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Executive summary
The movement of people and goods has a pivotal role in any society. The current annual expenditure in the EU on the transport industry is around €1000 billion or more than 10% of the
gross domestic product, and it employs more than 10 million people. The highway system is
the most important part of the land infrastructure in the EU; in 1998 some 92.7% of passenger
kilometres were travelled on roads as well as 73.7% of the tonne kilometres of goods traffic.
Bridges, tunnels and earth retaining walls make up a substantial proportion of the fixed assets
of the highway network. They are vital elements in this network particularly on primary
roads where failure may have severe economic and/or political consequences. COST Action
345 was undertaken to define the procedures required for the assessment of highway structures because, to date, there has been no substantial effort to develop common standards for
the maintenance of highway structures. Such documentation is needed to avoid unnecessary
replacement or strengthening of existing structures with all the attendant costs and traffic delays.
COST Action 345 was progressed through six Working Groups that considered inventory, inspection, condition assessment, numerical techniques, safety and serviceability, and remedial
measures. A seventh Group was responsible for completing the final project report, which
summarised the reports produced by the other six Groups, and for promoting the findings of
the project. This report describes the findings of the Working Group that considered remedial
measures. There are three main types of maintenance: (i) preventative measures to control,
arrest or prevent further deterioration; (ii) repairs to restore the condition of deteriorated components and elements; and (iii) works to restore or enhance the load-carrying capacity of a
structure. This report focuses mainly on (i) and (ii), which concern serviceability. Some information is given on (iii), which concerns structural stability, but the design and construction
of such measures are not covered.
The report covers concrete, steel, masonry arch and timber bridges, culverts and underpasses,
culverts and earth retaining walls, but not very long span bridges or low-value structures. For
each type of structure, the main faults and possible remedial measures are tabulated before the
possible remedial measures are then described in detail. Where measures are applicable to
more than one type of structure, repetition has been avoided. A few case histories illustrate
the use of the measures. However, it was found that few case histories in the public domain
cover the cost and durability of remedial measures so it was difficult to determine what measures are the most cost-effective.
When selecting remedial measures for a particular structure, both the cause and effect of any
defect or deterioration should be considered so appropriately targeted remedial measures can
be executed. Most material deterioration mechanisms that affect highway structures are primarily due to the effects of water. Deterioration can be prevented or limited by reducing the
aggressiveness of the environment, by protecting the structure from the environment or by using durable materials. It is normally appropriate to use preventative measures to prevent deterioration and avoid the need for costly repairs in the future. For example, drainage systems
should be installed to direct water away from the vulnerable parts of structures, waterproofing
systems may be applied to bridge decks, surface coatings may be applied to steel, exposed
concrete may be impregnated with silane. Products used for remedial works should have a
certificate of conformity and documentation to confirm that their performance corresponds to
that claimed.
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The most common defects of concrete bridges and structures are associated with reinforcement corrosion caused by the ingress of chloride or carbonation, which can cause delamination and spalling of the concrete. Concrete may also be damaged by alkali-aggregate reaction
and sulphates. The remedial measures that are described cover, drainage, deck waterproofing,
expansion joints and making bridges integral, bearings, the protection of exposed and buried
concrete, cathodic protection, desalination, realkalisation, corrosion inhibitors, crack repairs,
concrete repairs, tendons, scour, and strengthening by increasing section thickness, by adding
reinforcement, plate bonding, supplementary prestressing and adding structural elements.
The main defects of steel structures are corrosion, cracking and distortion. The remedialmeasures that are described cover surface coatings, enclosures, cathodic protection and jacketing, plating, crack repair, supplementary prestressing, the addition or replacement of structural elements and the reversal of plastic deformation.
The main defects of masonry arch bridges include deterioration of the arch ring, outward
movement of the spandrel walls and/or their separation from the remainder of the arch ring,
movement of the abutments, weak fill and water leakage through the ring. The remedial
measures that are described cover repointing, grouting, casting a concrete saddle over the arch
ring, casting a relieving slab over the arch, applying concrete to or lining the intrados,
strengthening by the embedment of reinforcement or anchors, stitching cracks, stabilising the
spandrel walls, replacing or reinforcing the fill, and reinforcing the parapets.
The main defects of timber bridges are fungal and insect damage, weathering, cracking and
the corrosion of fasteners. The remedial measures that are described cover preservatives, waterproofing, deck replacement, the replacement, repair or strengthening of structural elements
and piles.
The main defects of culverts, underpasses are corrosion, water ingress and damage due to hydraulic action, debris or traffic. The remedial measures that are described for corrugated buried steel structures cover pavements, surface coatings, grouting and concreting, waterproofing, drainage, relining, invert beams and head walls, and impact protection. The remedial
measures that are described for concrete box structures cover concrete repair, crack repair,
joint repair, drainage, waterproofing and strengthening.
The main defects of tunnels are water ingress, voids behind the lining and deterioration
caused by aggressive conditions within the tunnel. The remedial measures that are described
cover drainage, grouting, waterproofing, the protection of exposed concrete and concrete repair.
The main defects of earth retaining walls are water leakage, the ingress of aggressive species,
and instability. The remedial measures that are described cover pointing, grouting, soil nails,
ground anchors and soil dowels.
It is considered that detailed information on remedial measures should be collated by highway
organisations. This should be analysed in order to identify poor details and practices, and the
possible range of service lives of remedial measures. Guidance should be prepared to help
engineers select the most cost-effective measure for a particular application and, for when
funding is limited, how to prioritise maintenance. Where necessary, approval procedures for
new products and methods should be modified so innovation is encouraged and its benefits
are realised sooner rather than later.
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Chapter 1
1.1

Introduction

BACKGROUND

1.1.1 The importance of the land-based transportation system within the EU
The movement of people and goods has a pivotal role in any society. The importance of
transportation was recognised in the Treaty of Rome by the provision for a common transport
policy across the EU.
Within the EU, the current annual expenditure on the transport industry is around €1000
Billion, or more than 10 per cent of the Gross Domestic Product (GDP), and the industry
employs more than 10 Million people (EC, 2001).
The highway system is currently the most important part of the land transport infrastructure in
the EU: its value is so large that it almost defies quantification. In 1998 some 92.7% of
passenger kilometres travelled were by road as well as 73.7% of the tonne kilometres of
goods traffic (EC, 2000). And while the proportion of passenger travel carried by road has
remained relatively static over the years the proportion of goods traffic has increased
dramatically since 1970 when it was 47.9%. In absolute terms, in 1998 goods traffic and
passenger travel by road were, respectively, 3 and 2.2 times their 1970 levels: see Figure 1-1.
Over this 28-year period, in the remainder of Europe the increase in goods traffic was similar
to the above whilst car ownership has increased about 11 fold. It is clear that the highway
infrastructure will have a considerable role to play in the social and economic life of Europe
for many years to come.

Figure 1-1 Evolution of passenger and goods transport on roads 1970-1998 (European
Commission, 2000)
The highway infrastructure is hierarchical. The primary routes, an increasing number of
which are multi-lane high speed roads, form the backbone of a national highway network but
3
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they only represent about 5% by length of the entire network. Secondary roads link these
routes to the tertiary or local road network which, apart from localised trouble spots, is in general lightly trafficked (particularly outside peak hours) and makes up about 75-85% of the
road network.
1.1.2 Highway structures
Bridges, buried structures (such as tunnels and culverts) and earth retaining walls make up a
substantial proportion of the fixed assets of the land-based transportation network of Europe.
The stock of such structures has been accumulating over the years: some in-service structures
predate the 20th Century, with some masonry arch bridges dating back to Roman times.
Such structures are vital elements in the road network. The closure of a bridge or tunnel
severs the highway on which it is located; failure of a retaining structure is often less dramatic
but traffic is impeded and the public is put at some risk. The consequences of such incidents
are related to the location of the unserviceable structure. For primary roads the resulting
detours can have severe economic and political consequences; for example, the fires in the
Mont Blanc and St Gotthard Tunnels (Bettelini, 2002; Tunnels and Tunnelling International,
2001). On the other hand the closure of a lightly trafficked local road inconveniencing at
most a few hundred travellers will have little impact either economically or politically, and
provided such incidents are not too numerous they can be overlooked at a national and even a
regional level.
More commonly, defective structures on the highway result in the imposition of weight and/or
speed restrictions and/or lane closures. Again the repercussions are greatest on national roads
and least on local roads where, being less dramatic, their impact on the general public is
reduced as is their political importance. However their economic consequences can still be
serious with the heavier goods vehicles often being forced to make considerable detours and
in some cases being completely excluded from some areas.
There can be and often is a fundamental dichotomy between the short-termism of political
institutions and the long-term requirements of a highway system where the pavement needs
resurfacing or reconstructing every 10-40 years and the structures on it are designed for a 50100 year life-span or more. This mismatch is most apparent during periods of budgetary
restraint although the World Bank (1994) is clear that an ill-advised cut in maintenance
expenditure at such times ‘is a false economy’. Lack of funds for maintenance invariably
results in unnecessary deterioration of, and possibly some damage to, the highway
infrastructure that is usually more expensive to rectify at a later date.
The increasing realisation that material and financial resources are finite and limited is
encouraging greater emphasis on the conservation of the existing stock of highway structures
in a serviceable condition. That said, whilst considerable effort has been put into the
development of specifications and standards for the design of new structures, comparatively
little has been done on the development of documents covering the assessment of existing
structures. In the absence of specific documents covering assessment there will be a tendency
to assess the serviceability and stability of in-service structures using the rules given in design
documents. But such an approach may be inapplicable; and even where it can be followed it
is likely to underestimate the stability of an existing structure. In some cases it could lead to
the unnecessary replacement or strengthening of existing structures with all the attendant
costs of traffic delays. What is required is a system of assessment within which longevity and
structural condition are qualitatively or quantitatively balanced against the required factor or
margin of safety deemed to be required: it inevitably involves some form of risk assessment.
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A reliable integrated system of inspection, assessment and maintenance is required to ensure
the safety of the public at large, and also the efficient allocation of resources to the upkeep of
the highway network.
1.2

COST 345

It was against the backdrop of the foregoing that COST Action 345 was undertaken to define
the procedures required for the assessment of highway structures: the Action was supported
by the European Commission and involved experts from 16 European States. Note that the
term ‘procedures’ in the title covers (a) physical methods, such as visual examination and testing, (b) methods of analysis, both qualitative and quantitative, and (c) construction practices
for maintenance and refurbishment. These cover more or less, respectively, inspection, assessment and remedial works. The Action covered all types of highway structure and so encompassed bridges, buried structures (such as culverts and tunnels), and earth retaining structures, but low-value structures (such as street furniture) and very long span bridges were excluded.
The main objective was to describe current European practice on the inspection, assessment,
maintenance and repair of the stock of in-service highway structures. Secondary objectives
were to:
•
collect information on the stock of highway structures, including current expenditure levels
•
define the requirements for future work
•
identify the types of structure that are not amenable to simple inspection, analysis or repair.
The development and application of reliable inspection, assessment, maintenance and repair
procedures for the European highway network could ensure the continued high performance
of the network and, potentially, could save billions of Euros in construction, maintenance and
traffic delay costs.
The end-users of the results of this Action include International, National and Local Government highway organisations and agencies, construction companies and the technical and scientific world. At International and National levels, the data collected as part of this study
could influence matters of policy regarding safety and the administration and operation of
highways. Such data will also be of interest to different parts of these institutions for decision-making in the areas of transport policy, legislation, research and development.
At a regional or local level, engineers charged with the upkeep of a section of highway infrastructure will benefit from the availability of information on methods of inspection, assessment and analysis, and from improved whole life cost models. Together these could improve
the efficiency of operations, provide more reliable predictions of expenditure, and assist in the
planning and execution of inspection and maintenance works. The information will also be of
benefit to road operators and contractors concerned with such works.
1.2.1 Work programme
The programme of work was undertaken by seven Working Groups as follows:
Working Group 1
Inventory
Working Group 2
Inspection
Working Group 3
Condition assessment
Working Group 4
Numerical techniques
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Working Group 5
Safety and serviceability
Working Group 6
Remedial measures
Working Group 7
Final report
The position of the areas covered by the various Working Groups in an asset management system is shown in Figure 1-2.
1.2.2 Working Group 6
Working Group 6 considered the measures used to maintain and repair highway structures. It
will be appreciated that remedial works are undertaken following an inspection and
assessment, and other than for routine works they usually require some design effort. The
resources expended in the inspection, assessment and design will be wasted where the
remedial works are not carried out as designed and to a sufficiently high standard. Indeed,
poorly executed work can initiate and promote deterioration of a structure.
The information feedback loops shown in Figure 1-2 should not be undervalued. Such
information may be used to:
• identify the types of structure that are more demanding in terms of remedial works - and
from here identify what changes may be required of design documents and specifications
• assess the competency of the remedial works at a particular site
• identify the more cost-effective remedial measures for particular structural types
• estimate the rate of deterioration of the existing stock of structures - and perhaps from this
information to estimate the current value of the existing stock of structures and the likely
future expenditure on its maintenance.
However, all too often the value of such feedback is underestimated. Similarly, the value of
well-documented case studies is often overlooked, and few of the published studies provide
long-term information on the cost-effectiveness of remedial works.
1.2.2.1 Scope of investigation and report
The three main types of maintenance, repair and upgrading works are:
1 Preventative treatments to control, arrest or prevent further deterioration.
2 Repairs to restore the condition of deteriorated components and elements.
3 Works to restore or enhance the load-carrying capacity of a structure.
Both 1 and 2 concern serviceability, whilst the last concerns structural stability. The
mechanism of deterioration of a structural component/element and the rate at which it occurs
are functions of the in-service conditions, but the methods used to repair a reinforced concrete
element, for example, do not differ greatly according to its type or form. On the other hand,
the stability of a structure is dictated by site-specific conditions, such as its form, shape, size
and the loads it carries, and so it is not possible here to provide specific guidance on structural
strengthening techniques. For much the same reasons, little information is provided on the
replacement of highway structures.
What follows, therefore, mainly concerns material rehabilitation. However, because of its
importance, information is given on structural methods for addressing problems associated
with scour: although estimates vary it would seem that at least half the bridge collapses in the
world are due to scour - it will be appreciated that most bridges do not cross water. Although
some measures for strengthening structural elements are described, neither the design of these
strengthened elements nor construction operations are covered: such matters would normally
be covered in national design standards and specifications.
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The appropriateness of a particular remedial measure is a function of its technical and
practical feasibility, the requirements of the client and users, the service life of the structure,
the operational restrictions on site works (such as the time available, traffic management
requirements and weather conditions), and its cost-effectiveness. Because the costs of
remedial measures are dependent on many site-specific factors, such as the need for
temporary works and access, they are not considered in any detail here.

NEW WORKS
DESIGN PROCEDURES

ASSET
MANAGEMENT

INVENTORY [WG1]

INSPECTION [WG2]

CONDITION
ASSESSMENT/RATING [WG3]

NUMERICAL ASSESSMENT [WG4]
SAFETY AND SERVICEABILITY [WG5]

REMEDIAL MEASURES [WG6]

RENEWAL

REPAIR AND
PERHAPS
IMPROVEMENT
WORKS

ROUTINE
MAINTENANCE

Figure 1-2 Asset management cycle
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Some of the types of structure covered herein are formed from the same material (most
commonly, reinforced concrete) and so, for brevity, details of commonly used remedial
measures are not reiterated for each type. Furthermore, because of space limitations, detailed
information on some measures is not provided, although additional information can be
obtained from the cited references - for example, on the underwater maintenance and repair of
bridges in NCHRP (1994). But the case studies cited provide information on the selection of
the particular remedial measure adopted.
1.2.2.2 Defects and deterioration
Structures can be defective through faulty design or poor workmanship, they can deteriorate
in service, and they may not be able to cope with a change in service conditions - such as an
increase in traffic loading. The following factors should be considered when selecting the
remedial measure(s) for a particular structure:
• the cause of the defect or deterioration
• the effect of the defect or deterioration on the serviceability of the structure
• the previous and likely future rates of deterioration
• the (likely) cost-effectiveness of the measures
• the estimated remaining life of the structure and the service life required of the treated
structure.
Degradation processes can be initiated and promoted by one or more of a number of agents
and processes, and so it may be difficult to pinpoint the underlying cause(s) of a defect or
deterioration. However, it is crucial that the causes are correctly identified to allow
appropriately targeted remedial measures to be designed and executed. It can be costeffective to address the causes before or at the same time the remedial works are undertaken.
The identification and classification of defects are covered in the report of Working Groups 2
and 3, whereas Working Groups 4 and 5 cover aspects of numerical analysis and safety.
1.2.2.3 Approach to remedial works
Strategies for preventing and limiting deterioration are:
• reducing the aggressiveness of the environment; for example, by installing drains and
erecting protective enclosures
• protecting the structure from the environment; for example, by applying protective
treatments (such as waterproofing systems, surface coatings and paints) and installing
expansion joints
• using tough and durable materials.
In virtually all cases, it is more cost-effective to implement preventative measures than to
allow degradation to proceed to the point where substantial repairs, or even replacement,
become necessary.
It is essential that the materials used for remedial works are fit for purpose. All materials
should have a certificate of conformity, and documentation to confirm that their performance
corresponds to that claimed. Materials should be installed in accordance with a method
statement to help ensure that the performance claimed is realised in practice. Whenever
necessary, on-site inspection of remedial works and testing of materials and on-site
performance should be undertaken.
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Chapter 2

Water management

Most material deterioration mechanisms that affect highway structures are primarily due to
the effects of water. This is because water:
• transports aggressive species, such as chloride and sulfates ions, to the surfaces of
structures
• transports aggressive species and contaminants into concrete components and elements
• promotes corrosion of exposed steelwork
• must be present for the corrosion of embedded steelwork to occur
• promotes the rotting of wood
• increases the vulnerability of masonry and concrete to frost attack
• washes out fines from soils and backfills - and can thereby lead to ground movements
• must be present in concrete for alkali aggregate reaction (AAR) to occur
• adversely affects appearance - through staining and algae growth for example
• when trapped, can lead to the break-up of road surfacings and the failure of expansion
joints
• generates disturbing forces on the back of earth-retaining walls
• reduces the effective strength of soils - for example, by dissolving cements
• reduces pore water suction and thereby generates swelling in clayey soils
• generates scour around bridge supports.
Water does have some beneficial effects. For example, it reduces the rate of carbonation in
concrete, and saturated concrete contains little oxygen at potential corrosion sites. Thus
concrete structures that are saturated (or dry) are likely to be the most durable, whereas those
subject to wet and dry cycles are likely to be the least durable.
In identifying the most appropriate remedial measures, the following should be considered:
• water held on or within the surfacing on bridges
• water held in the fill to masonry arch bridges
• water held in service bays and ducts
• water held on bearing shelves
• stagnant or flowing water in tunnels and culverts
• water present in the soils behind bridge abutments, retaining walls, tunnels and culverts
• running water in and around foundations and structural supports
• leaks from water mains, sewers, drains, service ducts and trenches
• leaks through expansion joints and construction joints
• leaks through waterproofing membranes
• leaks through the joints between tunnel linings and sections of culvert
• drips from through-deck drains
• drips from longitudinal joints
• drips from the edges of decks
• airborline water - for example, traffic spray and wind-blown discharges from overflows
and drains.
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Chapter 3
3.1

Remedial measures for bridges

OVERVIEW

Remedial measures for bridges can be categorised as follows, see Shetty et al (2000):
Preventative maintenance
• renewal/repair of drains
• repair/replacement of expansion joints
• replacement/installation of deck waterproofing system
• corrosion protection
• minor concrete repairs
• installation/maintenance of cathodic protection system
• impregnation of concrete elements
• desalination
• realkalisation
• pointing brickwork/masonry
• maintenance of river training works and scour protection systems
• maintenance/replacement of bearings
• maintenance of road surface profile - to control impact loads for example
• clearing drains
• signing for headroom
• signing for weight or speed restrictions.
Strengthening and reinstatement works
• strengthening of bridges unable to carry the in-service traffic loads
• strengthening/protection of piers vulnerable to impact loads
• strengthening/replacement of parapets, crash barriers, safety fences and the like
• provision/repair/improvement of scour protection systems
• repair of damaged/deteriorated deck or wall elements
• repair of substructures damaged by impact/deterioration/scour etc.
• repair/strengthening of adjacent earthworks.
Bridges can be strengthened by:
• increasing the depth of slabs, or the depth and/or width of beams
• providing an external prestressing force
• providing additional reinforcement
• providing additional supporting members.
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3.2

CONCRETE BRIDGES

The most common defects of concrete bridges are associated with reinforcement corrosion.
At the outset, steel reinforcement embedded in chloride-free concrete is exposed to an
alkaline environment (pH > 12.5), and in such conditions a passivating oxide film forms that
protects the steel from corrosion. The film is durable and can last for many years provided
the alkalinity of the concrete is maintained. However the film can be broken down by
chloride ions and alkalinity can decrease through carbonation - that is, the reaction of
concrete with carbon dioxide in the atmosphere. Subsequently, as the steel reinforcement
becomes exposed to moisture and oxygen, it is at risk of corrosion. Corrosion cells are
formed as electrons are transferred from anodic to cathodic regions of the reinforcement. At
an anode, ferrous ions react to form rust: because rust occupies ten times the volume of the
parent steel and concrete is weak in tension the concrete cracks and this facilitates the ingress
of aggressive species into the concrete and an increase in the rate of corrosion. Severe
corrosion can lead to the delamination and spalling of concrete.
Sulfates also lead to the deterioration of the concrete through the formation of gypsum,
ettringite or thaumasite. The alkali-aggregate reaction (AAR) is expansive and so it can also
generate cracking: guidance on the prevention of AAR is given in Concrete Society (1987).
Concrete can also be damaged by the effects of freeze-thaw, impact and fire.
Remedial measures for concrete bridges are summarised in Table 3-1: the more common
techniques are described in the following text. Further information can be obtained from a
wide range of literature, including Pearson and Patel (2002), PIARC (2002), Ryall et al
(2000), Mallett (1994), Allen et al (1993) and FIP (1991).
3.2.1 Drainage systems
Where water has contributed to the deterioration of a structure, the design, condition and
performance of the existing drainage systems should be examined. Remedial work may
involve the maintenance and upgrading of the existing systems, or the installation of new
ones.
3.2.1.1 Carriageway drains
To minimise its effect on the various protective systems, surface water should be removed as
quickly as possible from the carriageway of a bridge. Ideally, the provision of longitudinal
surface gradients and crossfalls should direct water off a bridge deck, but surface water
drainage systems formed from kerbs or channels, gullies and carrier drains of sufficient
capacity are required to ensure that water is removed quickly from the surface of a large
structure. Whenever possible, surface water should be discharged into gullies off bridges.
The surfacing on a masonry arch bridge should be shaped to shed water away from the
spandrel walls.
When a bridge is on a gradient, drains should be provided at its high end to reduce the volume
of surface water flowing onto it and minimise, as far as possible, the flow of water over
expansion joints.
On some structures it will be beneficial to seal cracks in the road surfacing: for example,
water leaking through the surfacing of a masonry arch bridge may wash fines out of the fill,
thereby forming voids and leading to ground movements.
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Table 3-1 Remedial measures for concrete bridges
Fault
Ingress of aggressive species - such as
chloride-ion rich water and carbon dioxide

Damaged concrete

Low passivity of reinforcement

Restricted movement at location of
expansion joints
Corroded tendons of post-tensioned
bridges
Damaged tendons of post-tensioned
bridges
Under-strength structural element

Defective foundations
Scour, or damage to scour protection
works
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Measures
Install/replace bridge waterproofing system
Apply deck overlay
Install/replace expansion joints
Make multispan decks continuous
Install/repair drainage systems
Apply surface protection
Seal cracks
Patch repair
Apply sprayed concrete
Place flowable concrete
Replace reinforcement
Increase cover
Replace contaminated or carbonated concrete
Apply cathodic protection
Realkalise
Desalinate
Apply corrosion inhibitors
Repair/replace bearings
Repair/replace expansion joints
Regrout ducts
Protect external tendons
Repair/replace tendons
Apply plate bonding
Apply wrap-on fibre reinforced plastic (for
columns)
Increase section thickness
Install additional reinforcement
Provide a supplementary prestressing force
(by external post-tensioning)
Provide additional supports
Underpin
Install protection measures
Repair/enhance protection system: for
example by placing riprap or concrete around
substructures at risk
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3.2.1.2 Sub-surface drains
Many bridge decks are overlaid with bituminous surfacing. Some types of surfacing are
relatively permeable and so a large volume of water can penetrate through them. And
although little water will penetrate through the bulk of a relatively impermeable surfacing, a
substantial volume can enter through joints and defects in one. Where gradients or expansion
joints prevent the flow of sub-surface water off a bridge, significant quantities of water may
accumulate in the surfacing. Where this occurs, wheel loading can generate high hydrostatic
pressures and thereby contribute to the failure of waterproofing systems, expansion joints and
the surfacing itself.
As shown in Figure 3-1 and Figure 3-2, edge drains should be provided to drain the full depth
of a relatively permeable surfacing (that is, those having a void content greater than 5% as
laid). The binder course should be relatively impermeable (having a void content lower than
5% as laid and/or a bond coat to help seal the top of the binder course) so that the amount of
water entering the layer is low and most of what does enter the surface course is drained away
at the base of that course. The surfacing must be uniformly and adequately bonded to the underlying waterproofing system.
To remove sub-surface water that percolates through the full depth of the surfacing, throughdeck drains and/or longitudinal drains should be installed at low points along edges, and at
expansion joints at the level of the waterproofing system. It is beneficial for through-deck
drains to be installed in a drainage trench of the type shown in Figure 3-3 but, unfortunately,
such trenches are hardly ever used.
3.2.1.3 Other surfaces
Water that falls on the surfaces of a bridge superstructure, other than the carriageway, should
drain either towards the surface water drainage system or over the side of the bridge. Surface
tension allows thin films of water to flow down vertical surfaces and under the soffit, and so
drip features should be provided to prevent water reaching vulnerable parts of a bridge.
Every effort should be made to prevent leakage at expansion joints, with particular care taken
at half-joints. It may be cost-effective to modify existing bridges to reduce the number of
joints or eliminate them altogether, see 3.2.4. It should be assumed that all expansion joints
will leak at some time or other. Thus drainage channels should be provided at abutment and
pier bearing shelves at the location of expansion joints. Bearing shelves should be inclined to
encourage drainage to such channels: typical details are shown in Figure 3-4 and Figure 3-5.
Because leakage usually occurs at their intersection, carrier drains should not cross expansion
joints.
Water can be held in and carried along service bays, particularly those filled with granular
material, and so weep holes should be inserted at intervals along them.
Whenever possible, joints should be placed below and clear of service ducts. A service pipe
can bring water onto a bridge that is then discharged where the pipe is jointed to pass through
an expansion joint. Drainage features should be provided on the assumption that the service
duct will leak: suitable details to cope with leaks are shown in Figure 3-6 and Figure 3-7.
Where they cannot be extended sufficiently to prevent discharges from reaching vulnerable
parts of the structure (either blown by wind or not), drains from expansion joints, throughdeck drains, weep holes etc. should be discharged into closed systems, as shown for example
in Figure 3-8. Drains should not be left open where discharges may form a hazard; for example, in freezing conditions when icicles may form or discharges may freeze on surfaces beneath the drain outlet.
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3.2.1.4 Abutment drains
On some structures a drainage system is provided at the back of an abutment to discharge
water from the backfill. Where such a system is not functioning, weep holes should be
provided to the front of abutment just above ground level. Discharges from weep holes
should be prevented from reaching vulnerable parts of the structure.

Figure 3-1 Kerb drainage units for a relatively permeable surface course, from Pearson
and Cuninghame (1998)
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Figure 3-2 Details at central reserve to drain water from permeable surface course

Figure 3-3 Detail of drainage trench and through-deck drain at expansion joint, from
BA 26 (DMRB 2.3.7)
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Figure 3-4 Details of drainage of bearing shelf below expansion joint, from Pearson and
Cuninghame (1998)

16

COST 345 WG 6 report

Figure 3-5 Detail of drainage at top of pier, from Pearson and Cuninghame (1998)
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Figure 3-6 Details of service duct/expansion joints, from Barnard and Cuninghame
(1997)
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Figure 3-7 Arrangement for isolating water leakage from around service pipes, from
Pearson and Cuninghame (1998)

Figure 3-8 Detail of through-deck drain, from Pearson and Cuninghame (1998)
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3.2.2

Deck waterproofing

3.2.2.1 Requirements
It is essential that a waterproofing system is applied to the upper surfaces of a bridge deck to
prevent damage by (a) aggressive solutions, derived from de-icing salts and industrial
pollution for example, and (b) freeze-thaw.
For a waterproofing system to be effective it must:
• be impervious to solutions that can damage the deck
• form a continuous layer bonded to the deck
• be resistant to the types of damage that can occur during normal site practice, and the high
temperatures encountered during the laying of bituminous surfacing
• withstand movements (such as due to the cracking of the deck), the stresses associated
with traffic loads, and the in-service environmental conditions.
3.2.2.2 Types
The types of waterproofing include sheet systems, liquid-applied reactive resins and
waterproofing-grade mastic asphalt. Most sheet and liquid-applied systems include a primer
to ensure a good bond between the waterproofing membrane and concrete. Sheet systems
include pour and roll, torch-on and self-adhesive types. The membranes of pour-and-roll
systems are bonded to the concrete by rolling them out onto a layer of adhesive (for example,
a molten bituminous material). Torch-on systems are rolled out after the adhesive on their
underside has been heated. Self-adhesive systems are simply rolled out and then pressure is
applied to bond them to the concrete. Liquid-applied systems can be applied using a roller or
squeegee, or by spraying. Further information on the main features of the different types of
system and on their application is provided by Pearson and Cuninghame (1998).
3.2.2.3 Selection
The most appropriate system for a structure is a function of several factors, including:
• the condition of the deck
• the profile and details of the deck
• the time available for application
• environmental conditions during application
• the type of surfacing that is to overlay the system
• in-service conditions.
With appropriate environmental conditions, liquid-applied systems are quicker to apply than
sheet systems. However liquid-applied systems cannot be overlaid until they are cured (and
this may take some time) and their application is more weather dependent than sheet systems.
The curing time of a liquid-applied component of a system is dependent on the environmental
conditions.
3.2.2.4 Application
A waterproofing system should be continuous across the deck between parapet upstands.
Careful detailing is required at expansion joints, drains, edges and service bays to prevent the
penetration of water beneath the system. Suitable details are shown in Figure 3-9 and Figure
3-10.
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Figure 3-9 Details of kerb and footways for relatively impermeable wearing courses,
from Pearson and Cuninghame (1998)

Figure 3-10 Details for service ducts, from Pearson and Cuninghame (1998)
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Any surface to be overlaid should be dry and its temperature should be at least 3°C above the
dew point so that surface moisture does not weaken the bond between the waterproofing
system and the concrete, or between the various layers of the waterproofing system.
The concrete to which the waterproofing system is to be applied must be sound, dense,
reasonably level, uncontaminated and at least surface dry. Pull-off tests can be carried out to
check that the tensile strength of the surface concrete is higher than the specified bond
strength of the waterproofing system to the concrete: weak concrete must be replaced.
The surface finish of the concrete should be such that:
• there are no large hollows in the deck where water can accumulate
• surface irregularities are limited in scale so that the application of primer, adhesive and
liquid-applied membrane is not excessive
• membranes are fully supported
• sheet systems can follow the contours of the deck without rucking.
It is difficult to apply sheet systems around complex details and ensure that there are no
leakage paths, and it can also be difficult to lay sheets flat without rucks on uneven surfaces.
Torch-on and self-adhesive sheet systems should not be applied where the surface of the
concrete is particularly rough because there is a danger that air pockets can become trapped
beneath the sheets.
Some areas of a bridge deck may have hollows that cannot be drained by gravity because the
longitudinal gradient or crossfall is too low. Other areas may have an uneven surface finish,
or there may be voids at or close to the surface. Although a continuous membrane can be
formed in such areas by simply increasing the thickness of the liquid-applied material, this
may be a costly option.
Hollows in the carriageway that exceed 150mm square should be either filled, so they drain
by gravity, or through-deck drains should be installed: any filling should be compatible with
the waterproofing system. Alternatively, the thickness of the membrane can be increased
provided that the increased thickness does not detrimentally affect the performance of the
surfacing.
3.2.2.5 Common problems
A common problem met with waterproofing works is outgassing. This occurs when air, water
vapour and solvents within the voids in the concrete are expelled due to the change in
temperature. Outgassing can cause the development of ‘pin-holes’ in liquid-applied systems
(during curing) and the blistering of all types of system (after installation), particularly when
high temperatures are encountered during surfacing works. To minimise the effects of
outgassing, the concrete should have a low moisture content at the time the waterproofing
system is applied, and the rate of application of solvent-based primers should be controlled
carefully.
To prevent sub-surface water from accumulating in the surfacing, the void content at the
interface between the waterproofing system and the surfacing should be negligible. Thus, in
general, either the base of the surfacing layer that lies directly over the waterproofing system
must have a low void content, or the waterproofing system must be provided with a tack coat
that fills any voids at the interface.
As stated earlier, the surfacing must be uniformly bonded to the waterproofing system: bond
failure can cause surfacing less than about 100mm thick to fail prematurely.

