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Abstract

Current techniques for selecting reinforced concrete repair materials are often based on ad-
hoc methods for specifying repair material properties. The inherent lack of understanding
of material behaviour in this approach can lead to premature failure of repairs.

This research has examined state of the art methods for repair material property
specification and has developed a technique, specifically for application in a computer
program, which recommends optimum repair material properties tailored to given repair
situations. The technique developed achieves compatibility between the repair material
and the substrate concrete through a sophisticated balancing of those repair material
properties identified as important, specifically; elastic modulus, shrinkage, creep and

tensile strength. Adopting the developed technique minimises the possibility of failure of
the repair material.

The developed repair material property selection technique is seamlessly integrated into an
expert system for reinforced concrete bridge repair also developed as part of this research.
A technique has been produced to quickly elicit the complex decision making process of
reinforced concrete experts and represent their information in a computer program.

The developed expert system diagnoses the causes of reinforced concrete defects.
Importantly, the program utilises its in-built intelligence to determine if the severity and
extent of the defects identified warrant genuine concern.

In order to facilitate efficient inputting of data into the expert system by prospective users,
an elemental graphical interface was developed, allowing users to quickly assemble on-
screen three dimensional representations of the affected concrete elements. Thereafter,
program users locate areas of defects onto the on-screen concrete elements and the inputted
data can be interrogated by the expert system.

Adopting the mainly graphical approach of data input, the expert system diagnoses
reinforced concrete defects, proffers prognoses for concrete elements themselves (such as
piers, columns, abutments), recommends testing regimes to confirm the expert system
output, and recommends repair techniques.

Should the recommendation of the expert system be to break out and replace defective
concrete, the technique to recommend optimum repair material properties, developed in
this research, will offer its recommendations.

The developed expert system for reinforced concrete repair acts as an expert guide through
all aspects of bridge inspection and repair. For the assessment of defects it draws together
best practice recommendations from literature and experts. For the recommendation of
repair material properties it implements the technique developed in the research.

The completed research has been incorporated into a commercially available bridge
management system (www.bridgemanagementexpert.com).


http://www.bridgemanagementexpert.com
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Chapter 1 - Introduction

1 Introduction

Chapter objectives

o To introduce the research
o To discuss the aims, objectives and methodology of the research

o To describe the layout of the thesis

1.1 General

An expert system for concrete repair is an intelligent software adviser that can assist an
engineer across the range of activities involved in the concrete repair process, specifically:
o Inspection
o Diagnosis
o Testing
o Repair ﬁlethods
o Repair materials

o Prioritisation

Expert systems, also known as knowledge based systems, are software programs which

employ logical reasoning instead of quantitative calculations in their processes.
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1.2 Objectives

This research develops a software expert to aid reinforced concrete evaluation and repair.
Existing expert system and knowledge based system development tools will be used to
develop a program to diagnose concrete defects. A method for assessing the severity and
extent of reinforced concrete defects will be developed to work seamlessly with the defect

diagnosis component.

Crucially, a routine will be developed, based on state of the art research, to recommend the

properties of materials for reinforced concrete repair.

To the best of the author’s knowledge, this is the first attempt to create an expert system
for concrete repair with the intelligence to judge (and consider in its recommendations) the

severity and extent of defects.

The aim of this project is to develop a software system to provide decision support for civil
engineers involved in reinforced concrete maintenance. The system will upgrade the

performance of engineers and enhance and verify their decision making.

1.3 Methodology

Rules and guidelines for reinforced concrete repair are poorly structured. The collation of
these rules into a knowledge base requires the input of well qualified experts. This has
been achieved in the thesis and as such, knowledge in this domain is well suited for

2
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exploitation in an expert system. Conversely, the calculation of suitable properties required
for satisfactory performance of repair materials for reinforced concrete repair is purely
mathematical and can be handled with standard algorithmic programming. Problems which
can be solved heuristically only, are suitable for use in expert systemsl, therefore, the

approach of this project will be to address the selected problems with the appropriate

software technology.

The system will be formed by three key modules each working together seamlessly behind
a front-end bridge management system developed by a collaborator. A heuristic expert
system module will diagnose concrete defects and recommend tests and solutions. An
algorithmic system will asses the severity and extent of defects. A second algorithm based

system will recommend repair material properties.
In order to satisfy the objectives of this research the following key tasks were performed:

o Knowledge acquisition sessions with professional experts

o Heuristic system development

o Severity and extent algorithm soﬁware development

0 Repair material property recommendation algorithm software
development

o Interaction with bridge management system development.



1.4 Layout

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Lnapter 1 - Introauction

General introduction to thesis and discussion of research objectives and

methodology.

A review of the key domains relevant to this thesis, specifically: bridge
management, concrete defects, defect identification, and concrete repair.
This chapter also includes a brief review of existing prototype expert

systems in this domain.

This chapter contains an extensive literature review on current thinking
regarding patch repair of reinforced concrete. It establishes known
misconceptions amongst practitioners and highlights new research thereby
establishing a sound theoretical basis on which to develop a system to

recommend optimum repair material properties.

Presents the development of an analytical procedure to recommend
optimum properties of reinforced concrete repair materials. The technique
developed is exploited in a computer program integrated seamlessly into the

expert system for concrete repair.

Develops the diagnostic expert system for reinforced concrete repair and the

tools to assess the severity and extent of concrete defects. The chapter



Chapter 6

Chapter 7

Chapter 8

Chapter 1 - Introduction

establishes the knowledge acquisition processes and how the knowledge

obtained is interpreted and coded into the software.

Reviews the completed expert system, which is embedded into a bridge
management system in order to fully computerize concrete structure
maintenance, from inspection to repair. The chapter discusses how the
software modules developed in the thesis are practically applied in the

expert system.

Reviews and assesses the research, discussing the conclusions drawn.

Discusses future research efforts and ways the system can be updated and

expanded.
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2 Reinforced Concrete Bridge repair: an overview.

2.1 Chapter Objectives

e Discuss reinforced concrete repair

e Discuss application of expert system technology in reinforced concrete repair

domain

e Identify existing expert systems in field of concrete repair

2.2 Introduction

In the UK, there are over 50,000 bridges constructed from reinforced or pre-stressed
concrete’. Those on motorways and trunk roads in England fall under the jurisdiction of
the Highways Agency3 and similar agencies are responsible for structures on such roads in
the rest of the UK. Bridges on local roads are the responsibility of local authorities.
Concrete was once considered to be a durable material requiring little or no maintenance™”,
however, it has been recognised for some years that concrete is susceptible to degradation
caused by aggressive chetﬁical attaclf and adverse reactiohs to the natural environment®. As ‘
a result of deterioration, bridges can become aesthetically unacceptable, deterioration can
lead to faster rates of further degradation, the service life of structures can be reduced and
in severe cases the structural capacity of structures can be affected.

In his study of 200 concrete bridges in England, Wallbank® classed 114 as being in fair
condition and 61 as having serious defects. More recently, almost one third of United

States bridges were reported as substandard’.
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Although modern structures can be constructed with inbuilt protection against commontly
known causes of deterioration, the vast majority of reinforced concrete bridges are over 20
years old. The replacement value of all UK concrete bridges is many billions of pounds
and as such, the only option for the preservation of bridge infrastructure is suitable

maintenance and repair schemes.

