Ehefsrfaned e s iy ' Crtgridif e wopky fo Piles heads re-
FEpriey 1) e regaived o Rew EXTSTE Shebe e Socketed ar
P, sgrear fes b Bailt et Sothr 2, Pepper Bay and
Replacomein af it e exiviing . Consiraction of a Eoprerir fentics,
sos slahy 1o aorthers miode | new deck upows | Patell sepairs 1
WS PR existiy piles ot Sinavertnient Jedly
frgdaaler i Senir ! |

The nuture ol the development of infrastructure such as ports and Darbours s that at

aly given time there will be o large range of structures of different ages. The varying
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demand of the shipping industry requires structures to he adapted and altered. and
with this change comes the combination of new and existing reinforced concrete

elements.

From a durabality perspective, Lhis can create confusion as sampling methods are ased
o assess the structures/locations as a whole, Ar Saldanha Bay. cores extracted from
an ¢dee beam on wop of the Trawler Quay revealed two very different types of
concrete resulting from a patch repair that had previously been performed on the
structure, Different matenals in different clements  lcad to different rates  of
deterioration, and caulion must then be Laken Ly ensure thal an aceurale assessment of

the entire structure 15 used 0 miorm rehabilitation decisions.

Omn a smaller seale, the tmplementation of pateh/partial repairs Lo elements results in

similar *composite” steuclures,

The patch repairs to the breakwaters of the Laaiplek harbour provide a good cxample
of this, where the worst locations of damage are being ceplaced with new “patches” of
fresh conerete, The hkelihood of failuee of such mathods is noted in the (iest chapter
of this wortk. owing (o Lhe probability that “mcipient” anodes will lorm adjacent (o the

new concrete, and corrosion cells could then be formed at an carly age post-repair.

The works that were implemented at 5t Helena Bay Harbour at Jetty 1 also provide an
interesting example. Upon initial investization, it was clear that previous repair
methods. sach as pateh repairs had failecd. The deck and beams were removed from
Lthe jetty, demolished and replaced with a decking svstem comprising precast ¢lements
as well as in situ cast elements, built upon the original piics/colunms (Sce Chapler
7.1.1). "The future performance of the structure as a whole will be more complex o
assess as nol only wall the dillerent elements of the structure be at different apes, the
likely diflerence m conerete guality between precast and in situ clements will affect
the performance in terms of durability (as was suspeciled with the Government Jetty al
Saldanha Bay). Of course. this situation would be even more crilical had the engineer

decided to retain some of the beams that were tested for chlorides.



L2224 Link between binder fupe and durability

The choice of binder type 18 impartant for imaring conerete and bears some discussion.
In chapter 4 the concrete specifreations detailed in the comract documemation
required an extender (either Fly Ash — I'A or Ground Granulated Blast-lurnace Slag

GOBSE 10 be used n comunction with Oredinary Portland Cement (OPC) for
remnforced concretes. The detail shown on the contract drawings, however, staled a
i compressive sirength and an aggrepate size {eg. 45/19) It s common
pracuice to hase concrere specifications on these values alone, L. an eopmecr will he
sabislicd with the conerete mix provided it has the preseribed strength at 28 days.
Thus 1he actual concrete properties. hased on preseriptive specifications, are assumed
and not measured (e the engineer has little proof that FA or GGBS are actually used

on site’h,

Tuable 7-5; Bimler rype/compressive strength requoirementy

Location - _Laaiplkek i _Huout Bay St liclena Bay | Saldanha Bay
Cement ERTERY I 3072 or 50510 TR Referre e mode
conlenl/compresseye ! frn vfcrickired
strength e et
RTTTARE T FuuIE ‘ f specificarions

I'he specified concrete strenpth requirenients varied across (the contracts, ranging from
40 MPa to 530 MPa. This relatively bigh strength requirement comes irom a durability
rather than a structural requirement, Tradivonally the expected perlormance ol a
rettkorecd conerete structure in terins of durability has largely been hased on the
cement content of the conerete mix, This corresponds to a high compressive strenech,
and thus a traditionally “acceprable” method of specifving for durability has been by

reguiring a mibimwn cement content. or compressive strength thal must be attamned.