22

COST 345 WG 6 report

3.2.3

Expansion joints

3.2.3.1 Types
The most appropriate type of expansion joint for a structure depends on the in-service
thermal, traffic-induced and long-term movements; the traffic loading; details of the edge and
verge; the time available for installation; the required service life and the cost.
Where movements are likely to be small, buried-type expansion joints - as shown in Figure
3-11, are preferred because the waterproofing system is continuous over the expansion gap
and the joint does not prevent the flow of sub-surface water over a bridge. This is particularly
important where the surfacing is permeable so that large volumes of water may enter the
surfacing.

Figure 3-11 Details of buried flashing expansion joint, from Barnard and Cuninghame
(1997)
In the UK, the Clwyd buried plug, as shown in Figure 3-12, is recommended where the
anticipated maximum movement is less than 20mm: different limits may be appropriate in
other States.
Other types include asphaltic plug joints (Figure 3-13), reinforced elastomeric joints (Figure
3-14), elastomeric-with-metal runner joints (Figure 3-15 and Figure 3-16), and cantilever
tooth or comb joints (Figure 3-17). However these types can form a barrier to water flowing
over a bridge, and so sub-surface drainage must be provided to prevent water accumulating on
their high side. Wheel loading can generate high hydrostatic pressures in saturated surfacing
and lead to leakage at expansion joints, and failure of the sufacing. Longitudinal drainage
channels can be installed within joints but, because these can become blocked with time,
through-deck drains or edge drains should be installed whenever possible.
It should be noted that requirements for overlays to waterproofing systems vary from State to
State. In the UK, waterproofing systems are normally overlaid with a 20mm thick layer of
sand asphalt and a further 100mm thick layer of asphalt. Thus although Figure 3-11 to Figure
3-17 show a red sand asphalt layer overlaying the waterproofing system, in other States
different types of asphalt are used with the various expansion joints.
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Figure 3-12 Details of Clwyd buried plug expansion joint, from Barnard and Cuninghame (1997)

Figure 3-13 Details of asphaltic plug expansion joint, from Barnard and Cuninghame
(1997)

Figure 3-14 Details of reinforced elastomeric expansion joint, from Barnard and
Cuninghame (1997)
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Figure 3-15 Details of elastomeric-with-metal runners expansion joint cast into deck,
from Barnard and Cuninghame (1997)

Figure 3-16 Details of elastomeric-with-metal runners expansion joint: resin encapsulated or bolted to deck, from Barnard and Cuninghame (1997)

Figure 3-17 Details of cantilever comb or tooth expansion joint, from Barnard and
Cuninghame (1997)
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3.2.3.2 Performance
The performance of buried-type joints is largely dependent on the properties of the surfacing
overlaying them, whilst the performance of asphaltic plug joints is dependent on the
properties of the binder of the plug and the mix proportions. The maximum movement that
buried-type and asphaltic plug joints can accommodate reduces with reducing thickness of the
surfacing.
Joints must be resistant to the stresses and deformation generated by wheel loading, and also
to fatigue cracking due to thermal- and traffic-induced movements. Low amplitude trafficinduced movements can be more damaging than higher amplitude daily thermal movements,
partly because the former are more numerous and occur at a higher frequency than the latter.
It may be necessary to consider alternatives to buried-type and asphaltic plug joints where the
amplitude of traffic-induced movements is high (for example, where there are deep beams so
that there is a long distance between the bearing and the joint). Rapid movements associated
with the stick-slip behaviour of malfunctioning bearings are particularly damaging to buriedtype and asphaltic plug joints. In some States where resistance to deformation is deemed a
priority, asphaltic plug joints may be designed to accommodate relatively low thermal
movements.
Although they are more expensive, provided their seals remain intact single element
elastomeric-in-metal-runner joints tend to perform better than asphaltic plug joints and
reinforced elastomeric joints. However, multi-element elastomeric-in-metal-runner joints
must be designed to be resistant to fatigue cracking, because their repair can be costly and
time consuming.
Leaking expansion joints can enable aggressive species to come into contact with vulnerable
parts of a bridge. Almost all types of expansion joint are likely to leak at some time or other,
and it is essential that leakage be prevented from reaching the vulnerable parts of a bridge.
Therefore, leakage should be collected in a suitable drainage channel, and the vulnerable
surfaces should be protected by a waterproofing system or coating. It is useful to provide
access under joints to allow maintenance and inspection of the drainage and protective
systems. It is difficult to prevent leaks at interfaces between different types of joint and so,
wherever possible, joints should be continuous across the full width of a deck. Footways,
verges and service bays, where there are changes in level, can present particular difficulties.
Usually, buried-type, asphaltic plug and nosing-type joints can be laid to follow the profile of
the verge. Reinforced elastomeric and elastomeric-in-metal-runner joints can be installed at
carriageway level or be profiled to follow changes in surface level. Recommendations on the
detailing of joints are given by Pearson and Cuninghame (1998).
The free movement of expansion joints can be prevented where the expansion gap or the
joints themselves are contaminated with detritus and where components of the joint interfere
with each other. Any restriction can generate large forces in structural members. It is vital,
therefore, that expansion gaps and joints are cleared of debris, and that the joints are set
properly at the time of installation so they can accommodate the anticipated movements.
Where comb-and-tooth type mechanical joints are fitted, particular consideration should be
given to the likely settlement of the bridge substructure.
Expansion joints should be replaced when the ride quality endangers or seriously
inconveniences road users - including cyclist, pedestrians and animals.
Further information on the selection and installation of expansion joints is provided by
Barnard and Cuninghame (1997).
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3.2.4 Bearings
High forces can be generated where bridge bearings ‘lock up’ or the coefficient of friction
between the moving parts exceeds their design value. Thus non-functioning bearings should
be replaced.
The moving components of steel bearings such as roller, rocker, knuckle, leaf and link
bearings should be greased. Corrosion of non-mating surfaces should be prevented by the
application of a paint system.
The coefficient of friction of metal-upon-metal sliding bearings can be high even when they
are well lubricated. Such bearings should be replaced where unacceptably high forces may be
developed.
Where necessary, measures should be taken to prevent contamination of the mating surfaces
of PTFE bearings. This is particularly important where the PTFE mates with a thin sheet of
stainless steel - this is because corrosion of the backing plate behind the stainless steel can
lead to distortion of the stainless steel and an increase the effective horizontal stiffness of the
bearing. The PTFE bearing material should be replaced when wear is excessive.
Correctly designed elastomeric bearings are essentially maintenance-free, but their
replacement should be considered where hardening of the elastomer (due to exposure to oils,
ozone and extreme weather for example) has increased its shear stiffness to an unacceptably
high level, or the elastomer has split.
The concrete adjacent to bearings and the bedding mortar should be in good condition so that
the effective stiffness of the bearings in the horizontal plane and/or in rotation is not increased
by distortion generated by inadequate support.
Bearings should be reset where the effect of any inclination from the horizontal or eccentricity
of loading has not been allowed for in design.
3.2.5 Making multi-span bridges continuous
Problems of leakage at expansion joints can be reduced, or eliminated altogether, by making
multi-span structures continuous. Five methods of achieving continuity are summarised
below; further details are given by Pritchard and Smith (1991). In the first three methods
described, the precast deck beams are embedded into crossheads to provide deck continuity:
the other two methods do not provide such continuity.
When reducing the number of expansion joints, the movement capacity of the remaining ones
should be increased as necessary.
Where cracking of the deck slab can occur at or around a new connection, a bridge deck
waterproofing system having an adequate bridging ability must be applied to prevent leakage.
3.2.5.1 Wide in situ integral crosshead
Where the existing beams are substantially shorter than the spans between the support piers, a
wide integral crosshead can be cast in situ. In this case the beams are usually supported
temporarily by trestles built off the pier foundations. The crosshead is then cast over the pier
between and around the beams to provide an embedment of about 1m, as shown in Figure
3-18. Longitudinal continuity is provided by the reinforcement within the continuous deck
slab; this is usually supplemented by reinforcement, and sometimes prestressing strands,
extending from the top and bottom of the embedded beams. Transverse strength to the
crosshead can be provided either by prestressing tendons or reinforcement, some of which
may pass through holes in the precast beams. The crosshead is supported on a single row of
bearings set centrally on the pier, which halves the number of bearings but increases their
size.
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3.2.5.2 Narrow in situ integral crosshead
Where the existing beams are long enough to be supported on two parallel rows of temporary
or permanent bearings, or on one row of permanent bearings on the pier tops, a narrow
integral crosshead can be cast in situ. As in the previous arrangement, the crosshead is cast
over the pier between and around the beams to provide an embedment of about 1m, as shown
in Figure 3-19. But, because the gap between the ends of the embedded beams is narrow, it is
difficult to provide an adequate connection between the ends of the beams. Longitudinal
hogging bending continuity is provided by reinforcement within the continuous composite
deck slab. Transverse strength to the crosshead is usually provided by reinforcement, some of
which may pass through holes in the existing beams. Where twin rows of temporary bearings
are used, a central row of permanent bearings located under the crosshead can be brought into
use by removing the temporary bearings after the crosshead has gained sufficient strength. In
some cases, two rows of bearings are retained and the connection made using overlapping
dowel or hooked bars placed in the narrow gaps between the beams: however, usually a
central row of bearings is preferred.
3.2.5.3 Integral crosshead cast in two stages
As shown in Figure 3-20, the detail of this option is much the same as described above except
that the crosshead is cast in two stages. The bottom section is cast first to support the beams
on thin mortar beddings or bearing pads. During construction, the crosshead may be
monolithic with the pier or held on a fixed bearing. The second stage completes the
crosshead; it will have much the same details and reinforcement layout as described above.
3.2.5.4 Continuous separated deck slab
With this option the deck slab is modified to accommodate the rotations of the simply
supported deck beams. To permit flexure, the deck slab is separated from the support beams,
over a length of about 1.5m, by a layer of compressible material: the detail is shown in Figure
3-21. In situ reinforced concrete diaphragms are located in each span towards the ends of the
separated slab. The beams remain supported on separate bearings. (This method may be the
subject of the patent taken out by Dr A Kumar of Kumar Associates, UK.)
3.2.5.5 Tied deck slab
This option is applicable to multi-span beam decks that have slab trimmer diaphragms at the
ends of the beams. The ends are carried on parallel rows of bearings at the piers. Longitudinal connecting dowels are incorporated at mid-depth of the slab to tie the slabs together over
the pier, eliminating expansion movement at deck level and permitting the use of a buriedtype expansion joint: the arrangement is shown in Figure 3-22. (Other buried-type expansion
joints can be used in place of the type shown in detail X of Figure 3-22; see 3.2.3). To permit
deck rotation, the dowels are debonded and sleeved from the surrounding concrete over a
short length either side of the joint. Also, the slab and trimmer beam downstands are ‘necked’
using compressible joint filler below and above the dowel connection.
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Figure 3-18 Achieving continuity with a wide in situ integral crosshead, from Pritchard
and Smith (1991)
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Figure 3-19 Achieving continuity with a narrow in situ integral crosshead, from
Pritchard and Smith (1991)
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Figure 3-20 Achieving continuity with an integral crosshead cast in two stages, from
Pritchard and Smith (1991)
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Figure 3-21 Achieving continuity with a continuous separated deck slab, from Pritchard
and Smith (1991)
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Figure 3-22 Achieving continuity with a tied deck, from Pritchard and Smith (1991)
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3.2.5.6 Design considerations
The options for an integral crosshead require the most design effort, with the following
requiring investigation:
• creep and shrinkage of the precast beams
• creep and shrinkage of the deck slab
• live loading
• thermal effects
• deck settlement
• differential displacement of parallel rows of bearings.
Of particular importance are the hogging moments induced at the supports due to live and
dead loads, and the sagging moments induced at the supports due to restrained creep rotations
of the precast beams, settlement, thermal effects and live load acting on remote spans.
Pritchard and Smith (1991) give further details.
The tied-deck slab option requires the least design effort, but forces transmitted through the
connection, such as traction and braking, wind, shrinkage and bearing friction, must be
considered.
3.2.6 Protection of exposed concrete
Exposed concrete can be treated with a range of materials: these can be classified as surface
coatings, renderings and impregnants. The reasons for applying a protective treatment
include:
• to prevent the penetration of aggressive species, such as chloride ions
• to prevent carbonation
• to prevent water penetrating through cracks
• to create a surface that is easy to clean and to keep clean
• to improve aesthetics.
Concrete at or near ground level is particularly vulnerable to deterioration and so measures
must be taken to ensure continuity of protection between the above- and below-ground
protection systems. However, treatment may be limited to the most vulnerable surfaces:
concrete more than, say, 8m from a road surface may not have a high risk to the ingress of
chloride ions derived from de-icing salts.
3.2.6.1 Surface coatings
Surface coatings range in thickness from less than 1mm up to 5mm or so. A coating can be
applied by a brush or roller, or by spraying. To be effective, surface coatings must be:
• continuous - that is, free of defects and pin holes
• uniformly bonded to the concrete
• able to bridge existing cracks and any new cracks that may form in the concrete.
Furthermore, good workmanship and careful surface preparation are essential: the concrete
surface must be free from contaminants that could reduce the adhesion of a coating to the
surface, and from defects, such as voids, that could prevent the formation of a continuous
coating. And the moisture condition of the concrete surface at the time of application should
be within the range specified for the coating.
For most applications, a coating must allow the passage of water vapour from the concrete as otherwise the coating will not adhere to the concrete. A watertight coating should only be
used where moisture cannot penetrate behind it.
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Multi-layer coatings are better able to bridge cracks and are less prone to defects such as pin
holes. The most effective coatings tend to be resin-based, but all coatings tend to deteriorate
over time through weathering and so they need to be maintained and eventually replaced to
provide continuous protection.
The following selection criteria are given by Pearson and Patel (2002):
• chemical resistance - for example, to chloride ions
• diffusion resistance - for example, to water, carbon dioxide and chloride ions
• resistance to alkalinity - particularly where the concrete is less than 6 months old
• weathering resistance - for example, to ultra-violet light, service temperatures, humidity,
and water
• resistance to expansive forces - for example, to freeze-thaw and alkali-aggregate reaction
• aesthetic appearance
• crack bridging ability
• bond to substrate
• abrasion resistance
• ease of application
• ease of overcoating
• service life
• cost.
3.2.6.2 Renderings
Renderings are over 5mm thick and are normally applied by trowel. Usually they are
cementitious; nowadays, some type of polymer-modified cement mortar would be used.
Renderings tend not to adhere to the concrete as well as surface coatings, but they can be
applied to uneven surfaces and be used to change the appearance and texture of the concrete
as well as improving durability.
Some renderings contain materials that migrate into the concrete and then set in a crystal form
thereby blocking the pores. In this case the passage of water vapour and other gases may be
restricted so that the concrete cannot dry out and any trapped water may then lead to the
failure of the rendering.
3.2.6.3 Impregnants
There are two types of impregnants, pore liners and pore blockers: the former allow water
vapour to pass out of the concrete but the latter do not.
Pore liners are low viscosity liquids that penetrate into the concrete and enter capillaries
where they react with and bond to silicates to form a water-repellent layer. They change the
surface tension of the pore lining so that the concrete effectively becomes unwettable: water
falling onto vertical or inclined surfaces simply runs off. This significantly delays the ingress
of water in areas where there is no standing water.
The most commonly used pore liners are silanes, such as isobutyl trimethoxy silane and
isobutyl triethoxy silane, and oligeomeric alkyalkoxysiloxanes (siloxanes). Silanes are
relatively small molecules containing a single atom of silicon. They become reactive in the
presence of water with the speed of reaction dependent on the level of alkalinity. In normal
alkaline concrete the reaction is fairly rapid, but silane is volatile and can evaporate before it
has time to react with the surface. Silanes may be applied neat or in a solution of alcohol.
Siloxane molecules normally consist of 2 to 10 silane molecules grouped together. Their
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larger size reduces their ability to penetrate dry concrete, but they are more stable than silane
molecules. Siloxanes can be applied in a solution of alcohol or in a water-borne system.
The depth of penetration is dependent on the properties of the concrete - in particular its
moisture content prior to application. Typical depths of penetration of silane range from 2mm
to 10mm, but only 1mm penetration may be achieved with some concretes - although there is
evidence that this may be sufficient to provide an effective treatment. However, a minimum
penetration is essential as the hydrophobic effect is broken down by ultra-violet radiation.
The blockage of pores, by water, dirt or non-degraded curing compounds, prevents the
penetration of the silane molecules. Checks should therefore be made for the presence and
effect of curing compounds, and surfaces must be cleaned using a stiff brush or dry gritblasting: water jetting or artificial drying should not be permitted. If the concrete is too wet,
water in the pores will inhibit the penetration of the silane. On the other hand, if the concrete
is too dry there may not be sufficient water for the reaction with the silicates to take place.
Ideally, the moisture content of the concrete should be measured but, at present, it is difficult
to make accurate measurements. In the absence of data, areas to be treated should be
protected from adverse weather conditions and kept surface-dry for 24 hours prior to
spraying.
Indirect methods of controlling the rate of application include panel trials, monitoring the
volume of silane applied and visual monitoring - the finished surface should look wet and
further application should lead to ‘run down’ of excess material. The amount of silane
absorbed varies with the density, porosity, surface finish and surface moisture content of the
concrete. As silanes are clear and colourless they do not prevent visual inspection of the
concrete after impregnation. However following application they can only be detected by
their effect on the wetting of the surface; for example, through an ISAT test (BSI, 1970). The
depth of penetration can be determined by taking cores and dropping flourescene mixed in
distilled water onto the split face: impregnated concrete will reject the dye.
Silane can be harmful to other materials, including paintwork, bituminous materials, joint
sealants, elastomeric bearings, and so such elements should be masked off during application.
Furthermore, silane should be prevented from contaminating the local environment.
The results of laboratory studies, presented by Calder and Chowdhury (1996), show that
silane can be effective against standing water, although this may not be the case on all bridges
(Pearson and Cuninghame, 1998). The results of a site trial, reported by Darby et al (1996),
show that, over a monitoring period of three and a half years, crossbeams provided with a
waterproof coating on the top surfaces (i.e. not silane) and silane impregnation on the sides
and soffit dried out and half-cell potentials became less negative. It should be noted that pore
liners do not inhibit carbonation, and the drying of the concrete may encourage carbonation.
Pore blockers are low viscosity fluids that penetrate 1mm to 3mm into the surface of concrete
and either react with the substrate (in the case of silicates, for example) or fill the pores and
harden by chemical reaction to block the pores (epoxy resins and acrylics). They are mainly
used to harden surfaces prior to the application of the main surface coating. They are
effective against chloride ingress, will restrict carbonation and have good weathering
properties. However they restrict the passage of water vapour and other gases so that
concrete cannot dry out in which case any trapped water could lead to their failure.
3.2.7 Protection of buried concrete
Buried concrete is susceptible to deterioration through aggressive species present in the
ground and ground water. In aggressive ground conditions a protective treatment should have
been put in place at the time of construction. In relatively benign conditions, concrete should
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have been designed to resist sulphate attack without the need for a protective treatment.
However, the buried surfaces of abutments and wing walls may have been treated to prevent
aggressive species in solution from passing into concrete and becoming concentrated at an
exposed face where water evaporates. To prevent the ingress of chloride ions a protective
treatment may also have been applied to abutments, piers and columns at and around ground
level.
In all but the most aggressive ground conditions the risk of corrosion of the reinforcement in
buried concrete is low because water filling the pores of the concrete limits the availability of
oxygen and carbon dioxide. However, the back of abutments may be vulnerable where a
drainage layer provides access to oxygen, and similarly surfaces at or near ground level are
vulnerable, particularly where de-icing salts are present.
It is difficult to maintain or replace protective treatments below ground without major
excavation, and so it is more economical to apply them in conjunction with other work. Any
protective treatment should be resistant to the ground conditions.
Where there is a high hydrostatic head, sheet membranes should be used on abutments and
wing walls, at construction joints, over formwork tie-holes and where there is a risk of
cracking.
Bridge deck waterproofing should be extended down the back of abutments to 200mm below
any construction joints at or above the level of a bearing shelf. Deck waterproofing should
also be applied to the top surfaces of buried structures such as concrete culverts.
Resinous coatings should be used in the most aggressive ground conditions. Bituminous
coatings are suitable for less aggressive ground conditions. Rubberised bitumen emulsions
can be applied to damp concrete and can be built-up to form the recommended minimum dry
film thickness of 0.6mm.
For aesthetic reasons, a protective treatment may not be applied higher than about 150mm
below ground level. The treatment for concrete exposed above ground may be applied down
to the level of the below-ground treatment, but the former may not be durable below ground
in which case the below-ground treatment should be extended above ground to ensure that all
concrete surfaces are adequately protected. (It should be noted that impregnants, such as
silane, may damage below-ground protective treatments.)
As with the application of any coating, the concrete surface must be properly cleaned and
prepared as required. The protective treatment on the back of an abutment should not be
damaged during the placement of drainage blocks or during backfilling and compaction
operations. Some materials used for below ground treatments are damaged by ultra-violet
radiation and so should not be left exposed for prolonged periods.
3.2.8 Cathodic protection
No matter what concentration of chloride ions is present in concrete, it is possible to prevent
corrosion of the steel reinforcement by cathodic protection. Corrosion is prevented by
making the electrical potential of the reinforcement sufficiently negative to override any
incipient corrosion cell. It also transforms chloride ions into a gaseous form, thereby
nullifying the effect of one of the most destructive agents to reinforced concrete. Although
cathodic protection can be used on all types of structure, it is most beneficial where it
eliminates the need to remove large areas of concrete that have a high chloride ion content.
Although areas of spalling and delamination must be repaired, the technique does not require
the removal of concrete where there is no loss of structural integrity.
For cathodic protection to be effective the reinforcement must be electrically continuous:
rubbing connections and tie wires can be used for this but the circuit should be checked and
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rectified where necessary. Provided a cathodic protection system is operated within standard
limits, fears that it may aggravate AAR or lead to a reduction in bond strength are now
considered to be unfounded. Nonetheless, electrical criteria must be monitored to control and
check the operation of any cathodic protection system. Furthermore, cathodic protection is a
specialised technique and protection systems must be installed by specialised contractors.
There are two forms of cathodic protection, galvanic coupling (sacrificial anode) and
impressed current.
3.2.8.1 Galvanic coupling
Galvanic coupling is achieved by connecting the reinforcement to a metal higher in the
electro-motive force series, and so this (anode) corrodes preferentially to the steel. Galvanic
coupling has limited application to reinforced concrete structures, but it finds use with
elements that are immersed or are in damp ground because these environments have a low
resistivity. Also, discrete anodes can be used to protect the reinforcement in the vicinity of
repaired areas of concrete.
Zinc is often used as a sacrificial anode for underwater cathodic protection, although
magnesium and aluminium have also been used. Piles have been protected by fabricated zinc
cages: these are wrapped around the piles, held in place by stainless steel bands and
connected to the reinforcement above the cage: details are given in NCHRP (1994). The midposition of the cages should coincide with the high water level. Where reinforcement is
exposed below the water level then, following the removal of damaged concrete, sacrificial
anodes can be clamped directly to the reinforcement.
Because they are consumed, sacrificial anodes have to be renewed on a regular basis.
3.2.8.2 Impressed current
As shown in Figure 3-23, with this technique a direct current source is connected to an inert
anode and the reinforcement, which acts as the cathode. Because the magnitude of the
cathodic protection current can be controlled, it is the best method for treating above ground
elements.

Figure 3-23 Schematic diagram showing arrangement for cathodic protection, from
Pearson and Patel (2002)
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The conductivity of the concrete must be high enough to conduct the current from the anode
to the reinforcement. Thus delaminated areas of concrete must be repaired to ensure
continuity and, where necessary, reinforcement cover should be increased and large cracks
filled to eliminate possible short-circuits between the anode and reinforcement. The
resistivity of the repair materials should be matched to that of the surrounding concrete so that
the distribution of current is as uniform as possible.
To distribute the current flow and minimise the electrical pathway to the steel, the anode has
to cover the entire concrete surface. The potential of the anode must be at a level to maintain
a minimum potential of the reinforcement at between -650mV and -1135mV. This ensures
that current flows from the sacrificial anodes to the steel reinforcement, rather than from an
anode in one area of the reinforcement to a cathode in another, in which case corrosion of the
reinforcement at the anode would occur. The operating voltage is usually less than 12V, and
the current density is typically 10 to 20mA/m2.
The types of anode include the following:
• conductive coating systems - where a conductive paint, usually graphite-filled, is applied
to the concrete surface
• flame-sprayed metals, based on zinc or titanium, that bond to the concrete surface
• conductive mesh anodes, commonly comprising titanium or carbon-based materials, attached to the concrete surface and overlaid with a 50mm or so thick layer of sprayed concrete
• conductive overlays of cementitious materials usually containing carbon- or metal-coated
fibres; conductive asphalts are also used
• embedded discrete anodes, either point probes or strips, fixed into drilled holes or slots in
the surface - a minimum cover of 50mm should be maintained between the anode and the
reinforcing bar, and the holes filled with a conductive paste.
Although the technique can be used on carbonated concrete, because this has a higher
resistivity it requires a higher applied voltage, and so other repair options may be more
effective. It is not ideally suited for prestressing cables. This is because, as concrete is
heterogeneous, the potential of the anode must be sufficiently high to ensure that all areas of
the reinforcement are protected and to achieve this some may be overprotected and this can
lead to hydrogen evolution and, hence, embrittlement. Thus the potential of the prestressing
steel needs to be controlled carefully.
3.2.9 Desalination
Desalination is a one-off treatment that can remove chlorides from contaminated reinforced
concrete. It is similar to cathodic protection in that it involves the application of an electric
current to the reinforcement, but it requires a higher current density. Under the influence of
the electric field, anions (such as chlorides) are attracted to an electrolyte on the surface of the
concrete and can thereby be extracted from it. The arrangement is shown in Figure 3-24.
Desalination is most effective in removing chlorides from the zone between the first layer of
reinforcement and the concrete surface. In most cases it can remove 70% of the chloride ions
from this zone, and so the residual level of chloride depends on its original concentration.
However, with time, chloride ions at greater depth may diffuse back to the reinforcement and
so this possibility should be considered. The cathodic reaction produces hydroxyl ions at the
reinforcement and their presence may reduce the effect of any residual chloride ions.
However, because the alkalinity of the concrete is increased by the production of these ions
and also by the migration of alkali metal ions to the reinforcement, there is increased risk of
AAR. Desalination also increases the permeability of the concrete, and this should also be
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considered when assessing its use. Furthermore, because of possible hydrogen embrittlement,
desalination should not be used on prestressing steel.