2.3 Bridge inspection

The purpose of a bridge inspection is to allow an inspector to observe and record defects
present on a structure®, Diagnosis therefore, is not strictly a part of the inspection process,
although the two are closely related. Current practise for the inspection of bridges in the
UK is set out in volume three of the Design Manual for Roads and Bridges’. Inspections
currently fall into four categories.

e Superficial Inspection : Cursory checks of structures whenever those with
responsibilities towards a bridge happen to be passing it. Any major visible
problems are reported to the bridge engineer.

e General Inspection : A visual examination of all parts of the bridge in order to
ascertain the condition of all elements. These inspections are undertaken every two'
years and observations are made from the ground using binoculars where
necessary.

e Principal Inspection: This inspection involves a closer examination of all parts of a
bridge. It is usually a surface inspection which can involve the use of access
equipment and traffic management. A principal inspection is completed every 6

years. A full report is produced from the inspection.
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e Special Inspection: A close inspection of a particular area or defect. Usually as a
follow up on a defect identified in a previous inspection'”.

Recently, the Highways Agency has decided to review the inspection procedures, and
implement new inspection routines to take account of the condition of bridges and bridge
elements in order to decide the type and frequency of inspections. This was to involve a
‘Benchmark Inspection’ replacing the current ‘Principal Inspection’. The Benchmark
Inspection would take place at intervals between 6 and 24 years depending of the reported
condition of the bridge from the last benchmark inspection'!. To date, the Highways
Agency have not replaced the current inspection procedures with these proposed ones and
there is no information indicating if the change will now occur.
Concrete bridges are required to maintain their serviceability over long 'periods of time'?.
Typical concrete, cast as part of a highway bridge, is unlikely to resist deterioration over its
design life (usually 120 years), and is likely to require repairing in order to maintain the
serviceable state of the bridge.
Figure 2.1 shows how a typical bridge becomes less reliable with age, and how regular
maintenance combats the fall in reliability. To counteract the loss of reliability with age,
concrete in bridges needs to be maintained and treated for disease whenever it exhibits
typical signs of distress (and occaéionally when there are no visible signs of distress). If
deterioration is not regularly arrested, the cost of restoring reliability becomes much
greater than a regularly maintained structure. Assessing the effect of short term
expenditure through regular maintenance on the long term financial costs of a bridge (or

any structure) is known as whole life costing.
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Figure 2.1 Typical optimum repair strategy"

2.4 Deterioration of reinforced concrete in bridges

The most common form of deterioration affecting concrete in bridges is reinforcement
corrosion'*">. Although concrete can contain moisture long after curing, and the micro
voids within the concrete matrix can also contain oxygen, reinforcement in concrete does
not usually rust. This is due to the inert barrier formed around it by free alkalis (usually
calcium hydroxide)™'®. However, if this barrier is broken, and if sufficient oxygen and
water are present, the steel reinforcement will provide anodic and cathodic sites, and the

. moist concrete provides the electrolyte necessary to initiate the electrochemical reaction
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whose end product is ferric oxide (rust). Corrosion causes further problems for the

symbiotic concrete/steel element!”:

e Reduction in steel area

e Corrosion products occupy a larger volume than original steel. This exerts
expansive pressure on the concrete causing cracking, spalling and delamination.
e The bond between steel and concrete deteriorates and the composite action of steel
and concrete is lost.
Any aggressive agent diffusing to the steel reinforcement is aided in its journey by
insufficient cover or areas of poor compaction.
Other forms of deterioration can also blight the performance of concrete in bridges.
There are a number of ways in which concrete deterioration can be categorised. One
effective way is to categorise three types of defects: early age, medium to long term,
sudden defects'®. Early age defects are attributed almost solely to moisture movement
during curing, but can also be the fault of poor mix design or faulty workmanship. Medium
to long term defects are often caused by environmental aggression and long term concrete
‘disease’. Sudden defects occur through fire, physical impact, seismic event, overload of

the structure or settlement of foundations etc.

2.4.1 Reinforcement Corrosion

Invariably, the cause of corrosion is an aggressor which breaks down the passive layer
formed around reinforcing steel, allowing the electrochemical process to take place. The
known aggressors that cause corrosion in reinforced concrete are chlorides and carbon

dioxide which diffuses from the air to neutralise the alkalinity of concrete.

10
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When the concentration of chloride ions exceeds 1% of the mass of cement in concrete, the
corrosion of reinforcement is inevitable’. Once corrosion begins, the expansive corrosion

products cause tensile stresses in concrete which lead to cracking and delaminations.

Carbonation in concrete is a reaction between natural or industrially produced carbon
dioxide in the air and calcium hydroxide dissolved in the pore water contained in the
concrete microstructure”. From the time concrete is cast, its surface zone is subjected to
attack from carbon dioxide continuously’. This gradually degrades the alkalinity of the
concrete which passivates reinforcement against corrosion. Therefore, carbonation is only
likely to be a problem in older bridges, areas of concrete with low cover to the
reinforcement, or poor quality porous concrete®. When the carbonation front reaches the
steel reinforcement, its passivation is dissipated and, in the presence of moisture and
oxygen, corrosion can begin.
Wallbank’s survey of 200 bridges in the UK found that 90% of bridges had a carbonation
depth of 5mm or less®. As such, in practice, carbonation is not as common a problem in the
UK environment as chloride ingress for the corrosidn of reinforced concrete. However,
carbonation is sensitive to temperature and relative humidity of the environment and is
accelerated in warm, dry climates.A
The rate of penetration of carbonation through concrete can be approximately rebresented
by23 :

x=(2Dr)" Eq. 2-1

Where x = depth of penetration

D = diffusion coefficient of CO, in concrete

t = time in years

12
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The depth of a carbonation front into concrete can be measured by breaking out a small
section of concrete and spraying the exposed sub-surface concrete with a phenolphthalein
spray which reacts with carbonated concrete. If the age of the structure is known, and the
depth of carbonation is determined, then the diffusion coefficient can be calculated. This
coefficient can then be used to determine the age of the structure when the carbonation
front reaches the reinforcing steel.

The rate of chloride penetration into concrete as a function of depth can be represented by

Fick’s Law of diffusion®* shown in equation 2-2:

X
C..=C,|1-er Eq. 2-2
(x.4) 0 f(Z\/D_Ct] q

Where C(yy is the chloride ion concentration at a distance x (cm) from the concrete surface

after time t (s)
Cy is the equilibrium chloride concentration on the concrete surface
D. is the chloride diffusion coefficient in cm?/s
erf is the error function
Determining the chloride ion concentration at the steel reinforcement can give an

indication of the likelihood that corrosion of the reinforcement is occurring.

2.4.2 Sulphate attack

Atmospheric sulphur dioxide can affect concrete in a similar way as carbon dioxide'. It
can also act in conjunction with carbon dioxide to increase the rate of loss of alkalinity in
concrete. Alternatively, sulphates contained in ground water can attack concrete in a
similar way to chlorides.®*

In addition to the depassivation which airborne or soluble sulphates can cause to

reinforcing steel, sulphates can react chemically with hydrated lime in the cement paste

13
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producing solid products (gypsum and ettringite) with greater volume than the products
entering the reaction. As a result surface scaling can occur followed by mass disruption of
the concrete. Hence sulphates can cause surface defects in concrete that not only render the
concrete aesthetically unacceptable, but also aggravate the effects of carbon dioxide,
chlorides, further sulphate attack and freeze-thaw cycles®. Sulphate attack is uncommon in
the UK.

Sulphates can cause deterioration of the concrete matrix itself, but concrete deterioration is
more commonly caused by other aggressors which lead to corrosion of the reinforcing
steel.

Sulphate attack can occur in a severe form known as Thaumasite. Thaumasite has the
effect of very seriously degrading the concrete matrix. To combat the risk of this aggressor,
careful selection of concrete mix constituents is necessary, particularly for substructures in

ground contaminated by sulphates.