In the existing structuwres, the Government Jetty that was investioated at Saldanha bay
gave wood support for such an approach, where the chloride penetration Jevels of
members suspected to he precast were lower than those deemed (o he in-situ
members. Whilst [ull compressive strength lesting was not performed, it would be
expected that the precast elements would have a higher cement content than in-situ
pliced concrete. The age of the struciure would indicate that it is hikely that Ordinary
Portland Cement would have been used as a binder. However, it should be noted 1hat

in at least ome structure it was suspected that a blended binder was being used.



At 5t Helena Bay, the cores extracted from Jetties 3 and 4 were sent for analysis to
determine cement content. and the results were higher than the usually assumed value
(360 ke/m' and 400 ke/m' compared to 300 kg/m®). The chloride results for these
cores were also beter than expected, showing the influence that cement conient can
have on the durability of reinforced conerete, [t is to be expected that more recent
structures using a minimal cement content could potentially pertorm worse than older

structures, thereby ruling out age as the main factor governing repair.

As advances in conerete technology have been made it is clear that there is more
invidved in achteving durable concrete than simply including a high cement content
I'actors such as binder tvpe, curing, porosity. exposure conditions and cowver
contribute grzatly to the durability of a conerete, and thereby discount the nwthod of
specifying for durability from a strength only perspeetive. With the choice of binder
type especially, coneretes can be made significantly more durable with mimmal exira

expensg. bul it see s that this is given little prominence is current practice.

L2235 Coverto reinforcement
The cover specifications for the RAMP contracts investigaled in this thesis are shown

in Table 7-6. and while three sites use a standard of 60 mm, 5t Helena adopts a 73

min cover as standard,

Table 7-6: Level of cover

__ Location Laaiplek 1oul Baxy S0 Uelena Bay Saldanha Bay
Cover Al ae IFRET fit) winr — prevoost it
requirements ) Timmwm  ther

The most cconvmuical protection of steel in concrete is often regarded as being more
concrete. The practicality is. however, that it is offen difficult during construction 1o
achieve good cover consistently. The nced tor large cover depths becomes less

impaortant as the conerete quality is improved.

The various tests on existing structwres uncovered some serious [ugiuations in cover
in use across these sites. Locations such as the Jetnes at 5t Helena Bay rovealed cover
depths of less than 30 mm on occasion. In comparison, the specified cover in use

within the repair works programme at that Jocality is in exeess of 75 mum,



The chloride protiles lrom both St Heleny and Saldanha Bay indicate that cover
depths of less than 30 mm should not be used for marine concretes, unless specitic
binders are used to address durability considerations. A nwore conservative value of
Taimm is recommended. as it seems unlikely that this will incur much extra expense
when lactoring In fiure repairs into the budgeting svstem. As an example. a 30 mm
increase n cover depth to a 500 mm slab inercases the required conercte by a mere
12%. However. it must be noted that simply adopting a larper cover depth and
iznoring concrete material properties such as appropriate binder types will not result

n a durable structure,

7220 Use of o repair pirlosophy
Table 7-7 gives a summary of Lhe repair philosophies that have been gleanced from this

work. The philesophy of repair at Laaiplek Harbour was such that little forensic work
was perlormed and standard repair works were specilied. Similarly a1 Hout Bay, it s
apparcnt thul the repairs thut were perlormed were dnven by a structural nature. as

oppesed o concrete material considerations.

Table 7-7: Description of reneral repair philosophics

Loculion

Lagiplek

ilont Bay

%1 Helena Bay

maldunha BH}_

Deseription of
general repeir
philosophy

Cleasirfivitiion of
PECONETITN i
cirned poataofn
FUprcies; sinimal
Fepate periiemed
B very exposed
site. Sunre we of
repoe prcdnes
Jar surfoce
freset e il

Steichuaed o of
e il repnale
IRy e,
fiaus e o
HOW CORsirietiom
Bosedd on
stevctiral
PEGHIFEIEIIE (25
aipmeased ter
craterete medterial
Feprair

tir edepiks
FRVEs iz s,
AIHTE COREe Vo iy
clewigny specified
Litrde i arny wse af
rerale prodec ™

L ffries mareds io ades
bhewht fiensic and
S TSR,
seamne frell
OIS RN o,
frut cil¥ed Seamne
‘i buving”
wmethods adoped
Extensive volinne
LHT PENE
oty

*# Repair Products: Surface |reatments, Grouts, Repair Mortars as shown in Table

4-5

AL St Helena Bay cflort was made 1o inderstand the material characteristics of the
structures that were being repaired. At this site there was also the tendency for
conservalism m desipgn, us they specilicd the highest level of cover to now structures
and did not incorporate the use of conerete repair products or specifically recommend

particular binders.