Figure 3-24 Arrangement for desalination, from Pearson and Patel (2002)
The preparatory work for desalination is similar to that required for cathodic protection. The
surface of the concrete should be made as homogeneous as possible: delaminated and spalling
concrete should be repaired. The surface of the concrete should be cleaned, by sand blasting
or high-pressure water jets, to eliminate dust, fouling and any coverings (including
hydrophobic treatments) that could impede current flow. Where necessary, reinforcement
cover should be increased and large cracks filled to prevent short circuits developing between
the anode and the reinforcement. To generate a uniform distribution of current, the resistivity
of the repair materials should be matched to that of the surrounding concrete. The
reinforcement must be made electrically continuous. The temporary anode fitted to the
concrete surface is usually formed from a titanium mesh: the use of a steel mesh may lead to
surface staining. Electrical contact between the surface and the anode is made with an
electrolyte such as saturated calcium hydroxide solution, which can be contained in a
watertight tank sealed to the surface or added to saturate a sprayed cellulose pulp fibre. A
current of 1 to 2A/m2 is applied for about 4 to 8 weeks: normally, the total applied charge
should not exceed 1500A.hours/m2.
The progress of the treatment is determined by monitoring the current drain on the circuit and
the chloride content of the concrete and electrolyte. The extraction rate is slow where the
porosity of the concrete is low and the depth of cover to the reinforcement is high. For
effectiveness, the source of the contamination must be removed or the concrete protected.
A trial of the technique was carried out at the Midland Links Viaducts in the UK: details of
the trial are given in 3.2.23.2 and by Pate (1996). The average depth of cover was 50mm.
Prior to treatment, chloride levels exceeded 0.4% (by weight of cement) over the majority of
the surface, with levels in excess of 1% in some areas. Following treatment, chloride levels in
the vicinity of the reinforcement were generally reduced to less than about 0.4%: although
there was some migration back to the reinforcement the level remained below this value.
Alkali levels increased significantly in the vicinity of the reinforcement, but no increase in the
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rate of AAR was detected. One year after the treatment, the alkali levels had reduced slightly
due to the migration of the hydroxyl ions away from the reinforcement.
A comparison of cathodic protection and desalination techniques is given in Table 3-2.
3.2.10 Realkalisation
Realkalisation is a one-off technique that can be applied to carbonated reinforced concrete. It
is an alternative to the application of surface coatings and inhibitors for arresting corrosion
due to carbonation. With this technique, the flow of current between a temporary anode and
the reinforcement increases the alkalinity of the concrete to a passive level through (a) the
migration of alkali metal ions from the electrolyte to the reinforcement, and (b) the generation
of hydroxyl ions at the reinforcement. As with desalination, realkalisation should not be used
for prestressing steel. However, because alkali levels are depressed at the start there may be
more leeway with regard to the initiation/promotion of AAR, but the increase in alkalinity in
uncarbonated areas of concrete should be considered.
Table 3-2 Comparison of the features of cathodic protection and desalination techniques, after Robery et al (1997)
Cathodic protection
Continuous protection against corrosion
Equally suitable for chlorides that have
permeated into the concrete and for
chlorides that were cast-in from the outset
Minimal surface preparation
Permanent alteration of the surface by
application of the anode (for example,
coating, mesh and overlay)
Regular monitoring and control required

Desalination
Rapid extraction of chloride ions lying
between mesh anode and reinforcement
Less successful with cast-in chlorides, and
several treatments may be required

Surface unaffected by the treatment
More difficult to apply to uneven surfaces where it may be necessary to use a saturated
pulp fibre system
The formation of hydroxide ions increases the
risk of AAR
Coatings and overlays have a finite life and It is necessary to define, with care, the end of
thus require maintenance or replacement
the treatment period
It may be possible to protect high yield
Not suitable for prestressing steels
(prestressing) steel but only with very
close control
The preparatory work for realkalisation is much the same as that described earlier for
desalination. In addition, where the depth of cover is highly variable, it may be necessary to
apply high resistance screeds to areas of particularly low cover to prevent current dumping
through such areas. As with desalination, the temporary anodes fitted to the concrete are
usually formed from titanium mesh. Electrical contact between the surface and the anode is
made with an electrolyte of an alkali metal, such as 1-molar strength sodium carbonate
solution. In general, the voltage applied to the anode is between 10 and 40V, and a current of
between 1 to 2A/m2 is applied for about 1 to 2 weeks: the current should not exceed 5A/m2.
During treatment, the bath must be kept wet and repeatedly sprayed with sodium carbonate
solution. Progress is monitored by measuring the concentration of sodium ions and the
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alkalinity of cores or dust samples. Usually the treatment is stopped when the concrete has
been realkalised to the depth of the first layer of reinforcement.
Following treatment, future carbonation should be prevented by the application of an anticarbonation coating. However, immediately following treatment the concrete is likely to be
saturated and so it may be necessary to allow the concrete to dry before applying such a
coating.
3.2.11 Corrosion inhibitors
Corrosion inhibitors have been widely used to protect exposed steel from corrosion and,
recently, also to prevent corrosion of embedded reinforcement. Inhibitors can be mixed into
new concrete or applied to existing concrete surfaces: for new concrete, cast-in inhibitors are
much preferred to migrating types.
Inhibitors can be added to the mix water. For example, an aqueous solution of calcium nitrite
acts as an anodic inhibitor. The nitrite ions compete with chloride ions at potential corrosion
sites thereby hindering the formation of the soluble ferrous chloride complex that is required
for anodic corrosion. It has been shown that the ratio of the chloride to the nitrite ions should
be less than about 1.0 to 1.5. However, because the nitrite ions are sacrificed as nitric oxide is
formed, a continuous supply of chloride ions can eventually exhaust the supply of nitrite ions.
Migrating corrosion inhibitors can be applied by spraying, ponding, implanting (into drilled
cavities) or by electro-injection (under a potential gradient). Apart from the last in the list,
these methods rely on the capillary absorption and diffusion of the inhibitor through the
concrete to the reinforcement. The speed at which this takes place depends on the porosity
and level of saturation of the concrete. With concrete that is only partially saturated to the
level of the reinforcement, inhibitors can migrate through the cement paste in the vapour
phase. Migrating solutions should be applied to clean concrete surfaces that have no surface
treatment or coatings. To obtain good penetration the surfaces should be repeatedly saturated
with the solution, typically between 5 to 10 times. Some solutions may require the
application of water to increase their depth of penetration into the concrete.
Sodium monofluorophosphate (MFP) (an anodic inhibitor) is applied as a liquid to concrete
surfaces. The oxide film on steel reinforcement is more resistant to aggressive agents when
MFP is present. The MFP is not absorbed into the oxide film, but acts as a catalyst. In
addition, within a few millimetres of the concrete surface, a small proportion of the MFP
reacts with calcium hydroxide and calcium carbonate to form apatites. The formation of these
minerals consolidates the concrete but it does not significantly change its porosity or vapour
transmissivity.
Amino alcohols can be added to new concrete or concrete repair materials, or be placed in
pre-drilled holes in mature concrete. These form a chemical layer on the surface of the
reinforcement that displaces hydroxide and chloride ions, thereby reducing iron dissolution at
the anode. Because the layer also reduces the supply of oxygen at the cathode, amino
alcohols are classified as mixed inhibitors.
Other inorganic inhibitors include sodium borate, calcium borate, zinc borate, sodium nitrite,
sodium nitrate, calcium nitrate and potassium nitrate. Other organic inhibitors are based on
amines and carboxylic acid radicals.
To be effective, a remedial measure that stops or slows corrosion must limit the amount of
concrete that must be replaced. It is claimed that some migrating inhibitors do not require
damaged concrete to be repaired or replaced: it being postulated that the nature of damaged
concrete aids the penetration and spread of the inhibitor. However, it is doubtful practice to
leave damaged concrete in place where there is a risk of spalling. Also, to prevent further
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rapid ingress of chlorides and carbon dioxide, it is advisable to seal cracks following the
application of an inhibitor. It would seem that some migrating inhibitors may not prevent the
initiation of corrosion, but evidence suggests that they are most effective when applied to
reasonably permeable concrete, which is either carbonated or has a chloride ion content below
1% by weight of cement, see Ryall et al (2000).
3.2.12 Crack repairs
Reinforced concrete is designed to crack under structural action but, provided that crack
widths do not exceed certain limits, the resistance to chloride ingress and carbonation of the
concrete should not be adversely affected. Normally such cracks should not be sealed
because further cracks would only form adjacent to them. However older reinforced concrete
bridges, designed before crack control criteria were introduced, may have cracks wide enough
to allow the ingress of aggressive species and so it may be necessary to seal them with a
flexible sealant.
Other causes of cracking are:
• the setting and curing process - this usually forms a close network of narrow cracks that
seldom requires treatment
• shrinkage and early thermal movement
• damage to the concrete matrix by AAR, the formation of thaumasite, or the delayed reaction forming ettringite
• subsidence
• malfunction of bridge components, such as expansion joints and bearings
• corrosion of reinforcement.
The causes of cracking must be identified before repairs are made and/or measures taken to
minimise the risk of further deterioration. Cracking along the line of the reinforcement is far
more important than cracking at right angles to it.
Cracks may be sealed to restore structural integrity and/or to block the ingress of water,
corrosive agents and carbon dioxide. To identify the appropriate sealing technique, cracks
should be monitored to determine whether their width is increasing or not. Cracks showing
small movement strains, say < 10-2, may be sealed with an epoxy-based material but those
showing larger movements may need to be filled with a more flexible filler.
Where the chloride ion content at the reinforcement exceeds 0.3% by weight of cement and
the half-cell potential measurements are more negative than -350mV, the cracked concrete
should be removed and replaced as described in 3.2.13.
Further information on repairing cracks is given by Allen et al (1993) and in FIP (1991).
3.2.12.1 Dead cracks
Depending on their width, cracks can be sealed by injecting (through pressure, gravity or
vacuum) a cementitious grout, flexible polymer or rigid epoxy resin. The tendency for
sympathetic cracking to develop depends upon the width of the original crack, the elasticity of
the sealant and the interfacial bond strength. The injection pressure should ensure good
penetration but without increasing the width of the crack or damaging temporary seals.
Pressure injection is used more often than not where it is necessary to ensure that the sealant
penetrates the full depth of a crack. In this case, injection points are formed along the length
of the crack and surface cracks are sealed temporarily between the points. Injection starts at
the lowest point and proceeds to the next when sealant flows out of it. The depth and width of
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the cracks and the viscosity of the sealant determine the pressure and spacing of the injection
points.
Vacuum impregnation should be considered where there is a high density of cracking in an
area, or where the concrete surface is porous, or to ensure good impregnation into deep
cracks. With this method, a cover is sealed to the structure and a vacuum applied to exhaust
the air from the cracks: the sealant is then forced into the cracks by atmospheric pressure.
The viscosity and pot life of a sealant determine the depth of penetration and the width of
crack that can be sealed. Cracks wider than about 3mm can be sealed with a neat cement
grout; alternatively they could be chased out to a width of between 5mm and 10mm and
pointed with mortar. Low viscosity liquid polymers and epoxy resin can penetrate cracks
down to 0.1mm wide. Polyester or methyl methacrylate resins are not as penetrative as epoxy
resins.
The injected material must be resistant to moisture penetration and alkali attack from the
concrete. For structural repairs, the tensile strength of the sealant should be similar to that of
the concrete: stiff, highly adhesive epoxy resins are suitable for such repairs. Following
hardening, the stiffness of the cracked section is dependent on the elasticity of the resin.
3.2.12.2 Live cracks
Provision for further movement must be made when sealing live cracks; thus the sealant
should have a low stiffness modulus so that high stresses are not induced by movements.
Where necessary a chase should be cut along the line of the crack to reduce the strain in the
sealant. The base of the sealant must be debonded so that movement is distributed over its
full width. The types of sealant used include polysulfide, polyurethane, methacrylic mastic,
and preformed neoprene sealing strip. To ensure a good bond between the sealant and the
edges of a crack the sides of cracks or chases should be cleaned and properly prepared.
3.2.13 Concrete repairs
The following should be considered when selecting a repair material for concrete:
• the function of the repair; for example, to improve chemical resistance, to restore structural integrity, for aesthetic reasons, to prevent corrosion
• the location of the repair; for example, soffit, vertical or horizontal surface
• the time when the repair is to undertaken; for example, in winter when curing temperatures are low
• the change in volume of the material during curing - in most instances the change should
not be appreciable
• the length of the curing time; this is particularly important when traffic delays must be
minimised.
The repair material and the parent concrete must be compatible in terms of their physical,
chemical and electro-chemical properties. However, it is often impossible to match all the
properties of the repair and parent materials and so the best compromise must be chosen.
The different types of repair material are broadly categorised in Table 3-3, and typical
properties of some of the materials are given in Table 3-4.
Cementitious materials usually have properties closest to the parent concrete, but they are not
suitable for all applications. For example, thin repairs (particularly on vertical surfaces and
soffits) require better initial bond and build-up characteristics than cementitious materials can
provide.
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Polymer resin mortars have higher strength and resistance to chemicals and so they can be
used where existing concrete has failed due to chemical attack or wear. Resin mortars, such
as vinylester resins, have rapid setting times and early strength gain. Shrinkage-compensated
materials with appropriate bond coats and primers are also available.
The compressive strength of a repair material should be at least 40MPa. To ensure that the
repair material acts in unison with the surrounding substrate, its modulus of elasticity should
be within about 10GPa of that of the parent concrete.
The effect of the removal of concrete, and also possibly of reinforcement, during the repair
work should be considered. For example, it may be necessary to prop the structure and/or
limit live loads. The performance of the repair may be sensitive to structural vibrations,
generated by live loads, acting during its placement and curing.
Prior to the application of any repair material, all unsound concrete should be removed to a
depth below the main reinforcement. Carbonated concrete should be removed, as should
concrete with a chloride ion content exceeding 0.3% by weight of cement, and concrete
having a half-cell potential more negative than -350mV. This concrete could be removed
using pneumatic hammers or water jetting. Pneumatic hammers form micro-cracks in the
parent concrete and so a repair is likely to bond better to water-jetted surfaces, but there may
be problems with the effect of water on the material and structure, and with the disposal of the
water. The edges of the area being repaired should be cut normal to the surface or slightly
undercut for a depth of at least 10mm.
Any rust on exposed reinforcement should be removed and aggressive agents cleaned off the
reinforcement (grit-blasting and water jetting are effective for this): severely pitted
reinforcement may have to be replaced. Vacuum cleaners should be used to remove dust
before the repair material is applied. Protective coatings can be applied to exposed
reinforcement, but the effectiveness of these is uncertain as they may prevent the passivation
of the steel and also reduce the bond between the concrete and reinforcement.
Experience has shown that although the repaired area can perform satisfactorily, incipient
anodes can arise and initiate corrosion in surrounding areas of concrete; see Vassie (1984).
Thus preventative measures such as cathodic protection may be required. Rather than apply
an impressed current system to an entire structural element, it may be possible to install a
sacrificial zinc anode in the repaired section to guard against the development of an incipient
anode; details of this technique are given by Sergi and Page (1999).
3.2.13.1 Hand-placed mortar
Hand-placed mortars are suitable for patch repairs less than about one square metre in area
and less than about 30mm deep. Different materials and grades are available for top, vertical
and bottom surfaces, but the mostly widely used are polymer-modified Portland cement
mortars - normally incorporating styrene butadiene, acrylic or vinyl co-polymers, but
sometimes polyurethane. These have a low permeability to the ingress of chlorides and other
aggressive agents, they set rapidly, will harden below 0°C, have excellent chemical resistance,
and can be applied in thin layers. For specialist applications when rapid curing is required,
non-Portland cement-based materials may be used such as those based on magnesium
phosphate and on high alumina.
3.2.13.2 Hand-placed concrete
Where the material is easy to place, proprietary or design mix concrete can be used for
repairing areas greater than one square metre and deeper than 30mm. For example, it may be
used to repair the top faces of slabs that are badly spalled and where the reinforcement is not
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too congested. The material should be only lightly tamped in place and not vibrated with a
poker.
Table 3-3 Concrete repair materials, after Emberson and Mays (1996)
Resins
Epoxy mortar
Polyester mortar
Acrylic mortar

Polymer additives to
cementitious materials
Styrene butadiene
Vinyl acetate
Magnesium phosphate

Unmodified cementitious
materials
Ordinary Portland cement
High alumina cement
Flowable concrete

Table 3-4 Typical properties of concrete repair materials, after Mays and Wilkinson
(1987)
Property

Resinous
materials

Polymermodified
cementitious
material

Unmodified
cementitious
materials

Compressive strength (MPa)

50 - 100

30 – 60

20 - 50

Tensile strength (MPa)

10 - 15

5 - 10

2-5

Modulus of elasticity in compression
(GPa)

10 - 20

15 - 25

20 - 30

Maximum service temperature (°C)

40 - 80

100 - 300

> 300

25 - 30 x 10-6

10 - 20 x 10-6

10 x 10-6

1-2

0.1 - 0.5

5 - 15

Coefficient of thermal expansion (per °C)
Water absorption (% by mass)

3.2.13.3 Flowable grout or concrete
Flowable grout or concrete can be used where the scale of the repair is too large for hand
application and where vibration of the repair material is not possible or difficult; such as the
sides and soffits of beams and crossheads, and where the area is congested with
reinforcement. Such materials can reproduce the original profile of an element where
concrete has been removed from abutting faces.
The amount of water added to the mix must be controlled carefully because excess water may
adversely affect the compressive strength and the plastic shrinkage of the repair material.
Degraded and contaminated concrete should be removed, preferably by water jetting. When
removing concrete from a soffit, the finished surface should be smooth because air can be
trapped in the crevices of uneven surfaces during the placement of the repair material.
Ideally, the surfaces of a soffit should be slightly inclined upwards towards an open surface.
The surfaces should be pre-soaked before the material is placed (using a funnel and bucket)
through hoses so that it enters the repair volume from the bottom. The pour should be
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continuous: the steadier the pour the more easily air and residual water (from the pre-soaking)
will be expelled from the substrate. The wet mix must not be vibrated because this will lead
to air voids forming at the interface between the parent concrete and the repair material.
Tests have shown that the flow distance can be increased significantly at ambient
temperatures in excess of 15°C; see Patel (1992). Flow characteristics should, therefore, be
evaluated in a site trial.
3.2.13.4 Sprayed concrete
Sprayed concrete is a mixture of cement, aggregate and water that is ejected at high velocity
from a nozzle. It can be used to replace large areas of concrete that have been lost or cut
away, and to increase the cover to the reinforcement. It can be applied in thick layers in a
single operation and is relatively quick to apply but, because of loss of material through
overspraying, it is not economical for repairs less than about 100mm wide. Furthermore, it is
difficult to produce an accurate profile and so screed lines should be set up before spraying.
Sprayed concrete is often referred to as gunite where the maximum size of the aggregate is
less than 10mm and shotcrete where the size is 10mm or greater. Shotcrete was developed to
reduce the amount of rebound of the material during spraying, and to make it easier to
produce a smooth face by trowelling. Gunite and shotcrete are also referred to, respectively
as ‘dry process’ and ‘wet process’: see Allen et al, (1993).
During the application of gunite, water is injected into a dry mixture in the discharge nozzle.
The properties of the mix may be more variable than for conventional concrete and shotcrete,
but the cement-rich mix has high strength. Shotcrete is mixed with water prior to pumping
and its properties are similar to those of conventional concrete. To ensure an adequate bond
the substrate to be sprayed must be damp, and free of dust and deleterious materials.
Concrete that has become carbonated or has a high chloride ion content should be removed
prior to spraying. Where it is difficult to replace sound material or its removal would
seriously weaken the structure, it may be necessary to leave some concrete in place and
instigate other measures to inhibit corrosion; for example, the application of a coating to
prevent the ingress of water, and cathodic protection.
Severely corroded reinforcement should be replaced or additional reinforcement provided by
lap welding onto existing steel or by other fixing methods: this is covered in 3.2.19.
During spraying, the work area should be fully encapsulated to prevent overspray into the
atmosphere. Skilled operatives are required to ensure a dense layer is formed without
trapping rebound material, particularly around the reinforcement. It is recommended that any
rebound material be blown away using compressed air.
Where a substantial area is to be repaired:
• all external surfaces should receive a minimum thickness of concrete
• the surface of undamaged concrete should be cleaned and roughened, by grit-blasting or
high-pressure water jetting, to help achieve a durable bond
• chases at least 20mm wide and 20mm deep should be cut around the perimeter of the repair
• the substrate should be damped prior to spraying.
Measures must be taken to prevent the formation of cracks in the sprayed concrete of a size
that allows the ingress of water and air; measures may include the use of admixtures, fibres or
steel mesh. A suitable mesh for a sprayed thickness greater than 50mm would be a 75mm to
100mm square mesh of 3mm to 4mm diameter high tensile steel bars secured at least 12mm
from the surface. Where a corrosion resistant or non-corroding mesh was used the minimum
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thickness of sprayed concrete should be 30mm, but where the sprayed concrete contains
fibres or admixtures a minimum thickness of 15mm could be used.
Although a trowel finish can be obtained, this may have an adverse effect on the bond
between the sprayed concrete and substrate. Trowelling (using wooden trowels) following
initial hardening is preferred. An alternative to trowelling is to complete the profile with a
thin ‘flash’ coat. It is usual to brush untrowelled surfaces about an hour after formation using
a plasterer’s soft brush. This removes any adhering rebound and helps to reduce crazing.
Crazing tends to appear after a few months, but it is not detrimental to performance. Damp
curing for at least four days lessens the risk of crazing. Curing compounds may be less
effective and can lead to staining of the structure.
3.2.14 Regrouting tendon ducts
Where voids are found in grouted tendon ducts but there is little evidence of corrosion, the
voids should be filled with grout using vacuum-assisted injection. Repair grouts should have
the required stability, flow, volume change and bleed characteristics: information on their
selection is given by De Cuyper et al (1999).
Voids are most likely to be found at the high points where bleed water can collect, at
anchorages for longitudinal and transverse tendons, and at the top of vertical tendons.
However, voids at the top of longitudinal and transverse tendon ducts may not be a problem
provided that the tendons are covered in uncracked grout.
Provided external tendons are in a reasonable condition, damaged coatings to them can be
repaired or replaced by protective tape or other suitable material.
Where corrosion of a tendon has occurred, its cause should be investigated and the rate of
corrosion monitored: the likelihood of corrosion of other tendons in the structure must also be
considered. Further corrosion may be prevented by installing a bridge deck waterproofing
system and, in a segmental structure, by preventing leaks through connections between
segments. A bridge must be strengthened where corrosion has significantly reduced its loadcarrying capacity.
It is not feasible to protect tendons by cathodic protection, desalination or realkalisation: the
methods are ineffective where steel ducts are present, and there is also a risk of hydrogen
embrittlement.
3.2.15 Replacing and repairing damaged tendons
Unbonded internal or external tendons can be replaced one at a time, but the live load on the
bridge may need to be reduced during de-tensioning, and the operation must not impart any
shock loading.
As described by Tilly (2002), mechanical couplers can be used to reconnect tendons that have
been fractured by mechanical damage. However, in one reported instance although an
exposed tendon was heated to 200°C before the coupler was tightened the tensile force
developed on cooling was insufficient to restore the full prestress.
3.2.16 Scour protection
Scour is the lowering of a riverbed by water erosion, but it should be appreciated that
sediment can be deposited (aggradation) as well as being eroded (degradation) at and around
a river crossing. The three main types of scour are general, contraction and local. General
scour occurs irrespective of the presence of a bridge, but contraction and local scour are due
to the obstruction of the stream path by the bridge. Contraction scour is associated with the
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constriction of flow across the channel, whereas local scour is due to the interference of the
flow by piers and abutments.
Where the depth of scour has exceeded that allowed for in design the supports of a bridge can
be undermined, in which case repairs are required as a matter of urgency.
Other factors that must be considered with high water levels are the impact of boulders on
supports at or near the level of the riverbed, and the impact of floating debris on the
superstructure and supports. The accumulation of debris at the supports can affect the depth
and pattern of scour.
The factors influencing scour, including its estimation, the design of scour countermeasures
and remedial measures are described in some detail by Melville and Coleman (2000). The
various remedial measures for scour are listed in Table 3-5, and are described in the
following.
3.2.16.1 Riprap
Riprap is a well graded mixture of rock, broken concrete or other material that is dumped or
placed to protect piers, abutments and riverbanks from erosion. Rock riprap is probably the
most widely used flexible protection system. It has several advantages over rigid protection
systems such as concrete slabs: for example, it can adjust to deformations and subsidence of
the riverbed, is easy to place and repair, and is relatively inexpensive.
Riprap should be abrasion resistant and be of sufficient weight so that it is not displaced by
the flow of water. The shape of the stones should be angular and chunky. Ideally, the
dimensions of the stones in three orthogonal directions should be similar, but where this is not
possible the width and thickness should not be less than one-third their length.
Hand-placement can improve the stability of riprap - because the individual stones can be
interlocked and a more even surface can be formed, and this reduces turbulence. A steeper
slope can be formed from interlocking pieces than would be the case where the stones were
dumped. The dumping of riprap should be controlled to ensure that there is sufficient
interlocking of the stones, a reasonably uniform thickness and a minimum of segregation of
the stone sizes.
Different equations can be used to determine the optimum stone size according to where
riprap is to be placed.
Piers: The following recommendations are given by Melville and Coleman (2000) for
protecting piers.
The size of the riprap may be determined from Equation (1) – as given by Lauchlan (1999):
d r 50
Yr 2.75 1.2
= 0.3S f (1
) Fr
y
y

where

Equation (1)

dr50 is the stone size for which 50% are finer by weight
y is the depth of flow
Sf is the safety factor (a minimum of 1.1 is recommended)
Yr is the placement depth below bed level
Fr is the Froude number = V/(gy)0.5
V is the mean velocity adjacent to the stones
g is the acceleration due to gravity.
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Table 3-5 Remedial measures to limit scour, after Melville and Coleman (2000)
Type of scour
Local

Degradation
Aggradation

Lateral erosion

Purpose of measure
To provide armour for piers and
abutments

Measure
Riprap
Gabions
Cable-tied blocks
Tetrapods
Precast concrete blocks
Used tyres
Vegetation
Enlargements and plinths
Invert slabs
To alter the flow at and around
Sacrificial piles
piers and abutments
Deflector vanes
To improve flow through a bridge Guide banks
To control channel grade
Check dams
To control channel degradation
Concrete or bituminous pavement
To increase sediment transport
Dredging
Formation of a cut-off
To reduce the build-up of sediment Controlled mining
Debris basin
To provide armour for river banks, Riprap
prevent bank erosion, and stabilise Gabions
the alignment of the channel
Cable-tied blocks
Tetrapods
Precast concrete blocks
Used tyres
Vegetation
To reduce the flow velocity near
Piles
banks and induce deposition of
Jack or tetrahedron fields
sediment
Vegetation
To reduce the flow velocity near
Groynes
banks, induce deposition of
sediment, and stabilise the
alignment of the channel

The thickness of the riprap should be 2 to 3 times dr50.
The lateral extent of the riprap should be between 3 and 4 times the diameter of the pier or
pier face, i.e. 1 to 1.5 times the diameter of the pier from the pier.
Ideally the top of the riprap should be at or about the lowest riverbed level expected in the
vicinity of the pier. This minimises the possibility of the stones becoming destabilised.
Furthermore, when riprap is placed above the riverbed the reduction in the flow area may
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increase both general and local scour. Where riprap is placed above the lowest riverbed level,
the stone size should be increased in accordance with Equation (1).
The grading of the riprap should satisfy the following:
0.5d r max < d r 50 < 2d r15

Equation (2)

where

drmax is the stone size with the maximum weight
dr15 is the stone size for which 15% are finer by weight
The envelope shown in Figure 3-25 covers most of the recommended gradings.

Figure 3-25 Grading curve envelope for riprap, from Gregorius (1985)
A synthetic filter layer could be placed beneath the riprap to improve its stability and ensure
that fine material does not leach through or winnow around it. Gregorius (1985) states that
filters are required where:
d r15 d r15
>
> 40
d b85 d b15

d r 50
> 40
d b 50
where

dr15 is the stone size of the riprap for which 15% are finer by weight
db85 is the particle size of the bed material for which 85% are finer by weight
db15 is the particle size of the bed material for which 15% are finer by weight
db50 is the particle size of the bed material for which 50% are finer by weight.
The lateral extent of the filter should be about 75% of that of the riprap so that the weight of
the stones prevents it from being rolled up by the flow.
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A stone filter layer may be used as an alternative to a synthetic filter layer. The thickness of
the stone filter layer should be about the same as dr50 and the grading should satisfy the
following Terzaghi criteria:
d r15
<5
d b85
4<

d f 15
< 20
d b15

d f 50
< 25
d b50

where

df15 is the particle size of the filter material for which 15% are finer by weight
df50 is the particle size of the filter material for which 50% are finer by weight

Abutments: The following recommendations are given by Melville and Coleman (2000) for
protecting abutments.
The size of the riprap may be determined from Equation (3) - as given by Croad (1989):
d r 50
0.91
=
Fr 2
y
(S s - 1)K sl

where

Ss is the specific gravity of the rock
Ksl is the embankment slope index defined in Equation (4)
Fr is the Froude number of the approach flow.

