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FOREWORD
MEASUREMENTS FOR MATERIALS SYSTEMS (MMS)
Measurements for Materials Systems is a research programme supported by the
Department of Trade and Industry (DTI). It aims to respond to the industrial need for
test methods for the design, manufacture and performance of materials systems and
their components. The main focus for all projects supported under this programme is
on measurement.

MMS6: CLASSIFICATION AND ASSESSMENT OF COMPOSITE MATERIALS
SYSTEMS FOR USE IN THE CIVIL INFRASTRUCTURE (COMPCLASS)
This three-year project, aimed at the use of composite materials systems in the
construction industry, began in April 2002. It is managed by Oxford Brookes
University, supported by AEA Technology, Mouchel Parkman, and Tony Gee and
Partners. A large Industrial Advisory Group (IAG) has been formed to provide
guidance and cash contributions to the project.
A project website
(www.compclass.org) details the background to the project, the work plan and tasks,
the project participants, and some of the project outputs.
The aims of the MMS6 project were three-fold:
• To develop a performance-based qualification scheme and component material
classification schemes
• To identify, adapt and develop acceptance and quality control procedures
associated with on-site applications of materials systems
• To compile guidance on how to incorporate the new classification and
qualification schemes, and test procedures, into design and application.
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OVERVIEW
Nine case studies were compiled by MouchelParkman and Tony Gee and Partners in
order to evaluate the qualification and classification schemes (see Table 1). These
case studies are contained in this report with the ‘steps’ linked to the Design Activity
flowchart contained in Technical Reports 6 and 7. Further commentary is provided in
Technical Report 10.
No.

Location

Reinforcement type

Substrate

Classification
ID.

1

St. Thomas’ Hospital

CFRP Plate

Concrete

PBU/1/C/S

2

Trenchard MSCP

CFRP NSM

Concrete

NSM/1/C/S

3

Maunders Road Bridge

CFRP Plate

Cast Iron

PBS/1/CI/S

4

Ealing Road Bridge

CFRP Resin Wrap
CFRP Plate

Concrete

RW/1/C/E
PBU/1/C/E

5

St. Michael’s Road Underbridge

CFRP Plate

Concrete

PBU/1/CI/S

6

New Moss Road Overbridge

CFRP Plate

Cast Iron

PBU/1/CI/S

7

Brockley Slip Roads

CFRP Resin Wrap
CFRP Plate

Concrete

RW/1/C/S
PBU/1/C/S

8

QAFCO Prill Tower

CFRP Plate

Concrete

PBU/1/C/S

9

Hammersmith Road Bridge

CFRP Plate

Cast Iron

PBU/1/CI/S

Table 1. Case Studies
No.

Type of
Structure

Substrate

Reinforcement

Reinforcement
Type

Reinforcement
Thickness

Classification
ID.

1

Floor slab

Concrete

CFRP

Plate

Thin

PBU/1/C/S

2

Floor slab

Concrete

CFRP

NSM bar

Thick

NSM/1/C/S

4

Bridge

Concrete

CFRP

Resin Wrap

Thick

RW/1/C/E

CFRP

Plate

Thin

PBU/1/C/E

CFRP

Resin Wrap

Thick

RW/1/C/S

CFRP

Plate

Thin

PBU/1/C/S

7

Slip Road

Concrete

8

Tower

Concrete

CFRP

Plate

Thin

PBU/1/C/S

3

Bridge

Cast Iron

CFRP

Plate

Thick

PBS/1/CI/S

5

Underbridge

Concrete

CFRP

Plate

Thick

PBU/1/CI/S

6

Overbridge

Cast Iron

CFRP

Plate

Thick

PBU/1/CI/S

9

Bridge

Cast Iron

CFRP

Plate

Thick

PBU/1/CI/S
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1.

St Thomas’ Hospital –
CFRP plates bonded to concrete

Introduction
The reinforced concrete hospital building was undergoing major refurbishment to
three floors, which included the introduction of many more services penetrations
through existing concrete slabs, especially near columns (i.e. in hogging regions).
The use of CFRP strengthening to replacement cut existing reinforcement allowed
holes to be cut without locating or avoiding existing reinforcing bars.

Step 1.
Type of Structure
St Thomas’ Hospital building North Wing located in Lambeth, London, is a 13-storey
reinforced concrete building built in the 1970’s.

Step 2.
Design conditions
As part of a major refurbishment works, holes were being cut through into the
existing floor slabs. The holes were to be generally 100mm or 150mm diameter
cores, with some 200mm diameter cores. The floor slabs were variously 250 or
300mm thick. Assessment by others had identified that if cores happened to cut
multiple reinforcing bars, the slab capacity would be reduced below acceptable
values.
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Most floors in the building remained in use as hospital, with only one or two floors
available for the refurbishment works at any one time. Access to working areas was
only permitted via an external cage lift on the outside of the building, and there was
limited access for cranes close to the building. CFRP had been identified as a
preferred strengthening system for reasons of ease of delivery of the materials that
could be carried in the lift.

Step 3.
Initial testing and investigation
The original construction drawings were available. In addition, the engineers
supervising the project had worked on the original design and construction of the
building and therefore had some information.

Step 4.
Material selection
Pultruded carbon fibre strips with epoxy as matrix was selected - it had been used
before on a similar project and had performed satisfactorily. For commercial /
contractual reasons, material from a particular supplier (Sika) was preferred.
Under the proposed classification scheme the strips would be classified as PBU/1/C.
CFRP pultruded strip
Young’s modulus, E – 150kN/mm2
Ultimate tensile stress – 3000N/mm2

Step 5.
Partial factors
The following partial factors were adopted, in accordance with the recommendations
of TR55:
Strip for flexure
Material type factor
Method of manufacture factor
Young’s modulus factor

- 1.4 (carbon)
- 1.1 (pultruded plates)
- 1.1

Step 6.
Design calculations
The design was based upon the recommendations of TR55, which had been
published just before the design calculations were undertaken. These
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recommendations are compatible with BS8110. The design of anchorage and
checks against debonding failures were as specified by TR55.
Calculations were undertaken for various generic situations, which covered
combinations of hole size and existing reinforcement in the slab (and therefore
number of bars that may be cut). In a few special cases relating to the largest size
holes in most heavily reinforced slab it was necessary to specify that hole setting out
be undertaken after locating bars and avoiding cutting more than a critical number.
The generic cases examined were:
Type
A
B1
B2
B3
B4
D

maximum core diameter maximum reinforcement cut Note
150mm
none
Top of slab
strengthening
100mm
1 x 25mm
200mm
2 x 25mm
100mm
1 x 32mm
150mm
1 x 32mm
200mm
2 x 25mm
Soffit strengthening
Maximum reinforcement cut referred to reinforcement that may be cut, since
CFRP was installed before coring, and holes were set out disregarding
existing reinforcement.

Step 7.
Design conformance check
Since the input data were all selected from manufactures data sheets dimensions,
material properties are satisfied once the loading requirements are met. Maximum
stress and strain limits are all satisfactory as they are checked as part of the design
process. The level of strengthening is also achieved given that it is one of the input
parameters.
It was recognised that in many cases, the generic cases approach was likely to result
in conservative design - for example many of the smaller holes actually did not cut
bars when they were eventually cored. However, it was advantageous to the
programme of works to adopt this method, since most of the strengthening design
and approval could be completed before hole setting-out was finalised.

Step 8.
Prepare specification
Specifications for strip installation were prepared and issued to the client.
The strengthening scheme required numerous strips crossing over previously
installed strips. The specification included particular requirements relating to the
sequence of operation and method of forming the crossing, including build-up of
ramps either side of previously installed strips so that subsequent strips followed a
smooth profile. The specification included details of timing in operations to ensure
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that subsequent works at a particular location did not cause damage to previously
installed strips.
Since the works were to occur in phases as floors became available, the testing was
specified ‘per phase’ as well as on a material consumption basis, to ensure that a full
representative set of testing was available for each area of work, and regardless of
whether the contractor changed operatives between floors.

Step 9.
Specific material selection
As discussed in Step 4, the specific material to be used in the scheme was already
defined and the particular parameters used in the design calculations, so this step is
not applicable to this structure.

Step 10.
Method Statement for application of reinforcement
The contractor (Structural Renovations Ltd) prepared a Method Statement that gave
details on surface preparations, mixing and application of the adhesive and the
cleaning up operation after installing the strips. The contractor also highlighted the
skill level of the operatives and the required test that will be undertaken during the
operation.

Step 11.
Site activities prior to installation
Since the site was an established refurbishment site, and the CFRP strengthening
was completed by a specialist sub-contractor, there were no particular issues prior to
the strengthening works.

Step 12.
Surface preparations
Tony Gee and Partners (TGP) undertook a site inspection after the surface
preparation for the first set of strips to be installed. In addition to confirming that the
contractor had prepared the surface adequately for bonding, TGP inspected and
commented on the contractors arrangements for delivering material, and QC
arrangements for handling, preparing, setting out and installing the strengthening
material. The contractors proposals for QA testing and records were also reviewed.
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Of particular importance were the contractor’s arrangements for controlling dust. The
CFRP works were undertaken simultaneously with other works on the same floor
which included breaking-out and chasing in concrete and plaster surfaces. Since all
partitions had been taken down, the contractor had to establish tented dust-free
zones using polythene sheeting fixed to floor and ceiling, and control access in and
out of these zones. TGP reviewed and commented on the arrangements after
observing the effectiveness of the arrangements.
Pull off-tests were undertaken prior to bonding and the results were satisfactory.

Step 13.
Application of composite materials system

CFRP installation was completed in accordance with the specification and method
statements. TGP witnessed the first batch of strips installed, and two other randomly
selected installations, but the majority of strip installation was undertaken with the
contractor completing the QA and QC required.
At a few locations the designed strengthening could not be installed due to clashes
with remaining parts of the structure or previously completed works. Where these
were identified on site, the designer was notified and the contractor did not
commence works in the vicinity until an alternative special arrangement was
produced by the designer (in accordance with steps 12 - 13.5 - 6 on the design
activities flow chart). This avoided any reworking of non-compliant installation, but
was only possible because the designer could produce such special arrangements
very quickly after being notified of the issue.
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Step 14.
Final QA checks, inspection and approval
Tap testing of the bonded regions were continuously undertaken as the CFRP
installation proceeded. In one instance a region was found have voids and resininjection into the voids was undertaken and the region retested (in accordance with
Steps 14 - 15 - 14 on the design activities flow chart).

Inspection / maintenance and monitoring
Since all of the FRP material is applied to the top surface of slabs and subsequently
covered by cementitious screed, direct inspection of the CFRP material is not
possible. However, the locations of all material is recorded in the H&S file, so the
CFRP could be exposed in future if the structure shows signs of distress and the
performance of the reinforcement is questioned.
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2.

Trenchard Street Multi-Storey Car Park –
CFRP near-surface-mounted reinforcement

Introduction
Trenchard Street multi-storey car park is a reinforced concrete frame structure owned
and operated by Bristol City Council in which some portions of cantilever slabs
required strengthening. Since the slab surface was directly trafficked, conventional
surface-mounted plate bonding could not be used and therefore ‘near surface
mounted’ (NSM) reinforcement, in which bars are bonded into chases in the concrete
surface was designed and installed.

Step 1.
Type of structure
An eleven-storey reinforced concrete multi-storey car park built in 1966. The
structure has downstand beams on a regular column arrangement with longitudinal
grid spacing of 7.5m and transverse spacing of 10.9m. The structure has
approximately 3m cantilevers on all edges. The slab has a thickness of 225mm,
which tapers to 150mm at the edges of the cantilever. Inspection and assessment
identified several defects, including very variable cover in the slabs. In several
cantilevers excessive cover to the top tensile steel resulted in significantly reduced
moment capacity and parts of the slab had been withdrawn from use, resulting in loss
of revenue to the operator.
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Step 2.
Design conditions
Live loading is predominantly from cars with intensity for analysis 2.5 kN/m2. No
special environmental conditions were noted. Since the top surface of the cantilever
slabs required strengthening any retrofit had to consider that vehicles run directly on
the surface. This eliminated surface bonded techniques and hence near surface
mounted technique was identified as a preferred option early in the consideration of
the structure.

Step 3.
Initial testing and investigation
Inspection, loading calculation and assessment of the structure had already been
carried out by others. This identified regions of cantilever where strength was
insufficient.
A more detailed survey was undertaken to confirm suitability of the concrete
substrate and identify any regions that required repair to the concrete. A cover meter
survey with isolated breaking-out to expose bars was completed to confirm existing
reinforcement size, spacing and location in all deficient areas. These surveys
confirmed that the concrete was sound, and the reinforcement was in good condition.
Number and size of bars were as the record drawings, but cover was up to 105mm
(in the 225mm slab) and very variable.

Step 4.
Material selection
Having identified the benefits of an NSM strengthening scheme, material selection
was limited by availability on the market of suitable bars. The material adopted was
MBT ‘Galileo’ bar, with nominal properties:
Young’s modulus 130 kN/mm2
Ultimate tensile Capacity 2300 N/mm2
Ultimate tensile strain
0.0126
Fibre type
carbon
Resin matrix type
epoxy
Diameter of bar
7.5 mm
Surface treatment
peel-ply
This material would be classified as NSM/1/C under the proposed scheme.
The bonding adhesive selected was an MBT epoxy recommended by the
manufacturer for use with this bar.