720



The Saldanha Bay contract spent time and money on forensic invesligalions, and
milised the latest repair products in their specifications. Account was made lor the
future performance of the structures. Methods applied at Government Jetty, lor
example. would suspend deterioration by ten years, when il was suggested that more

repair works would be needed.

The adoption of a repawr philosophy 15 suggesicd as a mwans of assessing and
implementing repalr projects from 8 holistic perspective. There is a danger m
individually dealing with damaged areas in thal it s possible 1o lead 1o a situation
whereby parts of a location or structore are repaired to a much higher level than
others. Such unevenness in approach. while maybe sometimes necessary or expected,

15 not suggested as a sustamable solunon.

Connected 1o this is the guestion of whether 1l s better for a gronp of structures to all
require maintenance at the same Gme, or rather o be able to spread the mantenanee
cost over a number of vears. This would depend on what svstem (If any) is put in
place by the owners of the structures o meel the budget requirements of a
mainlenance programme. Tt 5 the opinion of the author thal # is very rare thal such
maintenance considerations are made when the structure 15 designed. Typieally, it
bascd on anything, design philosophics are time based: ic. it would be regnired that
the parucular stroctures reguire no mmnienanee lor the specificd number of years

atter the repair works are perlormed.

7.2.3  Implementation/ Execution

P21 Cndidunce aird divection from Comtract Pocamentation

Table 7=8: Contract documentation evaloarion

__Lacation _ Laaiplek Huout Bay St Helena Bay Saldanhs Bay |
Projea Srondardf SA8S . Steadurd 8488 Stonchoprd 5485 Steackard 5488
Specificatiaons f200 : f2u0 £200 P26 N
Particular Fhe soee for ol The semae for all The seme fror aflf The xaeme for all

specification

cmtrocts with
PRERG it

U Wi
i el

craRbFecly with
s colit il

cerrtraets with
v eoditing

Lonstruetion
drawings

il camnd
referfivedy bosic

U feeer sonved
reclativedy hasic,
innciuched
ifferantive
TR

Feteaited,
RN N

euplanivienf olardy

i concisedv,
fracfuctoed
O U
S iy

oo, acdegriote
Sor the
LIS Tt [
Wrarks.
fncfvidedd dhevail of
frosd Consteeiion
cied repcai Wik
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The guidance and mivrmation that s relayed 1o the people performing the repair
works s eritical, In the form of drawings or contract documents, i s cructal that
enough relevapt information be given to allow the peaple responsible for the physical
application of the works to do an adequate job. Repair methods such as pateh repairs
require specilic atention to detail or the preparation of the existing concrete. wnd

incorreet procedures will result in the faikire of the repair systen.

It is scen in Table 7-8 that many of the specifications and deseriptions of works that
are given o the contraetors are simply copled from contract to contract and drawing
to drawing without heing given proper cvaluation. 1t 1s likely that the contractors on-
site, and cspecially the artisans putting the work to hand, will nov have access to the
full set ol project speciiications. Thus the commumication ol relevant milbrnaiion and
nstructions are critical to the suecess of the repair works, especially those that involve

very specific procedures,

The difference in level of detail between the contract drawings {at 5t Helena Bay and
Saldanha Bay cspeeially) is notable. While the drawings from the How Bay and
Laaiplek contracts thoth produced by the same engineering firm) are of & relatively
basic nature. the drawings at the other two locations show more detail and relevant
information, showing thm differcnce in engineering standard and opinion can even
exist between two project teams within the same consultancy. [his shows the
mdividual nature of cach contract, and how personal style and prelerence can impact a

repair contracl.