K sl = (1
where

Equation (3)

sin 2 α
2

sin θ

) 0.5

Equation (4)

α is the embankment slope
θ is the angle of repose of the riprap.
Note that the above equations give larger stone sizes than most other methods.
The minimum thickness of the riprap should be twice dr50.
The grading of the riprap should be the same as that for piers – see Figure 3-25.
The minimum vertical extent of the riprap should be from above the flood level on the
embankment slope to the outer edge of a launching apron that extends a distance (ds/tanα)
from the bottom of the slope, where ds is the estimated scour depth. The minimum horizontal
extent plane should be to the tangent point with the embankment slopes. Additional protection
can be provided along the bridge approach.
A synthetic fabric should be placed beneath the riprap to improve its stability.
Banks: The following recommendations are given by Melville and Coleman (2000) for
protecting banks.
The size of the riprap may be determined from Equation (5) - as given by Pilarczyk (1997) for
rock riprap, blocks, blockmats and gabions.
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0.035 K h V 2
∆d n = φ c K t
θ c K sl 2g

Equation (5)

where

∆ is the relative density = (Ss - 1) for rock riprap, blocks and blockmats
= (1 - n)( Ss - 1) for gabions, mattresses and the like
Ss is the specific gravity of the stones
n is the porosity of the stones
dn is the unit size
φc is the stability factor
θc is the critical shear stress
Kt is the turbulence factor
Ksl is the bank slope factor
Kh is the velocity profile factor
V is the depth averaged mean velocity.
The unit size, dn, is about 0.84dr50 for rock riprap, and equal to the block thickness and basket
thickness for blocks and gabions or mattresses.
For y/dn>2
d r 50
0.41φ c K t
=
F 2.5
1.25 r
y
(Ss 1)K sl

Equation (6)

The value of the stability factor (φc) ranges from 1.0 to 1.5 for exposed edges, and from 0.5 to
0.75 for continuous protection - a value of 0.75 is commonly taken for rock riprap.
The value of the turbulence factor (Kt) is 1.0 for normal turbulence in rivers; 1.5 for nonuniform flow with increased turbulence - for example, an outer bend; and 2.0 for high
turbulence - for example, a sharp outer bend.
The minimum thickness of the riprap should be twice dr50
The grading of the riprap should be the same as that for piers
A synthetic layer or stone filter should be placed beneath the riprap to improve its stability.
The grading of the stone filter layer should satisfy the following criteria:
d f 15
<5
d b85
5<

d f 15
< 40
d b15

d f 50
< 40
d b50
d r15
< 10
d f 85
d f 85 > 85mm
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The maximum bank slope should be 1 in 1.5. The riprap should be laid in a trench at the end
of the slope and placed up to the level of the riverbed.
3.2.16.2 Gabions and grouted mattresses
Gabions comprise galvanised or coated wire mesh baskets and mattresses filled with rock or
broken concrete. They can be used for scour protection measures where the available rock is
of limited size or not of particularly good quality. Gabions can be arranged and tied together
around piers and abutments, joined as a mattress for riverbed paving across the full width of
the invert, and stacked in blocks to provide bank protection. Gabions may be constructed in
an excavation below the level of the riverbed.
Although gabions can accommodate some settlement, substantial movements may lead to the
exposure of the material beneath them, which may then be at risk of scour. Movement of the
filling within a gabion may expose the filter material, or lead to a loss of base material where
such a filter was not installed: the use of a synthetic filter layer is usually recommended.
Furthermore, any undermining at the edges of gabions would usually require treatment.
Compared to riprap, gabions can be used in thinner layers to reduce turbulence, are more
resistant to movement, and can be stacked at a steeper slope on banks.
The wire cages are susceptible to corrosion, particularly where abrasion and/or impacts
damage the protection to the steel wires. Small-sized riprap, which is either within or outside
a basket, can be grouted to produce a smoother surface than would otherwise be obtained.
This reduces turbulence and increases the velocity of the flow, but this may not be an
advantage: for example, the more rigid grouted riprap will not accommodate settlement of the
base and so it can be undermined at its edges.
3.2.16.3 Concrete-filled bags and mats
Fabric bags, or continuous fabric mats with pockets, can be filled with concrete and used to
protect piers. The bags and mats can be filled with dry concrete so that hydration occurs after
they have been placed. Although bags and mats can be installed rapidly, they may need to be
placed in a trench so that they are not undermined.
3.2.16.4 Prefabricated concrete blocks
Prefabricated concrete blocks can be used where good quality rock riprap is not readily
available. Various types are designed to give a high degree of interlock using the minimum
amount of material: for example, the tetrapod was developed for coastal protection works to
dissipate wave energy.
Heavy concrete blocks can be placed side by side and connected together with cables to
protect banks where flow velocities are particularly high. Smaller concrete blocks can be
connected together with wire and then laid as a continuous blanket on a riverbed or bank.
The stability of connected concrete blocks is dependent on the integrity of the cables or wires
joining them. Corrosion and abrasion due to movement of the blocks should be considered.
The main disadvantages of prefabricated blocks are that they can be undermined at the edges which can lead to the failure of the whole system, and they are expensive to install.
3.2.16.5 Invert slabs
A paved invert can be used to protect the riverbed around piers and abutments from the effects
of scour: the invert can be constructed from concrete, masonry or brick. It should extend a
sufficient distance upstream and downstream of the structure, and measures should be taken
to prevent scour occurring at either end. Both edges should be toed-in to the riverbed for a
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sufficient depth (typically by 1.5m in the UK) to prevent scour undermining the slab. The
invert slab should not project above the bed: thus the fall in the bed level during floods should
be taken into account.
For short spans, it may be economic to place a single invert slab across the full channel, but
large spans usually require separate slabs for each pier and abutment.
The reduction in bed friction across an invert slab increases the velocity of the water. Where
this causes increased turbulence and scour downstream of the bridge, the possibility of scour
migrating back towards the bridge must be assessed.
3.2.16.6 Piling
Sheet piling can be used to protect piers with shallow foundations, but the increase in the
effective width of the pier or abutment may increase the depth of scour.
Sacrificial piles can be placed upstream of a bridge pier to reduce scour. Their effectiveness
is dependent on the angle of the approach flow and the flow intensity. (The flow intensity is
the ratio of the mean flow velocity to the critical mean flow velocity - which is the threshold
condition for sediment movement.) Hadfield (1997) reported the results of laboratory tests
using the triangular arrangement of piles shown in Figure 3-26. For a flow intensity of 0.9,
the arrangement reduced scour by 41%, 23% and 26% when the approach flow angle, β, was
0°, 20° and 30°, respectively, At an approach flow angle of 0° and flow intensities of 1.48 and
1.84, the reduction in scour was 18% and 15% respectively. At these flow intensities there
was little effect on scour when the approach flow angle was 20° and 30°. At low flow
intensities, submerged piles proved to be slightly more effective than full depth piles, but for
skewed flow at high flow intensities submerged piles were far less effective than full depth
piles. Clearly, testing is required to determine the effectiveness of sacrificial piles for a
particular application.

Figure 3-26 Sacrificial pile configuration tested by Hadfield (1997)

3.2.16.7 Enlargement and addition of plinths to piers and abutments
The foundations of piers and abutments can be enlarged to prevent scour. Where an
enlargement projects above the bed level, the increase in the width of the structure tends to
increase the depth of scour near to the structure, and the reduction in flow area will tend to
increase general scour. A shaped plinth cast above the bed level may reduce local scour
where it reduces turbulence and/or realigns the structure in the direction of the flow.
However, the reduction in flow area may still promote general scour and the edge of the plinth
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must be designed to prevent scour occurring beneath it. Thus, whenever possible, the top of
any enlargement should be below the level of the riverbed.
Because enlargements or plinths require local areas to be dewatered, they may have little
advantage over the construction of a fully-paved invert.
3.2.16.8 Iowa vanes
Various flow deflecting vanes and plates have been proposed for reducing scour at piers.
Iowa vanes induce secondary currents that interfere with the horseshoe vortex, and direct
sediment into the local scour area from upstream. However, testing is required to determine
their usefulness for a particular application. Lauchlan (1999) presents the results of
laboratory tests using the arrangement of Iowa vanes shown in Figure 3-27. The results show
that the arrangement reduced the mean scour depth from 30% to 50% for values of α of 15° to
30°: the other tests variables were flow intensity of 1.48, T/D = 2.5, e/D = 1.5, X/D = 4.25,
and both z/D and L/H = 3.0.

Figure 3-27 The use of Iowa vanes for scour protection, from Lauchlan (1999)

3.2.16.9 Check dams
A check dam can be installed immediately downstream of a bridge. The dam can be formed
from rock riprap, concrete, sheet piling, gabions or timber piles. Tests should be carried out
to determine the required head difference between the upstream and downstream levels.
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Check dams can initiate bank erosion downstream, and so appropriate measures should be
taken where necessary. Two or more check dams may be used where a single one would
affect the movement of fish and/or lead to severe scour downstream.
3.2.16.10 Groynes and guide banks
Groynes include spurs, dykes, dams, jetties and deflectors. Such structures are principally
used to reduce flow velocity along a bank, but they may also be used to alter the flow
direction and induce the deposition of sediment. They may also be used to control the
migration of meanders at bends, and to align wide poorly-defined streams into well-defined
channels.
Guide banks of earth or rock may be placed to improve flow alignment and prevent local
scour at and around an abutment. Because they are built to provide a smooth transition for
deflected flows, they are substantial structures. The main recommendations for such banks
are given in Melville and Coleman (2000).
3.2.16.11 Vegetation
The planting of vegetation can help stabilise banks and reduce erosion. Grasses can be used
to protect upper banks subject to rainfall, overland flow and minor wave action, but woody
plants with their more extensive root systems offer better protection. Where they are
sufficiently dense and can be established quickly, willow trees can be planted to protect lower
banks. Further information on the use of vegetation for bank protection is given in US
Department of Agriculture (1996).
3.2.17 Repairing scour damage
Where a substructure has been damaged by scour, repairs must be made, as a matter of
priority, to re-establish support and prevent further damage.
Concrete bags can be placed around a foundation to prevent further scour and/or to act as
formwork for placing concrete to restore support. The riverbed should be excavated around
the foundation so that the lowest bags are below the level of the bed.
Small bags can be filled with dry concrete, or sand and cement, before being placed in
position, but large bags could be filled after they have been positioned underwater. Synthetic
fibre bags are sufficiently tough and durable to be filled with pumped concrete. The bags
should be anchored together and to the underlying soil.
Grout- or concrete-filled nylon tubes can also be used for much the same purpose. The tubes,
which can be fabricated to the required dimensions, are positioned, filled with grout or
concrete, and then anchored together by steel dowels before the infill hardens. Tubes tend to
be larger than bags and they permit the concrete to shape itself to fill the void.
Sheet piling can be used as formwork around a foundation, and riprap may be placed around
the piling to prevent further scour.
Any gaps between the existing foundation and concrete bags or sheet piling can be filled with
tremie concrete, pumped concrete, prepacked concrete, hand-placed concrete or grout.
Usually, concrete is placed under water through a tremie: a number of patented systems are
available. The lower section of the pipe is kept full of plastic concrete during placement, and
stays embedded in concrete once the process has started. The weight of material in the tremie
expels the water in the formwork. Tremie concrete is best suited for large volume repairs
where it is unnecessary to relocate the tremie too frequently.
Pumped concrete is placed in a similar manner as tremie concrete, but the concrete is moved
by a pump rather than by gravity.

57

COST 345 WG 6 report

Prepacked concrete is a technique in which the area to be repaired is first packed with graded
coarse aggregate and then a cement-sand grout is injected into it to displace the water and to
fill the voids between the aggregate. The technique can be used in cases where it would be
difficult to place premix concrete. The coarse aggregate should not be smaller than 10mm to
14mm and no larger than one-third the minimum thickness of the section. Commonly, an
expansive grout with a fluidifier, to keep the water-cement ratio between about 0.42 and 0.5,
is used. Where the forms are not watertight, an anti-washout admixture may be added to the
grout. The fine aggregate should be graded to reduce bleeding and prevent the collection of
any bleedwater under the coarse aggregate. Fly ash could be used to reduce the permeability
and retard the setting of the mix. The forms should be vented only at the top, and should
consist of a highly permeable fabric suitably anchored down. The forms must be able to
withstand the pressure generated by the placement of the grout.
Concrete or mortar can be placed and compacted by hand. The method is best suited for
isolated repair sites and for deep narrow cavities. The use of accelerators, anti-washout
admixtures and a low water-cement ratio is recommended.
3.2.18 Strengthening by increasing section thickness

3.2.18.1 Reinforced concrete jackets and overlays
When slabs or beams are to be strengthened by a reinforced concrete jacket it is generally
recommended, see FIP (1991) for example, that the thickness of the jacket should be less than
one-third the thickness of the existing element.
For a large, well-cured surface, the maximum design bond strength should be taken to be less
than two-thirds the mean tensile strength of the old concrete. Where shotcrete is applied to
flexural members, the maximum design bond strength should be less than 25% of the mean
tensile strength of the old concrete and shear connectors should be provided. Where there are
flexural reversals and dynamic loading, the entire shear force should be transferred by shear
connectors and the maximum design shear stress should be less than two-thirds the strength of
the old concrete.
When open stirrups or diagonal bars are used for increasing shear resistance, the transfer of
the forces in the reinforcement has to be secured by a combination of bond and heavy-duty
mechanical connectors, such as dowels and anchors.
As an alternative to installing a deck waterproofing system, in some instances a deck overlay
may be used to restore ride quality and to increase the effective cover to the reinforcement.
Overlays of polymer-modified, latex-modified or low-slump dense concrete can be used for
such purposes. The thickness of thin polymer-modified overlays range from 8mm to 25mm,
but other types may be up to 50mm thick. Overlays must have low water absorption and be
resistant to the penetration of chloride ions. They must also have sufficient tensile elongation
to span cracks in the deck, without cracking themselves, and have good abrasion resistance
where they form the running surface. The performance of some overlays can be improved by
the addition of fibres.
The effect of leaving chloride-contaminated concrete in place must be assessed, and low
alkali cement should be used in an overlay where the existing concrete is susceptible to AAR.
3.2.18.2 Columns
A column can be strengthened by encasing it in a reinforced concrete jacket. The corners of
rectangular columns should be rounded to reduce the likelihood of shrinkage cracking, but
such cracking is still likely to occur and so the strengthened column will not behave as a
homogeneous column of the same cross-section. The effect of shrinkage cracking can be
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lessened where the column is unloaded during strengthening and the old concrete is presaturated with water.
A simpler and sometimes more aesthetically pleasing way of strengthening a column is by
providing a wrapping of fibre-reinforced plastic. By orientating the fibres longitudinally and
transversely, the longitudinal fibres act as additional tension reinforcement and the transverse
fibres contain the concrete and increase its compressive strength.
A column can be stiffened by adding concrete or steel bracing.
3.2.19 Strengthening with reinforcing bars
Concrete in the tension zone can be strengthened by the addition of reinforcement. The new
reinforcement could be placed in recesses cut into the existing concrete; in which case the
reinforcement must be effectively anchored into the existing concrete by providing sufficient
anchorage length or through the use of steel plates and bolts with anchoring discs.
Alternatively, additional reinforcement could be placed outside the original section and
covered with sprayed concrete. Where severely damaged reinforcement is to be replaced the
structure may have to be unloaded before the damaged sections can be removed safely.
New reinforcing bars can be joined to existing bars by lapped splices, welding or couplers.
Transverse reinforcement must be added to ensure that such splices behave in a ductile
manner. Lapped splices should be staggered where the distance between bars is less than
twelve bar diameters. Welding avoids the congestion of lapping, but the steel must be
weldable and the effect of heat propagation on the anchorage of the reinforcement into the
existing concrete must be considered. The elongation due to heating may subject the concrete
to high tensile stresses and thereby cause cracking and the breakdown of the bond between
the reinforcement and concrete. Thus where welding is used the anchorage length of the
reinforcement should be increased by six bar diameters.
3.2.20 Strengthening by plate bonding
Additional reinforcement in the form of steel plates or fibre-reinforced composites can be
bonded externally to concrete elements: details are given by Ryall et al (2000) and in
Concrete Society (2000). The technique can be used to:
• provide the support lost by corroded reinforcement - so long as the concrete remains
sound
• provide flexural strength - so long as there is sufficient section capacity in compression to
prevent brittle failure of the concrete
• provide shear strength
• provide a safety margin where prestress may have been lost
• enhance resistance to impact and/or seismic activity.
The effectiveness of plate bonding is dictated by the interaction between the plates and the
concrete to which they are bonded. The plates must be attached to sound concrete that is not
delaminated and is unlikely to deteriorate further due to reinforcement corrosion or AAR. In
general, any repairs with a cementitious material should be cured for at least 28 days before
plate bonding. All surfaces, whether they are the original or repair concrete, must be cleaned
so they are free of laitance, loose material and contaminants. Preparation should remove the
surface layer to expose small particles of aggregate without causing micro-cracks or other
damage to the substrate. Sharp edges and irregularities should be removed to achieve a flat
surface. Preferred preparation techniques include wet, dry or vacuum abrasive cleaning;
high-pressure washing; steam cleaning; and, for small areas, mechanical wire brushing or
surface grinding. Minor imperfections can be treated with thin layers of epoxy materials that
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have a rapid gain in strength. The tensile strength of the substrate and the quality of the
surface preparation can be assessed by pull-off tests using dollies bonded to the surface.
For normal applications, the surface should be dry: some bonding systems require a primer to
seal the surface. Steel plates must be grit-blasted and cleaned, and must then either be placed
immediately before they corrode, or be primed to prevent corrosion where their installation is
delayed. They must be held in place by bolts while the adhesive cures, and their ends must be
bolted to resist peeling stresses.
The case study presented in 3.2.23.7 describes the first use in the UK of steel plate bonding
when mild steel plates were bonded to the soffits of two bridges using epoxy adhesive.
However, fibre reinforced plastic (FRP) sheets are now normally used to avoid problems
encountered during the installation of steel plates and in-service corrosion that can lead to
debonding. The fibres may be of carbon, aramid, glass and polyvinyl acetate (PVA). The
binding material may be unsaturated polyester, vinyl ester resin, or epoxy resin. Extenders
are used to improve the transfer of stress between the fibres, reduce cracking in unreinforced
parts, and improve fire resistance.
The cost of FRP per unit weight is considerably higher than that of steel. At the present time,
glass, aramid and carbon composites are 5, 15 and 20 times, respectively, more costly than
steel. However, because FRP composites have a higher strength-to-weight ratio than steel,
the cost of an FRP element is between 50 and 200% higher than the cost of an equivalent steel
element; see PIARC (2002). Furthermore, because of their lower weight compared to steel,
FRP sheets are more versatile, and are easier to transport, fix and support during curing.
Because labour costs can be a significant part of the total cost, the improved handling
characteristics of FRP sheets can help to offset the higher material costs.
FRP does degrade, but aramid and carbon fibres are more resistant to fatigue than steel.
However, fibres have a low resistance to transverse strain and can break under moderate
transverse forces. Furthermore, concerns have been expressed that, because fibres do not
yield before fracture, failure can occur suddenly and without warning. The effects of ultraviolet light and moisture are unlikely to be significant for sheets fixed to a soffit.
The anchorage zones for all types of plates and sheets require careful consideration. The
plates increase the shear stress in the concrete above them. Because of the imbalance in the
longitudinal strain in strengthened and unstrengthened sections, which induces a shear strain,
high shear stresses are induced at the ends of the plates. Anchorages should be bolted into the
concrete to resist these shear stresses. As steel has a tendency for galvanic action when in
contact with carbon, steel bolts should be electrically isolated from carbon fibres. It is
suggested by Robery and Innes (1997) that bolts are not required for pre-pregnated
carbon/FRP systems because such systems can be layered to gradually release the unbalanced
shear at a level that can be carried by the adhesive.
Where stiffness is inadequate or there is cracking under load, stressed FRP plates can be
bonded to a section to reduce tensile stresses, deformations and crack widths. The technique
may neutralise all the effects of dead loads by mobilising the resistance of the materials below
the neutral axis. Fewer stressed plates are required than unstressed ones, and the technique
could be employed where expansion lengths are limited. When applying the technique to
concrete bridges, end anchorages must be designed to resist the increased shear stresses
induced by the prestressing load: see Triantafillou and Deskovic (1991).
3.2.21 Strengthening by supplementary prestressing
Supplementary prestressing (post-tensioning) can be used to strengthen reinforced and
prestressed concrete structures through the introduction of:

60

COST 345 WG 6 report

• longitudinal tendons to augment bending resistance, and/or
• vertical or inclined tendons to augment shear resistance.
Attention must be given to how the force is to be introduced into the structure, taking account
of the space required for the anchorage and the prestressing jack. It may not be possible to
provide spalling or burst reinforcement behind the anchorages, but transverse prestressing can
prevent spalling. Transverse prestressing also generates contact forces between the new and
existing concrete so that shear stresses can be transferred through the interface.
Methods for supplementary prestressing include those shown in Figure 3-28 to Figure 3-32
for the following:
• anchorages at beam ends (abutments)
• additional supports, either in concrete or steel fixed to the web of a box girder
• anchorages at existing diaphragms
• deviators.

Figure 3-28 Anchorage of supplementary prestressing elements at the end of a girder,
from FIP (1991)
Reproduced with permission of Thomas Telford Ltd. In FIB Guide to good practice: Repair and strengthening
of concrete structures, Fédération Internationale de la Précontrainte. Published by Thomas Telford Limited,
London, 1991, Figure 17(a), p.27

Terminating the anchorages at the abutments avoids the introduction of concentrated local
forces into the existing structure, but the tendons must run from one abutment to another.
Additional supports can distribute the force in supplementary tendons, but high stresses are
created locally where the prestressing force is introduced. Fixing the supports can be a
problem: existing diaphragms must be cored to allow tendons to pass through them and be
anchored at their back. It may be necessary to strengthen the diaphragm or provide a frame to
transfer the prestressing force into the structure. Deviators have to be provided for a
polygonal profile (for hogging and sagging): these may be concrete or steel components
attached to existing beams by short prestressing bolts or anchors.
Where short prestressing elements are required, a prestressing system with minimal slip in the
anchorage should be used. Short elements can be sensitive to construction tolerances of the
anchorage components and the prestressing jack, but a special ancillary nose for the jack can
counterbalance these effects: see FIP (1991). Small radii of curvature should be avoided at
deviation points.

61

COST 345 WG 6 report

Figure 3-29 Anchorage of supplementary prestressing elements with additional
supports, from FIP (1991)
Reproduced with permission of Thomas Telford Ltd. In FIB Guide to good practice: Repair and strengthening
of concrete structures, Fédération Internationale de la Précontrainte. Published by Thomas Telford Limited,
London, 1991, Figure 17(b), p.27

Figure 3-30 Anchorage of supplementary prestressing elements at existing diaphragms,
from FIP (1991)
Reproduced with permission of Thomas Telford Ltd. In FIB Guide to good practice: Repair and strengthening
of concrete structures, Fédération Internationale de la Précontrainte. Published by Thomas Telford Limited,
London, 1991, Figure 17(c), p.27
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Figure 3-31 Anchorage of supplementary prestressing elements with auxiliary steel
frames, from FIP (1991)
Reproduced with permission of Thomas Telford Ltd. In FIB Guide to good practice: Repair and strengthening
of concrete structures, Fédération Internationale de la Précontrainte. Published by Thomas Telford Limited,
London, 1991, Figure 17(d), p.27

Figure 3-32 Deflector for supplementary prestressing tendons, from FIP (1991)
Reproduced with permission of Thomas Telford Ltd. In FIB Guide to good practice: Repair and strengthening
of concrete structures, Fédération Internationale de la Précontrainte. Published by Thomas Telford Limited,
London, 1991, Figure 20, p.29

3.2.22 Strengthening by adding structural elements
Bridges can sometimes be strengthened by the introduction of additional supports or beams.
Additional supports are often provided as a temporary measure before repairs are made.
Additional stringers can be positioned between the steel beams of a composite bridge to
strengthen a deck slab. Grout must be introduced between the stringers and the slab to ensure
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transfer of load to the stringers. Although the stringers reduce sagging bending moments,
they also introduce hogging moments above the stringers, as shown in Figure 3-33, and these
must be taken into account.
To avoid the effects of reverse bending, additional elements may need to have some degree of
elasticity.

Figure 3-33 Change in bending moments in a deck slab due to introduction of an additional stringer

3.2.23 Case studies

3.2.23.1 Motorway viaduct in UK: drainage, bridge deck waterproofing and surfacing
To ensure that the maximum vehicle loading criteria was satisfied, limitations were imposed
on the thickness of the surfacing on the deck of the viaduct.
In 1993, the deck was waterproofed with a spray-applied waterproofing system and overlaid
with a dense bitumen macadam binder course and a hot rolled asphalt surface course.
Cracking and pot-holing on sections of one of the carriageways began about one year or so
later and continued until 1997, at which point patch repairs were no longer feasible and so it
was necessary to waterproof and resurface the entire carriageway. This time a spray-applied
waterproofing system was overlaid with stone mastic asphalt, but again cracking and potholing began after about one year or so and it was necessary to resurface the same
carriageway in 1999.
Investigation of the premature failures identified a number of contributing factors:
• the low thickness of surfacing in some areas - it ranged from about 50mm over the piers
where the deck was hogged, to about 150mm at mid-span
• the high void content of the surfacing, particularly at its interface with the waterproofing
system
• the large amount of water on the waterproofing system where the surfacing had failed there was little sub-surface drainage and several failures occurred following a period of
wet weather
• the poor bond between the surfacing and waterproofing system.
It was concluded that some failures had occurred because high hydrostatic pressures, induced
in the saturated surfacing by wheel loading, led to the breakdown of the bond between the
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surfacing and waterproofing system and eventually the break-up of the surfacing. The
relatively low thickness of the surfacing promoted these failures.
To prevent a further premature failure, in 1999:
• a spray-applied waterproofing system with a reasonably thick tack coat was chosen to
minimise the void content at the interface between the waterproofing and surfacing
• the waterproofing system was overlaid with a 40mm thick asphalt layer that had a coarse
aggregate content of 35% and a low void content
• through-deck drains were installed to prevent sub-surface water accumulating in the surfacing
• because the surface course was reasonably permeable, edge of carriageway drains were
installed to drain the full depth of the surface course and minimise the amount of water
entering the lower asphalt layers.
Figure 3-2 shows the detail at the central reserve on the low side of the carriageway.
The minimum thickness of the surfacing was increased to 70mm but this meant that the
surfacing could not be regulated at the mid-span of the structure. Because of the large
variation in the thickness of the surfacing along the carriageway, in the thinnest areas it
comprised two layers (the surface course and lower asphalt layer) whereas in thicker areas it
comprised three (the surface and binder courses and the lower asphalt layer). Binder courses
with different maximum aggregate sizes were laid to accommodate the variation in thickness
and, because of the history of premature failures, the lower asphalt layer and the binder course
were formed with a polymer-modified binder.
3.2.23.2 Midland Links Viaduct: water management, concrete repair and cathodic protection
The Midland Links connects the M5 and M6 motorways, and some 21 of its 38km length is
supported on a viaduct. The decks comprise steel beams and reinforced concrete slabs, and
these are supported on reinforced concrete substructures. Leakage of the expansion joints
allowed chloride-ion rich water (derived from de-icing salts) to pass through the deck and
come into contact with the substructures.
In the mid-1980s, the following steps were taken to prevent further chloride contamination of
the substructures:
• installation of improved expansion joints
• urea was used instead of salt for de-icing
• gutters were installed to collect leakage from expansion joints.
However by this time contamination of the substructures was extensive and either the
reinforcement was corroding or the risk of corrosion was unacceptably high. Nonetheless
physical damage was limited with spalling and delamination occurring on about 5 to 10% of
the crossbeams. To avoid the breakout and repair of areas where either the reinforcement was
corroding or the concrete had a high chloride ion content, cathodic protection systems were
considered. Such a system could provide significant savings in the temporary works required
to support the live carriageway during repairs (the viaducts could not be closed to traffic). As
cathodic protection was a relatively new technique at the time, site trials were conducted on
various types of system:
• two different paint systems applied directly to the concrete surface
• a discrete anode system of tiles bonded to the surface with electrically conductive
adhesives
• a conductive polymer mesh with a gunite overlay.
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For the trials, delaminated concrete was removed from six crossbeams and replaced by repair
mortar. Each of the four systems was applied to a single crossbeam, with the other two acting
as controls. In the event, all four systems prevented further corrosion whereas the control
beams deteriorated.
Following the trials, the type of repair applied to the crossbeams varied according to their
condition. Those that were lightly contaminated received minor repairs and were treated with
silane. On others, delaminated concrete and/or contaminated concrete was broken out and
replaced and a cathodic protection system installed. Depending on the size of the area to be
treated, the beams were repaired using flowable concrete or trowel-applied mortar. To ensure
a reasonably even distribution of current the resistivity of the repair material was specified to
be similar to that of the parent concrete. The electrical continuity of the reinforcement was
checked and isolated areas connected. The conductive anode was an acrylic-based carbonfilled paint that was sprayed onto the concrete. Conductors were embedded in the paint to
provide separate electrical zones on each crossbeam. A zone was also provided to protect the
base of the support columns where chloride contamination was evident. Where the
reinforcement cover was less than 12mm, additional repair mortar was provided to reduce the
risk of short circuits developing between the paint and the reinforcement. The concrete
surface was grit-blasted to provide a suitable key for the conductive paint. Reference
electrodes were embedded in the structures to monitor corrosion potentials. A few
crossbeams were replaced.
Further details of the structure and the repair works are given by Gower and Beamish (1995).
3.2.23.3 Thruscross Reservoir Spillway Bridge: water management and concrete repair
A structural survey of this structure found low reinforcement cover, extensive corrosion of
reinforcement, high levels of chloride ions, carbonation of the concrete adjacent to the
reinforcement, and erosion of saturated areas of concrete - probably enhanced by freeze-thaw
action.
A number of rehabilitation options were considered for the deck, including plate bonding and
external prestressing, but the deck concrete was thought to be unreliable in compression.
Thus the deck and its supporting beams were replaced by a deck with standard precast T-beam
units that were continuous over the piers. The deck was waterproofed and a drainage system
installed. Exposed concrete surfaces were impregnated with silane.
Petrographic examination of cores taken from the substructure showed that AAR was
occurring. The alkali content of the concrete was at least twice the upper limit recommended
for the avoidance of AAR, and so electrochemical desalination and cathodic protection were
not considered as these could increase the risk of AAR. Chloride-contaminated concrete was
removed, corroded reinforcement was repaired or replaced and the concrete was reinstated.
The bearing shelves were waterproofed and a positive drainage system was provided. Vertical
faces were impregnated with silane.
Further details of the work are given by Gaddy and Pearson-Kirk (1996).
3.2.23.4 Arch in Italy: concrete repair and increased section size
A structural survey of a reinforced concrete arch identified cracking, carbonation,
reinforcement corrosion, crushing of the concrete cover, macro-cavities due to poor
construction, and localised concrete failures generated by freeze-thaw cycles. Furthermore,
the concrete had a low compressive strength.
The load-carrying capacity of the arch was increased by thickening some of the structural
members by sprayed or cast in situ concrete. As part of the necessary preparation work,
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carbonated concrete was removed by water jetting, surfaces were roughened using pneumatic
hammers, and the existing reinforcement was cleaned by sand blasting and then protected by
a passivating paint. The repair was keyed into the existing concrete by steel connectors fixed
in holes drilled into the existing concrete and filled with an expansive grout. For repairs
greater than 80mm thick, cast in situ concrete was used to (a) repair transverse sections of
columns and arches, (b) increase the depth of the deck slab, and (c) rebuild the cantilever
parts of the deck. For repairs less than about 60mm thick, sprayed concrete was used to
strengthen the deck beams and the lower surface of the deck.
Further details of the work are given by Mola (1997).
3.2.23.5 Bridge on A4 near Paris: water management, concrete repair, crack repair following
AAR attack
Several bridges on the A4 near Paris have been affected by AAR. Some of these bridges have
been replaced, but one was repaired and Brouxel and Diab (1993) provide details of this
work.
The four-span bridge was built in 1974 and comprises a cast-in-situ deck supported on piers.
Cracks were first noted in 1980, and subsequent inspections in 1984 and 1989 showed that the
cracks had increased both in number and width. A network of cracks was found on the piers;
these cracks were randomly orientated, found most frequently near infiltration points of water,
and in the main were about 0.1mm wide although some were up to 0.7mm wide. Cracking
was most extensive on the soffit of the deck: here the cracks were aligned with the
reinforcement and varied in width from 0.1mm to 1.0mm. There were few cracks on the
upper part of the deck, but some of these were up to 5mm wide.
An analysis of the concrete showed that cracking had been generated via the expansive
reactions of ettringite formation and AAR. The results of tests undertaken on core samples
demonstrated that although compressive strength was adequate, strength would decrease
significantly if the reactions were not stopped or at least retarded. An analysis of the slab
showed that its ultimate strength was satisfactory, but also that it could deflect sufficiently to
generate cracking. To stop the reactions, measures were taken to cover new cracks (created
by deflections beyond allowable values) and to prevent water penetration.
The existing surfacing and waterproofing system were removed. On the upper surfaces of the
deck slab, cracks were filled, damaged concrete was replaced by epoxy resin mortar, the
superficial concrete was protected by fluid epoxy impregnation, a new waterproofing system
was applied and a drainage system installed. The lower part of the deck slab and the piers
were cleaned with high-pressure water and a bond coat was applied followed by a layer of
shotcrete, which had a high strain to rupture. Because the cracks could then not be observed,
the deflection of the structure was monitored and the progress of AAR was checked. It was
estimated that the repair works were 3 to 5 times less expensive than the demolition and
reconstruction of the bridge.
3.2.23.6 Jordanstown Railway Bridge: strengthening by additional reinforcement
Jordanstown Railway Bridge in Antrim, Northern Ireland, is a three-span reinforced concrete
structure of beam and slab construction. The slab spans transversely between the main
longitudinal beams that are continuous over reinforced columns and bear on concrete
abutments. Under full loading the bridges were overstressed in both shear and bending, and
the bridge parapets did not meet current requirements for strength or shape. The remedial
works involved strengthening and symmetrical widening by adding (a) a reinforced concrete
overslab, and (b) reinforced concrete beam and slab elements supported on extensions to the
existing foundations and substructure.