11

Step 5.
Partial factors
Although the first edition of Concrete Society report TR55 has limited information on
NSM reinforcement schemes, the factors used in the design were taken from this
report, since bar production uses materials and methods similar to that for surface
mounted strips:
Material factor (carbon)
1.4
Young’s modulus
1.1
Method of manufacture
1.1

Step 6.
Design calculations
Design for strength and stiffness was completed in accordance with TR55
recommendations for surface-mounted strips, with appropriate allowance for the
location of the bars within the section rather than outside the surface.
Anchorage and curtailment of the bars was calculated in similar manner to that
described in TR55 for surface mounted strips, but with additional factors of safety
introduced to reflect the difficulty of surface preparation within chases and the lesser
level of experience with NSM reinforcement.
The second edition of TR55, which has been published since this project was
completed provides more detail of NSM design criteria and in particular provides
alternative anchorage design criteria. Compared to the method described in the
second edition of TR55, the anchorage design on this project was very conservative.
The resulting design generally required 7.5mm diameter bars in 20mm square
chases at 250mm centres across the slab. Isolated regions with significantly better
or worse existing reinforcement positioning had slightly different strengthening
applied.

Step 7.
Design conformance checks
Since the input data were all selected from manufactures data sheets dimensions,
material properties are satisfied once the loading requirements are met. Maximum
stress and strain limits are all satisfactory as they are checked as part of the deign
process. The level of strengthening is also achieved given that it is one of the input
parameters.
The spacing, length and location of the additional bars were all considered realistic
and able to be installed on the structure.
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Typical values obtained are as follows:
Maximum strain in bar at ultimate state
Ultimate capacity of strengthened section
Applied loads at ultimate state

0.0022<0.0126
22.7kNm
19.7kNm

Serviceability limit state
Fibre stress in concrete
7.7N/mm2 (0.91 of allowable)
Fibre stress in existing reinforcement 257.4N/mm2 (0.78 of allowable)
Fibre stress in NSM bar
63.9 N/mm2 (0.057 of allowable)
Anchorage design
Longitudinal shear stress

0.5 N/mm2 (0.603 of allowable)

Step 8.
Prepare specification
The specification for installation was developed from that used for CFRP strips
surface mounted on concrete substrates. Additional requirements were added with
respect to the forming and preparation of the grooves for bars, particularly ensuring
that the method adopted did not damage the parent concrete or risk damage to
existing metallic reinforcement in the structure while still ensuring that the surface
was suitable to receive the epoxy bonding adhesive.

Step 9.
Specific material selection
Due to the innovative nature of the technique at the time, the specific material to be
used in the scheme was defined at Step 4 in consultation with the contractor and
possible material suppliers. The specific parameters for the CFRP bars were then
used in the design calculations, so this step is not applicable to this structure.

Step 10.
Method Statement for application of reinforcement
A Method Statement was produced by the contractor Matrix Solutions (formerly
Connaught Parking Services) and approved by the client, following comments by the
designer (TGP).
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Step 11.
Site activities prior to installation
The FRP strengthening was one part of wider repair and enhancement of the
structure (including enhanced lighting, painting, and modification of traffic flows in
and out). Consequently, site mobilisation was already complete, with the contractor
having established a compound and office space in adjacent disused retail premises.

Step 12.
Surface preparations

Surface preparation was by diamond sawing to form chase sides, and removing the
concrete between saw cuts with light percussive tools. The designer witnessed the
initial surface preparation to ensure that the methods were capable of producing the
required surface, but thereafter the contractor completed his own QA inspections for
the surface preparation, with occasional inspections from the client (Bristol City
Council).
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Step 13.
Application of composite materials system

Installation was strictly in accordance with the approved method statement – chases
were vacuumed, primer applied and allowed to become tacky, the chases part filled
with adhesive, bars pressed into the adhesive, then the chases fully filled with further
adhesive, taking care not to trap large air-bubbles between the adhesive layers. The
contractor adopted refillable injection guns (as used for mastic application) to permit
controlled and tidy dispensing of the adhesive in the precise quantity and location
required.
As for surface preparation, TGP (the designer) witnessed the initial bar installation,
after which the contractor completed their own QA processes with occasional
inspections by the client.

Step 14.
Final QA checks, inspection and approval
Due to the uniqueness of this project at the time of the works (the first application of
NSM fibre-composite reinforcement in the UK), the strengthening scheme was
subjected to load-test before and after strengthening. Two bays of cantilever slab
were progressively loaded to 1.25 times service loading using large water-bags while
monitoring deflections in several locations along the cantilever tip in the loaded and
adjacent bays.
TGP produced the specification and method statement for the load test. The method
statement gave details with regards to objective of the test, personnel involved,
equipment, sequence of testing, load levels, appropriate measurements to be taken,
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safety issues, responsibilities of parties involved, and criteria for prematurely halting
the test in case of any deviation from anticipated behaviour by the structure.

Matrix Solutions carried out the test under supervision by TGP, the load being
progressively applied then removed over the course of 10 hours.
Acceptance criteria for the strengthening were previously defined in terms of absolute
value of deflections under service load measured at tip of cantilever and a
demonstrated increase in the stiffness of the structure, which was taken to indicate
that the applied strengthening was carrying load. The results show that the stiffness
under service loading increased by around 30%.
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3.

Maunders Road Bridge –
CFRP plates bonded to cast iron

Introduction
Maunders Road Bridge consists of 6 cast iron girders with brick jack arches carrying
a minor road over a disused railway line. The bridge is owned by Network Rail, and
although the line is currently disused, there are aspirations to re-open the line and
the structure needed to be strengthened to meet 40 tonne assessment load while
removing existing props.

Step 1.
Type of structure
The bridge is located in the Milton area of Stoke on Trent, Staffordshire. The bridge
was built in the1900’s and carries an unclassified road over a disused railway line,
which runs in a cutting below the surrounding ground level. The effective span of the
bridge is 7.84m with a carriageway width of 5.0m and a 1.1m wide footway to only
one side of the carriageway.
The bridge comprises of 6 cast iron girders. The middle girders spaced at
approximately 1.43m centres and the edge girders at 1.23m. These beams support
brick jack arches, which in turn support road base and asphalt pavement.
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Step 2.
Design conditions
Bridge assessment identified that main girders had capacity of 7.5 tonnes and the
edge girders had 3 tonnes capacity. One edge girder (that without a footway) had
been propped by the addition of a brick wall with steel beam capping the wall and
supporting the cast-iron beam. However, the steel beam was badly corroded with
perforated web and was assessed as providing no support to the bridge beam.
Although the road was unclassified and within a residential area, it was the only route
to a small industrial area that included a galvanising factory. The bridge was
therefore regularly trafficked by 40 tonne HGVs, although the road layout was such
that such vehicles could cross the bridge only slowly, and normally when oncoming
traffic stopped to allow the HGV to negotiate bends immediately beside the bridge.
The highway authority required the bridge to be strengthened to carry 40 tonne
vehicles and also 30 units of HB loading.

Step 3.
Initial testing and investigation
Most existing parameters for the structure were obtained from the existing inspection
and assessment reports, which included an outline AIP (approval in principle)
document for the works.
Various options for strengthening the bridge were evaluated. The options examined
included:
•
New propping scheme (rejected due to aspirations for rail line)
•
Reconstruction with steel/concrete composite or reinforced concrete
deck
•
CFRP laminate bonding on cast iron beams
•
Several schemes for CFRP strengthening were examined because the
strength gain required was not easily achieved. For reasons of risk and
cost the scheme taken forward was to relieve dead load by installing
temporary preloaded props while the CFRP was installed.
Although deck reconstruction was considered to provide the most improvement to the
structure, since it would allow widening and realignment of the difficult adjacent
bends, considering the built cost and the disruption to travel, CFRP strengthening
was proposed as the best option.
A further inspection was undertaken to examine the extent of corrosion of the girders
and survey the flatness of the cast-iron beams. From this inspection it was
concluded a suitable surface for bonding laminates was achievable and hence
detailed design could proceed.
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Step 4.
Material selection
Since cast iron is a brittle, elastic material the stiffest possible fibre composite
material was adopted, since this minimised the required cross-section and hence
loss of headroom.
At the time of the design being undertaken, the stiffest suitable material was
Sika/DML ultra-high-modulus carbon fibre laminate. This uses bespoke laminates
tailored to the particular requirements of each project, so also allowed smoothly
tapered laminates which would minimise anchorage and end-effect stresses whilst
also minimising the quantity of material used. Under the proposed classification
scheme the strips would be classified as PBU/1/C.
The adhesive adopted was a trowelled epoxy adhesive, recommended by Sika/DML
for the laminates.
From existing manufactures data sheets the following properties were adopted for
the design:
CFRP laminate
Young’s modulus, E - 360kN/mm2
Ultimate tensile stress - 1115N/mm2
Cast Iron
Allowable strength as BD21
Young’s Modulus 100kN/mm2 based upon experience with similar age
material

Step 5.
Partial factors
Since the design basis was that set out in BD21, which describes an allowable liveload stress for a given dead-load stress in the iron, partial factors are not appropriate.
A factor of 1.4 was notionally applied to the strength of the carbon fibre laminate, but
because the design is stiffness limited this did not affect the design.

Step 6.
Design calculations
The design was carried out by Tony Gee and Partners (TGP) based upon linearelastic analysis adopting conventional assumptions (such as plane sections
remaining plane) in a manner compatible with BD21/97. Limiting stresses were taken
from BD21/01.
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For the carriageway girders the design resulted in 2 no 140mm wide laminates with a
maximum thickness of 37mm. Edge girders required 2 no 90mm wide laminates with
a maximum thickness 32mm.

Step 7.
Design conformance check
Since the design was prepared for a specific material, conformance of the proposed
material to the design assumptions was part of the input conditions. Since the
laminates were tailored to the specific requirements of the project issues such as fit
of the laminates were also part of the input requirements.
An independent check of the design was carried out by MouchelParkman Ltd.

Step 8.
Prepare specification
The specification was prepared by the designer and was typical of CFRP on cast-iron
substrates, with the addition of particular items addressing the sequencing of works
and some additional testing to reflect the dead load relief aspects of the scheme.

Step 9.
Specific material selection
As discussed in Step 4, the specific material to be used in the scheme was already
defined and the particular parameters for this material were used in the design
calculations, so this step is not applicable to this structure.

Step 10.
Method Statement for application of reinforcement
The contractor (Concrete Repairs Ltd) prepared a comprehensive Method Statement,
which gave details with regards to a procedure for installing the CFRP laminates. It
included grit blasting, delivery of laminates, preparation, mixing and application of
adhesive and bonding to cast iron beam and temporary works to be used to facilitate
the works.
The Method Statement also named the personnel in charge and listed their
qualifications including appropriate previous experience. Assigned responsibilities
included the operation of the QA system to ensure adequate records of the
installation were produced.
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Step 11.
Site activities prior to installation
Since the rail line was disused, a site compound with secure storage was established
in the track-bed immediately adjacent to the structure.
A reinforced concrete pad foundation was installed in the track-bed beneath the
deck. The temporary props were installed onto this foundation, then an access
scaffold erected around the props. The scaffold was fully boarded and sheeted, so
encapsulated the working area and all the beams. This contained grit and dust
during surface preparation operations, and permitted a controlled environment during
the bonding and cure operations, when heaters were installed.

Step 12.
Surface preparations
Surface preparation involved grit blasting as stated in the specification. The designer
was present during these operations to inspect the procedure and confirm
compliance with the specification. Pull-off tests specified in the specifications were
performed by the contractor and demonstrated adequate performance of the
prepared surface.

Step 13.
Application of composite materials systems
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Installation was completed strictly in accordance with the method statement. After
the surface preparation was inspected, a thin layer of epoxy adhesive was applied to
the beam by trowel, ensuring full wetting of the surface and that all local pitting was
filled. A peaked layer of adhesive was applied to the laminates, thicker in the middle
than at the edges, so that as the laminates were pressed into place air would be
expelled and not trapped within the bond line.
A temporary supports scheme had been developed so that the laminates were lifted
into place and forced into the adhesive in a controlled manner. The supports
remained in place as clamps, supplemented by additional clamps, until the adhesive
had cured. Combining the lifting, positioning, and clamping arrangements to use the
same system ensured that there was no possibility of support to the laminates being
relaxed as one system was changed over to another. This ensures that air is not
drawn into the bond line after excess adhesive has been expelled.