2232 Cality caontrol of concrcie o site From o dirability perspeciive

Table 7-9: Site snpervision

Location Laaiplek B _I.-I.{mi_lay | 5t Helema Bay Saldanha Ray
Theseripiion o sike | Hewrdden visie by LAl ifivel Fogralar visitg by Al frend cveed
SUPETVISIon Tecleician ia Fueg et e Enaineer In S perfeAce senior

by | Bumiacer on sife | S Fginges on sile

There 15 a noticeable trend in currentl practice {reflected at the 5t Helena Bay and
Lagiplek sites) lo move away f[from having permancent coginecting  consultant
representatives based on-site. At Hout Bay and Saldanba, lovwever, it was decided 1o

have resident engineers on-sile permanently.



Another method of improving quality contral on site. 4 method not present i these
RAMP contracts. 15 Lo introduce performance-hased specilications into the contract.
At present it is net standard practice to include criteria in the contracts in which
concrele can be assessed from a durabiliny perspective, as opposed to strengih criteria.
It s performed occasionally by the confractors at the request ol the consultant. but
until it is enforced in regular specifications, there s little control of what the
properties actually are of the concrete that [s being produeced in these repair contracts,
A petformance-based specification. perhaps cven ancentivised as a pavment item,

would contnbuate greatly (o ensurng a high quality product.

TR Friad Repairs

The only mstance of trial repair evident within these contracts was the trial corrosion
nhibitor testing ar Saldanba Bay, despite i staling i the contract documents that the
testing ol repair methods 15 mandatory. Soch “short cuts” By contractors will only save
them marginal time and expense, but will cost the consulting engmeer invaluable

mlormation. 1tis strongly recommended that these trials be enforced on site.

7.2.4  Monioring Asscssment

F241 Future performance of repoir measures
Repair contracts typically have very hittke provision lor the Juture monitoning of the

repailr works that have been implemented. By revisiting the sites at some future date.
lessons can be learnt as o how the various repair measures have performed, and this
can in turn help to puide the fulere application of such repair technology., In many
technologics, for cxample wilth cathodic protcction, clements thal allow for future
momtoring of the strecture can be buill into the repair works, The point here is that
with proper desion and cxecution. the repair works should have somie sort of

guarantee o performance.

Along  with such a provision comes the opportunily  for the consulting

engineer/specifier, manufacturcrs and contractors to be held accoumable for the



performance of the wpar wechnology, 10 performance 15 measarcd, and found o be of

an unacceplable gualty, pavment ¢an be withheld.

7.2.4. 2 Future maintenance planning
The RAMP project came about as a result ot the little or no maimtenance to the

harbours for nearly twenty years, It would then tollow that future repair’maintenance
requirements would be part of the repair methodologies used by the relevant consults.
However, the projeets and methodologies that have been investigated in this work do
ni show such provision, cxcept perhaps at Saldanha Bay, It is unfortunately then

like ly that this situation will ve-occur,

F243 Cost effectiveness in repair contracts
[neorrect repair specification and improper execution of ¢ven correctly  chosen

methods will result in silualions where not only will the work have o be redone, but
this will have 1o happen a1l an even greater expense to the client, as it 1s lkely that
dumage will have progressed even further By that stage, T s a commoniy held belief
that mare moncy spent at an carlicr stage on a higher *level” of repair will resull in a
higher guality end product which will last Jonger. This is not always true, and simply

allocating [unds Lo a repair progect will ot neccssarily improve 1ts chances ol success,

Commaon practice gleancd from these four contracts tends to the conservative side,
[avourng ‘[amihar’ repair methods as opposcd W0 more cxpensive nsky techoologies,

csprcially those that do not have a bistory el use n the surrounding areas.

Whilst the full costs and budgeis of these contracts were nent available to this rescarch,
what was cvident was that finance was the major driving factor in the decision process
for repair. From the vutset, the EAMIP programme was initiated as a result of the
mijority of the strictures that were 1dentified not having had any signilicant
mmaintenance work o almost 20 years, U 18 surpnising then, that wath these large
cottract values (RS milbon o RI3 millwon), more money isn't bemg spent on

adeguate [orensie myvestigation and repair tral lesting.