67

COST 345 WG 6 report

The 200mm thick overslab raised the bending moment capacity to the required level. Shear
capacity was increased by the combined effect of the overslab and additional external link
reinforcements to the deck beams. The overslab provided a means of anchoring the additional
shear reinforcement, which took the form of U-bars. Tracks were cut in the soffits of the deck
beams at 300mm centres along the beams to expose the main tensile reinforcement: the
arrangement is shown in Figure 3-34. Holes were then drilled through the deck slab and the
U-bars inserted through the holes, bent down and anchored in the new overslab. With all the
U-bars in place, the vertical legs were encased in gunite. The results of model tests
undertaken prior to work on site demonstrated that the required increase in shear capacity
could be achieved.
Further details of the work are provided by Lockwood et al (1996).
3.2.23.7 Quinton Interchange: steel plate bonding
Around 1966, four pairs of bridges were built at Quinton Interchange on the M5 in the UK.
The decks comprised a voided concrete slab, of variable depth, that was continuous across
three spans. An assessment carried out in 1973 indicated that the bridges were underdesigned, and cracking was found on the underside of the critical sections of each bridge. A
strengthening scheme was designed using externally bonded steel plates to provide additional
tension reinforcement to the side spans and the edge beams of the main spans. This was the
first time this type of work has been carried out in the UK. A total of 1376 plates were
bonded to the curved undersides of the bridges.
To prepare the concrete, surface laitance was washed off, local high spots were removed by
scabbling, and the bonding surfaces were grit-blasted and then vacuum-cleaned to remove
loose material.

Figure 3-34 Reinforcement of deck beams on Jordanstown Railway Bridge, from Lockwood et al (1996)
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Several grades and types of mild steel plates were used: the plates were grit-blasted shortly
before application. Overlapping layers of 6.5mm thick plates, generally 254mm wide and up
to 3.6m long, were used. To provide sufficient additional thickness, these were placed up to
three layers thick. Adhesive was spread onto the plates, they were offered up to the concrete
surfaces and wedged in position from jacking beams hung from suspender rods. The hangers
were replaced by nuts and washers, initially inserted hand-tight but subsequently loosened
when the adhesive had cured. (Additional bolts were provided at 1.2m centres to coincide
with plate overlaps) Pairs of small ‘Lindaptor’ clamps were secured at the free ends of the
plates to avoid the possibility of local peeling and cracking of the adhesive. Following
assembly, the plates were painted. The adhesive was a two-part epoxy resin system that
contained finely ground silica filler having a maximum particle size of 0.4mm: this was used
to provide a minimum thickness control - physical spacers were not used. The design shear
stress was 1.2MPa but except at the ends of the plate the mean in-service value probably did
not exceed 0.25MPa.
The important points to note are:
• there were problems with the mixing and application of the adhesives - including the introduction of air voids
• substantial variations in the thickness of the adhesive were found - from 0 to 1.5mm for
steel to steel interfaces, and from 0.5mm to 5mm for steel to concrete interfaces
• all failures at the concrete to adhesive interface were in the concrete itself
• the bond developed between the adhesive and the steel varied according to the condition
of the steel surface, but joint shear strength was not affected by the presence of corrosion
on the steel surface.
Hutchinson (1996) provides further details of the work.
Some 20 years on, the Quinton bridges appear to be performing satisfactorily, but in some
areas there are problems associated with deck cracking, persistent leakage, and washing of
water over the plated areas.
3.2.23.8 Washford Bridge: plate bonding
Washford Bridge is a reinforced concrete arch that was built in 1924. It has recently been
strengthened by steel plate bonding.
Before plate bonding, it was intended to repair the intrados with a polymer-modified
cementitious material but, to save time, dry-sprayed concrete was used instead. When this
work was complete, the existing steel reinforcement was located before marking out the grid
positions of the 1500 or so bolts for the 25 double layer steel plates. These resin anchor bolts
were embedded to a depth of 200mm and projected 45mm from the soffit. The pre-curved
steel plates comprised two plies each 6mm thick and 300mm wide. The first layer was
bonded directly to the soffit and the second layer was bonded to the first. The pot life of the
adhesive meant that each plate had to be secured within 20 minutes. Finally, the entire soffit
was sprayed and the steel plates provided with a protective coating.
Following plate bonding, the existing road surfacing and fill were removed. A reinforced
concrete saddle was then cast: this was fixed to the existing arch by resin anchors. The bridge
was backfilled with foam concrete to the underside of the surfacing, and then resurfaced. The
wingwalls were strengthened by tie-bars, and the parapets strengthened by adding a
reinforced concrete skin to their internal faces.
Further details of the work are given by Pratt (2000).
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3.2.23.9 Three bridges near Dresden: fibre reinforced plastic plate bonding
A combination of carbon fibre reinforced plastic (CFRP) plates and bonded external steel
plate stirrups were used to strengthen three 70-year old concrete bridges near Dresden. The
concrete in the bridges was severely deteriorated and the reinforcement was badly corroded.
Reinforcement losses of up to 30% required the existing ultimate bending capacity to be
doubled. The existing steel stirrups were severely corroded and the shear strength provided
by bent-up steel bars could not be assessed reliably.
The proposed repair was evaluated by cyclically loading a test beam up to half the maximum
design value. After 2 million cycles were applied the beam still behaved elastically and,
although a few bending cracks had developed, plate debonding did not occur. An ultimate
bending test carried out after the fatigue test showed that the proposed repair would provide
the required increase in strength. However, in this test, at about 60% of the ultimate load
three steel plate stirrups, which were crossed by a shear crack raiser near the supports,
debonded from the concrete above the shear crack: these were then only held in place by the
anchor rods. This showed that the external plate stirrups had to be bonded into the
compression zone.
Following de-rusting of the exposed reinforcement, shotcrete was applied. This provided a
surface having a pull-off tensile strength that exceeded the required 1.5MPa. The CFRP
plates and steel plate stirrups were then glued to the roughened soffits and flanks,
respectively, of the bridge beams, and the stirrups were anchored into the bridge deck. The
CFRP plates were 1.2mm thick and 80mm or 100mm wide; they had a tensile strength of
2800MPa and a Young’s modulus of 175 GPa. The unidirectional carbon fibres were
embedded in an epoxy resin matrix and were bonded to the bridge beams using a high
strength epoxy resin blended with quartz fillers. All the steel components were corrosion
protected.
Neubauer and Rostásy (1997) provide further details of the work.
3.2.23.10 Bridge over River Arno at Levane: prestressing, carbon fibre reinforced plastic
plate bonding, increased section thickness and additional reinforcement
The bridge over the River Arno at Levane in Italy is a three-span concrete structure with
gerber hinges (half-joints). It was concluded that the main beams and upper slab had
insufficient tensile reinforcement, and that the main and transverse beams as well as the upper
cantilevers of the gerber hinge had insufficient shear strength.
External unbonded longitudinal prestressing strands were used to strengthen the structure.
These were linked to the existing structure by dowels, and located so they could be tensioned
and checked through an inspection pit. The strands were greased and arranged in non-load
carrying grouted plastic ducts. The thickness of the upper slab was increased by placing
additional reinforcement covered with a non-shrinking mortar: these bars were bent over and
grouted into the upper cantilevers of the gerber hinges as shown in Figure 3-35. Inclined
dowels were grouted in to reinforce the upper cantilevers of the gerber hinges. It was
necessary to remove a section of concrete from the slab opposite the upper cantilever to
enable these dowels to be installed. To increase shear capacity, CFRP plates having a tensile
strength exceeding 2400MPa were bonded to the floor and to transverse beams.
Further details of the work are given by Bavetta et al (1997).
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Figure 3-35 Strengthening of gerber hinges of bridge over River Arno, from Bavetta et
al (1997)

3.2.23.11 Langleybury Lane Bridge: strengthening by additional elements
Langleybury Lane Bridge was constructed in 1974 as a three-span cast in situ reinforced
concrete structure with two raking piers, comprising pairs of columns connected to the
foundations and the deck through Freyssinet hinges: the arrangement is shown in Figure 3-36.
Twin voided spine beams support a reinforced concrete slab and edge cantilevers. The total
length of the bridge is 72m.
Routine inspection revealed shear cracks at the junction of the voided and solid sections of
the spine beams in the main span. An assessment identified a deficiency in shear capacity,
insufficient anchorage to the main reinforcement of the side spans, and the inability of the
edge cantilevers to sustain (accidental) wheel loading.
The proposed strengthening scheme involved the construction of a central pier that could be
used to apply a predetermined jacking load into the bearings to overcome the shear deficiency
whilst keeping the central hogging moments within acceptable limits. A considerable proportion of the sagging moment in the side span was induced by sway at the top of the raking
piers. Thus, as shown in Figure 3-37, these piers were replaced by vertical ones placed
slightly closer to the bank seats. This arrangement, with jacking at the central pier, kept the
moments within the capacity of the existing reinforcement and reduced the shear at critical interfaces. An adjustment of the position of the carriageway resolved the problem of accidental
wheel loads acting on the edge cantilevers. Because the deck would not fail in the event of
the collapse of the central pier, the pier did not need to be designed for collision loads, but the
other piers were designed for such loads.
Further details of the work are given by Wall et al (1996).

Figure 3-36 Langleybury Bridge before remedial measures, from Wall et al (1966)
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Figure 3-37 Langleybury Bridge after remedial measures, from Wall et al (1996)

3.3

STEEL STRUCTURES

The main defects of steel substructures and bridges are corrosion, cracking (usually generated
by fatigue), and deflections or distortion caused by loading or impact damage.
The corrosion of steel decks should be prevented by applying a protective treatment or
waterproofing system that satisfies requirements similar to those listed in 3.2.2.1 for concrete
decks. Steel deck plates are prone to local flexure under wheel loading, and so the surfacing
on a steel deck is normally subject to higher strains than the surfacing on a concrete deck.
Because the surfacing on a steel deck is often quite thin it is essential that it is firmly bonded
to the protective treatment or waterproofing system. The bond must not be impaired by
differential thermal movements between the deck and surfacing. Information on the repair of
orthotropic steel bridge decks is given Gurney by (1992).
What follows refers mainly to the repair of steel substructures: remedial measures are
summarised in Table 3-6.
3.3.1 Coatings
Coatings for steel structures can be categorised into (a) barrier layers that exclude water and
oxygen from the surface of the steel, and (b) sacrificial layers that also exclude water and
oxygen but which provide electrochemical protection to the underlying substrate. It is
improbable that a sacrificial layer could be applied to an existing structure, and so barrier
layers are, inevitably, used for remedial works. A barrier layer must be continuous to provide
effective protection. However, even without cracking, some layers do not completely exclude
oxygen and water in the long term and may, at best, be regarded as introducing a large
resistance into the corrosion cell.
In selecting a coating the following factors should be considered:
• adhesion to substrate
• resistance to chloride ions, sulfur dioxide, weathering, impact and abrasion
• surface preparation
• ease of application
• pot life
• curing time
• overcoating time
• appearance, such as opacity and colour
• environmental issues; for example, the presence of volatile organic compounds
• service life
• cost.
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Table 3-6 Remedial measures for steel substructures
Fault
Corrosion

Fatigue cracking
Plastic deformation (impact damage)
Restricted movement at expansion joints
Corroded tendons of post-tensioned
bridges
Damaged tendons of post-tensioned
bridges
Elements assessed to be below strength

Defective foundations
Scour, or damage to scour protection
works

Measure
Install/replace bridge waterproofing system
Install/replace bridge deck expansion joints
Make multi-span decks continuous
Install/repair drainage systems
Apply protective coating
Install enclosure
Install cathodic protection and collar
(underwater only)
Repair cracks
Install plates
Apply controlled load or deformation
Apply controlled heating and cooling
Replace/repair bearings
Replace/repair expansion joints
Protect external tendons

Replace/repair tendons
Increase section thickness with plates
Replace element
Install additional elements
Provide supplementary prestress
Provide additional support
Underpin
Install protection measures; see Table 3-5
Repair/enhance protection system: for
example by placing riprap or concrete around
substructures at risk

The cost of a coating is low compared to the cost of future maintenance work and so a durable
coating should be selected. Over the years there has been a move towards the use of highbuild coatings that can be applied in a few layers and which have short overcoating and
drying times.
The most vulnerable areas of steel are those subjected to water drips from leaking expansion
joints, drainage outlets and the like. A high quality paint system can be applied in those areas;
alternatively the paint system applied elsewhere can be overcoated in the most vulnerable
areas.
The performance of a paint system is dependent primarily on the adhesion of the primer to the
steel. Thus additional coats may provide little if any additional protection where the adhesion
between the layers is poor.
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Where a blast primer is used, the surfaces should be grit- or sand-blasted to remove all paint,
rust scale and corrosion, and to produce a physically and chemically clean, roughened
surface. It may be necessary to enclose the work area during the removal process. The old
paint system should be identified and appropriate health and safety measures taken where the
paint is lead-based.
Where it is difficult to ensure a high quality standard of preparation, a surface tolerant primer
can be applied to hand-prepared surfaces that have been washed to remove soluble salts. A
paint expert should be consulted to ensure that the old and new paint systems are compatible:
there should be good intercoat adhesion, and chemical reactions should not lead to the
formation of blisters or bubbles between coats.
A standard system for a bridge may comprise a quick drying epoxy primer and undercoat with
a polyurethane top coat, but in high-risk areas a zinc phosphate epoxy blast primer overcoated
with two coats of a pitch epoxy could be used. The application of zinc-rich primers to
cleaned steel can provide sacrificial protection where the upper coats are damaged.
Particular care is required where surfaces exposed to dripping water are being coated. Ideally,
drips should be prevented during the application of the coating, but where this possibility
cannot be eliminated, the use of a rapid curing coating should be considered.
In vulnerable areas, a grease paint may be applied over an adherent paint system or be used
by itself as the paint system. But although such paints are more tolerant of surface defects
than conventional blast primer, they do not perform well under running water as this can
cause them to emulsify in service.
High-solids surface-tolerant epoxies and polyurethanes, having a low volatile organic content,
are suitable for the maintenance painting of vulnerable areas. They include a two-pack highbuild aluminium epoxy primer overcoated with one or more coats of a two-pack high-build
high-solids epoxy micaceous iron oxide zinc phosphate. This may, in turn, be overcoated
with a two-pack polyurethane compound.
Epoxy and polyester coatings with inert glass flakes enable a thickness of more than 500
microns to be applied in a single coat. These have short overcoating and drying times and
are, therefore, suitable where water drips can be prevented for only a relatively short time.
Water-borne coatings should not be applied where there is a likelihood of water reaching the
coating before it has dried fully. Although most moisture-cured paints are intolerant of
running water during their application, a little dampness does not affect their adhesion.
3.3.2 Enclosures
Enclosures are sometimes used to limit the exposure of steelwork to corrosive agents. With
this technique, a floor is attached to the girders and side panels are added to seal the floor to
the soffit at the edge girders. Although the humidity within the enclosure may be high,
chlorides and atmospheric pollution are excluded and any water that condenses is drained and
so is unable to pond on the steelwork. It has been shown that the rate of corrosion of
uncoated steel within an enclosure is between 2 and 10% of that of exposed steel.
Enclosures are normally fitted at the time of construction, but they have been used as a
remedial measure to reduce the corrosion of structures formed from weathering steel.
Further information on enclosures is given by McKenzie (1991).
3.3.3 Cathodic protection and concrete jackets
The parts of a steel structure in contact with water or wet ground are at risk of corrosion in the
presence of dissolved oxygen and/or aggressive agents in the water. Those parts near the
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waterline or at and around ground level are particularly prone to corrosion due to the
abundance of oxygen and the effect of wetting and drying cycles.
Cathodic protection can be used to halt and prevent further corrosion. Although both galvanic
protection and impressed current systems could be used, the latter is not recommended for use
underwater because of the high conductivity of water. Effective protection can be achieved
by placing small sacrificial zinc anodes at regular intervals (say at 0.5m centres) along the
length of each element or by using fewer but larger anodes.
A concrete jacket may be placed to strengthen or protect a submerged pile around the
waterline. However a corrosion cell may develop when both water and concrete are in
contact with the steel and this could accelerate the rate of corrosion of the pile. To prevent
this, the jacket should be extended well above the high water level and, if possible, well
below the riverbed. Where it is impractical to extend the jacket to the riverbed, sacrificial
anodes should be placed near the base of the jacket.
3.3.4 Plating
Where a section has been weakened by corrosion or distorted by impact, new plates can be
bolted or welded into place. The size of each plate should be sufficient to transfer loads
through the plate to either side of the damaged area. It is necessary to assess (a) the increase
in the dead weight of the structure, and (b) either the weakening of the existing sections by
forming bolt holes, or the distortion and high residual stresses introduced by welding. When
repairing elements that are subject to tensile and compressive loads, plates should not be
installed eccentrically because this may weaken rather than strengthen the section. Note also
that cast iron elements that are under tension should not be drilled and bolted.
When new plates are bolted in place it is necessary to seal the gaps between the new and
existing elements to avoid generating a corrosion trap. Gaps between the plates and any
severely corroded elements may need to be filled with high strength putty to provide a seal
and to ensure the full transfer of stress between the components.
A primer with a high coefficient of friction should be applied to improve the transfer of load
to new plates fitted with high-strength friction grip bolts. On uneven surfaces, bolts should be
seated with high strength putty to ensure that they are loaded uniformly and are not subject to
undue bending.
Plating can also be used to repair riveted and bolted structures. Corroded rivets can be drilled
out and replaced by bolts, and existing bolts replaced by new ones. However, to maintain
structural integrity during the repair works, it may be necessary to relieve the repaired
elements of load. New plates for riveted structures should have holes to clear rivet heads.
In marine environments, fasteners can be subject to galvanic action where the composition of
the fasteners differs from that of the steel section or repair plate. Fasteners should be selected
so that either the steel section or repair plate protects them from corrosion.
Some types of iron and steel are unsuitable for welding. And even where they are suitable,
measures must be taken to ensure that welding will not cause stress concentrations in areas
subjected to cyclic loading because this may lead to fatigue cracking. Welds should be
without defects and, to reduce stress concentrations, discontinuities should be removed by
grinding. Welds and the surrounding parent metal should be peened to induce local
compressive stresses and relieve residual tensile stresses, thereby reducing the risk of
cracking. Arc welding can be performed underwater but, according to Lamberton and Sainz
(1989), due to the quenching action of the water, the strength and ductility of such welds can
be 80% and 50%, respectively, lower than those formed in air.
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3.3.5 Crack repairs
Cracked welds can be repaired by grinding out the affected area and refilling with new weld.
Drilling a small hole at the end of a crack can stop its propagation in areas away from a weld.
Unless a crack is due to faulty welding, repairs should be accompanied by measures to reduce
the stresses in the vicinity of the crack to prevent repeat cracking.
3.3.6 Supplementary prestressing
Steel bridges can be strengthened by supplementary prestressing - in much the same way as
described in 3.2.1 for concrete bridges.
3.3.7 Element replacement or addition
Steel bridges can be strengthened by replacing or adding elements: care must be taken during
repairs to ensure that structural integrity is maintained.
3.3.8 Reversal of plastic deformation
Plastic deformation caused by impact damage can be reversed by (a) the application of
controlled loads or deformations, or (b) heating sections to induce thermal stresses.
When the surface of a steel element is heated it expands, but the expansion is a function of the
restraint imposed by the unheated parts. At a particular high temperature, permanent plastic
deformation will take place, and so by selecting an appropriate heating pattern deformation
can be controlled to reduce or remove the distortion of the element. Further details of the
technique are given by Avent and Mukai (1998) and Zobel et al (1997).
3.3.9

Case studies

3.3.9.1 Friarton Bridge: prestressing, plating
Friarton Bridge carries the M90 over the River Tay in Scotland. The superstructure comprises
two independent and parallel deck structures separated by 100mm. The nine spans of the
structure have a combined length of 831m. Each deck structure comprises a rectangular box
girder 4.3m wide and 2.7m deep in the approach spans, increasing to 7.5m deep in the longer
spans, and stiffened transversely by cross-frames at 3m centres: the arrangement is shown in
Figure 3-38. The box supports a 200mm thick lightweight concrete slab that acts compositely
with the top flange of the box and is carried either side on cantilever brackets.
The box sections at the supports were deemed to have insufficient bending capacity. Three
possible methods of strengthening were considered:
• additional flange stiffening by welding on plates
• post-tensioning to relieve overstressed areas
• a combination of the above.
Because dead load effects predominated, the weight of the additional stiffening had to be
limited. It was impractical to prop the deck before strengthening, and so the limited live load
carried would limit the efficiency of additional tension flange stiffeners. Stiffening of the
compression flange would also increase the overall buckling strength, and would be more
efficient.
Post-tensioning has rarely been used for strengthening steel structures. It was considered for
use here because the installation of tendons to the bottom flanges of the girders would
introduce a sagging bending moment at the supports. However the small lever arm and the
curvature of the bridge meant that it was not possible to remove the overstress. Posttensioning of the top flange over the supports would relieve stress in the tension flange, but
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would be of no benefit to the overstressed compression flange. Therefore, the approach
adopted was to post-tension the tension flange at the supports and add longitudinal stiffeners
to the compression flange. The anchorage detail comprised a 150mm thick anchor plate
attached to two longitudinal plates that were welded to the top flange and the existing
longitudinal stiffeners of the box: the detail is shown in Figure 3-39. To prevent local
overstressing of the shear studs, the anchorages were staggered over three ring frame
positions. As the post-tension force was applied eccentrically to the top flange, additional
bracing was provided to resist the moment applied to the ring frames.
Further details are given by Murray (1996).

Figure 3-38 Cross-section of Friarton Bridge showing additional bracing, from Murray
(1996)

Figure 3-39 Anchorage detail used to post-tension tension flange at supports of Friarton
Bridge, from Murray (1996)
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3.3.9.2 Boston Manor Viaduct: plating and prestressing
Boston Manor Viaduct is a steel lattice truss bridge that carries the M4 in West London.
Cracks were found in the vicinity of the half-joints and repairs were required to:
• reduce the static stress and stress range in the damaged areas of the half-joints
• reduce the horizontal frictional force at the half-joint bearings
• prevent local rotational bending moments at truss nodes above and below the bearings
• provide an alternative load path from the bearings into the truss elements - thereby bypassing the cracked joints
• improve local conditions at the tips of the cracks
• strengthen the chord elements over the main piers.
Low friction PTFE bearings were installed with an enlarged top block to assist load transfer to
the truss webs. Plates were attached to the truss on both sides of the joints using high strength
friction grip bolts: the plates were 50mm thick around the damaged areas and 25mm thick
elsewhere. The plates were designed to provide a load path for the ultimate limit state loads.
They also acted as gussets to the end panels of the trusses to reduce secondary stresses
generated by joint rotation. On the upper half-joint, the plates provided the additional support
required for the upper chord element.
The truss web plates were prestressed by jacking the new outer plates against them and then
tightening the bolts.
Inspection holes were provided in the outer plates to allow small holes to be drilled at the
crack tips, and for monitoring further crack growth.
Details of the repair work are shown in Figure 3-40, and further information is provided by
Matthews and Ogle (1996).

Figure 3-40 Detail of the repair to the half-joints of Boston Manor Viaduct, from Matthews and Ogle (1996)
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3.3.9.3 Bridges in Indiana: fatigue crack repair
Cover plates are often used to increase the flexural capacity of steel beams at positions of
high moments, but welded plate ends have a rather low resistance to fatigue.
Hassan and Bowman (1995) undertook a series of tests on beams provided with tapered cover
plate ends: the plates were 13mm thick and were welded to both flanges in the arrangements
shown in Figure 3-41. They investigated three repair methods for improving the performance
of these arrangements. As shown in Figure 3-42 these were (a) a friction-type bolted splice
plate connection, (b) air-hammer peening and (c) a partial bolted splice connection, which is a
combination of (a) and (b). Treated test beams were cyclically loaded until cracks were seen
at both ends of the cover plates.
Unless the repair was made before the initiation of a crack neither 8mm nor 11mm thick
bolted splice plates prevented the growth of cracks; nonetheless, fatigue life was improved
with such plates.
Peening was effective for cracks less than 5mm long and it also extended the fatigue life of
the detail. However, peening is not recommended where there is no weld at the end of the
tapered cover plate because cracks may grow in an inaccessible region under the plate.
A part-bolted splice connection increased the fatigue life of a pre-cracked cover plate end
detail but, even though attempts were made to inhibit the growth of cracks in the web by
drilling holes at the crack tip, it was less effective than the bolted repairs.

Figure 3-41 Details of tapered cover plate, from Hassan and Bowman (1995)
Reproduced with permission of the Transportation Research Board. In Conference Proceedings 7: Fourth International Bridge Engineering Volume 2, Transportation Research Board, National Research Council, Washington, D.C., 1995, Figure 1, p.305
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3.3.9.4 Repair of Green River Bridge: fatigue crack repair, plating
The Green River Bridge on the I-26, near Asheville, North Carolina, is a 320m long five-span
bridge. As shown in Figure 3-43 the structure comprises two 4.3m deep welded girders
spaced 7.3m apart, with transverse floor beams at 7.3m centres supporting two longitudinal
stringers.
In October 1992, two transverse cracks were found in the bottom flange plate of the main
girders. The cracks, 100mm and 70mm long, extended through the web-to-flange plate fillet
weld and extended into the bottom flange, as shown in Figure 3-44. Further inspection found
many short cracks up to 19mm long at the web-to-flange plate fillet weld. An examination of
core samples showed that the cracks were generated at the time of fabrication. The two large
cracks resulted from the use of steel with a high carbon content, large grain structure, and low
toughness. All the cracks were the result of hydrogen-related cold cracking.

Figure 3-42 Repair methods considered by Hassan and Bowman (1995)
Reproduced with permission of the Transportation Research Board. In Conference Proceedings 7: Fourth International Bridge Engineering Volume 2, Transportation Research Board, National Research Council, Washington, D.C., 1995, Figure 2, p.306

80

COST 345 WG 6 report

Figure 3-43 Typical cross-section of Green River Bridge, from Fisher et al (1995)
Reproduced with permission of the Transportation Research Board. In Conference Proceedings 7: Fourth International Bridge Engineering Volume 2, Transportation Research Board, National Research Council, Washington
D.C., 1995, Figure 2, p.5

It was decided to provide some redundancy in the spans and to reduce the range of in-service
stress acting on the structural members. Bottom flanges subjected to tensile stresses were
strengthened with flange-width coverplates connected with high-strength bolts. (The top
flanges over the piers were not cracked and so did not need to be strengthened.) The
thickness of the 610mm wide coverplates ranged from 25mm to 38mm. The four rows of
bolts were spaced 100mm and 200mm from the edge of each flange at a typical bolt spacing
of 300mm. Alternate bolt rows were staggered 150mm longitudinally. The coverplates were
designed to run continuous through the bolted splice connection regions, and be tight against
the bottom flange. In practice, the splice area was post-tensioned, the bottom flange
connection plate was removed, the new coverplate positioned and drilled to match the
existing bolt hole pattern, and the original bottom flange connection plates then reinstalled.