Step 14.
Final QA checks, inspection and approval
A data logger was installed before works commenced, and was running throughout
prop preload, laminate installation and during the removal of the props. The logger
recorded data from a strain gauge on every beam, and on at least one laminate of
each beam. It also recorded the surface temperature on two of the beams. This
level of monitoring would not be considered necessary for a typical unstressed
strengthening scheme, but was considered prudent because of the innovative nature
of the project at the time it was undertaken.
Following completion of the works the information from this was compared with
theoretical predictions and also cross-referenced with the contractor’s records of
environmental conditions. The correlations were very good. For example, the
measured stiffness of the strengthened beams was approximately 2.5 times that of
the unstrengthened beams, and the theoretical prediction was between 2.4 and 3.2
times (within the likely range of properties for the existing materials). The measured
strain profile indicated the neutral axis of the strengthened beam at 90mm above the
soffit, and the theoretical range was 112 to 92mm.
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Adhesive testing results were as follows:
Tensile strength and modulus values (9 tests) showed tensile modulus
between 6.34 and 10.01GPa, with a mean of 7.81GPa and standard
deviation 1.39. Tensile strengths were between 18.17 and 25.10MPa, with a
mean of 21.20 and standard deviation 2.29. These figures show good
correlation with the manufacturers stated values of 8.6GPa for modulus and
21.8MPa for tensile strength. The acceptance criterion for modulus was that
it should fall between 4 and 10GPa.
Glass transition temperatures (9 tests) were in the range 54.1 to 56.1°C. The
acceptance criterion was that the values should lie within 5°C of the
manufacturers quoted mean value. This criterion approximates to a control
value minus four standard deviations. A few of the lap shear specimens
showed very low failure values, with large voids in the bond line. Those that
had adequate fabrication quality showed values in the range 8.55 to 13.19
average shear stress at failure, which exceed the acceptance criterion of
8N/mm2.
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Comparison of the full set of test results was considered to demonstrate adequate
material performance. The poor quality of some of the lap-shear specimens
reinforces the importance that should be applied to QC specimen production, not all
of which was supervised by the designer on this project.

Inspection / maintenance and monitoring
Since installation, the bridge has been subject to periodic visual inspection, and one
detailed inspection during which the laminates were tap-tested to confirm that no
delamination had occurred. All such inspection and testing has reached satisfactory
conclusions.
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4.

Ealing Road Bridge –
CFRP resin wrap and plates bonded to concrete

Introduction
Ealing Road Bridge is a reinforced concrete portal frame bridge carrying the A4005
over the Grand Union Canal in north London. The deck was strengthened with fibre
composites in both sagging and hogging and the abutments were strengthened by
the addition of a new reinforced concrete fascia.

Step 1.
Type of structure
Ealing Road Bridge is a reinforced concrete portal frame bridge with a skew span of
13.68m built around 1924. It is over a canal and towpath and carries vehicular and
pedestrian loads. The bridge comprises of 190mm thick slab with ten down stand
beams, two service troughs and two edge beams. The down stand beams are
typically 1070mm by 355mm and spaced at 1.52m centres under the roadway and
1.83m centres under the footways. The abutments are of similar construction to the
deck, being a relatively thin wall with counterforts on the buried face.
The bridge had been assessed to have a live capacity of 17 tonnes to BD21 and it
was required to strengthen it to carry 40 tonnes assessment live loading (BD21/97).

25

Step 2.
Design conditions
Partial record drawings were available, which provided details of existing
reinforcement in the deck and abutments. Record drawings of the wing-walls were
not available. There was record of the existence of a strengthening over-slab on top
of the deck at the edges of the carriageway, which had been installed when the road
was widened onto what had previously been very wide footways. However, details of
the overslab size, extent and reinforcement were not recorded.
An existing assessment had identified the deficiency in the deck beams and slab
spanning transversely between the beams and at the top of the abutments.
Third party constraints were particularly onerous:
British Waterways specified that the canal could not be blocked to traffic, and
works must occur during the winter maintenance period.
The bridge is immediately north of the Hanger Lane gyratory system, and the
Metropolitan Police required that the bridge be always open to two-way traffic
and that the works be undertaken during the school summer holidays when
road traffic is at a minimum.
Further complicating traffic management, signal controlled junctions were
immediately (60m) north and close (150m) south of the bridge, and traffic was
frequently queued across the bridge in both directions. A busy bus depot was
located on the corner at the north junction, and large numbers of busses used
the bridge. There was no alternate route suitable for busses or HGVs across
the canal without a diversion of approximately 5 miles.
Since the bridge was the only road across the canal for some distance, a very
large number of services crossed the deck, including large water gas and
sewer mains and electric cables.
The towpath contained high-voltage electric cables and fibre optic cables.

Step 3.
Initial testing and investigation
In light of the many constraints, some conflicting, the structure owner (London
Borough of Brent) commissioned TGP to produce a detailed feasibility study, which
included inspection of the structure, with break-outs to expose reinforcement and
trial-pits in the road and on the towpath.
Strengthening options examined included over-slabbing or complete replacement of
the deck and additional reinforcement added to the buried counterforts or new
concrete added to the exposed face of the abutments.
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The cost of services diversions and the police traffic requirements ruled out deck
replacement and some very disruptive strengthening options.
The result of the feasibility study was a proposal for a strengthening scheme
adopting a combination of fibre composite and conventional strengthening and
repairs:
Pultruded CFRP strips to strengthen the main beams in sagging
In-situ lay-up fabrics to strengthen the main beams in shear at locations near
the abutment faces
In-situ lay-up fabrics to the soffit of the deck slabs to strengthen these in
transverse flexure
In-situ lay-up fabrics round the corner from the top of the deck to the back of
the abutment to strengthen this location in flexure
New concrete face to the abutment walls to strengthen these in flexure
New drainage cored through existing wing-walls to relieve loading due to
water pressures
Extensive conventional concrete repairs to address spalling and corroded
reinforcement throughout the structure.
The strengthening works on top of the deck were limited to the width of deck between
service bays and thus did not require and services diversions. Resolution of some
conflicting constraints (such as works timing) was not considered at this stage, but
these issues were identified and highlighted for resolution during detailed design.
Following development of the outline proposal, further inspection and testing was
undertaken to examine the quality of the existing concrete and confirm suitability for
surface-mounted strengthening. The soffit of the entire deck was coated in a
cementitious render that masked some areas of deficient concrete. The soffit was
tap-tested throughout (working from a boat-mounted platform) to attempt to quantify
the areas requiring repair, and pull-off tests were completed both to the render and to
the parent concrete. Chloride content and depth of carbonation testing was also
undertaken.

Step 4.
Material selection
Since the works were to be competitively tendered, the design was based upon
generic material properties, which could be sourced from a number of suppliers:
Strip for flexural strengthening
Pultruded carbon fibre strip, with properties
Young’s modulus, E, at least 150kN/mm2
Tensile strength at least 2000N/mm2
Ultimate tensile strain 1.5%
Fabric for flexural and shear strengthening
Carbon fibre unidirectional fabric
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Young’s modulus, E at least 230kN/mm2
Tensile strength at least 3000N/mm2
Ultimate tensile strain 1.5%
Adhesives for each case were assumed to be epoxy, meeting the requirements set
out in Concrete Society Report TR55.
Under the proposed classification scheme the strips would be classified as
PBU/1/C/E, and fabrics as RW/1/C/E

Step 5.
Partial factors
The following partial factors were adopted, in accordance with the recommendations
of TR55:
Strips for flexure
Material type factor
Method of manufacture factor
Young’s Modulus factor

- 1.4 (carbon)
- 1.1 (pultruded plates)
- 1.1

Fabrics for flexure
Material type factor
Method of manufacture factor
Young’s modulus factor

- 1.4 (carbon)
- 1.4 (wet lay-up sheets)
- 1.1

Fabrics for shear
Material type factor
Young’s modulus factor

- 1.4 (carbon)
- 1.1

For design of new reinforced concrete, methods and partial factors were in
accordance with BS5400 Part 3.

Step 6.
Design calculations
The strengthening was designed following guidance set out in TR55. The geometric,
material and loading data already determined were used to find the area of
reinforcement required in flexure. Checks were performed with regards to peeling
and debonding failures.
For a typical main beam in flexure a CFRP strip 100mm wide by 1.2mm thick Sika
CarboDur S was selected. Beams towards the deck edges had greater requirement.
To simplify material supply, a single size strip was adopted, so 2 or 3 strips were
applied to some beams.
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For the same reasons of simplifying material supply, a single type of fabric, being
600mm widths of unidirectional carbon effectively 0.13mm thick. The flexural fabric
applied to the top of the deck was up to 3 plies of, with a 1200mm width (two pieces)
per counterfort. The transverse strengthening to the slab required two plies over the
entire surface. The shear strengthening was relatively small requirement and was
achieved with a single ply of the same fabric to each face of the beam (installed as a
‘U-jacket’).

Step 7.
Design conformance check
Material properties were part of the input criteria.
Anchorage checks indicated that that the reinforcement could fit within the span of
the beams and slabs. The width of the beam (355 mm) was greater than the width of
the strip required.
Over the top of the deck, the cross-section of fabric required was too great to fit on
the width of counterforts available, so infill concrete sections were designed which
were dowelled into the existing counterforts and the fabric anchored onto these. The
curing of this concrete became the ‘critical path’ item in the above-deck works, so
rapid hardening concrete was specified.
Outline example methods of working (including traffic management schemes and
access platform operational specifications) were developed by TGP, and approval in
principle was obtained from British Waterways and the Metropolitan Police. The
compromise on sequencing adopted was that works over the deck (in the roadway)
would commence at the start of the school holidays, and works beneath would
commence in September. Since works beneath were outside the normal winter
maintenance period, the soffit access platform would be demountable and allow the
passage of canal boats within 30 minutes of their arrival at the bridge.
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Step 8.
Prepare specification
The majority of the specifications clauses were typical of CFRP applied to concrete
substrates, although they were complicated slightly by the number of different
applications, so it was necessary to distinguish between pultruded strips and in-situ
laminated fabrics on various different cementitious substrates.
Special requirements were imposed with respect to the sequencing and time periods
between casting new concrete or cementitious repairs and installing CFRP
strengthening materials over the top. In general, more test cubes than would
normally be required were cast, so the contractor could monitor the rate of strength
gain and install strengthening material as soon as sufficient strength was achieved.
Cube tests were supplemented by a large number of pull-off tests, since each casting
of cementitious material was tested before FRP was bonded to it.

Step 9.
Material selection
The contractor (Makers) selected materials for all parts of the strengthening works
that fell within the assumptions made at design stage. There were thus no changes
required to design assumptions.
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Step 10.
Method Statement for application of reinforcement
Method Statements were prepared by the contractor (Makers) and were submitted
for approval by TGP (designers), British Waterways, the police, and L B Brent.
The contractor adopted traffic management and sequencing above the deck exactly
as the outline scheme developed by TGP. However, for works below the deck they
elected to use a smaller platform that provided access to only one third of the deck
width at any one time. This made sequencing more critical, but made it easier to
meet the requirements for allowing canal traffic.

Step 11.
Site activities prior to installation
Site establishment was completed in accordance with the approved Method
Statements.
Traffic management was implemented by a specialist sub-contractor. Traffic signal
rephrasing was undertaken by the local authority’s contractor. The access platform
(partly supported on the towpath, and partly on a barge anchored to the canal bank)
and the excavation above the bridge were undertaken by sub-contractors under the
supervision of the main contractor. All other works were completed by the main
contractor.

Step 12.
Surface preparation
Surface preparation was generally by grit-blasting, taking particular care to contain
spent grit and dust, due to the proximity of live traffic and the environmentally
sensitive canal.
Surface preparation was checked by pull-off testing, using 50mm steel dollies
bonded to the various parts of the structure. Values in the range 2.9 to 5.1N/mm2
were obtained, with mean value 4.1N/mm2 and standard deviation 0.7 N/mm2. These
values easily satisfy the acceptance criterion that all values should exceed
1.5N/mm2.
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Step 13.
Application of composite materials system

Installation was strictly in accordance with the approved Method Statements.
TGP supervised installation of composites and reviewed the contractors QA records
as installation progressed.

Step 14.
Final QA checks, inspection and approval

32

Since TGP (as designer) supervised all the works and bi-weekly progress meetings
addressed technical matters as the contract progressed, there was no separate
inspection and approval process.
Future inspection will be on the usual bridge inspection cycle.
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5.

St Michael’s Road Underbridge –
CFRP plates bonded to concrete

Introduction
St. Michael’s Road Underbridge carries the Weaver Junction to Liverpool Lime Street
line over St. Michael’s Road. St. Michael’s Road is a disused access to an industrial
area that is permanently flooded to a depth of 1.2m at the point of the bridge.

Step 1.
Type of structure
The original structure was constructed in the mid 19th century as a metal longitudinal
beam and transverse masonry jack arch structure, and was replaced in 1959 with a
6.7m square span deck comprising of 4 No. precast reinforced concrete deck units
(PCU) with each deck unit located directly below each rail and 2 No. precast
reinforced concrete parapet units to the edges of the deck (see Figure 2).
The bridge was assessed as capable of carrying an RA1 vehicle at 80mph to the
Network Rail Group Standard RT/C/025 Issue 1.

Figure 1. Approach photographs of St. Michael’s Road Bridge

Figure 2. Section through deck structure of St. Michael’s Road Bridge
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Step 2
Design conditions
The required capacity for the bridge was full RU loading to the Highways Agency
Design Manual for Roads and Bridges BD 37/01 because it carries the West Coast
Main Line. As this was the first underline bridge to be strengthened using carbon
fibre reinforced polymer (CFRP) laminates, a maximum limit of 50% increase in
overall capacity was permitted by Network Rail. This meant that an increase to full
RU loading could not be accommodated, as this required a 75% increase. However
an increase in capacity of 47% and 44% represented an RA10 vehicle at 60mph or
an RA8 vehicle at 90mph respectively. Network Rail North West Region accepted
this strengthening compromise because line upgrades to full RU loading were a
longer term issue. The composite strengthening was installed with the outer most
face protected with peel-ply, so that when full RU loading becomes needed additional
laminates can be bonded to the fresh surface of the existing laminates, once the
peel-ply is removed, to upgrade the capacity.
Trains were due to start using the bridge before the adhesive had fully cured,
approximately 4 hours after bonding works had finished. Consideration was given to
the choice of adhesive so that sufficient curing had taken place as to not compromise
the adhesive bond. In addition, temporary props were used throughout the composite
strengthening installation to ensure good contact of the adhesive with the concrete
substrate until the adhesive had sufficiently cured.
The bridge was under capacity in bending thus the strength was increased by
bonding the composite laminates to the soffits of the PCUs. The shear capacity was
assessed as adequate. The soffit of the bridge is not in direct contact with a constant
source of moisture and will not suffer from direct solar heat gain. The ambient high
air temperature (BD37/01) is 34°C and the ambient low air temperature is -14°C.
The scheme was designed by Mouchel Parkman and independently checked by
TGP, a pre-requisite of the Network Rail process, described in the Network Rail
Structures Advice Note (SETAN) for advanced composites.