Even on a smaller scale, smany of the decisions that were made in the individual

contracts were financially based — an example is letty 3 and 4 where remedial
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7.3.3 St Helena Bay
At St Helena Bay it appears the approach was more conservative in nature. While this

contract had the lowest concrete strength requirements of the four, the adopted cover
for new structures was above average as well as the tendency to replace versus repair.
The repair works also benefited directly from the information given by forensic tests
of specific structures. Very little if any repair products were used, and the information
and instruction shown in the construction drawings was of a high standard in

comparison to the other three contracts.

7.4 The Anatomy of a Concrete Repair Contract

Successful repair contracts require inputs and decisions at various levels throughout
their timeframe, and ignoring or overlooking relevant factors will lead to poor repairs.

The flow chart that is presented below represents the ‘structure’ of a repair contract,

from inception to implementation.
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STAGE

CONSIDERATIONS

IDENTIFICATION OF
REPAIR NEED

AVAILABLE BUDGET

GUIDED BY INDICATORS - MOSTLY VISUAL

USE OF INSPECTION PROGRAMMES

ASSESSMENT OF DAMAGE

FORENSIC TESTS, E.G. CHLORIDE PROFILING, CORROSION
RATE MEASUREMENT

UNDERSTANDING OF DETERIORATING PROCESSES

UNDERSTANDING OF EXPOSURE CONDITIONS

RELEVANCE AND EXTENT OF DAMAGE

DESIGN

REQUIRED LEVEL OF PERFORMANCE

CONSEQUENCES OF ALL OPTIONS - INCLUDING DO NOTHING

LIKELY FUTURE PERFORMANCE OF REPAIRS

CONFIDENCE/TRACK RECORD OF CHOSEN REPAIRS

AVAILABLE BUDGET FOR/COST OF REPAIRS

FUTURE USE OF STRUCTURE

FUTURE REPAIR/MAINTENANCE PLANNING

IMPLEMENTATION

ON-SITE QUALITY CONTROL

REPAIR TRIALS/ EARLY TESTING OF REPAIR QUALITY

MONITORING

EVALUATION OF LONG TERM REPAIR PERFORMANCE

ADEQUATE MAINTENANCE PLANNING

FUTURE ASSESSMENT FOR SPECIFIC DAMAGE

Figure 7-6: Repair Philosophy

7.4.1 Identification of Repair Need
The identification of the repair needs will most often be guided by the

available budget for inspection programmes, and these programmes are based

mainly on visual indicators. This was the case for the structures that were

repaired under the RAMP programme. Key to this stage is the level of

expertise of the person responsible this investigation. An understanding of

common damage mechanisms is vital,
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7.4.2

743

7.4.4

7.4.5

Assessment of Damage
Once these structures have been identified, a fuller assessment of damage must

be performed: it is not enough to rely on the initial visual survey alone. The
research in this thesis has shown the value of forensic testing in understanding
the damage to structures, and also informing repair methodology. Where
necessary external expertise (from researchers, product manufacturers, etc,)
should be consulted in order to ensure a full understanding of the deleterious
mechanisms. The damage to the structure must also be evaluated in terms of

relevance and impact on future usage.

Design
Numerous factors must be considered fully in the ‘design’ phase, not least of

which is addressing all the available repair options. In the RAMP repair
contracts it seems the one option in particular, patch repair, was favoured.
Each option should be considered in terms of practicality and likelihood of
success. Invariably the budget of the programme will affect the level of repair
that is implemented, but the effects of adopting less expensive methods should
be assessed and presented to the client. Consideration must also be made for
the future, addressing ways in which the repair methods can be tested for

success and giving a prediction of future repair needs where possible.

Implementation
Once the work is put to hand on-site, it is important to be able to monitor the

quality of the work. While two of the four contracts in this work have not
opted for full time supervision, it is still something that should be mandatory
on repair contracts, depending on size and complexity. The testing of repair
works is also something that should be included as mandatory, wherever

possible.

Monitoring
The repair works should be evaluated some time after implementation to

assess the level of success. Regular inspection and maintenance should be

performed on the structure.
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Both figures show a number of important factors that are to be considered in all
phases, particularly upon the ‘decision’ phase. One of the most important of these is
the input that can be provided by the detailed assessment and understanding of the
damage processes at work. Also prevalent in both figures is the need for the
consideration of future requirements for repair and maintenance. The realistic
performance of the repairs should be evaluated and accordingly factored into the

recommendations made by the engineer.