Figure 3-44 Schematic view of the crack positions and core locations in the bottom
flange of a main girder of Green River Bridge, from Fisher et al (1995)
Reproduced with permission of the Transportation Research Board. In Conference Proceedings 7: Fourth International Bridge Engineering Volume 2, Transportation Research Board, National Research Council, Washington
D.C., 1995, Figure 3, p.5
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3.4

MASONRY ARCH BRIDGES

Remedial measures used for masonry arch bridges are summarised in Table 3-7, and the main
techniques are described in the following sections. Page (1996) gives a comprehensive guide
to the repair and strengthening of masonry arch bridges.
Table 3-7 Remedial measures for masonry arch bridges, based on Page (1996)
Fault
Deteriorated pointing
Deteriorated arch ring

Arch ring inadequate to carry in-service
loads

Internal deterioration of mortar; which
could lead to ring separation for example
Foundation movement
Outward movement of spandrel walls

Separation of arch ring beneath spandrel
wall from remainder of arch ring
Weak fill

Water leakage through arch ring

Scour, or damage to scour protection
works
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Measure
Repoint
Repair masonry
Install saddle
Apply sprayed concrete to intrados
Install prefabricated liner
Grout arch ring
Apply proprietary repair technique
Install saddle
Apply sprayed concrete to intrados
Install prefabricated liner
Replace fill with concrete
Install steel beam relieving arches
Install relieving slab
Apply proprietary repair technique
Grout arch ring
Stitch (using tie bars spanning across a crack)
Install mini-piles or underpin
Grout piers and abutments
Install tie bars
Install spreader beams
Replace fill with concrete
Demolish walls and rebuild
Grout fill
Stitch together

Replace fill with concrete
Grout fill
Reinforce fill
Make road surfacing water resistant
Install waterproofing
Waterproof extrados and improve drainage
Install protection measures; see Table 3-5
Repair/enhance protection system: for
example by placing riprap or concrete around
substructures at risk
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3.4.1 Repointing
The cause of the loss of mortar should be determined and remedied before repointing.
Routine repointing can increase the load capacity of an arch by restoring the effective ring
thickness to its full depth. It can also prevent the deterioration of a structure and enhance its
appearance, but it can promote deterioration when it is undertaken incorrectly.
The mortar should not be stronger than the brick or stone, as this may lead to their failure, but
not too soft because this will reduce the effective thickness of the arch ring. It is advisable to
use a mortar having similar properties to that existing. Table 3-8 gives formulations for
mortars commonly used for civil engineering structures built in the UK before 1920: the
strengths are for standard format bricks.
Table 3-8 Strength of mortars and brickwork, from Sowden (1990)
Type of mortar
(composition by volume)

Mortar
strength
range
(MPa)

Mortar
designation Cement: Masonry Cement:
cement:
sand +
lime: sand
sand
plasticizer
(i)
1:0-0.25:3
11.0-16.0
(ii)
1:0.5:4.5 1:2.5-3.5
1:3-4
4.5-6.5
(iii)
1:1:5-6
1:4-5
1:5-6
2.5-3.6
(iv)
1:2:8-9 1:5,5-6.5
1:7-8
1.0-1.5
(v)
1:3:10-12 1:6.5-7
1:8
0.5-1.0
a
(vi)
0:1:2-3
0.5-1.0
b
(vii)
0:1:2-3
0.5-1.0
a
Hydraulic lime
b
Pure lime

Brick strength (MPa)
7
20
35
50
70
Characteristic compressive
strength of brickwork (MPa)

3.5
3.5
3
2
2
2

7.5
6.5
6
5
4
4
3

11
9.5
8.5
7
6
6
3.5

15
12
11
9
7.5
7.5
4.5

19
15
13
11
8.5
8.5
5

The durability of mortars with a low cement content can be improved through the addition of
polymer latexes. Lime mortar takes longer to harden than cement mortar, and is susceptible
to frost damage before it is fully set. The rate of setting of mortars decreases considerably in
cold weather. Curing under damp hessian or wetting of the substrate will help prevent
shrinkage by stopping lime mortar from drying out.
For repointing soffits, Welch (1995) recommends a PFA:cement:lime mix that has a strength
of 3MPa.
The old mortar should be raked out to a minimum depth of 15mm, but 25 mm is preferable,
and the operation should cause little damage to the bricks or stones. Tooling of the joints
reduces the permeability of the mortar surface and improves the seal between the mortar and
the bricks or stones: suitable details are shown in Figure 3-45. Recessed joints should be
avoided as these can lead to saturation of the bricks or stones, which will increase the risk of
freeze-thaw damage.
Parapets should be repointed on both sides.
Deteriorated bricks or stones should be replaced with those of similar appearance and
properties. When matching the colour, the effect of cleaning the existing brickwork and the
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weathering of the new bricks should be taken into account. According to Page (1996),
calcium silicate bricks should not be used.
Where a long section of a ring is to be replaced, the joints between the new and existing rings
should be well packed. The new ring can be tied to the existing rings so that they act
compositely.

Figure 3-45 Suitable details for repointed joints, from Page (1996)

3.4.2 Saddling
The strength of an arch bridge can be substantially increased by casting a concrete saddle
over it. The minimum thickness of a saddle should be about 150mm, and there must be
enough cover at the crown to accommodate it. The saddle does not affect the aesthetics of the
bridge, but it requires removal of the fill and so, where appropriate, it should be combined
with repairs to the spandrel walls. A waterproofing membrane should be applied to the saddle
extrados and a drainage system installed at its low points.
The saddle may act compositely with the existing stone or brick rings, or it may act
independently of them - as the main structural member. With the former, the saddle is likely
to have nominal reinforcement and a means of keying it to the existing ring. The roughness
of a stone extrados may be sufficient to form a good shear connection otherwise stainless steel
ties should be used. With the latter, the saddle should be designed as a reinforced concrete
arch and be debonded from the existing ring. The effect of debonding on the future stability
of the existing ring must be considered.
To minimise the risk of collapse, the fill should be excavated symmetrically. Temporary
centring may be required to support the arch during the remedial works. The arch barrel
should be cleaned before any reinforcement is placed; ties may be installed through the arch
ring and the spandrel walls. The concrete should be poured symmetrically. A top shutter is
likely to be required where the slope exceeds 15°, but this may be avoided where the
thickness of the saddle is increased at the haunches.
Where movement of an abutment has led to damage to the structure, a saddle can lift the line
of thrust acting on the abutment and exacerbate the problem. Where the existing abutments
do not have sufficient capacity to support a saddle, spread footings can be built behind the
abutments, or piled foundations can be used with the saddle supported via spread footings
onto a pilecap.
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The transverse behaviour of the saddle should be assessed. Transverse restraint at the
springings may cause cracking, and so the sequence of casting may require careful
consideration.
3.4.3 Sprayed concrete
The thickness of an arch ring, and hence its load-carrying capacity, can be increased by
spraying a concrete lining onto the intrados: see 3.2.13.4. A reinforced lining between
150mm and 300mm thick would usually be applied. The lining would normally reduce the
size of the arch opening but, to minimise the reduction in clearance, it may be used as a
partial or total replacement for the existing ring. The visual impact of a lining can be reduced
by containing it beneath the arch and setting it in slightly from the edges of the structure.
Adequate support should be provided to the lining by augmenting the existing abutments or,
where they have sufficient strength, by cutting into the existing abutments to form a bearing
surface.
The long-term strength provided by a sprayed concrete lining is rather uncertain. For
example, (a) a lining may separate from the existing ring through shrinkage of the concrete,
and (b) the deterioration of the existing arch ring may accelerate, particularly at the interface
with the lining and where the structure is not waterproofed. In either case the lining may then
become the supporting structural arch. Thus it is important to install and maintain
waterproofing and drainage systems to prevent deterioration of the existing arch and
corrosion of the reinforcement within the lining.
3.4.4 Prefabricated liners
A metal or glass reinforced cement prefabricated liner can be attached to the soffit to act as
permanent formwork with the intervening void filled with concrete or grout. Corrugated or
plane sheets can be used. The technique can be used to cover the deterioration of the arch
ring and, with a thin liner, can accommodate movement without cracking. However, as with
sprayed concrete, the technique reduces the size of the opening and does not enhance the
appearance of the arch.
The void between the existing arch and the liner must be filled and the grout should fill cracks
and areas where mortar is missing. Concrete must be pumped; flowable concrete with a
superplasticiser and 10mm maximum aggregate size is suitable.
Unless there is a large gap between the lining and the arch ring, the increase in the ring
thickness should not be included for assessment purposes. And, unless it is made of thick
steel sheets, the strength of the liner should be ignored.
3.4.5 Relieving arch
Curved steel I-beams, rolled about their weakest axis to the shape of the intrados, can be used
to provide permanent strengthening or temporary support to counter mining subsidence. The
beams should be designed to carry all dead and live loads. The springings for the beams
should either be cut into the existing abutments or fixed to their face. The gap between the
beams and the arch can be packed with timber or filled with grout, or the beams can be
encased in sprayed concrete.
3.4.6 Grouting
Grouting can be used to fill any voids in an arch ring, including those due to ring separation
in a multi-ring arch, so that the full depth of section is load bearing. Before grouting, it may
be necessary to repoint the arch to avoid the excessive loss of grout through cracks. The
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grout must not set before it has completely filled the voids. The viscosity of the grout
determines the minimum size of a crack that can be filled. The properties of the grout should
be compatible with the arch materials. Cementitious or resin grouts can be used, but
expansive grouts are not favoured.
High pressure grouting can damage structures. Although a pressure of 1MPa has been used
on some brick tunnel linings, it is far too high for most structures and a limit of about 0.2MPa
is more appropriate. The spacing between injection points may have to be reduced to cope
with the use of a lower pressure, but this is preferred to compromising the safety of the
structure. Vacuum injection can be considered where pressure grouting may cause damage.
As grout follows the line of least resistance, care should be taken to ensure that it does not
enter service ducts and drains, or pollute watercourses.
The required spacing between the grout holes is dependent on the details and condition of the
structure, the injection pressure and the viscosity of the grout. A spacing of between 600mm
and 1000mm is typical, but 300mm may be needed in some instances. Water flushing can be
carried out to remove debris and prove continuity between the grout holes. Grout injection
should start from the lowest point and proceed upwards. At each point, grout should be
injected until the pressure limit is reached or it appears at adjacent holes, or a predetermined
amount has been injected. The hole should then be plugged. Where there is no evidence of
spread to adjacent holes, further holes may be required to ensure complete grouting. But
where an injection point continues to accept grout without a build-up in pressure developing
then grout must be leaking away. It may be possible to block substantial leakages with
injections of a small volume of quick-setting grout or a thick grout. To avoid staining of the
structure, any external leakage of grout should be cleaned up immediately.
Bridge piers and abutments can be grouted, but the adequacy of the foundations to carry the
increase in dead load should be considered, particularly when grouting hollow piers.
Grouting of the fill may improve the load distribution of an arch, and thereby increase its load
capacity. Depending on the type of fill, grouting may also reduce the rate of percolation of
water through the structure. However, grouting may be unsuccessful where the fill contains a
high proportion of clay-sized particles. Typically, a suitable grout for a fill would be a 1 to 5
cement:PFA mix having a water:solids ratio of 0.6:1.
3.4.7 Stitching
Stitching involves the grouting of dowels into holes drilled into the structure: and this is
undertaken to restore shear transfer. The holes are inclined across the crack to be stitched.
The method is particularly effective for treating (a) arch ring separation and (b) the
detachment of a spandrel wall from its backing. The method can be applied to brickwork
more than 350mm thick and random stone masonry at least 500mm thick.
The holes are generally 20mm to 40mm in diameter. The effect of vibration on the structure
should be considered during drilling. In most cases reinforcing bars, generally 12mm to
20mm in diameter can be used, but stainless steel bars should be used in wet areas. Where
possible, the bars should extend 750mm either side of a crack. It may be desirable to vary the
length of the bars so as not to produce a distinct boundary between the reinforced and
unreinforced material.
3.4.8 Replacing the spandrel fill with concrete
To stabilize the spandrel walls of an arch bridge, the fill immediately behind a wall can be
excavated and replaced by concrete. To produce a stable saddle that acts compositely with the
existing structure, a trench should be excavated behind the wall down to the extrados of the
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arch barrel and then filled with concrete. To improve bond strength, the concrete should be
tied into the spandrel wall. (Problems with the stability of an arch and a wall can be corrected
at the same time by saddling; see 3.4.2.)
The depth of pour should be limited where the weight of the head of wet concrete may
destabilize the spandrel wall.
Existing services are likely to be disrupted by the construction works and so new service
ducts may have to be installed.
3.4.9 Reinforced fill
The existing fill behind a spandrel wall can be excavated and replaced by reinforced soil:
typical details are shown in Figure 3-46. The reinforced soil acts as a high strength yet
flexible medium and imparts a low outward force on the spandrel wall.

Figure 3-46 Reinforced fill, from Welch (1995)

3.4.10 Relieving slab
A reinforced concrete slab can be cast on top of the fill to improve the load distribution on the
arch and transfer load to the abutments: suitable details are shown in Figure 3-47. To relieve
the live load acting on the arch and prevent load from being concentrated at the crown, a low
strength concrete support can be provided at the abutments and a compressible layer installed
under the central part of the slab.
The slab should be provided with a waterproofing system, and drains should also be installed.
3.4.11 Waterproofing and resurfacing
Water leaking through the road surface can saturate the underlying fill and may even lead to
its erosion. Masonry can become saturated by rainfall and by water draining from the fill.
Sulfur compounds present in the air or rainwater can react with masonry and be deposited on
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its surface. Bricks themselves can contain sulfur compounds that can degrade mortar. Attack
occurs when the masonry remains wet for long periods. The stresses that develop when salts
crystallise within the pores of masonry can cause fragmentation of the material. Cycles of
freeze-thaw can generate movement of the spandrel walls and also of the fill.
Thus, whenever possible, the amount of water entering a structure should be minimised, and
what does enter should be removed by a positive drainage system. To achieve these
objectives, waterproofing should be considered at two levels: at the road surface, and at the
extrados of the arch.

Figure 3-47 Relieving slab, from BA 16 (DMRB 3.4.4)

A waterproofing system can be applied to a concrete relieving slab or to a saddle. Depending
on the condition of the ring it may be possible to apply a waterproofing system to the
extrados, but subsequent movements of the structure may damage the system. It may be
difficult to waterproof verges that contain services: in such cases the services can be re-routed
through concrete ducts which can themselves be waterproofed.
Cracks in the verge, footway or roadway will allow water to percolate into the fill. Thus,
where possible, these surfaces should be relatively impermeable, and interfaces along kerb
lines and/or spandrel walls should be sealed. Surfacing should be shaped to shed water away
from the spandrel walls. Where topography dictates, cut-off drains should be provided across
the carriageway at the end of bridges.
For multi-span arches, drainage outlets should be provided through the piers at the springings.
Abutments should be provided with weeps holes.
Holes cored through masonry should be lined.
Perforated pipes may be installed through the fill to assist drainage to the outlets, and a filter
drainage layer may be installed behind spandrel walls.
The road surface should be kept in good repair and be free of potholes that can increase
vehicle impact loads. The severity of a hump-back bridge can be re-profiled to improve ride
quality and thereby reduce dynamic wheel loads. Increasing the thickness of the road surface
may strengthen some arches, but this could be difficult to take into account in an assessment:
furthermore an increase in dead load may reduce the stability of some arches.
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3.4.12 Protecting and repairing masonry
External brickwork and stonework are not normally coated because the blockage of pores can
generate a build up of water pressure that, in turn, can lead to the failure of the coating or the
spalling of the masonry.
Ideally, a treatment must reduce water uptake into the brick or stone, allow salts in solution to
pass through the structure, and not alter significantly the original colour of the stone or brick.
A silane-resin treatment that penetrates to a depth of 25mm to 50mm may secure a decaying
surface to underlying sound material, and limit or eliminate damage due to the crystallisation
of salts.
Weathered and deteriorated masonry can be cut back to sound material, and new masonry
indents bonded in place.
3.4.13 Tie bars
Tie bars can be fitted to restrain the movement of spandrel walls. The bars can be installed in
trenches excavated in the fill, they may pass through a structure and have pattress plates at
each end, or one end may be provided with a pattress plate whilst the other is anchored within
the structure. The pattress plates should be bedded in mortar against the spandrel wall. It
may be possible to recess the plates to reduce their visible impact. Corrosion of the plates and
tie bars should be prevented by the choice of material and/or by a corrosion protection
measure.
A spreader beam can be used in place of a pattress plate, but such beams are unattractive and
so should only be used in emergencies.
3.4.14 Reinforced parapets
Details of reinforced parapets are shown in Figure 3-48. In one arrangement, the reinforced
core transfers load to a longitudinal beam that spans between pilasters, whilst in the other a
reinforced wall with a pinned foot is secured by ties.

Figure 3-48 Reinforced parapets, from Welch (1995)
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3.4.15 Underpinning
Material can be excavated from beneath the foundations and be replaced with mass concrete,
but the stability of the existing foundations must not be compromised by the work. Further
information on underpinning is given by Algar and MacNeill (1984).
3.4.16 Mini-piles
Mini-piles can be installed to an arch bridge to (a) increase its load capacity, and (b) reduce
in-service settlement. The piles are normally between 75mm and 225mm in diameter and
10m to 20m long. To provide continuity, the piles may be bored though and cast into the
existing pier or abutment. Weak supports should be grouted or stitched together, as shown in
Figure 3-49.

Figure 3-49 Arrangement of small diameter bored piles and stitching, from BA 16 (HA,
DMRB 3.4.4)

Usually a temporary drilling casing is installed so that water can be used to cool the cutting
bit and remove the spoil. In a non-cohesive soil the completed hole is filled with a
cemetitious grout and reinforcement placed; any temporary casing is removed as further grout
is added. In a cohesive soil the drill casing is removed before grouting.
3.4.17 Scour protection
Information on scour protection is provided in 3.2.16. Scour protection to masonry arch
structures is usually provided by placing riprap or an invert slab.

3.4.17.1 Riprap
As described in 0, riprap can be placed around the base of a pier to protect it from scour. The
required weight of the stones depends on their degree of interlock and the speed of flow:
stones should weigh over 3 tonnes for fast flows, from 1.5 to 3 tonnes for moderate flows and
from 1.5 to 2.5 tonnes for slow flows. To improve their interlock, the stones may be
embedded in concrete.
3.4.17.2 Invert slab
As described in 3.2.16.5, a concrete apron or an invert slab can be placed around an abutment
or a pier to prevent undercutting by scour.
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An invert slab with its top surface just below bed level can prevent scour and may be used to
prop abutments apart where inward movement has occurred. To eliminate the risk of scour
beneath the slab, a downstand beam or trench sheeting can be installed. The stability of a
bridge must be considered when an invert beam that connects two supports together is
replaced.
3.4.18 Embedded reinforcement and anchors
An arch may be strengthened by various proprietary techniques that involve the placement
and subsequent encapsulation of stainless steel reinforcement into grooves or holes cut in the
arch: Woodward (1997) gives details of various techniques. Although these techniques do not
require removal of the fill, it may still be necessary to support the arch during the installation
process.
The system shown in Figure 3-50 has 6mm stainless steel ribbed bars located in rebates
20mm wide and spaced (typically) at 225mm centres longitudinally and 450mm centres
transversely. The rebates are continued into the spandrel walls and others are formed in the
wing walls so that these elements are tied to the arch. Radial ties may also be installed
through the arch ring. To centralise and secure the bars in place, they are encapsulated in a
low modulus structural adhesive.

Figure 3-50 Proprietary embedded reinforcement system, from Woodward (1997)
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Another reinforcement system relies on the composite action developed between reinforcing
rods and the masonry. It provides a more flexible solution than is obtained using
conventional reinforcement, and the system is designed not to change significantly the
fundamental behaviour of the arch.
A further proprietary repair/strengthening system involves the placement of anchors. A
structural analysis is undertaken to identify the optimum positions of the anchors, and
precision drilling rigs are used to install the anchors more or less along the thrust lines within
the arch. Drilling can be undertaken from the road surface or from below the arch.
3.4.19 Case studies

3.4.19.1 Pont Lima, Gwynedd: pointing, grouting, stitching supports, installing tie bars,
installing drains
Pont Lima is a two-span stone masonry arch bridge that was built in 1862: details of the
structure are shown in Figure 3-51. The masonry is formed from mudstone/shale blocks and a
lime-based mortar. In 1979, work was carried out to address cracks in the masonry, bulging
spandrel walls, voids in the pier, deteriorated pointing, and water flow through the structure.

Figure 3-51 Pont Lima repair works, from Page (1996)

Deteriorated pointing was raked out and flushed clean with water and air jets. Pressure
pointing was done with a 1:1 sand:cement colloidal grout, with PFA added to improve the
colour match with the existing masonry.
More than 400, 25mm diameter holes were drilled vertically and horizontally at 1m centres in
the pier, abutments and arches. Grouting commenced at the lowest levels using a 1:1
sand:cement mix. This was changed to 2:1 sand:cement mix when treating the fill above the
arches. To remove the risk of the grout generating further outward movement, lifts were
limited to 1m per day. Grout was contained at the ends of the bridge by drilling and injecting
curtain holes at 750mm centres down from the road surface. In all, the weight of injected
material exceeded 700 tonnes.
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To strengthen the foundations of the pier and abutments, 2m long 16mm diameter high tensile
stitching bars were grouted into 30mm diameter inclined holes drilled in a reticulated pattern
at 1.5m centres through the masonry and into the underlying mudstone bedrock.
The pier and spandrel walls were strengthened with tie bars. At the pier, two 25mm diameter
ties, 6.8m long were installed longitudinally and ten 2.2m long ties were installed
transversely. Some eleven 32mm diameter, 7.2m long ties were installed in the spandrel
walls. The bars were wrapped in waterproofing tape, placed in ribbed plastic tubes and then
grouted. The bearing plates were recessed behind the masonry face so they were not visible.
PVC pipes, 50mm in diameter were inserted at selected locations to act as weep holes.
3.4.19.2 Linton Road Viaduct, East Sussex: waterproofing, installing drains
Linton Road Viaduct was built in the late 19th century. It comprises seven brick arches and
has an overall length of 120m. Inspections in 1992 found persistent damp areas on the soffit,
inadequate drainage of surface water, and rutting in the wheel paths of the carriageway
(Pearson and Cuninghame, 1998).
The backfill to the structure comprised a mixture of bricks and fine sand. There was a
drainage channel running over each pier, with each channel sloping to a gully that discharged
via a clay pipe out through an adjacent arch. The existing waterproofing system was a layer
of tar. The drainage system was blocked by tar and fines (derived from the backfill), and so
water that had accumulated between the arches was forced through the embrittled
waterproofing.
Most of the existing waterproofing layer could be removed from the arches, but not from the
spandrel walls. To provide a surface suitable for the application of a new sheet waterproofing
system, the arch backing was covered by a 50mm thick later of levelling screed of 6:1 graded
sand:cement mix. The spandrel walls were faced with 75mm thick building blocks, and the
waterproofing sheets were laid across the screen and tucked into mortar joints between the
blocks.
Most drains were cleared by rodding and water jetting, but one was blocked off and replaced
by a 75mm diameter PVC pipe. The drains were sealed at the level of the waterproofing
system and downpipes were fitted to the drain outlets.
The arch backing was overlaid with a geotextile fin drain, granular fill was then placed and
overlaid with HRA surfacing.
It was not possible to cut off water flow at the ends of the structure, but a French drain was
installed in the footway in front of the abutments to collect seepage from the weep holes in
the abutment.
Once the structure had dried out, the brickwork was repaired.
3.5

TIMBER BRIDGES AND SUBSTRUCTURES

Most timber bridges are one, or a combination, of the following structural forms: single or
multispan beam, trussed system, post truss, strut frame system, frame system, arch, suspended
or cable-stayed system.
The main defects of timber substructures and bridges include:
• fungal damage
• insect damage
• weathering
• cracking
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• delamination
• corrosion of fastenings
• mechanical damage.
Remedial measures for timber substructures and bridges are summarised in Table 3-9, and
further information on the repair of timber structures is given in STEP (1995).
Table 3-9 Remedial measures for timber substructures and bridges
Fault
Fungal damage

Measure
Apply preservative
Waterproof deck
Replace/repair element
Strengthen element with reinforcement
Insect/marine borer damage
Apply preservative
Replace/repair element
Strengthen element with reinforcement
High moisture content
Waterproof/replace deck
Install drainage
Apply protective layer/cladding
Delaminations, cracking, splits and the like Apply preservative treatment
Replace/repair element
Strengthen element with reinforcement
Damaged deck
Repair/replace deck
Damaged or below strength element
Replace/repair element
Strengthen element with reinforcement
Bridge below strength
Strengthen elements with reinforcement
Install additional elements
Damaged pile
Replace/repair pile
Jacket
Scour, or damage to scour protection Install protection measures; see Table 3-5
works
Repair/enhance protection system: for
example by placing riprap or concrete around
substructures at risk

3.5.1 Preservative treatments
Where it can be established that an affected element has adequate strength or that it can be
strengthened to an adequate level, preservatives can be applied to deal with biological attack.
In general, preservatives should be applied at regular intervals to all major structural
components. They should be applied without delay to exposed untreated surfaces formed by
cutting or drilling, or resulting from delamination, cracking, splitting, mechanical damage and
the like.
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3.5.1.1 Fungal damage
Species of fungi capable of germinating on moist timber can be described botanically as white
or brown rots, but from a structural viewpoint they are best described as wet rots, dry rots and
non-wood-rotting fungi. In selecting an appropriate preservative treatment, it is necessary to
identify the type of rot causing the deterioration. Note that non-wood-rotting fungi can
substantially affect the aesthetic appearance of a structure.
Wet rots are unable to colonise an area where the moisture content is below the fibre
saturation point; that is, where the moisture content is below 20 to 30%. (The moisture
content is defined as the weight of the contained water expressed as a percentage of the
weight of the dry wood.) If the source of the moisture can be eliminated, the rot will
eventually die when the moisture content of the wood falls below 20%.
Dry rots require a moisture content of between 30 and 40%, and so they will not attack wood
having a moisture content of less than 20%. Although the rot cannot colonise dry timber, it
can wet timber locally by secreting water from the air. Also, the hyphae can penetrate and
grow across timber away from the food source. Thus attempts to eradicate dry rots should not
be as localised as those for wet rots.
Wood that is saturated will not support fungi, but wood subject to wetting and drying cycles is
particularly susceptible to fungal damage. Therefore the areas of a bridge most likely to
suffer fungal damage are the surfaces of supports near the waterline; surfaces near ground
level; horizontal surfaces; inclined surfaces with cracks or splits; and crevices, joints and cut
ends that can become damp and do not dry quickly.
3.5.1.2 Insect/marine borer damage
Termites and beetles can, and frequently do, bore holes in wood. The subterranean termites
found in Europe can attack wood having a moisture content greater than about 20% - similar
to the moisture content required to support fungal attack. Beetles attack dry timber but they
can tolerate some moisture.
Marine borers can bore an extensive network of burrows in marine timber structures. The
most common borers in European marine waters are the shipworm and the gribble.
3.5.1.3 Types of preservatives
There are three main types of preservative that can be used to resist biological attack: tar oils,
organic solvents, and water-borne treatments. In most European States, environmental, and
health and safety requirements require preservatives to be non-toxic to humans and the
environment (or at least non-toxic after application) and non-contaminating to the ground or
water courses. Therefore, the use of tar oils, such as creosote and anthracene oils,
pentachlorophenol, lindane and chromated copper arsenate is now much restricted. Note that
chromated copper arsenate can promote the corrosion of metal ties where the moisture content
of the timber is high. Products that may be suitable include chromated copper borate,
chromated copper silicafluoride, copper naphtenates and organic and organometallic systems
like isothiazoles, thiazoles and triazoles. A key requirement for a product is a high
penetrability into the timber.
A jacket may be fitted to a pile to prevent attack by marine borers, but jackets are ineffective
unless they are tight fitting.
3.5.2 Waterproofing
The control of moisture is often the most cost-effective and practical technique for extending
the service life of a timber bridge, and some are provided with a roof to reduce their exposure
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to weathering. However, in most cases the deck protects the main structure from moisture
and so the primary concerns should be to prevent damage to the deck and the passage of water
through it.
3.5.2.1 Deck
Provided the flexibility of the deck does not affect the performance of the overlay and the
increased dead load can be accommodated, a timber deck may be ‘waterproofed’ with a
concrete or asphalt overlay. The overlay should be profiled to direct surface water to a
drainage system. Because an overlay can suffer reflective cracking above joints the deck
should be protected by a waterproofing layer or sealant.
In some cases it will be necessary to replace the entire deck or some of the deck panels.
Glued-laminated panels suffer little shrinkage in service and so moisture penetration is low.
Penetration is also lower where the laminations are prestressed; see 3.5.3.
3.5.2.2 Other elements
Timber elements change their shape and volume with drying and wetting. They may crack
when drying, thereby facilitating moisture ingress. Whereas coatings can give protection
against rain, they may be unable to prevent changes in the moisture content of timber due to
changes in humidity. Therefore it is preferable to ensure that timber stays dry rather than to
attempt to stabilise the moisture content with a protective coating. Cladding, sheet metal or
sheet membranes can be used to protect elements most exposed to water. Care should be
taken to ensure that damaged sheets or cladding do not channel water onto underlying
elements.
The absorption of water is much higher through surfaces across the grain than along the grain,
and the movement of water through timber is primarily parallel to the grain. It is, therefore,
beneficial to prevent the uptake of water by (a) applying a surface coating to the ends of
elements, (b) positioning a barrier layer, or (c) eliminating conditions that enable water to rise
by capillary action.
3.5.3 Deck repairs
With time, nailed laminations can fail and allow the laminations to move independently of
each other under wheel loading. Over a period of time, the surface may become uneven as
loose laminations become permanently deformed and displaced. This can lead to a significant
increase in dynamic wheel loading, and so speed restrictions may be required to prevent
deterioration of the bridge and to maintain the safety and ride quality of road users.
A deck should be replaced where deterioration is severe. In a few cases it may be possible to
replace defective laminations and prestress the deck panels by post-tensioning: see Taylor et
al (1983). The compression induced by a prestress allows vertical shear forces to be
transferred through friction, and thereby reduces the tendency for the laminations to open
under bending. Where practical, the laminations can be drilled and a prestressing rod placed
through their centre, as shown in Figure 3-52. Alternatively, prestressing can be applied using
rods that pass above and below the laminations, but this configuration makes it difficult to
apply a waterproofing layer, and the asphalt layer must be sufficiently thick to cover the rods
above the laminations. An initial compressive stress of 0.7MPa is commonly used: the
minimum recommended long-term stress is about 0.3MPa. The prestress should be checked
and adjusted as required on a regular basis, particularly in the first few days following its
application.
An advantage of prestressed timber decks is that laminations shorter than the span length can
be used, but there should be no more than one butt joint in any four adjacent laminations over
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a 1.2m length. Prestressing is normally used for longitudinal laminations, but transverse
laminations may also be prestressed.
Metal fasteners and fixings should be protected against corrosion. Hot-dipped galvanising
may be suitable for metal components that do not come into contact with corrosive species.
Otherwise, an additional protecting coating should be applied. Stainless steel components
may be required in aggressive environments.