Step 3.
Initial testing and investigation
An initial investigation was carried out which included taking core samples to test the
concrete compressive strength, to check for chloride levels and carbonation, and
pull-off tests to test tensile strength. Following review of the test results, the bridge
was deemed appropriate for Carbon Fibre Reinforced Polymer (CFRP) laminate
strengthening.
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Step 4.
Materials selection
To increase the stiffness and flexural strength of the structure, the stiffest and
strongest fibre type was chosen, carbon. The resin to protect the fibres in transit and
use and to transmit the forces from the adhesive bond to the composite
strengthening was chosen to be epoxy-based, because it presents a good range of
short and long term mechanical properties at low cost while being easy to cure and
handle. Within the design, the approximate characteristic material properties
required for the carbon fibre reinforced polymer (CFRP) laminates (classification
PBU/1/C/S) were assumed as:
Ultimate Tensile Strength = 3000MPa
Modulus of Elasticity = 150GPa
Ultimate Strain > 0.8%
Dimensions: Width ~ 120mm, Thickness ~ 1mm
The available working time in the possessions (less than 6 hours) favoured the use of
pultruded or pre-formed laminates due to their relatively quick installation compared
to wet lay-up or other installation methods.
During the design, generic material properties were assumed, however it was known
that several materials were commercially available to provide the assumed
characteristic material properties. A suitable material is manufactured by MBT; the
MBrace Laminate MM. This material has the following properties:
Minimum Ultimate Tensile Strength = 2700MPa
Minimum Modulus of Elasticity = 165GPa
Ultimate Strain > 1.4%
Dimensions: Width = 120mm, Thickness = 1.2 or 1.4mm
The adhesive was to be a thixotropic epoxy adhesive recommended by the
manufacturer of the FRP laminates. The adhesive must have Tg in excess of 55°C
and an initial curing time of at least 45 minutes, in addition to being suitable for use in
temperatures ranging from –10°C to 45°C. Again, prior to the selection of the material
properties, the designer ensures that several such products are commercially
available. The material properties assumed matched the MBT Mbrace Laminate
Adhesive HT65 (classification PBU/1/C/S).
The concrete strength is fcu=29Nmm-2, and the internal reinforcement is Grade 230
(fy=230Nmm-2) from the available record drawings, and test results.
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Step 5.
Partial factors
As the structure to be strengthened is concrete, the partial safety factors were taken
from The Concrete Society Report, TR55 (2000 edition). These are as follows:
Material
Carbon FRP

Partial safety factor, γε
1.25

Type of system (and
method of application or
manufacture)
Laminates
Pultruded
Material
Carbon FRP

Additional partial
safety factor, γmm
1.1

Factor of safety, γE
1.1

Factor of safety for steel stress check, γms

=

1.0 (TR55 recommends 1.0fy
for grade 230 steel)

Material safety factors (from BS5400 Part 4) used:
γc
=
1.5
Concrete
γs
=
1.15
Steel
The conditions in TR55 clause 5.6.8 Adhesive are satisfied.

Step 6.
Design calculations
The design was performed using TR55 in conjunction with BS5400 Part 4.
This resulted in using an area of 2352mm2 CFRP laminates per PCU. This area was
made up of individual laminates of 4 No. 1.4mm thick and 5 No. 2.8mm thick (made
up of 2 factory bonded 1.4mm thick laminates), 120mm wide laminates at 180mm
centres (the placement of the laminates is shown in the drawing below) over the
1.7m wide concrete beam soffit. To reduce the shear and peel stresses developed at
the ends of the laminates, the second plate of the 2.8mm thick laminates was
curtailed before the end of the plate, reducing the plate thickness to 1.4mm at each
end.
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Figure 3. Section through a deck unit of the bridge, detailing the internal and
external reinforcement
Calculations showed that an anchorage length of 500mm is required, beyond the
point at which the laminates are required, however it is recommended by TR55 to
extend the FRP strengthening to as close to the ends of a simply supported span as
possible. In this case, the laminates were extended to approximately 500mm from
the supports due to limited access at the bearings.

Step 7.
Design conformance checks
1. Resin Tg

=

2. Adhesive Tg =

Not listed, but manufacturer tests show 80oC-100oC
Not listed, but manufacturer tests show 60oC

3. The dimensions of the reinforcement are appropriate for the structure as it will
not overhang the edge of the soffit or impede on the headroom by an
unacceptable amount.
4. ULS and SLS Stress and Moment Checks
a. The applied ULS bending moment is 1504kNm, the capacity of the
strengthened beam is 1628kNm, ok
b. The concrete stress under ultimate load is 15.53Nmm-2, compared to
an allowable of 17.4Nmm-2 (0.6fcu),
ok
c. The stress in the internal reinforcement under serviceability load is
217Nmm-2 and the allowable stress is 230Nmm-2,
ok
d. The stress in the external reinforcement under serviceability load is
147Nmm-2 compared to the allowable of 1400Nmm-2 (0.5fy), ok
e. Fatigue check of the FRP ok using 80% of the ultimate design strength,
1454Nmm-2 compared to 147Nmm-2,
ok
f. Stress rupture check of FRP ok, using 65% of the serviceability design
strength, 1182Nmm-2 compared to 147Nmm-2, ok
g. FRP separation failure check ok, factor of safety of 2.6 when
longitudinal shear stress is limited to 0.8Nmm-2,
ok
h. Factor of safety on adhesive shear strength >2 using γma=4 from
MMS6,
ok
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5. The required level of current strengthening is achieved, utilising a future proof
design enabling an increase in extent of laminates when strengthening to full
RU loading is required and endorsed
ok
6. TGP performed a CAT III (independent check) of the design

ok

Step 8.
Prepare specification
Extracts from the specification:
Workmanship
1. The Contractor shall be responsible for procurement, delivery to site and
installation of all materials. Full details of the manufacturer of the laminates
and adhesives together with a fully detailed method statement shall be
submitted with the tender for approval,
2. The FRP composite laminate reinforcement bonding works both on and off
site shall be carried out by a contractor with a proven record of having
completed similar works in the past. All operatives shall have undergone
training in the application of the materials by the supplier of the FRP laminates
and adhesive system,
Concrete Substrate
1. The surface of the concrete to be bonded shall be dry, sound, uncontaminated
and free from chlorides,
FRP Laminate
1. FRP laminates shall be prepared and applied in accordance with the
manufacturer’s recommendations,
2. The FRP laminates shall be manufactured by the pultrusion process and have
properties and sizes in accordance with the contract drawings and schedules
3. The contractor shall supply independent certification and test results to verify
that the properties of the laminates in the particular batch of material used are
in accordance with the contract requirements,
Adhesive
1. The adhesive to be used shall be a thixotropic epoxy adhesive recommended
by the manufacturer of the FRP laminates for use with the laminates in
structural bonding applications,
2. The adhesive should have a glass transition temperature, Tg, in excess of 550
C and an initial curing time of at least 45 minutes, suitable for use in
temperatures ranging from -100 C to 450 C,
The specification also contained requirements of the sequence of works and the
tolerances on the workmanship. The processes through which the FRP laminates
were applied to the substrate were agreed with the Employers Representative in
advance of going to site.
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Independent Testing
1. An Independent Testing Authority shall be appointed to carry out testing of the
materials used. This shall be a reputable laboratory with specialist adhesives
expertise,
2. Five pull-off tests shall be undertaken before the plate bonding operation. The
tensile bond stress at failure shall be greater than 1.5N/mm2 for all tests, if any
test should fall below this threshold then the Employers Representative should
be consulted,
3. Appropriate test samples shall be made up from each batch (50kg) of
adhesive mixed, or as appropriate (per beam etc.) agreed in advance with
Employers Representative,
4. Adhesive tests to be performed: Tg, tensile strength and modulus, bond
strength of adhesive to FRP laminates, all in appropriate numbers to gain a
representative sample,
5. FRP tests to be performed: Tensile strength and modulus all in appropriate
numbers to gain a representative sample,
6. Tap testing Bonding records shall be created, recording: Dew Point, Air
Temperature, Substrate Temperature, Relative Humidity
The designer’s risk assessment is also created at this point, detailing risks and
mitigation of the risks, giving a residual risk for the whole bonding scheme.

Step 9.
Specific materials selection
No requirements in addition to those outlined in Step 4.

Step 10.
Method Statement for application of reinforcement
The Method Statement was prepared by the main contracting company with input
from the specialist subcontractors, Quickseal. This document details:
• The scope of works, identification of hazards
• Railway interface arrangements (e.g. possession types etc.)
• Protection from railway infrastructure
• Environmental protection
• Required plant and equipment
• The bonding methodology
• The materials to be used
• Emergency arrangements
• Contractor qualifications.
This document also included instructions for using a tented area to maintain the
required bonding environment (temperature and humidity). Also included were
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details of how to support the laminates along their length during the adhesive cure,
while the trains were passing over the bridge.
Within this activity stage, the designer was able to check that the contractor-selected
material system for the strengthening was appropriate to project requirements. It is
possible that the contractor may have suggested materials different to those
referenced in Step 4 which would have then been confirmed to match the specified
properties and design criteria.
The document was checked, commented on and then approved by the Employers
Representative. Typical shortfalls with the method statements compiled by
subcontractors include: information being too brief, lack of detail in the methodology
(compared with the detail provided within the specification, which must be conformed
to) and conflicts with the specification information.

Step 11.
Site activities prior to installation
These processes are detailed within the pre-approved method statement:
1. Arrive at site
2. Set up lights, heating and enclosure
3. Await ES/COSS permission to begin
4. Check concrete surface and prepare
5. Apply adhesive to laminates and concrete
6. Apply laminates to bridge soffit
7. Install temporary props (these are to ensure pressure is maintained during the
curing process, while the trains are running, outside the ‘no wheels’
possession)
8. Clear site of all but curing environment
9. Hand back site.
During bonding works, an Employers Representative was present on site to maintain
and confirm the bonding record and approve ‘check points’.
A typical bonding record would read as follows:
Site Report: St Michaels Road
Sunday 19th January, 2003
18:20pm – dew point 4.6 deg.C, air temperature 8.1 deg.C, substrate
temperature 7.9 deg.C, relative humidity 78%.
Priming carried out on Beams 1 and 2 at 18:20pm.
During priming of beams 4 and 5: dew point 4.3 deg.C, air temperature 10.3
deg.C, substrate temperature 7.8 deg.C, relative humidity 70%.
During priming of beams 6 and 7: dew point 4.3 deg.C, air temperature 8.1
deg.C, substrate temperature 7.8 deg.C, relative humidity 75%.

41

Step 12.
Surface preparation
Prior to bonding the surface was prepared by grit blasting to be clean, corrosion free
and free from contaminates. It was then repaired using an appropriate, compatible
repair material that has been approved prior to commencement of activities. These
steps are detailed within the method statement and had prior approval of the
Employer’s Representative. Steel dollies were then bonded on for subsequent pulloff tests, which were performed after a cure of at least 24 hours, but prior to
application of composite system.
The pull off test results showed that of the 16 pull offs performed, 4 fell marginally
below the 1.5Nmm-2 specification limit. The Employer’s Representative was
consulted on this and approval was given to proceed.

Step 13.
Application of composite material system
The peel ply was first removed from the laminate and the surface was degreased. A
thin layer of adhesive was applied to the laminate and the laminate was then applied
to the bridge soffit in the correct position, under pressure to remove air voids.
Simultaneously, the testing samples are prepared. These steps are detailed within
the method statement and had prior approval of the Employer’s Representative.

Step 14.
Final QA checks, inspection and approval
The laminates were tap tested after cure to ensure the entrapped air is within the
limits within the specification. Off site testing by Oxford Brookes University on dumb
bell samples of adhesive (for tensile modulus and strength), adhesive Tg, single lap
shear for different batches. The results were as follows:
Tg
Ultimate tensile strength
Tensile modulus
Lap shear strength

=
=
=
=

57.1°C Pass
47.4MPa
Pass
14.1GPa
Pass
8.42MPa
Pass

Tap testing showed that voids bigger than those in state by the specification were
found. The contractor was instructed to submit a method of repair of the voided
areas, which used resin injection into the voids and lapping laminates. Further taptesting of the composite strengthening showed the repairs to be satisfactory.
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Inspection/Maintenance/Monitoring Regime
The inspection regime for this structure is a close visual inspection (including taptesting for voids in the adhesive bond) every six months for the first year, followed by
yearly visual inspections (including tap-testing for voids in the adhesive bond) for the
next 3 years as part of the normal inspection regime. The visual inspections shall
include looking for signs of de-bonding or cracking in the adhesive bond and damage
to the concrete substrate and CFRP laminates.
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APPENDIX: AS BUILT DRAWING
Copy of a drawing sent to the subcontractor.
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6.