Unfortunately the limited budgets that are currently available for infrastructure repair
in this country are a limiting factor in the decision process. The adoption of a working
strategy for repair will help avoid unnecessary spending. Thus an overview of the
process such as is given in these two figures is suggested for consideration in planning

and designing repair works to reinforced concrete structures.

One manner in which repair systems could be improved is by standardising the factors
that are being used in decision making process. A predetermined set of checks that
should be performed on the structure in order to fully assess the damage is already
commonplace in engineering practice, for example with condition survey diagnostic
sheets. A checklist approach to the whole process, however, would help to prevent the
possible overlooking of critical aspects of damage, but also help to consider other
aspects such as alternative repair options and future maintenance, ignored due to

simple forgetfulness or even inadequate training and education.

At present it is common practice to use standardised inspection sheets for assessing
damage, but there is no clear way forward from this point. Engineers are then left to
use their own judgement to decide upon which tools, if any, are to be used to further
investigate the structure to help gain a better understanding of the damage and

necessary action.

It would be dangerous, however, to adopt a blanket approach and give
recommendations for remedial measures from a single viewpoint. The nature of
reinforcement corrosion in concrete, as has been discussed in detail throughout this

thesis, shows that each location should be treated individually and uniquely. What is
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suggested, instead, is the use of a ‘checklist’ approach, in order to ensure that no
possible areas have been neglected or overlooked. This would not be a governing
document in a contract, as it is possible for this to be limited and outdated as new
advances are made in the concrete field, but it is to be used as a suggested guideline

for inspection, assessment and repair decision making.

The use of such a systematic approach also creates a transparency for the client to be
able to see how the adopted repair philosophy has impacted the repair contract. For
example if the philosophy is to apply minimal repair works to a structure at lowest
expense in order to prolong it’s life by five years, the level of assessment, forensic
tests, choice of materials and repair methods, implementation on site and future

maintenance and monitoring requirements will all be attuned to that philosophy.

Alternatively, if the repair philosophy incorporated an uncapped budget to
repair/rehabilitate a structure for an indefinite lifespan (for example a historical
structure), the implications of this would also effect all decisions throughout the repair

project and not just in the adoption of more expensive methods of repair.
By adopting a repair philosophy at an early stage and understanding a repair contract

from this ‘strategy’ overview, repair contracts can be managed more efficiently and

decision making processes will benefit directly by revealing clearer repair objectives.
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7.5 Conclusions

The objectives that were set in first chapter of this thesis have been fulfilled. The
literature review presented in Chapter 2 gave detail regarding the fundamentals of the
repair of reinforced concrete in the marine environment, and served as a base to which
reference could be made when discussing the various repair strategies that had been
performed at the four sites. Detail was included of investigative methods and repair
strategies that were not adopted, such as Corrosion Rate Measurement and Cathodic
Protection, but this was necessary to understand what other options were available but

overlooked.

A review of the Contract Documentation was performed in chapter 4 and it soon
became evident that while similar (if not identical) project specifications were used
for the contracts, the difference in detail and description of the construction drawings

existed between all four, even between two contracts involving the same company.

Chapter 5 presented a survey of the works performed at each site, and began to show
the differences in approach: at some locations ‘conventional’ patch repairs were
adopted, while at others innovative surface treatment combinations were tested, and at
many locations demolition and reconstruction was favoured. Each contract summary
commenced with a table showing the locations of the repair works, the type of repair,
a description of the damage found, a description of the repair works performed and a

summary of the relevant specifications.

Forensic tests performed at Saldanha Bay and St Helena Bay were presented in
Chapter 6, and not only did these tests provide more information about the state of
deterioration of the reinforced concrete elements, but they also gave guidance as to
what repair methods would be most suitable. At Saldanha Bay the repair trial of a

corrosion inhibitor in conjunction with other surface treatments was performed.