2.4.3 Alkali aggregate reaction

Alkali-silica reaction, alkali-carbonate reaction and more generally alkali-aggregate
reaction'® are rare combinations of reactive aggregate, high alkali cement and moisture
which can cause adverse chemical reactions in the concrete matrix which produce an
expansive gel in structures’. The gel, when exposed to moisture, expands generating tensile

forces which cause cracking in a distinctive ‘manx’ pattern®' as shown in Figure 2.3.
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2.4.5 Other forms of deterioration

Often vehicles will collide with reinforced concrete on highways. Typically the wing
mirror of a large vehicle may clip concrete at high speed, causing a piece of the concrete to
break away, or an accident may cause more serious damage. If reinforcement becomes

exposed, the result can be depassivation of the steel leading to corrosion and worsening

defects.

Aggressive industrial substances such as Aluminium Chloride or Calcium Bisulphate can
sometimes come into contact with concrete, often through leakages but also via accidents.

These can attack concrete surfaces causing rapid disintegration.

2.4.6 Non-structural cracking in concrete

Non-structural cracking in concrete is often a precursor to delamination and spalling
caused by corrosion. Many of the deterioration processes already described in section 2.4.1
initially manifest themselves as cracking over the areas that they affect. Alkali-Aggregate
reaction has a distinctive crack pattern, and corrosion from any source will initially cause
cracking as the tensile forces created by the corrosion products exceed local tensile
strength of concrete. Some crack types affect newly built structures (e.g. shrinkage

cracking), others are the results of defects which emerge in the longer term.

2.4.6.1 Crazing

Crazing is the cracking of the surface layer of concrete into small irregularly shaped
contiguous areas”®. Crazing is not structurally significant, and apart from accelerating other

concrete defects such as carbonation, it is only a cosmetic defect. Crazing is caused when
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the surface concrete upon curing is different to the underlying concrete (e.g. it is subjected
to excessive moisture). This can occur through over-trowelling or a number of other
effects. Crazing usually occurs shortly after casting but may occur at later ages if the

climatic conditions are severe enough.

2.4.6.2 Plastic cracking

This type of cracking mainly occurs on exposed horizontal surfaces of concrete. It usually
occurs through differential shrinkage of surface and underlying concrete®®. Plastic
settlement cracking occurs when the usual continued consolidation of concrete after

vibration is restrained by reinforcing bars.

2.4.6.3 Drying shrinkage

Drying shrinkage is the reduction in the volume of concrete caused by the chemical and
physical loss of water during the hardening process®™. In newly cast concrete, this
shrinkage is restrained by the sub-base, by reinforcement, or by the concrete element
which the fresh concrete has been cast against. This restraint to shrinkage causes tensile
stresses to develop, which, if they exceed the tensile strength of the concrete can cause
cracking. Drying shrinkage occurs during the hardening phase of a concrete and, therefore,

can be expected to occur several weeks or months after casting'®.

2.4.7 Other defects

Concrete can exhibit a number of defects after casting. These are invariably only of

cosmetic importance™.

17
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Honeycombing

Honeycomb surfaces are caused by the use of dry mix concrete that is not properly
consolidated. The lack of consolidation means that mortar does not effectively fill the
voids in between the aggregate particles.

Sandstreaking

Sandstreaking is a cosmetic defect caused by the use of wet concrete mixes which bleed
excessively.

Blowholes

Blowholes are small air pockets formed during placement and consolidation. They are
thought to be caused by excessive amounts of oil placed on the formwork. Counter-

intuitively, the more air-entrainment in the concrete, the less likely blow holes are to occur.

2.5 Establishing the causes of concrete deterioration

Once the suspected causes of concrete defects have been established, a course of testing
procedures is decided to confirm the original diagnosis and to provide details of the extent
of the problem. The majority of defects that signify concrete has become less reliable are
exhibited as either spalling or cracking. Other defects, such as patches of honeycombing,
require no testing to establish their causes because the cause is self evident. An engineer
can usually make an intelligent estimation of the cause of any spalling or cracking.
However, if such defects are of sufficient magnitude to warrant concern, a testing regime

will be required to confirm the engineer’s original diagnosis and establish the extent of

deterioration.
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2.5.1 Ingress of Chloride lons

Testing to confirm the presence of chlorides is undertaken if a defect shows signs that its
cause could be the ingress of chloride salts, and if the defect is of sufficient magnitude.
Concrete dust is extracted at regular intervals on the affected element by drilling into the
substrate and collecting the resulting dust in a small plastic receptacle. These samples,
taken at various spacings and depths, can be analysed chemically in the laboratory by
analytical means’. Often, an amount of chloride has been cast intentionally into the
concrete and this must be allowed for when determining the amount of chlorides which
have entered from the surface. This is done by taking dust samples from an area of the
suspect concrete where chloride ingress is not thought to have taken place?'. The presence
of chlorides in concrete, even at depths equal to or greater than the reinforcing steel cover,
does not prove that electrochemical corrosion is taking place. Corrosion will only occur
with both moisture and oxygen present. Therefore, whenever there is suspicion that
corrosion is taking place in reinforced concrete, an electrochemical survey is conducted
(e.g. by half-cell potential survey) for the presence of corrosion activity. When the
passivity of steel is destroyed by carbonation, chloride ingress or any other agent,
electrochemical cells develop. When this happens, an electro-potential difference exists
between the anodic and cathodic areas of the steel?!. This difference is measured using an
electrode probe passing over the concrete surface, the probe is attached to the
reinforcement (a small removal of concrete on an affected member is necessary) and the
readings are taken from a high impedance voltmeter. During the test, the concrete must be
of uniform moisture content’. The results are plotted as a grid over a drawing of the
affected element and contours are mapped. The probability of corrosion taking place (when

measured using a standard copper/copper sulphate half-cell) is high if the potential ranges
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between —0.2 and —0.4 volts. The concrete acts as the electrolyte for the electrochemical
reaction, therefore, its resistivity can indicate how effectively it will perform as an
electrolyte and support the formation of corrosion cells. Some repair practitioners also
recommend the use of a resistance meter to detect the passage of current between metal

electrodes cast in the concrete in order to determine its resistivity.

2.5.2 Ingress of Carbon dioxide

If the nature of a defect suggests its cause could be the approach of a carbonation front
caused by carbon dioxide diffusion, then a test to confirm the presence of a neutral-
alkalinity front would be conducted. This simple test requires a fresh area of concrete to be
broken out on site; this area is sprayed with alcoholic vinyl phenolphthalein. If the concrete
has retained its alkalinity, the spray turns pink. If the alkalinity has been neutralised by
CO; action, the spray remains colourless’'. The interface of the pink and colourless film of
spray represents the depth of carbonation at the test location. The seriousness of
carbonation is generally determined by the depth of carbonated concrete relative to the
depth of cover to the reinforcement. If the reinforcing steel is sufficiently far from:the
approaching carbonation front then corrosion will not occur in the short term. Remedial
measures can be taken if the approach of carbonation to the steel is deemed as a long term
threat, see section 2.6.4. Therefore, the depth of cover to the reinforcement in an element
affected by carbonation needs to be determined. This is established using a Covermeter
test. Covermeter tests detect the distance between the surface of the concrete and the
reinforcing steel by generating a magnetic field and measuring the effect of reinforcing

steel below the surface on the field. The device used is known as a Covermeter or a
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2
Pachometer?>?

. The device is affected by reinforcement congestion, but generally
produces accurate results. The sensitivity of the test improves if the meter is calibrated

using a known diameter of the reinforcing bar.