New Moss Road Overbridge –
CFRP Plates bonded to cast iron

Step 1.
Type of structure
The structure is located at 25 miles 14 chains on the Liverpool to Manchester line in
Irlam, Greater Manchester. The bridge is a two span structure carrying New Moss
Road, an unclassified single carriageway road. The original bridge was constructed
in 1873 consisting of a single span structure of six simply supported cast iron beams
with brick masonry jack arches spanning between the beams. In 1956, the bridge
was extended to the south by the provision of a second span of reinforced concrete
construction, although the track under this span has now been taken up. The spans
are named north (cast iron) span and south (reinforced concrete).
Both spans are square to their supports. The north span has a clear span of 7.89m
and is supported by dressed sandstone sills on a massive brick masonry abutment
and central pier. The south span has a clear span of 4.89m and is supported on the
central pier and south abutment. The bridge has masonry wing walls parallel to the
road. The bridge carriageway has a clear width of 6.1m with a single verge 1.5m
wide. The condition of the carriageway surfacing was considered poor (this has
implications on the loading of the bridge using Highways Agency DMRB BD21/01).
The transverse tie-rods in the structure had corroded in a number of locations in the
external bays, reducing the lateral stability of the jack arches.
The structure was assessed to BD 21/97 (The Assessment of Highway Bridges and
Structures) showing the internal beams of the cast iron span to have an assessment
live load rating of 17 tonnes and the reinforced concrete span to have an assessment
live load rating of Group 1 Fire Engine at 7.5 tonnes.

Figure 1. Approach photographs of New Moss Road Bridge
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Figure 2. Section through existing deck structure of North Span of
New Moss Road Bridge

Step 2.
Design conditions
New Moss Road Bridge was the only suitable access for HGVs to an industrial estate
and as such the local council could not impose a permanent weight restriction on the
structure. The bridge had a required capacity of full HA and 30 units of HB to carry
the large industrial vehicles. To increase the capacity, several options were
considered, including complete deck reconstruction and infill replacement, both of
which required prohibitively expensive service diversion. The most appropriate
solution was to strengthen the bridge with externally bonded reinforcement, which did
not require works to the deck top.
The bridge spans a busy railway line and therefore all works had to be performed
within time limited possessions which only provided 4 hours of usable working time
from any available 8 hour period (time is taken to set up the possession and then
hand it back afterwards).
The North (cast iron) span had headroom clearance from track (rail) level of 4.18m.
This is less than the minimum headroom clearance for straight and level track of
4.64m as set out in Network Rail Group Standard GC/RT5204 and thus any further
reductions in headroom had to be agreed with a Network Rail gauging engineer.
For an increase in flexural capacity in the cast iron and concrete spans, the soffit of
the cast iron beams was to be strengthened with ultra high modulus carbon fibre
composite laminates, and the soffit of the concrete span was to be strengthened with
high strength, standard modulus carbon fibre composite laminates. The soffit is not
in direct contact with a constant source of moisture and will not suffer from direct
solar heat gain as internal beams (only) were strengthened. The ambient high air
temperature (BD37/01) is 34°C and the ambient low air temperature is -14°C.
The scheme was designed by Mouchel Parkman and independently checked by
TGP, a pre-requisite of the Network Rail process, described in the Network Rail
Structures Advice Note (SETAN) for advanced composites.
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Step 3.
Initial testing and investigation
An initial investigation was carried out on the concrete span, which included taking
core samples to test the concrete compressive strength, to check for levels of
chlorination and carbonation, and pull-off tests to test tensile strength. The cast iron
beams were inspected for their straightness, flatness, pitting and cracks any of which
could render strengthening by plate bonding ineffectual. Following review of the test
results and inspection, the bridge was deemed appropriate for composite plate
strengthening.

Step 4.
Materials selection
To increase the stiffness and flexural strength of the structure, the stiffest fibre
system was chosen, carbon. In particular, to reduce the critical tensile stressed in the
cast iron beams, ultra high modulus carbon fibre reinforced polymer laminates were
chosen. The resin to protect the fibres in transit and use and to transmit the forces
from the adhesive bond to the composite strengthening was chosen to be epoxybased because it presents a good range of mechanical properties at low cost while
being easy to cure and handle. It was not appropriate to use materials of the same
stiffness for both north and south spans as the north (cast iron) span required a much
stiffer material to increase its strength within more limited headroom conditions (the
south span no longer accommodates railway lines).
Within the design, the approximate characteristic material properties for the external
reinforcement required on the cast iron span (classification PBU/1/CI/S) were
assumed as:
Ultimate Tensile Strength > 1100MPa
Modulus of Elasticity = 420GPa
Ultimate Strain > 0.3%
Dimensions: Width =140mm, thickness = 4mm multiples
The available working time in the possessions (less than 6 hours) favoured the use of
pultruded or pre-formed laminates due to their relatively quick installation compared
to wet lay-up or other installation methods. During the design generic material
properties were assumed, however it was known that several materials were
commercially available to provide the assumed characteristic material properties. A
suitable material is manufactured by Epsilon and supplied by MBT.
Within the design, the approximate characteristic material properties for the external
reinforcement required on the concrete span (classification PBU/1/C/S) were
assumed as:
Ultimate Tensile Strength = 2800MPa
Modulus of Elasticity = 150GPa
Ultimate Strain > 0.8% (based on TR55 requirement)
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Dimensions: Width = 150mm, thickness = 2mm multiples
A suitable material is also manufactured by Epsilon and supplied by MBT, the
MBrace Laminate MM. This material has the following properties:
Minimum Ultimate Tensile Strength = 2700MPa
Minimum Modulus of Elasticity = 165GPa
Ultimate Strain > 1.4%
Dimensions: Width = 150mm, thickness = 2mm multiples
The adhesive had to be thixotropic epoxy adhesive recommended by the
manufacturer of the FRP laminates (classification PBU/1/CI/S). The adhesive has to
have a Tg in excess of 55°C and an initial curing time of at least 45 minutes, in
addition to being suitable for use in temperatures ranging from –10°C to 45°C. The
material properties assumed matched the MBT Mbrace Laminate Adhesive HT65
(classification PBU/1/C/S).
The concrete strength is fcu=15Nmm-2 and the internal reinforcement is Grade 230
(fy=230Nmm-2) from the available record drawings.

Step 5.
Partial factors
For the south span:
The structure to be strengthened is concrete, thus the partial safety factors are taken
from The Concrete Society Report, TR55 (2004 edition). These are as follows:
Material
Carbon FRP

Partial safety factor, γε
1.25

Type of system (and
method of application or
manufacture)
Laminates
Pultruded
Material
Carbon FRP

Additional partial
safety factor, γmm
1.1

Factor of safety, γE
1.1

Factor of safety for steel stress check, γms

=

1.25 (TR55 Recommends 0.8fy
for high yield steel)

Material safety factors (from BS5400 Part 4) used:
=
1.5
Concrete
γc
=
1.15
Steel
γs
The conditions in TR55 clause 5.6.8 Adhesive are satisfied.
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For the north span:
The structure to be strengthened is cast iron, thus the partial safety factors are taken
from CIRIA Report, C595. These are as follows:
Material
Carbon FRP

Partial safety factor, γε
1.4

Type of system (and
method of application or
manufacture)
Laminates
Pultruded

Additional partial
safety factor, γmm
1.1

γme = 1.41, using T (operating temperature) = 40o C, Tref = 20o C, and Tg = 60o C.
γmt = 1.0, based on Table 6.7, as the composite strengthening (and adhesive) only
takes transient loading.
Cast Iron is assessed to a permissible stress methodology using BD21/01 and thus
has a series of stress limits rather than partial factors (see Clause 4.10).

Step 6.
Design calculations
The design calculations were performed using TR55 and BS5400 Part 4 for the
concrete span and BD21/01 and CIRIA C595 for the cast iron span.
For the south span:
The design calculations resulted in 150mm wide, 2mm thick MBT Laminate LM at
300mm centres for the width of the deck soffit.

Figure 3. Section through concrete deck of the south span showing the
internal and externally reinforcement
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For the north span:
The design calculations resulted in using 2 No. 140mm wide (UHM laminates)
laminates per lower flange of each beam. The laminates were factory bonded up to
6 No. 4mm thick layers in centre span, tapered towards the ends to reduce shear and
peel stresses.

Figure 4. Section through cast iron beam of the north span showing the
externally applied reinforcement

Step 7.
Design conformance checks
For the south span:
1. Resin Tg

=

2. Adhesive Tg =

Not listed, but manufacturer tests show 80-100oC
Not listed, but manufacturer tests show 60oC

3. The dimensions of the reinforcement are appropriate for the structure as it will
not overhang the edge of the soffit or impede on the headroom by an
unacceptable amount.
4. ULS and SLS Stress and Moment Checks
a. The applied ULS bending moment is 345kNm, the capacity of the
strengthened beam is 485kNm, ok
b. The concrete stress under serviceability load is 7.35 Nmm-2, compared
ok
to an allowable of 7.5 Nmm-2 (0.6fcu),
c. The stress in the internal reinforcement under serviceability load is 170
Nmm-2 and the allowable stress is 184Nmm-2 (0.8fy), - ok
d. The stress in the external reinforcement under serviceability load is
91.6Nmm-2 compared to the allowable of 1550Nmm-2 (0.5fy), ok
e. Fatigue check of the FRP ok using 80% of the serviceability design
strength, 91.6Nmm-2 compared to 1610Nmm-2, ok
f. Stress rupture check of FRP ok, using 65% of the serviceability design
strength, 91.6Nmm-2 compared to 1308Nmm-2, ok
g. FRP separation failure check ok, factor of safety of 1.3 when
longitudinal shear stress is limited to 0.8Nmm-2,
ok
5. Appropriate level of strengthening achieved.
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For the north span:
=

Not listed, but manufacturer tests show 60oC

2. Adhesive Tg =

Not listed, but manufacturer tests show 60 oC

1. Resin Tg

3. The dimensions of the reinforcement are appropriate for the structure as it will
not overhang the edge of the soffit or impede on the headroom by an
unacceptable amount (after negotiation with gauging engineer).
4. Stress checks:
a. Strain in FRP at midspan = 0.016% compared to allowable of 0.3%
b. The live load tensile stress in the strengthened cast iron beams is 11.3
N/mm2, compared to the allowable live load tensile stress of 10.8
N/mm2
ok as reduction factor is 0.96 > 0.91 (40T ALL for
heavy traffic, poor surfacing).
5. Appropriate level of strengthening achieved.

Step 8.
Prepare specification
Extracts from the specification for concrete can be found in the case study ‘St
Michael’s Road’. Extracts of a specification for CFRP materials bonded to cast iron
are show below, however the concrete and cast iron specifications share common
clauses of workmanship, FRP laminate, adhesive and independent testing (however
the pull of strength to be achieved is 20N/mm2).
Cast Iron Substrate
1. The surface of the metal to be bonded shall be dry, sound and
uncontaminated. This involves removing any loose paint and corrosion,
inspection/repair of any cracks then grit blasting to a level of SA2.5.

Step 9.
Specific materials selection
No requirements in addition to those outlined in Step 4.

Step 10.
Method Statement for application of reinforcement
The Method Statement was prepared by the contracting company Makers Ltd – Civil
Engineering Repair Division. This document details:
• The scope of works, identification of hazards
• Railway interface arrangements (e.g. possession types etc.)
• Protection from railway infrastructure
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•
•
•
•
•
•

Environmental protection
Required plant and equipment
The bonding methodology
The materials to be used
Emergency arrangements
Contractor qualifications.

The document was checked, commented on and then approved by the Employers
Representative.
Makers Ltd. was the sub-contractor who prepared the method statement and carried
out the works. Initially the method statement was too brief and contained insufficient
information about the methodology to which they were planning their work, their
experience in performing similar jobs and also contained inconsistencies with the
specification. The Method Statement comments were sent to Makers and the
method statement revised and later approved.
Within this activity stage, the designer was able to check that the contractor-selected
material system for the strengthening was appropriate to project requirements. It is
possible that the contractor may have suggested materials different to those
referenced in Step 4 which would have then been confirmed to match the specified
properties and design criteria.

Step 11.
Site activities prior to installation
These processes are detailed within the pre-approved method statement:
1. Arrive at site
2. Set up lights, heating and enclosure
3. Await ES/COSS permission to begin
4. Check cast iron surface and prepare
5. Apply adhesive to laminates, cast iron and concrete
6. Apply laminates to bridge soffit, install temporary clamps, and check minimum
headroom
7. Clear site and hand back possession.
These activities took place over a series of possessions over a number of weeks, so
the setting up site and other related activities were repeated more than once. During
bonding works, an Employers Representative was present on site to maintain and
confirm the bonding record and approve ‘check points’.