Figure 3-52 Prestressing of timber deck laminations, from STEP (1995)
Reproduced with permission of the Timber Information Center. In Timber Engineering STEP 2, Timber Information Center, P.O. Box 1350, NL 1300 BJ Almere, The Netherlands, 1995, Figure 9, p.E17/8

3.5.4 Deck replacement
A deteriorated timber deck may be replaced by another timber deck, prestressed concrete deck
planks, a cast in situ reinforced concrete deck slab, an FRP deck, or FRP panels. The choice
of the replacement is likely to depend on (a) the requirement to limit dead load, (b) the extent
of any modifications to the substructure to accommodate the new deck, and (c) the cost.
A waterproofing layer should be applied to protect the deck and prevent water reaching the
substructure.
3.5.5 Element repair, strengthening and replacement
Elements may be strengthened by bonding timber or steel plates, or FRP sheets, or by
securing timber and steel plates by fasteners. The compatibility of the original timber and
repair materials should be considered, particularly where glued or rigid connections are made.
Stresses generated by the following should be avoided:
• differential shrinkage and thermal expansion between the wood and other materials
• differential shrinkage between the different grain orientations
• differential movements between elements or materials of differing stiffness.
The effect of a repair or replacement on moisture ingress should also be considered. Water
traps or crevices should not be formed, and narrow gaps where condensation may form due to
inadequate ventilation should be avoided.
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The length of timber used to replace a damaged section, normally the end of an element, can
be joined to the element by placing metal or wooden splice plates on each side of the element
and jointing across a simple butt joint. Depending on the bending moments and forces to be
transmitted, the plates may be fixed by nails, screws or bolts. However, greater strength can
be achieved with angles and channels than with plates. Channels are useful where splice
plates are to be extended to a support. It may be possible to install a new support for a beam
that has a decayed end so that a sound part of the beam is supported.
Where more aesthetically pleasing joints are required one of a large number of scarf joint
types can be used: selection is dependent on the magnitude of the bending moments,
compressive, tensile and shear forces to which the joint is subjected, and whether the repair is
by timber alone or includes metallic components. However, where practical, scarf joints
should be made with metallic fasteners as these are most likely to have the necessary strength
and stiffness. A splayed scarf with simple stop ends, incorporating a bolt and washer to
develop a restraining couple across the joint, may be used to resist bending forces. A joint
may be strengthened by the addition of metallic straps linked by bolts spanning across it.
A simple half-lap joint can be used to resist compressive forces, with bolts and washers used
to resist secondary bending. A simple splay or half-lap joint may be used to resist tensile and
shear forces, with bolts used to transmit the load through the joint.
Great care is required when the stability of a repair is dependent on the performance of an
adhesive. The distortion of sections much above 75mm thick generated by changes in
moisture content can lead to tension failures perpendicular to the grain behind the glue line.
And surface contamination, such as dirt or grease, will reduce the bond strength of joints.
Pressure and, sometimes, heat have to be applied until the adhesive has gained sufficient
strength. Suitable adhesives for bonding wood to wood are those classified as type I
adhesives in BS EN 301 (BSI, 1992), such as resorcinol-formaldehyde and phenol-resorcinolformaldehyde. However, the mating surfaces should be a close fit having a maximum gap of
about 1mm for formaldehyde-based adhesives, and this tolerance may not be achievable in
practice. Epoxy adhesives have better gap-filling properties and can be used to bond steel
plates over damaged or below-strength elements and joints, but such adhesives are expensive.
Both formaldehyde adhesives and epoxy resins may be suitable for bonding FRP sheets to
below-strength elements.
Details of a method for repairing timber piles above and under water using epoxy resin and
metal pins are given in 3.5.7.4
3.5.6 Strengthening with additional elements
Although timber elements can be repaired or replaced, it may be more cost-effective to add
supplementary element(s). Timber bridges can be strengthened by installing additional
elements such as cross bracing, girders, stringers, cross heads and piers. However, the
stresses induced in a structure by differential movements must be taken into account.
A preservative treatment should be applied to the new surfaces formed during the repair: see
3.5.1. And metallic fasteners and fixings should be protected against corrosion.
3.5.7 Piles
Information on the repair of timber piles is given in NCHRP (1994).
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3.5.7.1 Replacement
A pile may be replaced by driving a new pile adjacent to the damaged pile: often, the
damaged pile can be left in place. On some bridges it may be possible to remove part of the
deck to drive the new pile at the required location.
3.5.7.2 Jacketing
A damaged pile can be strengthened by a reinforced concrete jacket. Reinforcing steel should
be placed around the pile within a suitable formwork, and concrete pumped into the form
from the bottom. It may be cost-effective to encase several piles within a concrete wall rather
than to encase the individual piles separately, but this must not produce an unacceptable
barrier.
3.5.7.3 Stubbing
A section of a pile can be cut out and replaced with reinforced concrete. The concrete should
be secured to the stump with pins. Reinforcing steel should be placed within a form and the
form then filled with concrete. The concrete should be allowed to gain sufficient strength
before it is subject to load. Stubbing can be carried out both above and below the waterline.
3.5.7.4 Splicing
A section of pile can be cut out and replaced with timber. The method developed by Avent
(1986) requires the new section to be positioned with narrow gaps at the top and bottom
maintained with wedges: the detail is shown in Figure 3-53. Holes are drilled at a slight angle
to the vertical above each joint and steel pins driven through the holes to join together the
sections. Finally, the sides of the joints are sealed and an epoxy resin injected into the holes
to bond together the new and old sections. Although the method was developed for repairs
above the waterline, it can be used underwater.
3.5.8

Case studies

3.5.8.1 Pyrmont Bridge, Sydney - preservative treatment, deck waterproofing
Pymont Bridge spanning Darling Harbour in Sydney has twelve timber spans supporting a
reinforced concrete deck. The spans, which comprise six parallel chord trusses, are supported
by timber piers founded on timber piles. Regular maintenance involved the replacement of
elements that had deteriorated due to termite attack and/or fungal decay. However, this
approach became uneconomic and so preservative treatments were developed and tested:
Higgins (1993) gives details of the work.
Barrier preservatives, generally copper-based oils, were applied to the end grains of all
elements, to the top surface of the bottom chords of the outside trusses (which are subjected to
wetting and drying cycles), to timber/timber interfaces, and to the top surfaces of the pier
capwalls.
Diffusing preservatives, generally copper fluoro/boron gels or solid rods and a 2thiocyanomethylthio benzithiazole gel, were introduced by drilling 16mm holes in the timber,
installing the gel or rod, and inserting a stopper that could be removed for renewal of the
preservative at a later date. Treatment was applied to (a) the parts of the stringers that
supported the concrete deck (for 2.4m from the outside end, at splices, and to the full length
for stringers under deck joints), (b) the truss chords at splices and ends, (c) the web elements
at ends and spacers, (d) the corbels, and (e) the ends of pier elements.
The spacing of the injection holes at the critical locations did not exceed 300mm. In the
event, some holes intersected splits in the timber and other interfaces that could be penetrated

99

COST 345 WG 6 report

by the gel, and this led to the dripping of the gel. Whereas holes could be drilled from the top
through timber planked decks, the geometry of the deck stringers meant that the holes there
had to be drilled from below. Further dripping occurred because the softwood stoppers that
were first used were ineffective. Although rubber stoppers proved to be more effective, the
use of a solid rod form of diffusing preservative eliminated the problem of dripping. The rods
were hygroscopic and so they swelled to fill the drilled holes, but diffusion into the timber
was slower than with the gel.
The deck stringers and top chords were generally well protected from direct rainwater. Little
water seemed to have passed through cracks in the concrete deck, but inadequately sealed
joints had left the timber substructures exposed to water. There were insufficient funds to
waterproof the whole deck and so only the defective joints were waterproofed: these were
identified by the presence of moisture under the joints.

Figure 3-53 Timber pile repair method developed by Avent (1986)
Reproduced with permission of the Transportation Research Board. In Transportation Research Record 1053,
Transportation Research Board, National Research Council, Washington, D.C., 1986, Figure 3, p.73.
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Chapter 4

Remedial measures for culverts and underpasses

The main construction forms used for culverts and underpasses include corrugated steel
buried structures (CSBSs), concrete box-type structures, and concrete and masonry arch
structures. The remedial measures for arch structures are much the same as those described in
3.2 and 3.4. Those for CSBSs and concrete boxes are outlined below.
4.1

CORRUGATED STEEL BURIED STRUCTURES

There are a number of agents of deterioration, some are specific to culverts but others affect
culverts and underpasses alike. They can be loosely grouped into those that affect the
structural condition and those that affect material condition, but some may affect both. It
should be appreciated that lack of attention to material condition will eventually lead to
problems of structural stability. For example, corrosion of the bolts and/or the joints of a
CSBS can lead to its catastrophic failure. Information on the agents is provided in the report
of Working Groups 2 and 3 (COST, 2004)
The remedial measures for CSBS are summarised in Table 4-1, and the more commonly used
techniques are described in the following.
Table 4-1 Remedial measures for CSBSs
Fault
Corrosion of invert
Leaking joints
Corrosion on soil side and/or corrosion of
bolts and plates at joints

Invert damage from water-bourne debris
Impact damage from traffic
Scour around inlet

Measure
Repair/extend/install pavement
Grout
Provide positive drainage along the
carriageway above the culvert
Waterproof and place concrete around the
outside of the structure
Reline
Install drop inlets and trash screens
Repair/install pavement
Install barriers, height restrictions and
rubbing boards
Install invert beam
Install head wall

4.1.1 Requirements
CSBSs are unlikely to provide a long service life without an appropriate regime of inspection
and maintenance. Studies of the durability of CSBSs suggest that to achieve a long service
life at minimum cost it is necessary to:
• carry out regular inspections
• programme-in early and appropriate maintenance
• maintain deteriorating coatings before corrosion of the underlying steel shell commences
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• maintain existing pavements, and extend them where necessary
• where necessary, retro-fit pavements into culverts
• where necessary, employ strengthening and repair techniques.
Early and appropriate maintenance is thus the most cost-effective way of achieving a longservice life. Quite simply, ‘a stitch in time saves nine’ is an appropriate adage here.
4.1.2 Techniques: general information
For structures that are performing well, including those not complying fully with current
Design Standards, a do-nothing approach is perfectly adequate. However, for many
structures, one or more of the following actions may be appropriate:
• extension of an existing reinforced concrete pavement to contain the flow in a culvert
• installation of a reinforced concrete pavement where the invert is badly deteriorated
• repairing, and perhaps extending, a bitumen pavement
• repairing damaged secondary coatings
• introducing or improving protection along the wet/dry line in culverts
• reducing the seepage of water from the backfill into the structure, by grouting works or
providing positive drainage at the carriageway above the structure (where de-icing salts
from the carriage are finding their way into the structure). An alternative, but much more
expensively option, is to excavate down the soil side of the structure and place concrete
around the areas of seepage or apply a waterproofing membrane.
For a structure in poor condition, there are a number of techniques that can be implemented so
that the timing of replacement works can be postponed. For example:
• a structural reinforced concrete pavement may be placed along a severely deteriorated invert
• liner plates can be installed to counter the effects of severe, but localised, deterioration
due to seepage
• a structure could be relined where deterioration is widespread.
4.1.3 Pavements
It is usually cost-effective to install a pavement in a CSBS to contain the flow through it and
thereby prevent damage to the invert by hydraulic action and/or corrosion. However it is
necessary to consider (a) the reduction in flow capacity due to the installation of a pavement,
and (b) the need to construct a headwall.
A CSBS may have an existing pavement that could be extended or repaired. But with a
coated pavement there may be problems associated with the removal of damaged coatings and
with the surface preparation required prior to the application of the new material. It may be
possible to install sheets of galvanised steel or glass reinforced plastic sheets along the
wet/dry line. The repair of an in situ concrete pavement, or the extension of one, may be
undertaken using the techniques described in 3.2.13: the extension and existing pavement
should be bonded together. However where serious deterioration of an existing pavement has
occurred, or where one was not originally installed, the installation of a new pavement can be
simpler and more effective.
New pavements or extensions to existing pavements can be formed from concrete or from
coated steel or glass reinforced plastic profiled plates: as shown in Figure 4-1 and Figure 4-2
respectively. All corroded areas of the shell that are to be overlaid must be properly prepared
prior to installation. Where the flow and abrasion are not severe the mass concrete may be
unreinforced, but reinforced concrete is required otherwise. Mass concrete can be faced with
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paving slabs or with paviours. Plates must be fixed to the shell about 10mm above the
corrugations, and the void between the shell and the plates must be grouted.
The required thickness of the pavement is dependent upon the flow rate and the size of
waterborne solids: but it should be between 50mm and 170mm above the corrugations. To
prevent cracking due to settlement or other effects, it may be necessary to form the pavement
in sections with watertight joints between them. To prevent damage at the wet/dry line, the
pavement should be able to accommodate flow up to 200mm above the mean flow level
during the wettest season. Sealant may be applied at the junction of the pavement with the
shell and at the interface between an extension and an existing pavement.

Figure 4-1 Extension to pavement in CSBS to contain mean flow in wettest season

Figure 4-2 Pavement in CSBS formed from profiled plates

A pavement can be provided to strengthen a CSBS where the upper portion of a structure is
sound but the invert is severely deteriorated. The shear connection between the shell of the
culvert and the pavement must be able to transfer the ring compression from the shell to the
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pavement, and the pavement must be sufficiently strong to carry the compressive forces.
Such a connection can be provided by studs fixed through or welded to the shell: details are
shown in Figure 4-3. Alternatively, in bolted structures, it may be possible to fix extensions
to the bolts joining the plates.

Figure 4-3 Reinforced concrete pavement in CSBS with shear connections to shell

4.1.4 Secondary surface coating
The benefit of applying a surface coating to the inner surfaces of a CSBS below the wet/dry
line may be limited. Such coatings are likely to be most effective on and around joints and
bolts (after grouting), and in areas affected by wind spray.
As stated in 3.2.6.1 and 3.2.7, the effectiveness of a coating is highly dependent on the surface
preparation. Where the galvanising is intact it may be coated after cleaning, although a
primer may be needed where a secondary coating other than bitumen is used. Where the
galvanising has been removed, either locally or overall, and the steel substrate has corroded,
the corrosion products should be removed by abrasive blast cleaning. Alternatively,
mechanical cleaning by abrading may be more suitable where corrosion is restricted to small
discrete areas.
In most cases, the refurbishment of a bituminous coating requires the removal of all areas of
loose or brittle bitumen and the cleaning of the exposed surface. The use of primer coats will
not normally be necessary for a weathered galvanised surface, but a bright galvanised surface
should be passivated with a mordant wash.
For more extensive refurbishment, the application of a coating other than bitumen-based
products should be considered. For culverts, following the application of a suitable moisturetolerant primer, the use of epoxy-based products having a total thickness in excess of 200µm
should provide effective protection. For underpasses it may be necessary, for aesthetic
reasons, to consider the coating of the entire interior rather than just the area requiring
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refurbishment. The use of a zinc phosphate primer plus a high-build epoxy undercoat
followed by a finishing coat of acrylic urethane would be appropriate. Alternatively the use
of a moisture-cured undercoat and a moisture-cured polyurethane finish may be suitable.
The effect of ultra-violet radiation on the durability of a coating should be considered.
4.1.5 Grouting and concreting
Grouting can be used to fill voids within the backfill and thereby stabilise a structure.
Grouting may also prevent or reduce the seepage of leachates or de-icing salts from the
backfill into the structure, and water flowing from the structure into the backfill through bolt
holes and joints. Some grouts fill voids and displace water rather than seal leaks directly.
Some materials not only seal leaks but also increase the strength of the section.
A cementitious grout is normally used when structural support is required: see 3.4.6. An
expanding water-reactive grout should be used to provide a waterproof barrier. Low injection
pressures should normally be used to avoid disturbance of the structure. Care should be taken
to ensure that grout does not pollute watercourses or penetrate drains or service ducts.
Where practicable, and after considering stability and serviceability issues, an alternative to
grouting is to excavate the backfill and replace it with concrete.
4.1.6 Carriageway drainage
Where a carriageway passes over a culvert, positive drainage systems should be provided at
the verges and central reserve to drain the carriageway and thereby prevent de-icing salts in
solution from coming into contact with the structure. The drainage systems will be most
effective when the pavement itself is in good condition and reasonably impermeable.
4.1.7 Waterproofing membrane
Where excavation is feasible, a waterproofing membrane may be installed above a CSBS to
direct the flow of water, which may contain corrosive species, away from the structure: the
membrane may be applied to the back of the steel shell. The membrane may be of the type
used for waterproofing bridges or one suitable for protecting structures below ground: see
3.2.2 and 3.2.7, respectively.
Where a membrane is applied to only part of a structure, such as under the edge of the
carriageway, care should be taken to ensure that water is not directed to an unprotected part of
the structure.
4.1.8 Relining
A structure requiring strengthening either due to increased loads or deterioration due to
corrosion may be relined. Although rigid liners such as flanged steel plates or precast
reinforced concrete sections can be used, given that CSBS are designed as flexible structures
it is more fitting that flexible liners are used: these may take the form of a smaller diameter
CSBS, plastic pipe, or glass reinforced plastic sheets shaped to match the existing profile.
The choice of material depends on the cross-sectional area, shape and length to be lined, and
the existence of connections with other structures, aprons, the head wall and other ancillary
structures. Plastic components may have low strength and they should not be used where
there is a risk of fire.
The liner may be pre-assembled outside the structure and dragged or slipped into position on
guide rails. Spacers or adjuster bolts should be provided to ensure that the required annular
space is maintained between the liner and structure. Grout plugs should be spaced around the
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periphery of the liner and at the crown so that the annular space can be fully grouted. Care
should be taken to avoid flotation of the liner during the grouting operations.
Large structures may be relined with concrete sprayed over a reinforcing mesh: see 3.2.13.4.
The effect of relining on the hydraulic efficiency of the culvert must be taken into account,
and profiling both up and downstream may be required to eliminate or control the generation
of eddies and turbulence in the flow.
4.1.9 Invert beam and head wall
An invert beam and head wall should be constructed to prevent water flowing through the
backfill along the outside of a structure. Such elements may be constructed when a concrete
pavement is being installed or extended. Where scour is allowed to continue, a structure may
be undermined.
4.1.10 Invert and impact protection
Protection to an invert from the erosion forces of hydraulic traffic can be provided by drop
inlets and trash screens, and by repairing, extending or installing a pavement.
Barriers, height restrictions or rubbing boards can provide protection from the impact of
traffic passing through a structure.
4.2

CONCRETE STRUCTURES

Recent studies undertaken by TRL showed that most of the buried concrete box-type
structures on the highway network in the UK were in good condition, but a number of
common defects were identified which, in the absence of proper maintenance, will reduce
their service life. Although some problems were common to both cast in situ and precast
structures, others were specific to the type of construction. Details of the common problems
are given in the report produced by Working Groups 2 and 3 (COST, 2004).
Routine maintenance should clear debris and vegetation, unblock drainage systems and
remove graffiti. Perished sealants and cracked mortar joints may also be replaced.
Remedial measures for concrete box structures and arch culverts are summarised in Table 4-2.
4.2.1 Spalled/damaged concrete
Areas of spalled concrete can be repaired as described in 3.2.13, and protective treatments can
be applied to reduce the impact of salt water on the concrete structure.
4.2.2 Crack repair
Cracks should be sealed as described in 3.2.12.
Where cracks extend through the full thickness of a wall or slab, thereby allowing the ingress
of aggressive species to the reinforcement, grouting should be considered in preference to the
filling of cracks by injection. Where full-height cracks have developed due to differential
movements, the cracked area could be broken out all the way around the structure and the gap
filled with a flexible sealant; thus effectively creating a movement joint.
4.2.3 Joint repair
Where a joint between structural units has failed and allowed the passage of water into the
structure, the joint should be sealed by grouting, a rebate then formed and a flexible sealant
applied.

106

COST 345 WG 6 report

Table 4-2 Remedial measures for concrete box-type structures and concrete arch culverts
Fault
Corrosion of invert
Leaking joints
Ingress of aggressive agents, such as
chloride ion-rich water

Low passivity of reinforcement
Damaged concrete

Invert damage from water-borne debris
Impact damage from traffic
Scour around inlet

Measure
Repair/extend/install pavement
Grout, rebate and seal
Apply/replace waterproofing membrane to
external surfaces
Provide positive drainage at carriageway level
Apply surface coating to internal surfaces
Install drainage to side walls
Replace contaminated or carbonated concrete
Grout
Reline
Repair cracks
Patch repair
Apply sprayed concrete
Recast concrete
Replace reinforcement
Strengthen
Install drop inlets and trash screens
Repair/install pavement
Install barriers, height restrictions and
rubbing boards
Install invert beam
Install head wall

4.2.4 Drainage of side walls
The drainage system behind side walls should be maintained. Whenever necessary, additional
weep holes should be provided to prevent the build-up of hydrostatic forces that could
weaken construction joints and/or the waterproofing membrane. Discharges from drains
should be directed away from the vulnerable parts of the structure.
4.2.5 Waterproofing
Older structures built without a contiguous waterproofing system can have one installed: see
4.1.7. However, the installation of such a system can cause major disruption to the
carriageway above and so this option is not always practicable.
Where a waterproofing membrane is applied to the top slab of a concrete box structure, it
should be extended at least 200mm below the joint between the slab and side wall.
Waterproofing membranes are most likely to fail at construction joints and so they should be
detailed to accommodate movements at such joints. In the UK, the cost of waterproofing
works is about €1.5k per metre run of structure. An alternative to waterproofing is to reline
the structure with glass reinforced plastic, for example, but this seems to have been carried
out only on small structures: in the UK the cost is about €3k per metre run of structure for a
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2m span box. When relining a culvert, the reduction in the hydraulic capacity should be taken
into account.
4.2.6 Strengthening
A structure that has failed its loading assessment can have a reinforced concrete saddle cast
over it to redistribute the load. However, this can be a costly exercise and lead to major
traffic disruption: a repair to a box on a two lane motorway (A329M) in England generated
traffic delays for more than three months, and overall costs were in excess of €375k.
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Chapter 5

Remedial measures for tunnels

The main causes of degradation to tunnels include water inflow (in particular, saline or
brackish water), the occurrence of voids between the tunnel lining and surrounding ground,
aggressive conditions within the tunnel generated by engine exhaust products, and frost
damage (particularly near the tunnel portals).
The problems encountered in tunnels and the remedial measures required are, depending on
the type of construction, similar to those described earlier for concrete bridges, masonry arch
structures, and culverts and underpasses. A summary of the remedial measures is given in
Table 5-1.
Only specific aspects of the remedial measures that are particularly relevant to tunnels are
covered in the following. Furthermore, measures concerning claddings and tunnel equipment,
such as the luminaires and ventilation systems, are not considered.
Additional information on the deterioration of tunnels has been published by the International
Tunnelling Association (ITA, 1991) and Working Group 6 of that organisation is currently
preparing a report on repair methods for tunnel linings.
The presence of asbestos in tunnels must be considered when remedial measures are being
planned and undertaken: where asbestos is present it should be disposed of under controlled
conditions. Some old tunnels, particularly those with segmental linings, may have asbestos in
the caulking rope between segments, and asbestos may have also been used for fireproofing.
Asbestos cement may have been used to form precast air ducting formers; as for example at
the Dartford Tunnels in the UK. Low concentrations of asbestos dust from vehicle brake
linings have been found in false ceilings.
Repair work in tunnels should, whenever possible, avoid the use of materials that are
flammable or give off noxious/dangerous fumes. Adequate ventilation should be provided
throughout the site works, and access may have to be restricted.
5.1

GROUND WATER DRAINAGE

Where there is a build-up of water pressure on the back of the lining or the ingress of water
into a tunnel, the ground water drainage system should be cleaned and additional drainage
installed as necessary. For individual cracks, channels can be placed at the points of water
ingress with conduits running to a drain or sump in the invert. For more extensive cracking,
an inner shell or shield can be installed. This usually takes the form of a waterproof
membrane attached to the tunnel lining with a gap sufficient to allow water to flow to the
invert: the membrane is then protected by a thin concrete overlay. Water should be prevented
from reaching vulnerable parts of a tunnel.
Many types of joint in reinforced concrete tunnel elements are inaccessible, non-replaceable
and effectively maintenance-free. However, where necessary and possible, joints should be
cleaned and repaired so that the drainage system functions effectively. Rigid joints can be
grouted and the seals in flexible joints can be replaced.
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Table 5-1 Remedial measures for tunnels
Fault
Ingress of external water

Ingress of chloride ion-rich water, carbon
dioxide and water from inside tunnel

Low passivity of reinforcement

Damaged concrete

Corrosion of metallic liners
Deterioration of deck slabs
Instability of ground near tunnel portal

110

Measure
Grout around tunnel lining
Repair/seal cracks
Install/repair ground water drainage system,
such as individual channels, drip shields,
lining systems
Repair construction/expansion joints in lining
Seal inner surface
Install/replace waterproofing
Repair construction/expansion joints
Install/repair drainage systems
Apply surface protection, such as a coating or
impregnant
Repair/seal cracks
Increase depth of cover
Replace contaminated and/or carbonated
concrete
Apply cathodic protection
Realkalise
Desalinate
Apply corrosion inhibitors
Replace reinforcement
Apply sprayed concrete
Grout
Reline
Repair cracks
Patch repair
Recast concrete
Replace reinforcement
Bond new plates to lining
Insulate connection bolts
Replace slabs
Install drainage
Install ground anchors
Install soil nails/reinforcements
Construct crib wall
Plant vegetation
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5.2

SURFACE AND SUB-SURFACE DRAINAGE

The amount of water entering a tunnel along the road surface is usually minimised by
installing drainage troughs at the portals, and any water that does enter the tunnel can be
controlled by surface and sub-surface drainage systems, as described in 3.2.1. Particular care
is required at expansion joints that prevent the flow of sub-surface water along tunnels.
Whenever necessary, defects in the surface course should be sealed.
Discharges from drainage systems should be prevented from reaching vulnerable parts of a
tunnel.
5.3

GROUTING

When water ingress through the intrados is significant and/or forms a path for the erosion of
the material surrounding the tunnel, the affected areas may be grouted as described in 3.4.6.
A wide range of grouts is available and the choice of material and the method of placement
depend on site specific details such as the permeability of the ground.
Expanding water-reactive grout can be used to provide a waterproof barrier, and cementitious
grout can be used where structural support is required. The injection pressure should be
limited to avoid disturbance of the structure, and care should be taken to ensure that grout
does not enter drains and service ducts. PFA/cement grouts have been used for grouting
behind tunnel linings: they are easier to pump than sand/cement grouts. A 3:1 PFA:cement
grout, to which was added a retarding anti-washout admixture (to ease pumping) and a liquid
accelerator (at the injection nozzle) was used in the Channel Tunnel: details are given by
South and France (1992). A 5:1 PFA:cement grout was used to fill the annulus between the
ground and the extrados of the segmental tunnel for a flood relief scheme at Ipswich in the
UK: details of this work are given by Thomas (1999).
5.4

DECK SLAB WATERPROOFING

Usually, the deck slab of a tunnel should be waterproofed with a bridge deck waterproofing
system as described in 3.2.2. Although the weather is unlikely to delay their application,
considerable time may be required to remove the old surfacing and waterproofing system and
prepare the surface of the slabs for the application of the new system.
Noxious fumes may build-up in tunnels when liquid-applied systems are being applied and
are curing, particularly where they are spray-applied: thus appropriate health and safety
measures must be taken. In short tunnels the build up of fumes may be controlled by
ventilation, but in long tunnels it may be necessary to prevent unnecessary access. Ventilation
should be controlled to minimise the dispersal of materials that are being sprayed.
It is vital that the surfacing is adequately bonded to the waterproofing system. Furthermore,
to prevent sub-surface water from accumulating in the surfacing, the void content at the
interface between the waterproofing system and the surfacing must be very low.
When an old deck is to be replaced and time constraints are severe, it may be beneficial to
install new precast sections that are waterproofed and overlaid with part of the surfacing
before they are placed in the tunnel. In this way, the deck may be replaced during overnight
closures: see 5.8.5.
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5.5

DECK SLAB EXPANSION JOINTS

Expansion joints should be installed between deck slabs in the manner described in 3.2.3. To
reduce problems of leakage, the number of expansion joints should be kept to a minimum.
Leakages should be prevented from reaching the vulnerable parts of the substructure: this can
be done by installing suitable drainage channels and applying an appropriate waterproofing
system or coating.
Depending on the articulation of the slabs and the function of the bearings, it may be possible
to link a number of slabs together so that the movements between each group are
accommodated by large-capacity movement joints, while the small movements between the
slabs within a group are accommodated by buried-type joints. This arrangement may be
preferable to making the deck slab continuous.
5.6

PROTECTION OF EXPOSED CONCRETE

Exposed concrete that is vulnerable to chloride ingress may be treated with an impregnant as
described in 3.2.6.3. Anti-carbonation coatings can be applied to concrete at risk of
carbonation.
Coatings may be applied to tunnel linings to improve reflectance and prevent dirt retention,
but the effect of ground water ingress on the lining must be taken into account under these
circumstances.
5.7

CONCRETE REPAIR

All concrete elements should be maintained as described in 3.2. Reinforced concrete drainage
sumps may be waterproofed to protect them against aggressive species carried in solution.
5.8
5.8.1