2.5.3 Alkali Aggregate reaction

Surveys have shown that bridges with the constituent materials necessary for an alkali
aggregate reaction (AAR) take at least 10 years to exhibit the symptoms of the disease™
and as many as 20 to 30 years for the reaction to fully develop. The technique used to
detect AAR is petrographic analysis® (or Petrography), which involves the examination of
polished plates of the material. The polished concrete samples taken from suspected AAR
sites are examined for networks of micro-cracking through the concrete matrix, and the
presence of gel; the tell-tale signs of AAR.

The effect of alkali-aggregate reaction on the likelihood of corrosion to occur is difficult to
determine®. A high pH is needed for AAR to occur but a high pH environment protects
reinforcing steel from corrosion. Concrete cracking caused by AAR should accelerate the
carbonation process by allowing faster access of carbon dioxide towards the reinforcing
steel but the high moisture levels associated with AAR also slow the carbonation process.
Additionally, the cracks caused by AAR often become filled with a gel, preventing the

access of carbon dioxide and chloride solution into the concrete.
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2.5.4 Other causes of concrete deterioration

Some defects may be of such a nature as to leave the engineer or expert unsure of their
cause. In these cases multiple tests are conducted (if the severity and extent of the defect
warrant such action) in order to establish the cause. For example, an engineer who is
unsure if a concrete spall containing exposed reinforcement was caused by chloride or
carbonation induced corrosion might recommend testing to ascertain the presence of both
aggressors. Some defects, such as freeze-thaw cracking, are the effects of undetectable
aggression from the external environment. They can easily be confused with chloride
ingress defects or vice-versa. It may be necessary to test for other defect causes in order to

be able to diagnose the cause of a defect by a process of elimination.
2.6 Repairing defective concrete

2.6.1 Dealing with corrosion

Generally, for any defect in need of repair, all cracked, spalled and delaminated concrete is
cut away to a depth just exceeding the steel reinforcement. If there is reason to suspect that
corrosion is taking place in an area that displays no visible sign of such (for example, the
results of the half-cell potential survey) then it may be necessary to break out concrete in
those additional areas. Certainly, the removal of concrete should continue along the
reinfor’cement until the signs of corrosion are no longer evident. Carbonated concrete in
contact with reinforcement must be removed, as this will not provide the steel
reinforcement with the layer of passive alkalinity necessary to impede corrosion.
Reinforcement is cleaned using grit-blasting or high pressure water jetting and these

techniques are also used to prepare the surface of the substrate (parent) concrete, ready for
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application of a repair material. Chloride contaminated concrete must also be removed
wherever possible®.

For seriously affected concrete elements where removal of concrete becomes economically
prohibitive there are a number of repair techniques that can be employed that minimise
concrete repair. These are discussed in section 2.6.4. However, in cases where spalling or
cracking have occurred, or where the extent of corrosion is such that the structural capacity
of an element may have been affected, concrete will always require removal or

replacement (or both the structural capacity will have to be reinstated and corrosion

arrested by other means).

2.6.2 Repairing spalls

Spalling is repaired by the application of a suitable repair material using one of a variety of

methods.

o Patch repair — This type of repair involves the application of hand applied mortar. It
is suitable for small repairs.

o Sprayed repair — This technique is the most widely used concrete repair particularly
since it does not require shuttering. It also provides a good bond between substrate
and repair material.

o Flow repairs — These repairs involve the use of shuttering to form a cast into which
the repair material can be poured.

The selection of a suitable repair material is both important and complex. For each method

of application the factors involved in the selection of a repair material are discussed in

Chapter 3.
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Typically, these methods (remove and replace) are used to repair the majority of defects
associated with reinforced concrete highway bridges. These include spalling and cracking

caused by carbonation, chloride ingress, attack from sulphates, impact and freeze-thaw

damage.

2.6.3 Repairing AAR affected concrete.

In AAR affected concrete, it is important to establish (from the petrographic analysis) the
amount of reactive material in the concrete matrix. This information will determine
whether the total effects from the reaction have been exhibited or whether the current
condition of the concrete will worsen®>. Generally, if the alkali-aggregate reaction has run
its course and the structural capacity of the element has not been impaired (a structural
survey may be required to determine this), then the surface cracking caused by the AAR
can be sealed to restore the aesthetic appearance of the surface and prevent the access of
aggressive agents below the concrete surface. Even if the AAR has caused a degree of
structural instability, the cracking can be injection grouted by the technique where resin is
forced under pressure to permeate the crack pathways in the substrate concrete. If
laboratory testing shows that the alkali-aggregate reaction will contiﬁue in the concrete,
then this reaction must be arrested by reducing the internal humidity of the concrete.: This

can be achieved by sealing surface cracks (or impregnation) and the application of a water

repellent surface coating®.

2.6.4 Unobtrusive alternatives to repair

Occasionally the extent of concrete deterioration is such that the removal and replacement

of the affected concrete becomes tantamount to replacement of the element. In these cases,
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or in cases where corrosion is expected to continue after repairs have been completed (e.g.

in chloride infested concrete) a number of alternative approaches are available®.

2.6.4.1 Cathodic protection

Reinforcing steel in concrete seriously affected by chlorides (and occasionally carbonation)
can be protected by a cathodic protection system. When a corrosion circuit has been
formed (after the passivity of the steel has been compromised) the steel acts as both
cathode and anode in an electro-chemical circuit. A cathodic protection system maintains
the steel as a cathode in an electrical circuit driven by an impressed current’’. Anodes are
installed on the concrete surface and are electrically connected to the steel reinforcement,
this process reverses the electrical current flow which causes corrosion?!. Cathodic
protection systems require constant monitoring and adjustment. This process is often
automated using expensive equipment. As such, careful economic comparisons need to be

conducted before embarking on such a scheme.

2.6.4.2 Re-alkalisation

An electrochemical technique is available which restores the protective alkalinity around
reinforcing steel without the need to remove the carbonated concrete. It introduces an
alkaline solution through a process of electro-osmosis. Another process stimulated by
equipment at the concrete surface is electrolysis which results in the generation of ions
which re-passivate the steel surface. The re-alkalisation process must be accompanied by
the application of a surface coating to the concrete to prevent a reoccurrence of the

carbonation process®’.
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2.64.3 De-salination

De-salination is a technique which extracts chlorides from concrete. It utilises similar
techniques to those of electro-chemical re-alkalisation to remove negatively charged
chloride ions from the concrete. The electro-chemical reaction results in the migration of
the chloride ions to the surface mounted anode. In tests salt concentrations of 6 to 12 kg/m?
were removed over a period of 100 hours®®. The process of desalination is known to take
between 3 and 8 weeks to complete and may result in repassivation of the reinforcing steel

by the generation of hydroxyl ions.

2.6.5 Concrete Protection

2.6.5.1 Corrosion countermeasures

Concrete surfaces can be coated or sealed to prevent the access of aggressors into the
substrate. These measures are often taken after repairing to ensure defects do not re-occur
through similar mechanisms, or to prevent other likely deterioration processes. Coatings
and sealers generally fall into fhe following groups:'

o Water-repellent surface impregnants

o Surface hardeners and pore blockers

o Cement-modified polymer coatings

o Elastometric polymer membranes
The purposes of these coatings are generally to reduce or stop the ingress of oxygen,

carbon dioxide, chlorides, and water. Oxygen and water are necessary to support
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reinforcement corrosion and alkali-aggregate reaction. Carbon dioxide causes carbonation

which destroys the passive alkaline environment of reinforcing steel’.