Step 12.
Surface preparation
Prior to bonding the surface was prepared to be clean and free from contaminates.
The cast iron was vacuum blast cleaned to SA2.5. It was then repaired using an
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appropriate, compatible repair material that had been approved prior to
commencement of activities. The priming material was then applied to the surface.
Steel dollies were then bonded on for subsequent pull-off tests that were performed
after a cure of at least 24 hours, but prior to application of composite system. 9 No.
pull off tests were performed on the concrete soffit, each yielding a stress value
greater than the limit set within the specification.
These steps are detailed within the method statement and had prior approval of the
Employers Representative.

Step 13.
Application of composite materials system
The peel ply was first removed from the laminate and the cast iron surface was
degreased. A thin layer of adhesive was applied to the laminate and the laminate
was then applied to the bridge soffit in the correct position, under pressure to remove
air voids. The laminates were then clamped into position with the temporary support
device. Simultaneously, the testing samples were prepared. These steps were
detailed within the Method Statement and had prior approval of the Employer’s
Representative.

Step 14.
Final QA checks, inspection and approval
The laminates were tap tested after cure to ensure any entrapped air was within the
limits within the specification. However, the tap testing found that there were voids
bigger than those allowed by the specification. The contractor had to inject a low
viscosity resin to fill the voids and then bond a plate over the injected area. The
Employer’s Representative was consulted on this and approval was given to
proceed.
Off site testing by Oxford Brookes University on dumb bell samples of adhesive (for
tensile modulus and strength), adhesive Tg, single lap shear for different batches.
The results were as follows:
Tg

=

64.1°C
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Pass

Ultimate tensile strength
Tensile modulus
Lap shear strength

=
=
=

20.2MPa
6.6GPa
8.7MPa

Pass
Pass
Pass

Inspection/Maintenance/Monitoring Regime
A maintenance manual was produced, with inspections scheduled at regular intervals
after the installation of the laminates to ensure:
•
•
•
•

There is no visible evidence of cracks developing in the cast iron;
There is no visible evidence of the laminates becoming debonded, determined by
visual inspection of the edges of the laminates, with no attempt to pry the
laminates from the flanges/deck soffit;
By tapping the laminates with a light metallic object (e.g. a light metal hammer),
there is no audible evidence of the laminates having become debonded;
There is no evidence of mechanical damage to the laminates, from accidental
impact or vandal attack.

This system of inspection was at three monthly intervals for the first six months, then
yearly until year three and then finally at five yearly intervals for the remaining life of
the bridge.
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APPENDIX: FOR CONSTRUCTION DRAWING (AS ISSUED TO THE SUBCONTRACTOR)
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7.

Brockley Slip Road (M1 Junction 4) –
CFRP resin wrap and CFRP plates bonded to
concrete

Step 1.
Type of structure
The slip road for the A41 onto the M1 at Brockley is a reinforced concrete (RC) deck
carrying two lanes of traffic on a tight curve. The structure is supported by RC
columns with foundations in the central reservation and verges of the M1 below. The
configuration of the structure is of three continuous 30m spans, approximately 14m
wide (including edge cantilevers). The deck itself is made up of 14No. prestressed,
precast concrete longitudinal beams with concrete infill and a thin concrete slab
spanning transversely over the longitudinal beams. The parapet was upgraded to a
full containment ‘Systema’ type parapet, resulting in the deck edge cantilevers
(overhanging beyond the 14No. longitudinal beams) becoming insufficient for
carrying the hogging moment that is created by the collision load of the Highways
Agency DMRB BD37/01.

Figure 1. Map showing curved profile of Brockley Slip Roads

Step 2.
Design conditions
The collision load induced by using a full containment parapet is detailed by the
Highways Agency DMRB BD37/01, clause 6.7.2. This states that it should contain:
a) A single horizontal transverse load of 500kN applied over a 3m length,
b) A single horizontal longitudinal load of 100kN over a 3m length,
c) A single vertical load of 175kN over a 3m length,
d) Associated primary live load (HA and accidental wheel load).
These local effects are considered in combination 4, with a ULS factor of safety of
1.4 and an SLS factor of safety of 1.15.
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The slip road accommodates a large number of vehicles every day and although both
deck edge cantilevers had to be strengthened for the structure to remain of use, the
road could not be shut off completely for any works to take place.
The additional strengthening reinforcement was to be applied to the top surface of
the bridge deck; beneath the running course. On the outside edge of the curve the
deck is flat below the running course but on the inside edge the deck is stepped
towards the cantilever. Due to overriding factors, the strengthening works took place
during the poor weather winter months.

Step 3.
Initial testing and investigation
An initial investigation was carried out which included taking core samples to test the
concrete compressive strength, to check for levels of chlorination and carbonation,
and pull-off tests to test tensile strength. Following review of the test results, the
bridge was deemed appropriate for Carbon Fibre Reinforced Polymer (CFRP)
laminates strengthening.

Step 4.
Material selection
To increase the stiffness and flexural strength of the structure, the stiffest fibre
system was chosen, carbon. The resin to protect the fibres in transit and use and to
transmit the forces from the adhesive bond to the composite strengthening was
chosen to be epoxy or vinylester-based because it presents a good range of
mechanical properties at low cost while being easy to cure and handle. It was
possible to use laminates (classification PBU/1/C/S) on the outer edge cantilever of
the slip road because the deck is flat, however, it is impossible to use laminates on
the inner edge of the curve because the deck is stepped towards the edge thus a
CFRP in-situ laminated fabric system (classification RW/1/C/S) was selected to follow
the vertical profile of the deck.
The reinforcement was applied to the top surface of the deck and had to have hot
asphalt poured on top; thus the materials must suitable for high temperatures (up to
150°C) were chosen.
Within the design, the approximate characteristic material properties required were
assumed as:
Ultimate Tensile Strength = 2800MPa
Modulus of Elasticity = 150GPa
Ultimate Strain > 0.8% (limit from TR55)
Dimensions: Width ~ 120mm, Thickness ~ 1mm multiples
The laminates were manufactured by the pultrusion process.
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For the inner edge cantilever, it is necessary to use a in-situ laminated fabric system
as the laminates cannot be formed to match the geometry of the deck. As the fibre
volume fraction of a wet lay-up system is variable, the effective area of carbon fibre,
which is known, was used as the design basis. Within the design, the approximate
characteristic material properties required for the fibres were assumed as:
Ultimate Tensile Strength = 3500MPa
Modulus of Elasticity = 230GPa
Ultimate Strain > 0.8%
The adhesive for the carbon fibre pultruded laminates had to be thixotropic epoxy
adhesive recommended by the manufacturer of the FRP laminates. The adhesive
must have Tg in excess of 60°C and an initial curing time of at least 45 minutes, in
addition to being suitable for use in temperatures ranging from –5°C to 35°C. The
design assumed that the adhesive had the following properties:
Ultimate Tensile Strength >15MPa
Modulus of Elasticity >9GPa
Lap Shear Strength > 12MPa
Adhesive Strength >4MPa
Moisture Resistance > 0.5% (at 28 days)
Similar properties were required for the laminating resin for the wet lay-up system.
In addition, a compatible levelling mortar and crack repair mortar was used prior to
the composite strengthening system where required. During the design, generic
material properties were assumed, however it was known that several materials were
commercially available to provide the assumed characteristic material properties.

Step 5.
Partial factors
The structure to be strengthened is concrete, thus the partial safety factors are taken
from The Concrete Society Report, TR55 (2004 Edition). These are as follows:
Material
Carbon FRP

Partial safety factor
on failure strain, γε
1.25

Type of system (and
method of application or
manufacture)
Laminates
Pultruded
Wet Layup
Material
Carbon FRP

Additional partial
safety factor, γmm
1.1
1.4

Factor of safety on
elastic modulus, γE
1.1
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Factor of safety for steel stress check, γms

=

1.0 (TR55 recommends 1.0fy
for grade 230 steel)

Material safety factors (from BS5400 Part 4) used:
=
1.5
Concrete
γc
=
1.15
Steel
γs
The conditions in TR55 clause 5.6.8 Adhesive are satisfied.
Concrete grade: 40 (fcu=40MPa), steel (internal reinforcement) grade 250 (fy=
250MPa).

Step 6.
Design calculations
The design was performed using TR55 in conjunction with BS5400 Part 4.

For the outside edge of the slip road the design resulted in using individual laminates
of 3 No. layers of 120mm wide, 1.4mm thick laminates at 300mm centres running
transversely across the deck, over the cantilever (i.e. perpendicular to the edge of the
cantilever). In addition to this, 2 No. layers of 1.4mm thick, 4800mm long laminates
were required to run longitudinally along the deck, over the transverse laminates in
the region of the column crossheads. The whole of the outside of the curve required
1.5km of CFRP laminates. The design of the inside edge of the cantilever required
1300mm2 of the CFRP in-situ laminated fabric per metre width.

Figure 2. CFRP Laminates Bonding/Strengthen Deck Edge Cantilever (left)
CFRP Wet Lay-up/Strengthen Deck Edge Cantilever (In Polythene Tunnel) (right)

Step 7.
Design conformance check
1.
2.

Resin Tg
=
Adhesive Tg =

Not listed, but manufacturer tests show 80°C-100oC
Not listed, but manufacturer tests show 60°C
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3.
4.

The dimensions of the reinforcement are appropriate for the structure as it will
not overhang the edge of the soffit.
ULS and SLS Stress and Moment Checks
h. The applied ULS bending moment is 260kNm/m width, the capacity of
the strengthened beam is 388kNm/m width,
ok
i. The concrete stress under serviceability load is 23.4Nmm-2, compared
to an allowable of 24.0Nmm-2 (0.6fcu), ok
j. The stress in the internal reinforcement under serviceability load is
200Nmm-2 and the allowable stress is 200Nmm-2 (0.8fy)
ok
k. The stress in the external reinforcement under serviceability load is
436Nmm-2 compared to the allowable of 1400Nmm-2 (0.5fy), ok
l. Fatigue check of the FRP ok using 80% of the ultimate design strength,
1454Nmm-2 compared to 436Nmm-2,
ok
m. Stress rupture check of FRP ok, using 65% of the serviceability design
strength, 1182Nmm-2 compared to 436Nmm-2, ok
n. FRP separation failure check ok, factor of safety >1.0 when longitudinal
shear stress is limited to 0.8Nmm-2,
ok

Step 8.
Prepare specification
Two specification documents were required for the FRP systems in this project, one
for the CFRP laminate system and one for the CFRP in-situ laminated fabric system.
The laminate system had a similar specification to that shown in the case study for St
Michael’s Road Bridge, with further requirements for the contractor to prove – to the
Employer’s Representative, that the CFRP laminates were able to withstand the high
temperature of the hot asphalt pour. The specification for the CFRP in-situ laminated
fabric details the methodology for preparation of the materials and detailed testing of
the strength of the installed materials, which had to be repeated within the
contractor’s Method Statement.

Step 9.
Specific materials selection
No requirements in addition to those outlined in Step 4.

Step 10.
Method Statement for application of reinforcement
The method statement detailed the methodology the contractor (Laser Special
Projects) intended to use for the installation of the external reinforcement. It also
detailed the qualifications of the workers to perform the laminates bonding and
various heath and safety and emergency procedures that were required.
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The site works were planned to begin in October 2001 and end in January 2002. The
process followed the following steps:
•
•
•
•
•
•
•
•

The deck surfacing was to be planed off to reveal the structural concrete
beneath.
The deck cantilever area was then to be surface-prepared by grit-blasting.
Any substandard surface areas were to be repaired with an epoxy mortar
compatible with the CFRP strengthening system.
The East Cantilever (outside edge) was programmed to be strengthened first,
using high-strength pultruded multiple CFRP composite laminates.
The rate of strengthening work during inclement weather was to be maintained
by erecting a polythene tunnel. It was planned to take 6 weeks to strengthen
a 90m length of the deck.
During work on one side of the deck, the other side was open to traffic.
Therefore, the East side of the deck was reinstated and opened prior to works
on the West (inside edge) cantilever.
The West cantilever was programmed to be strengthened in the winter
months, using a polythene tunnel to allow continual installation to take place.
This section of the work took about 4 weeks.
The West side of the deck was then reinstated and the bridge opened to
traffic.

Within this activity stage, the designer was able to check that the contractor-selected
material system for the strengthening is appropriate to project requirements. It is
possible that the contractor may suggest materials different to those referenced in
Step 4 which must then be confirmed to match the specified properties and design
criteria.

Step 11.
Site activities prior to installation
This step involved detailed planning and implementation of traffic management and
taking possession of the site.

Step 12.
Surface preparation
Following the Method Statement, the asphalt running course was removed and then
the concrete surface was prepared by grit blasting. Damaged areas of the deck
surface were then repaired (e.g. any cracks greater than 0.3mm wide) with a
compatible resin. Steel dollies were then bonded on for subsequent pull-off tests
which were performed after a cure of at least 24 hours, but prior to application of
composite system. Once the deck was deemed to be suitably prepared and free
from dust, bonding works could commence.
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Step 13.
Application of composite materials system
Due to the winter weather a long polythene ‘tunnel’ was erected first over the bonding
area. The peel ply was then removed from the laminate and the surface degreased.
A thin layer of adhesive was applied to the laminate and the laminate was then
applied to the bridge soffit in the correct position, under pressure to remove air voids.
Simultaneously, the testing samples are prepared. These steps are detailed within
the method statement and had prior approval of the Employers Representative.
The same procedure was applied to the CFRP in-situ laminated fabric, except the
material had to undergo more site based preparation, including:
• The fabric sheets were cut to an appropriate size, the maximum length of any
sheet cut was 2 metres to allow a wrinkle-free application and to minimise
entrapped air,
• The resin was then applied to the surface of the reinforcement system,
• The resin saturated fibre reinforcement system was then applied by hand to
the primed substrate, avoiding the inclusion of air and wrinkles,
• After application by hand any paper backing material was removed from
visible surface of the saturated fibre reinforcement system,
• The saturated fibre reinforcement system was then consolidated in the
longitudinal direction,
• The saturated fibre reinforcement sheets were joined by a 15cm overlap with
additional resin on the surface of the fibres to overlap,
• The saturated fibre reinforcement system was then left to stand for a period in
accordance with the manufacturers recommendations,
• The second coat of resin was then applied onto the surface of the saturated
fibre reinforcement system and further layers of fibre reinforcement installed
using the same procedure.