CASE STUDIES

Storebælt Eastern Railway Tunnel: relining, grouting, concrete repair, surface
coating
A fire in the Storebælt Eastern Railway Tunnel gave rise to concerns about the strength and
distortion of the tunnel segments. A collapse of the crown had led to the formation of
chimneys to the surface: these would give a direct connection to the sea above the tunnel.
The approaches considered for the repair of the most damaged segments included: installation
of a new lining inside the existing lining, plugging the damaged length with weak concrete
and mining through, and ground treatment from above the tunnel or the adjacent south tunnel,
which was 25m away. It was decided to install new segments within the existing lining. To
avoid disturbing the existing lining, ground improvement schemes and freezing through the
lining were ruled out. The new lining was grouted up against the old one. Once the segments
had been installed, secondary grouting was undertaken through the lining to fill any voids and
ensure water-tightness of the ground around the composite lining. The fire resistance of the
new liner was enhanced using suitably anchored shotcrete.
The less damaged segments suffered from delamination and cracking of the concrete,
deterioration of the epoxy-coated bars, and leakage through joints. The delaminated concrete
was broken back and replaced with mortar keyed into the existing concrete. An additional
cover plate was installed to secure the repaired areas. Fine cracks were either injected or
coated over: through-cracks wider than 0.2mm were injected. A monitoring system was
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installed to record the rate of corrosion of the reinforcement. At some segments, a highquality two-part thixotropic, polymer-modified cementitious coating was applied to provide
an additional barrier where the concrete cover was low.
Details of the work are provided by Tait and Høj (1996).
5.8.2 Limfjord Tunnel: concrete repair, crack sealing
The Limfjord tunnel is 945m long and includes 510m of immersed precast tunnel units.
These units were cast in 12.8m long sections separated by 1.8m wide gaps into which
reinforcement bars protruded. After allowing the cast units to shrink, concrete was poured
into the gaps. The units were originally waterproofed, in the late 1960s, with a butyl
waterproofing membrane but this was never fully effective. There were leaks in the immersed
section at the construction joints between the 12.8m long units and in the gaps where there
were full depth cracks.
In 1995, cracks and leaks were injected to stop further ingress of water. Subsequently, the
structural concrete was found to be severely contaminated with chlorides derived from the
seawater and from vehicle spray contaminated with de-icing salts. This contamination had
led to the deterioration and delamination of the concrete.
In 1997, contaminated and deteriorated concrete was removed by water jetting down to a
level where the concrete had a chloride-ion content of less than 0.05% by weight of concrete,
but never more than 30mm deeper than the deepest layer of reinforcement. Cracks were
injected to seal any leakages, and the concrete was replaced by flowable concrete or shotcrete.
Flowable concrete was used for thicknesses greater than about 100mm and where there was a
high density of reinforcement: shotcreting left voids behind congested reinforcement, and
when placed in thick layers it did not bond well to the existing concrete.
Following the concrete repairs and water blasting of the remaining parts of the walls, a new
tile covering was installed on the walls. Because water from the Limfjord will continue to
diffuse through the walls, the tiles were mounted on a thick layer of frost resistance mortar
and separated by a 6mm wide mortar joint. Specific attention was given to the adhesive
strength between the tiles and the mortar, and between the mortar and the concrete.
Details of the work are given by Vejlby Thomsen and Hededal (1998).
5.8.3 Channel Tunnel: concrete repair
A fire in 1996 caused major structural damage to some of the arch segments of the Channel
Tunnel. Over a 50m length of tunnel, the segments had been damaged over their full depth of
400mm. Overall, a 500m length required major repairs and a further 2500m required less
attention.
Because of restricted access it was not possible to use hydraulic methods to remove the
damaged concrete, and the arch segments could not be replaced. Expansion of the
reinforcement had caused spalling in the concrete exposing variable depths of concrete whose
quality had not deteriorated and which had a strength as high as 90MPa. In the event,
pneumatic picks and a hydraulic rock crusher were used to remove the damaged concrete.
Where the thickness of the damaged concrete was less than 10mm, hydraulic cleaning was
undertaken followed by mechanical scouring and a resin sealant then applied to cover the
spalling. Where the thickness was between 10mm and 30mm, a finishing layer was
sometimes trowelled into place and, in some areas, mortar was sprayed onto an anti-cracking
reinforcement mesh comprising 1mm wires in a 50mm square mesh.
Undamaged reinforcement was straightened using jacks and then re-welded. In some places a
new reinforcement mesh was necessary, in particular to take up forces developed between the
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old concrete and the new sprayed concrete. Sprayed concrete with a strength in the range
45MPa to 60MPa was used for 20mm to 70mm deep repairs. Beyond 70mm, concrete with a
steel fibre content of 30kg/m3 was sprayed up to the level of the reinforcement and then nonfibrous concrete added to provide the required geometry.
Details of the work are provided by Bansillon (1997).
5.8.4 Ljubelj Tunnel, Slovenia: temporary stabilisation and re-lining
This tunnel, which connects Slovenia and Austria, is 1500m long and was originally
excavated by blasting and supported, where required, with a concrete lining. The tunnel was
lined with concrete some 20 years after construction.
In 1996 there was a sudden fall of concrete from the roof of the tunnel about 390m from the
Slovenian end. Investigations showed that 18m2 of the inner tunnel lining, with a thickness of
between 70 and 230mm, had scaled off the roof, and that other falls were likely. It was found
that the lining was in two parts; an outer concrete lining (310 to 1070mm thick) which had a
good bond to the surrounding rock and an inner lining (90 to 330mm thick) which was
separated from the outer lining by a porous ceramic drainage system. A waterproofing layer
between the inner lining and drainage system had prevented a satisfactory bond developing
between the inner and outer linings. The fall had been confined to the inner lining and so did
not affect the stability of the tunnel. However both linings were found to be of variable
strength and considerably deteriorated in some areas. The deterioration was due to:
• the action of water on the inner lining
• the corrosive atmosphere of the tunnel
• freeze/thaw action
• the high porosity of the concrete
• long-term percolation of water through the concrete and the consequent leaching out of
calcium carbonate.
The tunnel had to be re-opened as quickly as possible - a nearby motorway tunnel was
undergoing refurbishment – and so it was decided to undertake the remedial works in two
stages. The first was to provide temporary stability by bolting a wire mesh to the outer lining.
This work was completed and the tunnel re-opened 32 days after the roof fall had occurred.
In the second stage, a new 300mm thick tunnel lining was constructed against the existing
stabilised lining. The size of the tunnel was such that the works did not affect the traffic
clearances. A waterproofing membrane was placed between the new lining and porous plastic
foam placed against the original inner lining.
Petkovšek and Bevc (1998) provide further details of the investigation and repair.
5.8.5 Dartford Tunnel, UK: road deck replacement
The twin tunnels under the River Thames form part of the M25 London Orbital Motorway.
The western bore was constructed in the late 1950s and is 1.44km long and 8.7m in diameter.
It consists of a cast iron segment lined bore, with a concrete road deck and suspended acoustic
ceiling. Over the years the effects of road salts and moisture had led to delamination of the
top of the road deck. Although various in situ repairs had been undertaken and a cathodic
protection system installed in the 1980s, it was decided in 1987 to replace the entire road
deck. This was a logistically difficult process as, due to high peak hour traffic flows, the
works could only be undertaken during a 9½ hour night possession.
The deck replacement was undertaken in 7m long sections. The old deck was cut out and
lifted away before the new precast sections were brought in and positioned on previously
prepared new concrete plinths, which also acted as supports during the removal of the old
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deck. The new sections incorporated a waterproofing layer that was overlaid with part of the
surfacing to allow immediate trafficking prior to the laying of the surface course at the end of
the works.
Greeman (2000) and Healey (1999) provide further details of the operation.
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Chapter 6

Remedial measures for earth retaining walls

There are six main types of retaining wall:
• embedded walls (diaphragm, bored piles and sheet pile)
• conventional reinforced concrete walls
• reinforced earth and anchored walls
• modular walls
• masonry and dry stone walls
• crib walls.
The remedial measures for retaining walls are summarised in Table 6-1. Some of these are
similar to those described earlier for concrete bridges and masonry arch bridges, particularly
those involving material refurbishment. The following concentrates on specific aspects of the
measures particularly relevant to retaining walls.
6.1

POINTING

The following concentrates on dry-stone walls: information on repointing masonry arch
bridges is given in 3.4.1.
Hand-pointing or pressure-pointing can be used for dry-stone walls. The former is commonly
used for localised repairs while the latter may be more suitable for larger scale repairs.
Pressure-pointing can be injected to depths of up to 600mm: this limits the height of walls
that can be treated to about 2.5m as above this the stability of the repaired wall cannot be
assured. When walls are pointed, it is important that drainage paths are not blocked as this
may hasten collapse where water pressures build up behind the wall. Where pointing is
undertaken, the maintenance of the existing drainage system should be assessed, and
additional weep holes installed where necessary.
Unlike other masonry structures that are formed by bedding elements of brick, stone etc. in
mortar at the time of construction, dry-stone walls start life without mortar and with point to
point contacts between the elements. The mortar should not be too strong as this will
concentrate the effects of any differential movement into fewer and wider cracks. A weak
mortar will accommodate small movements and any cracking will be distributed as hairline
cracks in the joints where they are less noticeable.
Recommendations concerning the most appropriate mortar are conflicting. Mortar type (i)
(Table 3-8) has been recommended for earth retaining walls with free draining materials as
well as for sills and copings. However, the mortar should not be stronger than the stone used
to construct the wall. Therefore, mortar type (i) may be considered for very dense granite,
type (ii) for some sandstones and granite, and type (iv) for copings and projections. Types
(iii), (iv) and (v) have been recommended for external walls in severe or marine environments
with natural stone. Welch (1995) states that a 1:1:6 cement:lime:sand mix (c.f. type (iii))is a
good compromise blend of strength and flexibility, and that the omission of the lime makes
the mortar too hard. O’Reilly (2000) provides further discussion on the selection of mortars.
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Table 6-1 Remedial measures for earth retaining walls
Fault
Water leakage through wall

Ingress of chloride-ion rich water, and
water from the exposed face of the wall
Low passivity of reinforcement

Damaged concrete

Instability of wall leading to excessive
movement or cracking

Insufficient load capacity

6.2

Measure
Grout backfill
Install weep holes
Install/repair ground water drains
Repair burst water mains and leaking sewers
Apply surface protection, such as a coating or
impregnant
Seal cracks
Increase depth of cover
Replace contaminated and/or carbonated
concrete
Apply grout
Repair cracks
Patch repair
Apply sprayed concrete
Provide temporary support, such as props or
berm, until permanent repair put in place
Install/repair drains
Point
Grout
Install soil nails/reinforcements and/or dowels
Install ground anchors
Construct crib wall
Plant vegetation
Strengthen (with one or more of the measures
listed above)

GROUTING

To date, grouting has not been used much for the repair of retaining structures because of the
problems of assessing the groutability of the backfill and the subsequent validation of grout
penetration. As a conservative guide, a soil with a minimum 10% particle size value and
permeability of 10mm and 1m/s, respectively, would be suitable for grouting.
Many fills immediately behind the face of masonry walls are composed of reject stone, rubble
and knappings accumulated during the construction process and the voids in them are often
similar to those encountered in pre-placed aggregate concrete: see McLeish (1994) and
Littlejohn (1984). In such circumstances a 3:1 to 5:1 PFA:cement grout with a 28-day
compressive strength of about 5 to 10 MPa would be appropriate, bearing in mind that the
strength could be 3 to 5 times higher after 2 years.
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Injection points should be arranged at about 1m to 1.5m spacing. Injection pipes should have
a minimum diameter of 25mm. They should slope downwards so that setting grout does not
block them and prevent their reuse.
Fluid grout exerts a hydrostatic pressure on the wall and it is essential that this does not
destabilise it. The grout lift may need to be limited to a maximum of one metre when
repairing dry-stone walls in poor condition: see Ashurst and Ashurst (1998).
When a wall is grouted, it is important that drainage paths are not blocked as this may lead to
the build-up of water pressure behind the wall. This may require the installation of additional
drainage, weep pipes etc. Grout must be prevented from infiltrating service ducts, drains,
nearby structures and watercourses. Clearly, excessive grout uptake can be costly and so a
detailed site investigation should be carried out prior to the works.
Grouting is most appropriate for repairs where there are rapidly fluctuating water levels, such
as canal locks and sea walls, where the movement of the water can leach out cementitious
materials and wash out fines from the masonry. Grouting creates a permanent barrier to
prevent water movements within and behind the wall. For example a sea-wall at Oban,
Scotland which was grouted in 1984 is still in excellent condition despite being subjected to
the twice daily rise and fall of the tide since then. A recent view of the wall is given in Figure
6-1.

Figure 6-1 Grouted sea-wall at Oban, Scotland

6.3

SOIL NAILING

Soil nailing involves the insertion, by boring or driving, of tensile elements into otherwise
undisturbed soil or fill. The nails must cross the potential slip planes along which failure is
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most likely. When inserted into bored holes, the nails need to be grouted to gain contact with
the soil. Usually the holes are declined by 10° to 20° to facilitate the grouting process.
Soil nails do not normally generate any restoring force until ground movements occur. The
stabilising force is transmitted to the potential failing block (the active zone) by frictional
forces generated along the nail in the passive zone and by bearing pressure on the wall or
facing.
Bruce and Jewell (1987) describe the repair of a 2m to 3m high dry-stone wall using bored
and grouted 16mm diameter steel nails installed into 115mm diameter holes, with one nail for
every 2.5m2 of facing.
A view of a wall on the A5 at Nant Ffrancon in North Wales strengthened using soil nailing is
given in Figure 6-2, and this shows that repairs can be undertaken with negligible effect on
the appearance of the structure.

Figure 6-2 Dry-stone retaining wall on the A5 in Gwynedd repaired using soil nailing.
Courtesy of Gwynedd Council, Highways and Engineering Department

Soil nailing can also be used to repair or strengthen other types of retaining wall. For
example, Long et al (1984) describe the repair of a conventional reinforced soil wall that
suffered local damage due to the freezing (and expansion) of saturated backfill lying behind
the facing. The damaged face was reconstructed with cast in-situ panels that were connected
to the existing damaged reinforcement. Bored and grouted soil nails, 4.2m long and 28mm in
diameter, were installed to overlap the existing reinforcement.
Further information on the use of soil nails for repairing retaining walls is given in Johnson
and Card (1998).
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6.4

GROUND ANCHORAGES

Ground anchorages provide a stabilising force from a grouted length of tendon behind the
potential failure plane that is transferred along a debonded length of shaft to a surface bearing
plate. Ground anchorages are active devices and the unbonded length is prestressed against
the surface bearing plate: that is, stabilising forces are generated without the need for any soil
movement within the structure. Ground anchorages are often installed at about 90° to the
critical potential failure plane so that their effect is mainly one of increasing the frictional
resistance along the plane by increasing the normal force across that plane.
Flower and Roberts (1987) describe the use of ground anchors to repair of a dry-stone
retaining wall on the A487 in Gwynedd, North Wales: the arrangement for the work is shown
in Figure 6-3.
6.5

SOIL DOWELS

Soil dowels are relatively large diameter piles inserted into the ground across a potential
failure plane. They are possibly more effective when installed at about 90° to the failure
plane, but for convenience of installation they are often installed vertically. They provide
enhanced shearing resistance mainly by their large diameter to length ratio and high bending
stiffness.
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Figure 6-3 Cross-section of wall with ground anchors on the A487 in Gwynedd, from
Flower and Roberts (1987)
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Chapter 8

Concluding remarks

When selecting remedial measures for a particular structure, both the cause and effect of any
defect or deterioration should be considered so appropriately targeted, cost -effective remedial
measures can be designed and executed. Most material deterioration mechanisms that affect
highway structures are primarily due to the effects of water. Therefore, it is normally appropriate to use preventative measures to avoid the need for costly repairs in the future due to
such deterioration. Similarly, preventative measures should be considered when other remedial measures are being undertaken.
It is apparent that there is very little information in the public domain on the cost, durability
and effectiveness of the different remedial measures that are described in this report. It could
be argued that this information is too structure-specific to be of value, being dependant on the
age, type and details of the structure, the scale of the works, the installation procedures, the
materials used and the in-service conditions. However, only by collating and analysing such
information on a range of structures, in different service conditions and over an extended period of time, can the effectiveness of remedial measures be assessed on a rational basis to enable engineers to select the most appropriate remedial measure(s) for a particular structure.
The information would help engineers to prioritise maintenance when there is limited funding. Also, a clearer picture would emerge on what types of structure and details are the most
prone to deterioration so that design codes can be changed accordingly.
New and innovative remedial measures, protective treatments and repair materials are being
offered to engineers on a regular basis. Potentially, these could yield considerable savings in
material costs, installation costs, whole-life costs, or all three. In many countries, highway
organisations require products to be approved before they can be used on their network.
Sometimes these procedures may not be applicable to all types of product. Whereas approval
procedures give confidence that products should perform to certain standards, they may not
identify performance to the level required for a product to be cost-effective. Furthermore, approval procedures cannot replicate all of the installation and in-service conditions, and the
performance in service is always the best indicator of performance, provided products are assessed under the range of likely service conditions. However, the benefits of innovative
products could be lost if they are not used widely until their performance has been demonstrated. Therefore, the modification of (some) approval procedures should be considered so
that innovation is encouraged and any benefits are realised sooner rather than later. The overall objective should be to encourage the use of products that are cost-effective so the wholelife cost of remedial measures during the lifetime of a structure is minimised.
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Chapter 9

Recommendations

Recommendation 1
When selecting remedial measures, both the cause and effect of defects or deterioration, and
the likely cost-effectiveness of the measures should be considered.
Recommendation 2
Careful consideration should be given to the effects of water on highway structures.
Recommendation 3
Preventative measures should be undertaken whenever these will reduce future maintenance
costs.
Recommendation 4
Detailed information on remedial measures used on structures should be collated by highway
organisations. This should include: the structural details; the extent of any deterioration; the
preventative measures that have been implemented, and their effectiveness, since the structure
was erected; the scale of the works; the installation method; the cost of the measures; the service conditions and the time since any previous remedial measures were carried out.
Recommendation 5
Structures should be monitored on a regular basis to determine, where possible, the service
life of remedial measures.
Recommendation 6
Case studies that demonstrate the effectiveness of remedial measures should be put in the
public domain. The studies should include the detailed information listed in Recommendation 4. Details of the performance should be updated on a regular basis.
Recommendation 7
The information collated by highway organisations should be analysed to identify poor details
or practices that are responsible for the deterioration of structures. When appropriate, design
codes should be amended accordingly.
Recommendation 8
Products used for remedial works should have a certificate of conformity and documentation
to confirm that their performance corresponds to that claimed
Recommendation 9
Where necessary, the approval procedures for new products and methods should be modified
so innovation is encouraged and any benefits are realised sooner rather than later.
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Recommendation 10
The information listed in Recommendations 4 and 5 should be analysed so the possible range
of service lives of remedial measures, protective treatments and repair materials can be estimated for different service conditions.
Recommendation 11
Approval procedures should be amended so engineers are provided with information on the
likely range of service lives of (new) products.
Recommendation 12
Guidance should be prepared to help engineers select the most cost-effective remedial measure(s) for each application. This should take into account direct and indirect costs. The objective should be to minimise the whole-life cost of maintenance during the lifetime of a
structure.
Recommendation 13
Guidance should be prepared to help engineers prioritise maintenance when funding is limited.
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I.1 TERMS OF REFERENCE
To describe the measures used to maintain and repair highway structures, including:
(i) Preventative treatments to control, arrest or prevent further deterioration.
(ii) Repairs to restore the condition of deteriorated components and elements.
(iii) Works to restore or enhance the load-carrying capacity of a structure.
Applications of the measures to specific structures are to be described in case studies,
although design procedures, construction practices and cost-effectiveness are not to be
covered in detail.
I.2 MEMBERSHIP
K J Brady (UK) (Leader) Principal Engineer, TRL Limited, Crowthorne
R W Jordan (UK) Principal Engineer, TRL Limited, Crowthorne
M J Green (UK) Engineer, TRL Limited, Crowthorne
R Scinteie (Romania) National Administration of Roads – CESTRIN, Bucharest
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Further details of COST 345 Action

The present position

Bridges, earth retaining walls, tunnels, culverts and the like make up a substantial proportion
of the fixed assets of the land based transportation infrastructure. The stock of such structures
has been accumulating in developed countries over the years; some structures predate the 20th
century and a number of masonry arch bridges on the European highway system date back to
Roman times. Some of these old structures are of historic importance and have architectural
merit.
Considerable effort has been put into the development of new standards and codes, such as
CEN Eurocodes, covering the design of new structures and earthworks but few of the
structures on the existing road system will have been designed to the requirements of such
documents. It may be difficult to identify which version, if any, of the standard or code was
used to design a particular highway structure, and in many cases the design process would
have invoked a quite different approach to that promulgated in current design documents.
Furthermore, for some structures, there may not be accurate as-built records. Problems of
documentation could be expected to increase with the age of a structure.
What is important is that, despite many years of maintenance-free operation, the inherent
level of safety of many in-service structures can be shown to be inadequate relative to current
design documents. Owners and maintenance authorities are therefore in a difficult position in
a world where public safety is paramount and the financial and other consequences of failure
are great. The inherent uncertainty in methods of analysis has led, fairly recently, to the use
of load tests for bridges, but advice on the operation and interpretation of such tests is lacking.
Tests undertaken on redundant masonry arch bridges have shown that, in general, the ultimate
carrying capacity of such bridges was well in excess of that estimated by numerical analysis.
It is likely therefore that weight restrictions imposed on some bridges as a result of numerical
analysis are unnecessary, and that the associated traffic diversions and delays in these areas
could be avoided. Furthermore, little progress has been made on the structural assessment of
earth retaining walls and buried structures such as tunnels, culverts and pipes.
It is not feasible to close or demolish structures that do not comply with current design criteria
and standards, even if the financial resources required for their replacement were available.
(As shown in the following section, the costs of replacement would be astronomic.)
However, in the absence of adequate documentation covering the inspection and assessment
of highway structures, there will be a tendency to assess stability using current design
documents, and such assessments are likely to underestimate the inherent stability of a wide
range of structures. In some cases, this will lead to the unnecessary replacement or
strengthening of existing structures with all the attendant costs, particularly those associated
with traffic delays. On the other hand, a reliable system of inspection, assessment and
maintenance is required to ensure the safety of the public at large.
The processes involved in the design of a new structure and the assessment of an existing
structure can be quite different, but little work has been undertaken on the development of
codes or standards, which would, for example, compliment the structural Eurocodes for
assessing the condition of in-service structures. The age (longevity), condition and the
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likelihood of failure of a structure are intuitively related and what is needed, therefore, is a
system of assessment within which longevity and condition are qualitatively or quantitatively
balanced against the factors of safety specified in current design standards. Information will
often be limited, and at times even lacking, but the inspection regime and assessment process
must provide a sensible procedure which enables the existing structures which have
performed adequately over the years to continue to do so in the future.
Assessments are most needed at times of change to determine whether the stock of structures
is adequate for the new situation. The introduction of 40 tonne lorries throughout the
European Union is a good example of this. Structures which have sustained the current traffic
loads since the previous increase in 1983 must be re-evaluated, and either passed as fit to
carry the higher loads, or be strengthened appropriately. This can be a particularly difficult
process with certain types of structure, such as drystone retaining walls, where current theory
suggests that the majority of these structures are unstable but experience has shown that they
are perfectly adequate.
Assessments are also needed on a more routine basis as part of a sensible maintenance
programme. Importantly, such a programme should ensure that a satisfactory level of
maintenance applies to the whole infrastructure.
Use of the COST framework

COST was seen as the most appropriate mechanism for dealing with this subject because it is
essential to have agreement between the technical representatives of national governments. It
is also highly desirable that there is input from, and to, those COST States which are not yet a
part of the European Union.
Primary Objectives

The main objective of this Action is to specify the procedures and documentation required to
inspect and assess the condition of in-service highway structures (e.g. bridges, earth retaining
walls, tunnels and culverts). The project will also define the requirements for future research
work into the inspection and assessment of highway structures.
Secondary Objectives

This project will also provide information on the age and condition of the stock of the more
common types of highway structure in Europe. An inventory of highway structures and
information on current maintenance expenditure are necessary input to the development of
budgetary plans for maintenance works and for operating cost models for highways. Such
information can be used to establish or refine whole life cost models for these types of
structure, and could lead to recommendations regarding the building of particular types of
structure.
The project will also identify those types of structure, such as masonry arch bridges, that are
not amenable to analysis by simple numerical methods.

134

Annex II

Benefits

The potential economic benefits of the project are substantial. For example, preliminary
studies of the stock of masonry faced earth retaining walls along the highway network in the
UK have shown that an annual expenditure of less than 1 per cent of their replacement cost is
needed to keep the stock of such walls in satisfactory condition. The economic benefits for
such a small sum are considerable; not only are the structures preserved in good condition but
the costs of replacement works and the very much greater traffic delay costs associated with
such works are avoided. The majority of these walls were constructed in the 19th and early
part of the 20th centuries predominantly in drystone walling. However, despite the fact that
the majority of such walls are still true to line and level, often a hundred years or more after
their construction, numerical assessments of their stability undertaken to the strictures of
current design documents generally lead to the erroneous conclusion that they are unsafe and,
by implication, need to be replaced. The replacement costs of drystone walls, and their
derivatives, along the highway network in the UK, for example, would be at least 10 billion
Euros and could possibly be much higher.
In European terms, the development and application of successful inspection, assessment and
maintenance procedures to a highway network would ensure the continued high performance
of the network and save billions of Euros in construction, maintenance and traffic delay costs.
The development and acceptance, throughout Europe, of such procedures and standards
would also give rise to tangible and intangible benefits to highway users, maintaining
authorities and owners.
A European-wide project would allow an exchange of information and, in particular, it would
advertise the experience and expertise of those States which have a developed, mature
highway network and, in that way, promote sound engineering practices. It would provide
continuity and allow regional variations such as climate and environment to be considered
and, by drawing from the expertise of the various States, maximise the value of the project to
Europe as a whole.
In order to maximise the benefits from the work carried out in the Action, national delegates
would be asked to supply lists of the most appropriate recipients of the results at national
level and subsequently discuss implementation with them. The majority of recipients will be
at national and regional levels, but there will also be significant users outside these two
categories.
Depending on the country, responsibilities for highway structure inventories, inspection,
assessment, maintenance and budgetary planning at national, regional and local levels will
vary between public and private sector organisations. These variations are to be taken into
account when producing the deliverables and final report, and when targeting the most
appropriate recipients of the results of the Action. The needs of those responsible for whole
life costing of infrastructure and highway operating cost models will also be addressed.
At European level, the work of the CEN Committee dealing with Eurocode 1 (Basis of Design
and Actions on Structures) will be taken into account in the work and input will be given to
future standardisation work in this area. Consideration will also be given to interaction with
initiatives at global level such as those of the Permanent International Association of Road
Congresses (PIARC).
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In addition to the requirements of users in the field of highway maintenance, those of
researchers will also be considered, and the specification of future research to be undertaken,
mainly at national and European level, will be an important outcome of the Action. Again,
the identification of those academic, public and private sector organisations which are in a
position to maximise the benefits arising from the results of the work will form a critical part
of the dissemination process.
For all the dissemination and implementation initiatives, the involvement of the embryonic
Forum of European National Highway Research Laboratories (FEHRL) network will provide
significant impetus in ensuring maximisation of the benefits in terms of cost, safety and
environmental considerations.
Scientific Programme
Specification of Requirements

The owners of highway structures, whether at local, national or international level, and those
charged with maintenance, are legally responsible for their safety and owe a duty of care to
the public. By following a formalised and documented procedure of inspection, assessment
and maintenance, maintaining authorities will be able to show that they have taken due care
and owners will be assured that their fixed assets, i.e. the highway infrastructure, are being
protected. This project is the necessary precursor to the development of procedures and
documents covering inspection regimes and methods of assessment.
In the initial phase, the following information will be sought for representative lengths of the
public highway network in various COST States:
•

The number, type, age and condition of structures and, where possible, estimates of the
cost of replacement. This will provide an estimate of the value of the existing highway infrastructure. Different classes of route, for example principal, primary and secondary, will
be considered separately.

•

The current expenditure on new highway works and on the maintenance of existing structures. The ratio of these expenditures gives an indication of the maturity of the highway
infrastructure, and also provides an estimate of the in-service life currently required of
highway structures. Where necessary, the ratio can be projected by taking into account
the likely expenditure on construction and maintenance in future years.

•

Current statutory requirements for the inspection, assessment and maintenance of inservice highway structures. This will identify procedures that have proven to be effective
and also, by omission, define those types of structure for which no suitable procedures
have so far been devised or documented.

•

A review of the methods used to determine the stability of structures, this will include
both proof testing and numerical analysis.
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The above information will help to define those types of structure which are difficult to
inspect and assess, and those that consume the highest expenditure on maintenance. In doing
so, key areas for further research work will be identified.
The project will incorporate any relevant information obtained from the current Framework
IV Transport RTD project BRIME, which is concerned with the evaluation of bridge
management procedures. Also, it should be noted that the results will be made available for
rail research purposes.
Work Programme

Implementation of the work, in order to meet the primary and secondary objectives, will
require the completion of the following tasks and the generation of the associated
deliverables.
a) Generation of a European highway structures database incorporating:
•

the number, age and condition of various types of structure on representative lengths of
the highway system in Europe

•

information on the current replacement costs and maintenance expenditure on various
types of highway structure

•

the procedures used to inspect and assess the condition and performance of various types
of highway structure including a comparison of the statutory requirements for different
types of structure

•

information on the methods used to define the serviceability and stability of a structure
both at design and in-service stages.

The database generation phase will be implemented by undertaking reviews of literature,
procedures and documentation and terminology, together with a comprehensive questionnaire
exercise.
b) Assessment of the information contained in the European highways structures database.
c) Determination of the requirements (in terms of cost and safety) for procedures and
documentation for the inspection and assessment of structures, taking into account
environmental considerations and objectives.
d) Specification of the procedures and documentation for the inspection and assessment of
structures.
e) Specifications of future research work necessary to improve methods for inspection and
assessment of highway structures.
f) Guidelines to the development of budgetary plans for maintenance works and for operating
cost models for highways.
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g) Guidelines for input to the building of specific types of structure.
h) Generation of the Final Report.
Organisation

The Management Committee of the COST 345 Action is responsible to the COST Technical
Committee on Transport and their programme of work is being co-ordinated by the Chairman
Dr K C Brady, United Kingdom and Vice-Chairman Dr A Znidaric, Slovenia.
Six Working Groups have been set up to deal with the Action, their members providing the
appropriate mixture of technical expertise and experience to address the tasks in hand. The
six Working Groups are as follows:
WG 1
WG 2
WG 3
WG 4
WG 5
WG 6

- Inventory
- Inspection
- Condition assessment
- Numerical techniques
- Safety and serviceability
- Remedial measures

In due course a seventh Working Group will be initiated to integrate the outputs of the other
Working Groups and prepare the final report.
Participation

As well as the European Commission, sixteen countries – Austria, Belgium, Czech Republic,
Denmark, France, Germany, Ireland, Italy, Netherlands, Poland, Romania, Slovenia, Spain,
Sweden, Switzerland and the United Kingdom – are participating in the deliberations of the
Management Committee of the COST 345 Action.
This provides a strong basis of technical expertise and geographical spread which should
ensure very high quality results. A number of other countries have expressed interest in
joining this project. Each of the Working Groups will produce at least one technical report
and these will form a major part of the final report of the Action.

Conclusion

It is of note that little, if any, research has been carried out at European level on the
assessment of highway structures and the successful completion of this project should remedy
this situation and lead the way in developing future thinking in this area.
Sustainability becomes an ever more pressing consideration with the realisation that our
material and financial resources are finite and limited. Although some further development of
the highway system is undoubtedly required the more pressing consideration in many
countries is fast becoming the conservation of the existing highway infrastructure in good
condition. This unfortunately is a mundane and routine task which may well be overlooked in
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the short term by authorities with apparently more important problems on their hands.
However curtailment of maintenance expenditure on the highway infrastructure wastes money
since it almost invariably results in some structural damage which is more expensive to
rectify in the long term. The outputs from this Action will help to ensure that such oversights
are less likely in the future and provide a sounder basis for highway authorities to develop a
systematic long term policy for the maintenance of the existing stock of structures on the road
system.
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