2.6.6 Dealing with cracking

Pattern cracking is a term used to define areas of concrete affected by a large number of
small cracks. It is generally expected to be repairable in a similar manner to spalled or
delaminated concrete. Larger cracks, structural or otherwise can be repaired using
established methods. The root cause of non-structural cracking is often the same as the
cause of eventual spalling. Additionally, moisture and thermal effects during curing can
cause cracking, as can AAR. Repair strategies for these were described in section 2.6.3.
Larger cracks will often be caused by structural effects such as overload or differential
settlement. Discovering the cause of a crack is essential before repair methods can be
determined. In addition to the cause, the status of the crack is also important. Status is
defined by three categories: category 1, the crack is actively widening, category 2, the
crack is active but not widening (i.e. opening and closing), category 3, the crack is
dormant. If a crack is of sufficient size and nature as to alarm an engineer acrack
movement indicator is employed to establish its status®>%, The results of such a survey,
and other determining conditions can be used to match the crack defect to a suitable repair
139

method, as recommended by Kalyanasundaram et al’” and represented in Figure 2.4

27



%

s+l

(H

G- \9

#M

2%

#M = -7

~12]

&&



“uapicr 2 — [enlvIced CONncrete oriage repair: an overview

Epoxy injection — The technique involves drilling holes at regular intervals along a
crack and filling the void created with epoxy.

Routing and Sealing — this is the most common method of crack repair. The
procedure involves cutting out a groove along the length of a crack (routing) and
then sealing the groove, this prevents ingress of moisture. A bond breaker is usually
added to the unsealed routed groove.

Stitching — Stitching involves the drilling of holes either side of a crack and placing
‘stitching dogs’ or ties holding the two sides of the crack together.

Flexible Sealing — this involves active cracks being routed out, cleaned, and filled
with flexible sealant.

Grouting — Wide cracks in thick walls can be repaired by filling with cement grout.
Polymer Impregnation — Cracked concrete surfaces can be dried and flooded with a
monomer which is polymerised by heating.

Overlays — These can restore structural integrity and prevent the access of
aggressors into the concrete.

Autogenous healing — this is a natural process of crack repair (self heal) in
concrete. It has a practical application for closing narrow dormant cracks in a moist
environment®.

Movement joints — Live cracks are often candidates for conversion into movement
joints. In this procedure, a recess is cut along the line of the crack and filled with a

flexible material*’.

Higgins" details the performance characteristics of various crack repair methods. An
expert would take into account all the necessary factors before selecting the most
suitable repair method.
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2.7 Expert Systems for concrete bridge repair

2.71 Review of existing developments

Concrete bridges are required to maintain their serviceability over long}periods of time.
The reinforced concrete which constitutes these bridges is susceptible to attack from
aggressive environmental agents, attack which if left unchecked can severely reduce the
service life of a bridge.

Managing the condition of bridge networks involves teams of dedicated engineers
inspecting and monitoring the performance of all elements of the bridges under their
jurisdiction. This also involves decision making on when repair and remediation is
necessary. The knowledge used in this decision making process is not well documented.
There are no comprehensive formalised standards for concrete repair material selection®!,
and no standard documents to aid engineers in the diagnosis of defect causes.

The aim of this thesis is to construct an expert system which can dispense the best practice
instruction tailored to fit any concrete repair situation. This has been attempted to varying
degrees by others in the past, with limited degrees of ambition and success. Anumba and
Bowron'® suggest in their proposed system that accurate diagnosis is a ‘sine qua non’ in
the repair of concrete structures. They suggest an expert system could provide a more
objective approach to the choice of concrete repair materials.

The American system, HYWCON*, developed in the SHRP programme demonstrates
knowledge engineering in the bridge repair domain at a very basic level, its structure is
shown in Figure 2.6. A sub-system of the HY WCON program diagnoses and recommends
repair strategies for three key concrete defects defined by it: cracking, spalling, and

disintegration.
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reinforced concrete repair discovered in this review. Such a basic system is of limited use
to bridge engineers as it delivers only simple advice and lacks intelligence. Here a
distinction is made between an ‘expert system’ and an ‘intelligent expert system’. For
example, in such a system as HWYCON, if a user encountered a very small defect in some
reinforced concrete, the advice generated by the program would be identical to the advice
generated for a very large defect with the same symptoms (e.g. such common generated
advice as; cracking through exposure to chlorides). Hence, such a system lacks the
intelligence to account for severity and extent of defect when making a decision. Severity
and extent are identified as crucial factors in the production of an intelligent expert system
for concrete repair'®. Additionally, HYWCON evaluates distresses individually and there is
no provision for advice in situations that involve multiple causes of distresses that occur
simultaneously at one location®. It is recognised that an intelligent expert system should be
able to examine defects collectively®. A system such as HWYCON which generates repair
advice on a defect by defect basis and fails to advise the user when an element is severely
affected by multiple defects lacks basic intelligence.

The use of graphics in the system, although limited, is a great advantage over textual
descriptions. If expanded to include for example, different crack types and their causes, the
extent of the system could i)e improved.

The MENTE-KUN prototype expert system** once again uses a knowledge base to
question a user about the nature of concrete defects. It concentrates on the nature of a
defect, (i.e. spalling, cracking, abrasion) and does not account for severity and extent. In
the program, the user is expected to judge if the severity and extent of the problem are of
such magnitudes as to warrant action.

REPCON is a text-based prototype expert system for concrete repair>. It is essential the

user communicates concrete defects unambiguously to the program, otherwise the
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communication gap increases, leading to wrong diagnosis>’. Similarly, this program
generates generic advice for repair of reinforced concrete defects. It does not attempt to
judge the severity and extent of deterioration before giving its advice.

CODBA® (concrete bridge deterioration assessment) is a prototype system developed to
diagnose deterioration in concrete bridges. The program attempts to facilitate the visual
assessment of concrete bridges in order to recommend in-depth testing procedures.
Generally, the majority of expert systems for concrete repair are text based prototypes45’46.
Additionally, these existing systems have concentrated on diagnosing the cause of singular
defects and not the effect of multiple defects on a single element. In addition, existing
systems have generally failed to take account of the extent and severity of defects when
diagnosing their causes and effects.

An intelligent expert system should be able to assess individual defects and the effect of
multiple defects, including their causes. It should also be able to judge the effect of the size
and severity of defects on an element and, thereby, assess the condition of the element.
After the assessment of an element, an intelligent system should be able to recommend a
suitable regime of test procedures to confirm the initial diagnosis. Furthermore, once
testing has been completed, optimal repair recommendation should be made. An intelligent
system will be flexible aﬁd have the ability to cope with the fact that for aﬁy given
situation, often more than one cause may have led to the defect, or it may be difficult to

identify the cause and several causes may be suspected. A number of repair options may be

possible as a result.
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2.7.2 Architecture of expert system for reinforced concrete repair

Anumba & Bowron'® suggest the architecture of an expert system for concrete repair
should include two key components, an intelligent diagnostic component, and a repair

specification component.(Figure 2.12)

Input
Defect
Detalls

Intclligent
Diagnostic
Component

Repair
Specification
Component

Input
Repair
Parameters

Figure 2.12 Concrete repair expert system: basic architecture'®

2.7.2.1 Diagnostic component

The purpose of the diagnostic component of an expert system for reinforced concrete
repair is to firmly establish the cause of a defect. Defect effects are exhibited in three key
ways, cracking, spalling and disintegration®®. A diagnostic system should assess the
severity and extent of such effects, and use simulated expert knowledge to derive a
suspected cause. An intelligent system should also be able to determine if the extent of the
defects is of sufficient magnitude to be a cause for concern. Similarly, if a system did
suspect defects were of a sufficient magnitude to cause concern and as a result
recommended some tests be carried out, then based on the results of the testing the

software should be able to recommend if the defect is significant enough to require repair.
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In a bridge assessment procedure it is crucial to integrate all defects discovered in an
element in order to form a combined subjective rating of the element with accuracy®.