The results from these forensic tests were discussed and compared in the first section
of chapter 7, after which the four contracts were critiqued and evaluated in terms of
repair methodologies. This compared the differences in the four contracts at various
stages, ranging from initial investigations to detailed design and ultimately execution

of works. Marked differences were discussed with specific reference to improving
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current practice. The chapter closed with a brief summary of the four contracts, and
presented an outline of a typical repair contract giving important considerations that

must be addressed at various stages.

In general, the evaluation showed that there is room for improvement in current
practice. There are inexpensive and relatively ‘quick’ forensic tests that can directly
enhance knowledge and guide repair decisions that are not being utilised fully. The
contract documentation does not fully address the individual contracts, but rather uses
outdated specifications repetitively without incorporating the ‘state of the art’. The
repair methods chosen often seem to be a copy of existing repairs which have failed,
and some repairs which have doubtful track records (such as localised patch repairs)
are still being used regularly. Despite specific instructions in the contract regarding
trial repair testing, this is not commonly found in practice. Thus it is felt that the
recommendations made in the following section will improve current practice and

certainly make repairs more durable and likely to succeed.

7.6 Recommendations

7.6.1 For Repair and Rehabilitation Contracts

e (Corrosion Inhibitor use — combinations
The testing in this thesis showed that the use of a corrosion inhibitor is
improved in conjunction with a hydrophobic surface treatment. This allows
the inhibitor to penetrate to a greater depth, in this work 50 -70 mm.

e Cover depth
While specifying cover without accounting for binder type and other material
properties is dangerous, the chloride analysis results in this work showed that
in existing concretes (typically plain OPC), chlorides were able to penetrate in
quantity (above 0.4% by mass of binder) to a depth of at least 50 mm within
the serviceable lifespan of the structure. More research is needed in this
regard, but the cover used for new reinforced concrete elements in the St
Helena Bay harbour repair (75 mm) is encouraged. This value could be
modified if blended binders were incorporated into the concrete mix design.

e Failure of existing repairs
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Instances of failed repair works have emerged in this research, but similar
methods are still being specified, in particular some patch repairs. Caution
must be taken when prescribing such methods — the reasons for failure should
be investigated and addressed in new repair methods. Simply replacing ‘like’
with ‘like’ without proper investigation and analysis is not sound engineering.

e Contract Documentation
This research showed that the copying of standards across contracts was
common, but there is a marked difference in the level of detail shown of the
various contract drawings. It is recommended that all relevant information
pertaining to repair works, products, material information etc. be included in
the contract drawings.

e The use of forensic testing in remedial measure specifications
The direct benefit of using forensic testing such as chloride profiling for
informing repair decisions has been shown on numerous occasions. Not only
are the tests capable of indicting the level of damage in a structure, in some
instances guidance has also been given about which repair method to adopt.

e Anatomy of a repair strategy/proposed checklist for repair projects
A checklist approach as well as the holistic adoption of a repair philosophy
has been presented and is recommended for future contracts.

o Combining existing and new elements
The effect of combining old and new concrete elements has not yet been fully
assessed and care should be taking when assessing such ‘composite’
structures.

e Trial repair tests
The tests performed at Saldanha Bay showed that it is possible even in
locations with limited access to perform trial repair tests that inform repair
processes and decisions. While mandatory testing is included in the contract
documentation, the reality found on site is that it is séldom put into practice.

o Performance based testing |
The need for systems that allow the performande and success of repair
methods to be quantified and assessed has been noted. The inclusion of such

methods as payment items in contracts would em?ure a higher quality end
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7.6.2

product. It could even be included as an incentive to the contractors,
encouraging better workmanship.

Site supervision

The tendency of sites not to have a permanent resident engineer is evident in
two of the four contracts. While the effect of such on-site control is hard to
measure, the lack of such measures can only result in poor quality repair

works.

For Further Work

Surface leaching

The possibility of surface leaching and the effect of chlorides and corrosion
inhibitors to migrate out of concrete were suspected in tests performed in the
work. Further investigation could prove useful in this field, in order to confirm
the original assumptions.

Assessment of current repair works

An assessment of the performance of the current repair works, made at a later

date (>10years) could prove extremely valuable in guiding current practice.
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9 Appendices (in CD format)
9.1 Saldanha Bay Harbour Forensics

9.2 St Helena Bay Harbour Forensics
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