Step 14.
Final QA checks, inspection and approval
The laminates and fabrics were tap tested after cure to ensure the entrapped air is
within the limits within the specification. The pull off test results showed that of the 8
No. tests performed, none failed the 1N/mm2 concrete tensile strength limit, and
approval was given to proceed with the composite strengthening installation.
Off site testing by RMCS (Cranfield University) and Oxford Brookes University on
dumb bell samples of adhesive (for tensile modulus and strength), adhesive Tg, the
tensile strength and modulus of the CFRP wrap and single lap shear for different
batches. The results were as follows:
In-situ laminated fabric tensile strength >710MPa (fibre volume fraction ~ 30%)
In-situ laminated fabric tensile modulus >60GPa (fibre volume fraction ~ 30%)
Adhesive Tg
>50oC
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Characteristic tensile modulus of laminates
Characteristic tensile strength of laminates
Lap shear strength
>10MPa

=148GPa
=2928MPa

These results show that the in-situ laminated fabric (CFRP wraps) did not meet the
specified values of UTS (1800N/mm2) and tensile modulus (120GPa) in the
specification, which were based on a fibre volume fraction of 50%. After these
results were received, the design calculations were revised using the actual test
values. Further analysis of the test results showed that the fibre volume fraction was
approximately 30%, and that the product of the tensile modulus and area (E x A),
was therefore sufficient to provide the stiffness and strength required. This revision
resulted in a reduced, but still acceptable, factor of safety.

Inspection/Maintenance/Monitoring Regime
CFRP laminates and in-situ laminated fabric samples from the materials used in the
strengthening were bonded to the deck of the bridge in an easily accessible location.
This was to allow an opportunity to test the integrity and condition of the CFRP
strengthening system under the actual environmental conditions at the bridge site.
Typically, visual inspections are required annually for the first three years and then at
greater intervals ad infinitum. The visual inspections shall include looking for signs of
de-bonding or cracking in the adhesive bond and damage to the concrete substrate
and CFRP laminates.
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8.

QAFCO Prill Tower – CFRP
CFRP plates bonded to concrete

Introduction
The Prill tower is located within a large chemical manufacturing plant in Qatar, Middle
East, and produces 400,000 tonnes of urea prills each year. The tower operates 365
days per year and a day of ‘down time’ costs the structure owner £600,000.

Step 1.
Type of structure
The Qafco Prill tower is a 65m tall tower, approximately 12m in diameter (36m
circumference), with a 3m diameter stair tower adjacent. The structure was originally
constructed using the slip form technique over 30 years ago. The tower is not totally
circular (as a result of the original construction process).
There are many locations of spalling of within the tower causing loss of section and
further horizontal cracking.
The analysis of the tower showed that it had insufficient strength to carry the
horizontal (hoop) bending for the daily thermal loading.

Figure 1. The Prill tower, shrouded with sheeting to control the bonding
environment
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Step 2.
Design conditions
The loadings considered within the assessment and detailed finite element analysis
are: dead load, live load (e.g. during operation), wind loading and thermal loading.
As previously stated, the tower was found to be understrength in the hoop direction
(the steel reinforcement in the hoop direction was only 10mm diameter), with a
capacity of approximately 35kNm and a required capacity of 112kNm. The vertical
bending capacity was deemed sufficient.
The thermal gradient across the reinforced concrete walls of the structure was
approximately 31°C (internal temp>70°C), which was assumed to be the main loading
case that was either excluded or underestimated in the original structure design,
causing the structure to be understrength.

Step 3.
Initial testing and investigation
The tower was inspected prior to the finite element analysis and measurements were
taken of:
• The loss of section and location,
• Cube samples to establish concrete grade,
• Concrete test samples to establish levels of carbonation and chlorination,
• Temperatures at key locations of the tower, both internal and external.

Step 4.
Material selection
A number of options were proposed for strengthening the tower and these included:
1. CFRP laminate bonding in the hoop direction
2. Steel plate bonding (jacketing) in the hoop direction
3. Addition of 10 concrete rings equally spaced along the height of the tower
Mouchel Parkman recommended the CFRP option based on the following:
• It would have the least disruption to the operations of the tower as the CFRP
option was estimated at 25 days installation period
• The steel or concrete options would require at least 90 days installation period
• The concrete or steel options needed extensive strengthening of the
foundations
• The CFRP option required the least amount of scaffolding and lifting plant to
carry out the works.
The laminates and adhesive had to have the ability to maintain their properties at
relatively high temperature environments and thus had to be of high quality.
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Pultruded laminates were chosen as the manufacturing method, as it was also critical
to minimise the installation period. The materials chosen were manufactured by
Degussa Feb MBT; laminates were 1.8mm thick, 160mm wide on 250m long rolls. A
special modified adhesive was selected based on liaison with the material
manufacturer, to ensure adequate working time and performance of the adhesive at
the high installation temperatures. The laminates had a peel ply to minimise working
time and to ensure a good quality bond.

Figure 2. CFRP Material Roll

Step 5.
Partial factors
The partial factors for the structural design were in accordance with TR55 as the
design was for strengthening concrete. These partial safety factors are detailed
within the case studies for Brockley Slip Road, St. Michael’s Road and New Moss
Road Bridges.

Step 6.
Design calculations
The design was performed in accordance with TR55 and BS8110. This resulted in
the design requiring 2 No. 160mm wide x 1.8mm thick hoops of laminates per metre
rise of tower. This totalled approximately 3.5km of laminates for the whole tower.

Step 7.
Design conformance check
The level of strengthening required for the structure to continue operating was
achieved.
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Step 8.
Prepare specification
The specification was prepared by the Employer’s Representative to ensure that the
works performed by the contractor on site matched the assumptions made in the
design process. The specification was similar to that shown in the case study for St.
Michael’s Road Bridge.

Step 9.
Specific materials selection
No requirements in addition to those outlined in Step 4.

Step 10.
Method Statement for application of reinforcement
The Method Statement for installation of the CFRP laminates was prepared by the
specialist laminate bonding contractor, Balvac, who were employed as sub
contractors to the main contractor Apollo. The Method Statement was carefully
checked by the Employer’s Representative so that all efforts were made to ensure
that the works had a minimum risk of overrunning.
The Method Statement detailed how the bonding environment was to be maintained,
the lengths of laminate to be cut, techniques for performing this, how the laminates
and surface were to be prepared and how to support the laminates during the curing
of the adhesive. Additional points within the method statement detailed remedial
works that can be performed if adhesive voids are discovered.

Figure 3. The proposed method of securing the laminates to the tower whilst
the adhesive cured
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The shutdown period for the tower was limited to 25 days. Any delays to this period
would have incurred significant liquidated damages. This required a rate of installing
15 laminates per day.

Step 11.
Site activities prior to installation
Extensive scaffolding was erected to ensure that the works could be carried out at
various lifts on the tower during the shutdown period, and that all the mixing and
application of the adhesive, etc could be carried out on the tower to facilitate the
installation process. The scaffolding was also completely shrouded (Figure 1) to
provide protection from the direct sunlight and to maintain a suitable temperature and
humidity regime for effective bonding. The outside temperature was between 38 –
45°C during the works, and the temperature inside the scaffolding was 5 – 6°C below
the ambient.

Step 12.
Surface preparation
The concrete surface was prepared by grit blasting and then vacuum cleaned to be
free from dust.

Step 13.
Application of composite materials system
The bonding works were performed by 2 crews of 12 men working 12 hour shifts.
Once the surface preparation was deemed sufficient, the first CFRP laminates were
cut to length, the peel ply removed and adhesive applied to both the substrate and
the plate. The laminates were installed in 11m lengths (3 laminates per hoop) with
lap laminates installed for continuity. The curing supports for the CFRP laminates
were steel flats with timber backing laminates, attached to the tower using 70mm
long screws drilled into the concrete at 300mm – 500mm centres. The laminates
were tap tested 24 hours after bonding to check for voids. Laminates with voids
greater than a 35mm x 35mm area were to be drilled with two small 3mm holes and
filled with a low viscosity resin; the area was then lapped with a composite plate.
On day one, only 3 laminates were installed, on day 2, 6 laminates were installed and
on day 3, 8 laminates were installed. At this point the client began having serious
concerns about the progress. However, on day 4, 12 laminates were installed, on
day 5, 18 laminates were installed and following this 22 laminates were installed per
day, meeting the programmed finish in 20 days rather than 25.
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Step 14.
Final QA checks, inspection and approval
Tests were performed on the adhesive Tg, tensile modulus and strength in addition to
requesting the manufacturer to supply characteristic values of tensile modulus and
strength of the laminates. The laminates were tap tested and any voids exceeding
the limits set within the specification were repaired.
The QA checks were selected for detailed study in Technical Report No. 5d, Section
3. This is because of the volume of data collected and analysed by the Independent
Test House, Oxford Brookes University. Detailed consideration of the data was of
great assistance in defining the acceptance criteria proposed by the MMS6 project
for on-site QC testing.

Figure 4. Checking and repairing voids
Inspection/Maintenance/Monitoring Regime
Further works were carried out on the concrete in the tower in the following year to
ensure that the structure could continue operating. The tower was then painted to
protect the laminates from direct UV and to ensure that the finished product was well
presented.
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Figure 5. Strengthened and painted Prill tower
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9.

Hammersmith Road Bridge – CFRP
CFRP plates bonded to cast iron

Introduction
Hammersmith overbridge carries the A315 Hammersmith Road out of Hammersmith
and Fulham and into Kensington and Chelsea Borough Councils. The road is
currently 2 No. lanes in breadth, with a bus stop at either side. The lanes have been
restricted, a weight limit imposed and bus stops have been suspended from use
resulting from an assessment of the bridge as understrength.

Step 1.
Type of structure
The bridge is configured of three spans, two minor side spans of approximately 5m
and one major span of 10m. The two side spans cross a disused siding and the
London Underground (LUL) DC electrified line from Olympia to Earls Court. The
main span crosses a freight line which is also used to take the Eurostar trains to their
storage and maintenance depot.
The bridge was constructed in the late 1800s, possibly around 1860-1880, however
no accurate date is known, but some cracks in the abutments were repaired in the
early 1900’s. The bridge is constructed of 13 No. longitudinal cast iron girders in each
span (totalling 39 longitudinal girders) with masonry jack arches spanning in 10 of the
12 bays. The beams are ‘fish belly’ asymmetric ‘I’ sections, which are deeper at
midspan than at the supports (with a flat soffit) and are of larger section in the main
span than in the side spans. The edge beams are the same in all spans and are
swan neck girders with additional material as aesthetic features. In two of the bays
there are cast iron deck plates with vertical stiffeners protruding downwards from the
laminates, along each edge and diagonal stiffeners forming a cruciform between the
corners of each deck plate. The abutments and pier are constructed of masonry with
hard padstones. The parapets are approximately 2m high and constructed of
masonry and hard stone. The fill in the jack arch bays is saturated ballast and within
the deck plate bays is a lean concrete mix. The lean concrete mix also forms a
200mm slab over the beams and below the running course of the road.
Within the deck of the bridge a large number of services are located, ranging from
large diameter (21”) water mains to high voltage cables.
Currently, the main span girders are rated as having a capacity of 18 tonnes to
BD21/01 in the main span, but the deck plates govern the strength of the bridge as 3
tonnes to BD21/01. The edge beams have been assessed as having a zero live load
capacity. This is calculated on the basis of multiple lane loading using BA16/97.
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Step 2.
Design conditions
The design conditions were based on the Approval In Principle, which was based on
previous feasibility studies looking at a wide range of options, from restricting vehicle
lanes to full bridge re-construction.
The design conditions were:
a)
Strengthening the cast iron beams to BD 21/01 40 tonne Assessment Live
Load (although not for accidental vehicle loading as this was deemed to be
acceptable after a risk assessment and provision of high containment
kerbs and pedestrian barriers), using FRP laminates bonded to the soffit of
the cast iron beams.
b)
Strengthening the cast iron deck plates to BD 21/01 40 tonne Assessment
Live Load, which for this localised case comprised the single wheel load of
100kN, using FRP laminates bonded to the soffit of the deck laminates.
c)
FRP strengthening was to take place within possessions.
The strength criterion for cast iron in BD 21/01 is based on permissible stresses, and
therefore the factor on material strength and modulus for cast iron and FRP
composite was taken as 1.0.

Step 3.
Initial testing and investigation
A trial trench was excavated across one of the side spans to confirm the type and
quality of fill material, and the presence of services. In addition, a road level survey
was undertaken to determine the construction depth throughout the bridge. A
detailed dimensional and condition survey of the cast iron beam and deck plate soffit
levels was also undertaken.