The first stage in the development is to collect the relevant knowledge in the field. This
knowledge is expressed in a format which maps easily into an expert system (knowledge
net). One such system’’, makes no account for severity and extent, although it generates a
confidence factor which describes the confidence the system has in its diagnosis being
correct. These confidence factors appear to be static, i.e. for a certain set of inputs the
confidence factor in a decision can only be generated as a pre-specified figure of 40%,
60% or 100% (for example). Therefore in this example (Figure 2.13) the issue of
confidence factors is similar to the use of natural language qualifiers (i.e. low, medium,
high). The approach of adding an indication of the certainty of a decision makes a system
more intelligent.

Some attempts or outlines for the creation of expert systems for concrete repair have
suggested that the difficulty in diagnosing a unique cause to a defect limits the
development of expert systems in this field”’. This assumes that each defect has a unique
cause, which is not always the case. In addition, the decision making process will consider
different causes as diagnostic data are incrementally provided to the expert system.

It can be inferred, from ;the attempts to create expert systems for concrete répair, that
expert system technology is ideally suited to application in this field*’.

Bridge maintenance is particularly suitable for exploitation through an expert system,
owing to the fact that many problems exist in the domain that can be only be solved

heuristically’.
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Any program must find the cause of a defect by analysing the symptomsl. Figure 2.13

demonstrates an interactive session with the DIAGCON expert system. It demonstrates a
simple text based interface expert system.

>  WELCOME TO DIAGCON ,
Pleasc answer the following questions with either
“true” or "false” or with relevant data, as the case

may be. The proforma should have been made
available to you before this session.

>  basic symptom is cracking? T
direction of cracking? VERTICAL

> rust stains or spots present? F

structural element? BEAM

cracks originate in maximum moment region? T
crack width maximum at top or bottom of
beam? T

> PROBABLE CAUSE:
Cracking due to flexural capacity of beam being
exceeded.

> crack determination method? TWO
glass strip is cracked or disjointed? T

Figure 2.13 Typical session with DIAGCON expert system*’

DIAGCON, and the other prototype expert systems identified in this chapter attempt to
diagnose effectively the two key causes of concrete defects: cracking and spalling®.

Diagnosis of concrete defects can be standardised into common procedures as

demonstrated in Figure 2.14.
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visual lMaintenance of Concrete Structures l
inspection l
non-destiructive laboratory detalied -
tests tests Investigation
. physical and g 2
serious =
no damage], evaluation deterloration chemical testsil

increase ;
inspection small damages dcau;se 0!‘ 1
frequency eterioration | |

I repair :
preventive repair proposal derg%lcijt!ong :
analysis of d 4
mensure cgs,s rebuilding  i}1:

Figure 2.14 Approach to concrete structure maintenance’

Another expert system discovered through this review is REPCON which is designed to
aid experienced engineers in finding out the causes of damage to concrete structures and
give tentative repair recommendations’. The prototype of REPCON showed that the use of
expert system technology in this domain is a possible way to provide the knowledge,

which is dispersed in numerous publications and in a few human experts. The structure of

REPCON is shown in Figure 2.15.
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description of
structure and

elements
i
carbonation chemical physlcat
and cracks
chlorides attacks attacks
e.g. aclda  {reeze-thaw,erosion

DAIStb *Protection and Repalir of Concrete Structures®, 12.89
principles of repalr concrete others
corroslon of coatings
protection cracks
realkalisation filling or hydrophobic impregnation
reduce water content injection coating without crack bridging
coating of rebars with cement coating with crack bridging

kathodic protection EP or PUR  chemical resistant coating
mechanical resistant coating _,

Figure 2.15 Structure of REPCON'

Rajeev and Rajesh*’ (Diagcon) state that it is unfortunate that the results of their system do
not always lead to a unique conclusion. However, the opinion of experts from a visual
survey will often not lead to a unique conclusion as to the cause of the visual defects.

According to Rajeev and Rajesh’’ once the cause of deterioration has been ideqtiﬁed, the
next step is to decide a suitable repair method. Although they recognise that repair should
only be undertaken when the defect has been diagnosed with some certainty, their system

does not recommend testing procedures to confirm the diagnosis of the visual inspection.

2.7.2.2 Severity and extent ratings

Using fuzzy logic, the extent and severity of each defect or each cause can be expressed in

terms of linguistic variables, and both extent and severity can be combined**. Fuzzy
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CRACK TYPE =RANDOM PATTERN

CRACKINFO = WHITE RESIDUE

CRACK SIZE = LARGE DEFECT

THEN CAUSE = AAR CF 60%

A similar approach is adopted by Rajeev & Rajesh?’ where a ‘confidence factor’ is
appended to the result of a rule.

If data available is reliable and extensive, the expert can pin-point the most appropriate
repair method with full confidence. With uncertain information, repair procedures may still

be specified, but with less confidence®.

2.8 General application of Information Technology in Bridges

2.8.1 Bridge Management Systems

Bridge management systems were first developed in the 1980s in the USA>'. They consist
of databases that store the key information regarding bridges; bridge inspectors and
engineers are required to refer to these databases in their day to day practises. Early bridge
management systems were developed for data storage and retrieval purposes, such as:

e Entering bridge data

e Viewing inspection results

e Viewing and editing bridge data

e Viewing forthcoming inspection dates for bridges
However, modern systems contain advanced modules that can be used to predict the most
cost effective long term repair strategies by using ‘whole life costing’ methods®>. In

addition, modern systems attempt to model the deterioration of bridges using complex
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algorithms™. Bridge controlling authorities in some countries have constructed extensive
bridge management systems to catalogue a large number of structures. The American (US)
PONTIS> system is used in many states to create inventories of their large bridge stock.
The Highways Agency in England use the SMIS system (structure management and
information system). The results of all principal inspections on Highways Agency
structures are fed into SMIS by competent trained personnel. As a result an accurate
electronic record of the conditions of the Highways Agency’s bridge stock is kept. The
Highways Agency hope to procure new software which will interrogate SMIS in order to
identify which bridge repairs will provide the best value from the Agency’s yearly budget.

Information technology is rapidly expanding in the bridge repair and maintenance field as

the benefits of more esoteric software (such as expert systems) are promoted.
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3 Selection of materials for optimal performance of

concrete repair

3.1 Chapter Objectives

In order to function satisfactorily, a repair material applied to reinforced concrete must
perform several functions:

e Bond strongly to the substrate concrete

¢ Bond strongly to the reinforcing bars

e Have an adequate tensile strength to accommodate restrained volume changes

e Prevent penetration of water, chloride solution and carbon dioxide to reinforcing

steel

e Share load with the substrate concrete if necessary

The ability to determine how well repair materials will perform, under the varying
conditions in which they may be employed, would enable an engineer to make intelligent
choices when repairing concrete defects. Currenﬂy however, there is disparity amongst the
opinions of researchers regarding which properties of repair materials are the most
important to specify. As a result of the lack of a clearly defined method for the selection of
repair materials, they are currently selected by many practitioners on an ad hoc basis.
Some engineers recommend using similar values for the respective properties of both the
substrate concrete and repair materials; others recommend high compressive strength and

low shrinkage repair materials for the majority of situations. The number of permutations
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of different recommendations is high, and the lack of a coherent opinion can often lead to
the simple practice of the highest strength material being selected.

Recent research>>°8378

suggests that the key mechanical properties of a repair material to
be considered when selecting a material for reinforced concrete repair are:

e Elastic Modulus

e Shrinkage

e Creep
Knowledge of the growth with time of these properties in a repair material, and of the
interaction between the substrate concrete and repair material at their interface has allowed
the development of a technique to predict the short and long term performance of concrete
repairs. In this chapter, the development of the method to predict the in-situ performance of
repair materials for reinforced concrete is outlined. The method requires knowledge of
certain mechanical properties of both the substrate concrete and the repair material. Curing
effects caused by local seasonal temperature and relative humidity variations, along with

dimensional shrinkage differences are also taken into account.

The chapter begins with a literature review of the relevant domain.

46



RS R A C TRV 1UIL VUL 11atvliay 1l Upuiidl Perioridnee or Concerete repair

3.2 Literature review

3.2.1 Introduction

Reinforced concrete is a strong and durable material; approximately eighty percent™ of
bridges in the UK are constructed using it. Reinforced concrete structures give excellent
durability when designed, constructed and maintained correctly, justifying their design
lives of 60 to 120 years®®. Approximately 500 million pounds is spent in the UK each year
on the repair of concrete®'. Reinforced concrete deteriorates due to environmental effects
such as the ingress of carbon dioxide which neutralises the natural alkalinity of the
concrete, or the diffusion of chloride solution through small cracks and the pores which
depassivates the reinforcing bar’s environment. Both these effects can lead to cracking of
the concrete surrounding the reinforcing steel. This cracking can delaminate the concrete,
and eventually delaminated concrete can break away from the parent concrete (substrate).
This process is known as spalling, and the remaining patch of exposed sub-surface
concrete is known as a spall. These effects, and a number of other aggressors can either
directly cause a spall, or persuade the engineer (or expert system) to recommend the
removal and replacement of the affected concrete. The result of these defects can be a loss
of strength in the affected members, demanding immediate attention. Alternatively, defects
can merely prove aesthetically unacceptable; these defects require repair to halt further
deterioration and to reproduce the original appearance of the substrate.

Once a defect is discovered and diagnosed, loose concrete and other defective areas are
removed and the exposed substrate concrete is prepared for the application of a repair
material. The interaction of a repair material with the substrate concrete is the crucial

,56,57,58,61,62,63,64,

factor in determining the performance of the repair patch® 5. Volume
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change in the repair material (usually shrinkage) is restrained by the substrate concrete, and
occasionally this restraint to shrinkage can cause tensile stresses which exceed the tensile
strength of the repair material. Understanding the interaction between the repair material
and the substrate concrete will allow the engineer to carefully select the properties of the
repair material to ensure adequate performance.

The current standard for the specification of materials for concrete repair on Highways
Agency structures is BD 27/86%¢. This standard recommends storage methods, densities,
aggregate size and constituent proportions and some mechanical property values for:

e Decks and vertical surface to piers, columns and abutments

¢ Sides and soffits of beams and crossheads

Although BD 27/86 recommends material types and cement contents, the only mechanical
property of repair materials recommended is compressive strength.

A more thorough standard for concrete repair will be the eurocode ENV 1504-1:1997%%%
currently available in draft. This code takes a more sophisticated approach to the
specification of concrete repair properties which encompasses modern thinking on which

properties are crucial to specify.

3.2.2 Selecting repair materials for reinforced concrete

Any successful repair material should have the ability to®':

e Arrest the deterioration of the structure by preventing access of oxygen, water and

aggressive ions
e Provide an environment that chemically passivates the reinforcement

e Restore the structural integrity of the element

48



—uupler o wvILLL iU UL LAl ian vl vpuiiial perioridice o1 Concrete repair

o Restore the aesthetic appearance of the element

Selecting repair materials that can deliver these performance requirements involves a
thorough understanding of material behaviour in anticipated service and exposure
conditions®. In truth, the performance of concrete repair materials has been an under-
researched field. The resulting lack of understanding of the behaviour of in-service repair
materials necessitates a systematic approach to concrete repair design and construction.
The selection of design values and decisions needs to be more rational® and, ideally, a
broad range of research - particularly new, state of the art research in the field - needs to be
collated and consolidated to form rigorous new guidelines. The financial benefits to

ensuring the success of repair materials are considerable.

A repair to reinforced concrete can be affected by five key factors’’:
e The effect of the constituent materials on the properties of the repair material
o The effect of the properties of the repair material on its durability
o The effects of environmental conditions on curing and durability
e Effects due to the interaction between the repair material and the substrate concrete

¢ Loading effects (transfer of load into repair, depropping etc)
The importance of accurately predicting the performance of a repair at the design stage is

crucial. Studies® have shown that the level of influence on the durability of a repair

material is at its highest during the design phase of the repair (Figure 3.1).
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Figure 3.1 The effects of different periods on project quality (durability)*

Figure 3.1 demonstrates the high level of influence over the quality of a repair project
which is wielded at the design stage. This reinforces the need for a critical evaluation of

current methods for the specification of reinforced concrete repairs.

Concrete repair may be broadly categorised as structural or protective®®®. Failure of repair
materials is undesirable in either of these circumstances. In order to alleviate, at the design
stage, all possibility of failure, the key properties that influence the performance of the
repair need to be identified. As stated previously there is some disparity amongst engineers
about the key properties to be considered when attempting to combat the failure of repair
materials. Furthermore, there is also some disagreement, once key properties have been
established, as to the relative values these propérties should hold in order to reduce the risk

of failure.

If failure does occur, it is invariably through two key mechanisms; restrained volume

changes and loss of bond.
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3.2.2.1 Restrained volume changes

Cement based repair materials are volumetrically unstable®. During the curing process the
fluctuation in moisture levels within the repair causes volume changes.
Reinforced concrete repair materials undergoing volume changes are restrained by the
substrate concrete and also partly by the reinforcing steel. As this occurs, tensile strains are
induced which, if greater than the tensile strain capacity of the repair material, will cause
cracking®. Volume changes must, therefore, be controlled in concrete repairs to prevent or
minimize cracking. However, predictions of the magnitude of developed strains in repair
materials need to take account of the complex interaction between properties such
2g35:56:57.58.62,63,

e Elastic Modulus

e Shrinkage

e Creep

Figure 3.2 shows that restrained volume change has one of two outcomes®*’!

which can
contribute to the failure of concrete repairs. The restrained volume changes can lead to
cracking, which provides a passage for moisture though to the steel. If the moisture
contains aggressive agents, the steel can become depassivated and corrode, larger cracks
can occur, and the cycle can perpetuate, leading to spalling, and potentially a dangerous
loss of strength. The other cause, bond strength, is a factor very much affected by on-site
preparations. If a surface is thoroughly prepared for the application of a repair, following

best practice guidelines, and if the bond strength of the repair material is adequate, then a

repair should not fail through this mechanism.
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REPAIRED CONCRETE STRUCTURE

Weoakened Bond Between
Rebars & Concrote Along
the Ropair Perimeter
Restrained Volume
Changes

increase in Permeabillity
;:: in Along the Perimeter of
rmeabllity the Repalr

Penetration of H,0,

Penetration of CL. from Outside

H,0, CO,, CL-
from Inside

(1) Depassivation of the Steel Relnforcemont
{2) Formation of the Rust Products

(1) Accumulation and Expansion of Rust Products

(2) Loss of Bond Botween Relnforcement and
Repair Material

Expansion, More Cracking, Expanslon, Cracking,
Enlargement of Existing Spaliing of Existing Concrete
Cracks, Spalling Adjacent to the Repair

REPAIR FAILURE

Figure 3.2 A model of repair failure”

Measures to combat the effects of restrained volume change (usually shrinkage) are more
complex’>”. Emmons and Vaysburd suggested that repair materials with low strength, low
shrinkage, high creep and low modulus of elasticity were most desirable for non structural,

protective repairs®. This combination of properties, it is suggested, will produce a high
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strain capacity repair system. Their hypothesis is based on their intuitive understanding of

the cumulative effects of these properties.

Morgan* suggests that the potential for success or failure of repairs depends upon:
e The magnitude and the state of the stress field
e Whether the load is left on the structure during the repair operations
e The creep capacity of the repair materials
¢ The quality of tensile and shear bond strength of the repair material to the substrate
concrete
e The temperature at which the repairs were carried out and subsequent range of
temperatures during service life
These deductions specify tensile and bond strength as well as creep being the key
mechanical properties. Once again, these deductions are based on an intuitive
understanding of the effect of these properties on repair material behaviour.
Table 3.1 represents the conclusions into a study of the significance of property mismatch
between repair and substrate. It attempts to stipulate ideal relationships between substrate
and repair material properties for a successful repair, although it does not recommend
values of these properties, just their values relétive to each other.
Emberson and Mays®' have stated that repair materials can be deemed suitable on the basis
of their compressive, tensile and flexural strengths alone. They also recommend high strain
capacity in the repair material, and a modular ratio (the ratio of the elastic modulus of the

repair material to the elastic modulus of the substrate concrete) of unity.
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Table 3.1 Requirements of patch repair material for structural compatibility®’

Property

Relationship of repair mortar (R)
to concrete substrate (C)

Strength in compression, teasion and flexure
Modulus in compression, tension and flexure
Poisson’s ratio

Coefficient of thermal expansion
Adhesion in tension and shear
Curing and long term shrinkage
Strain capacity

Creep

Fatigue performance

R2C
R=x=C
Dependent on modulus
and type of repair
R=aC

R
VAWV R
aaon

Dependent on whether creep
causes desirable or undesirable
effects
RzC

Table 3.2 summarises the recommendations for values of repair material properties given

by eleven independent researchers. It recommends whether the values of compressive

strength, tensile strength or Young’s Modulus for a repair material should be greater than,

lesser than, or equal to those of the substrate concrete. A lack of agreement is shown on the

relative importance of the strength and elastic modulus. Where available, the opinion on

creep confirms its importance. Additionally, shrinkage is considered important, and should

be low.
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e Strength (particularly tensile)

¢ Elastic Modulus

e Shrinkage

e Creep
Specification of materials for reinforced concrete repair is hampered by a paucity of
information on the optimum mechanical properties of repair materials required for a
particular substrate’®. Faced with this difficulty, designers react by adopting materials that
appear to have properties close to those of the original concrete. In doing so they risk
selecting materials based on incorrect assumptions; materials which may fail through this

poor specification method.

3.2.2.2 Repair Materials

The materials for all types of reinforced concrete repair fall into four general categories®:

e Cement based

e Resin based

e Polymer-modified cement based

e Cement—pozzolanic materials
Since the 1960s a plethora of new, enhanced concrete repair materials and systems have
been introduced and have found increasing utilization®"-.
General aims of these enhancements are to improve tensile strength or reduce shrinkage in
the materials. The aim of reducing shrinkage is to limit the tensile strains caused by
restrained shrinkage.
Table 3.4 and Table 3.5 show the different categories of repair materials and their typical
properties respectively. Intuitively, combining the low shrinkage of a repair material with

properties that produce a high tensile strain capacity would produce a material less likely to
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fail. However, the low shrinkage materials are often prohibitively expensive. This,
combined with a lack of understanding of the benefits of reducing the tensile strains that
develop in repair materials, can lead to the selection of materials with the simplistic
requirement of high compressive strengths. The high strength seems intuitively acceptable
to engineers and such materials are often more affordable. Moreover, manufacturers’ data
on shrinkage properties of their materials often provides lower values than the material can

realistically achieve in practice™.

Table 3.4 Categories of systems for concrete patch repair’*

—_— e

Resinous

.__’I_‘

materuths

Al Epoxs mortar

Polymer modified
cementitious materials

Cementitious
materials

u). SBR modified

G

OPCsand mortar

B Polvester mortyr

G Acrylic ntortar

2 Vinyl acctate modified

H:

HAC mortar

F: Magnesium phosphate maodificd

Flowing concrete

Table 3.5 Typical mechanical properties of repair materials™

Property Resin morntar Polymer modified cementitious monar Plain cementitious mogtar
Compressive strength, MPa 30-100 30-60 20-50
Tensile strength. MPa 115 5-10 2-3
Modulus of elasticity in

compression. GPa =20 15-23 20-30
Coefficient of thermal

expansion (per °Ch 25-30 > 107 10-20 % 10°* 10 X 107"
Water absorption

(% by mass) 1-2 0.1-0.3 5-15
Maximum service

temperature (°C» 3030

100-300 >300

Recent trends have led to the modification of cement based materials with polymers.
Polymer dispersions allow the formulation of repair materials that can provide a wide
range of property requirements: brittle to ductile, impermeable to porous, water shedding
etc.”. This is achieved through utilising the polymer’s ability to alter the mechanical
properties: elastic modulus, creep and shrinkage, bond strength, temperature and humidity
effects”. The objective of adding polymer fibres into the repair mix is to impfove tensile

strength and to distribute and limit cracking®’.
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There appears to be some incongruity between the supposed desire to avoid property
mismatch, and the vast disparity between repair material and substrate properties caused by
the use of polymer modified materials’. Regardless of the general recommendation to
avoid property mis-match, manufacturers have continued to develop polymer modified

materials producing higher strength materials with lower shrinkage.

3.2.2.3 Compatibility, durability and property mismatch.

The current Highways Agency standard for reinforced concrete repair (BD 27/86) does not
take into account the mismatch in basic material properties such as elastic modulus,
shrinkage and creep®. To overcome this lack of standardisation, the greatest challenge
faced in the advancement of concrete repair material selection techniques is controlling the
relative dimensional behaviour of the repair material when compared to the substrate®®.
This relative behaviour requirement is known as dimensional compatibility. Compatibility
in a repair system can be more fully defined as the balance of physical, chemical and
electrochemical properties and relative dimensions of the repair patch and the surrounding
substrate®. Researchers agree that ‘compatibility’ between substrate and repair material is
a key factor in deciding the performance of the repair. Hence the term ‘compatibility’ has
become a popular buzz word in the repair industry™.

Some researchers have attempted to show that the physical characteristics of the repair
material and substrate concrete should be as close as possible (Young’s Modulus,
coefficient of expansion, strength)®*¢""#7380 This definition of compatibility is misleading
and suggests that in order for materials to be ‘compatible’, they must have similar
properties. This is not the case. Compatibility should mean that the relative values of

properties of the repair and substrate materials are ‘complimentary’ and only compatible in
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as much as that they are at the ideal ratios to ensure optimum performance of the repair.
Other studies®! have recommended that although certain physical characteristics should be
similar, others should vary to aid durability.

Two such studies (Figure 3.3 and Figure 3.4), each regard dimensional compatibility as the
most complex state to achieve, it being reducible into four or five properties. Interestingly,

both regard shrinkage, creep and elastic modulus as crucial.

Loura:ixi:y cf Cencrete Repa irv}
]

| 1
k4
Selection cf Production of
Compatitle M21erizls Durable Repairs
|
f 1 ] 1
L4 v Y A1
Chemical Electrochemical Permeability Dimensional
Cempatibility Compaiitility Compatibility Compatidility
!
¥ l 1 1 1
Drying Thermal . Hodulus ef Geomelr
Shtinkage Expansicn Creep Elssticity of Seclicnys

Figure 3.3 Compatibility and durability”

Compatibliity
of Repair

Materlais with
Substrate

Y ¥ ¥ : ¥

Dimenslona Chemicatl Permeabltity Electrochemical

Drylag Shrinksge

v

Themsat Expansion

Creop

Y

Modulus of
Elasticlty

Figure 3.4 Factors affecting dimensional compatibility®
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