Step 4.
Material selection
To increase the stiffness and flexural strength of the structure, and to minimise the
laminate thickness and hence loss in headroom on the operational railway, the
stiffest form of carbon fibre system was chosen, ultra high modulus (UHM) carbon
fibre. The resin to protect the fibres in transit and use and to transmit the forces from
the adhesive bond to the ends of the fibres was chosen to be epoxy or vinylester
because it presents a good range of mechanical properties at low cost while being
easy to cure and handle. In addition, an insulating layer of glass fibre fabric was
chosen to be used between the carbon fibre and cast iron to prevent galvanic
corrosion, this being the most cost-effective material with suitable insulating
properties. A design was produced allowing the possibility of UHM carbon fibre
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reinforced polymer (CFRP) laminates manufactured by pultrusion or by pre-formed
CFRP laminates manufactured from pre-preg material.
For the cast iron beams, the survey showed the soffit to be sufficiently flat to allow
the use of pultruded or pre-formed CFRP laminates (the classification for the FRP
and adhesive in this case would be PBU/T/CI/S). For the deck laminates, the survey
and record drawings showed the soffit of the downstand stiffeners to be haunched,
and therefore two possible systems were chosen; pre-formed CFRP laminates
individually designed to fit each deck plate stiffener, and on-site lay-up and forced
heating, vacuum curing of a pre-preg system (the classification for the FRP and
adhesive in this case would be PBU/T/CI/S or RW/T/CI/S). The more conventional
in-situ laminated system was not used due to the high number of layers required to
be installed within the relatively short possessions, and the risk of fibre breakage of
the dry UHM carbon fibres. Again, an insulating layer of glass fibre fabric was
chosen to be used, between the carbon fibre and cast iron, to prevent galvanic
corrosion.
The generic material properties used within the FRP strengthening design on the
cast iron beams were:
Ultimate Tensile Strength = 1000-1500MPa
Modulus of Elasticity = 320 and 420GPa
Ultimate Strain > 0.3%
Dimensions: Width ~ 140mm, Thickness ~ 1mm multiples for pre-formed
CFRP laminates, and 2-4mm multiples for pultruded CFRP laminates.
This provided the contractor with two main options for carbon fibre stiffnesses. The
selection of the material type was the contractor’s choice and would be approved by
the design engineer if it did not match the properties within the specifications and
drawings.
The laminates could have been manufactured by the pultrusion process or by factory
controlled pre-formed fabric lamination.
The generic material properties used for the FRP strengthening design on the cast
iron deck plate stiffeners were:
Ultimate Tensile Strength = 1000MPa
Modulus of Elasticity = 320GPa (pre-formed), 420GPa (pultruded)
Ultimate Strain > 0.3%
Dimensions: Width ~ 30mm, thickness ~ 1mm multiples.
The laminates can be manufactured by the pultrusion process or by factory controlled
lamination to create a pre-formed laminate. The material properties for the on-site
pre-preg method are dependent on the final fibre volume fraction of the installed
product, typically 30-50%. Therefore, the design was based on the fibre properties
and the required effective thickness and width of UHM carbon fibre:
Ultimate Tensile Strength = 2000MPa
Modulus of Elasticity = 640GPa
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Ultimate Strain > 0.3%
Dimensions: Width ~ 30mm, thickness ~ as required for laminate design, but
adjusted for predicted fibre volume fraction.
The adhesive was thixotropic epoxy adhesive recommended by the manufacturer of
the FRP laminates. The adhesive must have a Tg in excess of 60°C and an initial
curing time of at least 45 minutes, in addition to being suitable for use in
temperatures ranging from –5°C to 35°C. The adhesive should have the following
properties:
Ultimate Tensile Strength > 15MPa
Modulus of Elasticity 3-10GPa
Lap Shear Strength > 12MPa
Adhesive Strength > 15MPa
Moisture Resistance > 0.5% (at 28 days)
In addition, a compatible levelling chemical metal adhesive or epoxy adhesive may
be used if required to fill low spots on the cast iron that are outside the specification
limits.

Step 5.
Partial factors
The structure to be strengthened is cast iron, thus the partial safety factors are taken
from CIRIA Report, C595. These are as follows:
Material
Carbon FRP

Partial safety factor, γmf
1.4

Type of system (and
method of application or
manufacture)
Laminates
Pultruded
Laminates
Preformed
Laminates
Pre-preg
Material
Epoxy adhesive,
values obtained
by tests

Additional partial
safety factor, γmm
1.1
1.2
1.1

Partial safety factor, γmf
1.25
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Type of system (and
method of application or
manufacture)
Manual application,
adhesive thickness
controlled

Additional partial
safety factor, γmm
1.25

The environmental partial safety factor was based on a maximum operating
temperature of approximately 40°C, a reference temperature of 20o C, and glass
transition temperature for the adhesive of 60°C.
Cast Iron is assessed to a permissible stress methodology using BD21/01 and thus
has a series of stress limits rather than partial factors (see clause 4.10).

Step 6.
Design calculations
The design was performed based on CIRIA Report C595, in conjunction with BD
21/01.
The design resulted in two options for the cast iron beams:
• 3 No. 140mm wide, maximum 20mm thick laminates tapered to 4mm,
420GPa pultruded CFRP laminates on the internal cast iron beams and 2
No. of the same laminates on the external cast iron beams.
• 3 No. 140mm wide, maximum 23mm thick laminates tapered to 1mm,
320GPa pre-formed CFRP laminates on the internal cast iron beams and 2
No. of the same laminates on the external cast iron beams.
In addition, two options were available for the cast iron deck plate stiffeners:
• 1 No. maximum 100mm width tapering to 30mm width, maximum 16mm
thick pre-formed CFRP laminates (320GPa) tapered to 1mm, interspersed
at the cross-over section on the ‘X’ deck plate stiffeners, and 1 No. 32mm
wide, maximum 21mm thick pre-formed CFRP laminates (320GPa)
tapered to 1mm on the edge deck plate stiffeners.
• 1 No. maximum 100mm width tapering to 30mm width, approx. maximum
16mm thick on-site heat and vacuum cured pre-preg CFRP laminates
(approx. 320GPa), tapered to 1mm, laid alternately at the cross-over
section on the ‘X’ deck plate stiffeners, and 1 No. 32mm wide, approx.
maximum 21mm thick on-site heat and vacuum cured pre-preg CFRP
laminates (approx. 320GPa), tapered to 1mm on the edge deck plate
stiffeners.
• 1 No. maximum 100mm width tapering to 30mm width, maximum 12mm
thick pultruded CFRP laminates (approx. 420GPa), tapered to 1mm, laid
alternately at the cross-over section on the ‘X’ deck plate stiffeners, and 1
No. 32mm wide, approx. maximum 16mm thick pultruded CFRP laminates
(approx. 420GPa), tapered to 1mm on the edge deck plate stiffeners.
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Step 7.
Design conformance checks
1. Resin Tg
=
Not listed, but manufacturer tests show 80°C – 100°C
2. Adhesive Tg =
Not listed, but manufacturer tests show 60°C
3. The dimensions of the reinforcement are appropriate for the structure as it will
not overhang the edge of the soffit or impede on the headroom by an
unacceptable amount (after approval by Network Rail gauging engineer).
4. Stress checks:
a. Strain in FRP at midspan on cast iron beams and deck plate stiffeners
= 0.016% compared to allowable of 0.3%.
b. Live load tensile stress at soffit of cast iron beams (typically 20N/mm2)
and deck plate stiffeners is less than the live load tensile stress limit
based on Clause 4.10, BD 21/01 (assuming heavy traffic, poor surface).
HB capacity rated at 25 units.
c. The principal stress in the adhesive bond is less than 25N/mm2. The
design principal stress shall be checked with the peak principal stress
back-calculated from the lap-shear tests, using the partial factors from
Step 5.
5. Appropriate level of strengthening achieved (~ 30% increase in total bending
capacity of cast iron beams). FRP strengthening is specified to take place
after dead load reduction by reinstatement of fill with lightweight concrete, to
ensure no permanent stresses exist in the adhesive or FRP strengthening.
6. A weight limit of 3 tonnes was enforced during strengthening operations to
ensure plant and other equipment would not overload the unstrengthened
bridge.

Step 8.
Prepare specification
Extracts from the specification for concrete can be found in the case study ‘St
Michael’s Road’. Extracts of a specification for CFRP materials bonded to cast iron
are shown below, however the concrete and cast iron specifications share common
clauses of workmanship, FRP laminate, adhesive and independent testing (however
the pull-off strength to be achieved on a metallic substrate is 20N/mm2).
Cast Iron Substrate
1. The surface of the metal to be bonded shall be dry, sound and
uncontaminated. This involves removing any loose paint and corrosion,
inspection/repair of any cracks then grit blasting to a level of SA2.5.
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Step 9.
Specific material selection
Two acceptable types of UHM CFRP plates were specified during the design, to
allow competitive tendering. The specialist sub-contractor (Concrete Repairs Ltd)
selected FRP composite materials that were complied with one of these designs.
Therefore, there were no changes to the design due to material selection.

Step 10.
Method Statement for application of reinforcement
The Method Statement for general works was prepared by Edmund Nuttalls. This
document details:
• The scope of works, identification of hazards
• Railway interface arrangements (e.g. possession types etc.)
• Protection from railway infrastructure
• Environmental protection
• Required plant and equipment
• The bonding methodology
• The materials to be used
• Emergency arrangements
• Contractor qualifications.
The document was checked, commented on and then approved by the Employer’s
Representative.
Concrete Repairs Ltd was the sub-contractor who prepared the Method Statement
and carried out the works for the CFRP strengthening. This document details:
• Surface preparation
• Environmental control
• CFRP laminate and adhesive preparation and installation
• Temporary clamping arrangements
• Test samples to be made on site
• Finishes to bonded CFRP laminate
• Procedures for remedial work (e.g. injection of adhesive if voids present after
tap-testing).

Step 11.
Site activities prior to installation
These processes are detailed within the pre-approved Method Statement:
1. Arrive at site
2. Set up lights, heating and enclosure
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3.
4.
5.
6.

Await ES/COSS permission to begin
Check cast iron surface and prepare
Apply adhesive to laminates, cast iron and concrete
Apply laminates to bridge soffit, install temporary clamps, and check minimum
headroom
7. Clear site and hand back possession.
These activities took place over both a single long possession and a series of shorter
possessions over a number of weeks, so the setting up of site and other related
activities were repeated more than once. During bonding works, an Employer’s
Representative was present on site to maintain and confirm the bonding record and
approve ‘check points’.

Step 12.
Surface preparation
Prior to bonding the surface was prepared to be clean and free from contaminants.
The cast iron was vacuum blast cleaned to SA2.5. It was then repaired if required
using an appropriate, compatible repair material that was approved prior to
commencement of activities. Steel dollies were then bonded onto the primed and unprimed substrate for subsequent pull-off tests, which were performed after a cure of
at least 24 hours, but prior to application of the composite materials system.
10 No. pull-off test dollies were bonded during possessions prior to the main
installation possession. A number of these pull-off tests failed due to the
uncontrolled environment (particularly cold temperatures of approximately 5°C)
outside the main installation possession. A further 30 No. pull-off test dollies were
installed on primed and unprimed surfaces at the beginning of the main installation
possession, and were found to provide adequate pull-off strengths (generally varying
from 20N/mm2 to 40N/mm2).
These steps are detailed within the method statement and had prior approval of the
Employer’s Representative.

Step 13.
Application of composite materials system
The peel ply was first removed from the laminate and the surface was degreased. A
thin layer of adhesive was applied to the laminate and the laminate was then applied
to the bridge soffit in the correct position, under pressure to remove air voids. The
laminates are then clamped into position with the temporary support device.
Simultaneously, the testing samples are prepared. These steps are detailed within
the method statement and had prior approval of the Employer’s Representative.
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Step 14.
Final QA checks, inspection and approval
The laminates were tap tested after cure to ensure the entrapped air is within the
limits within the specification. However, the tap testing found that there were a small
number of voids bigger than those allowed by the specification. The contractor had
to inject a low viscosity resin to fill the voids and then bond a plate over the injected
area. The Employer’s Representative was consulted on this and approval was given
to proceed. Off-site testing by Oxford Brookes University on dumb bell samples of
adhesive (for tensile modulus and strength), adhesive Tg, single lap shear for
different batches. The results were all within the specification and are as follows:
Tg
Ultimate tensile strength
Tensile modulus
Lap shear strength

=
=
=
=

62.6°C Pass
32.5MPa
Pass
7.7GPa
Pass
15.1MPa
Pass

Inspection / maintenance / monitoring regime
A maintenance manual was produced, with inspections scheduled at regular intervals
after the installation of the laminates to ensure:
•
•
•
•

There is no visible evidence of cracks developing in the cast iron;
There is no visible evidence of the laminates becoming debonded, determined by
visual inspection of the edges of the laminates, with no attempt to pry the
laminates from the flanges/deck soffit;
By tapping the laminates with a light metallic object (e.g. a light metal hammer),
there is no audible evidence of the laminates having become debonded;
There is no evidence of mechanical damage to the laminates, from accidental
impact or vandal attack.

This system of inspection will be at three monthly intervals for the first six months,
then yearly until year three and then finally at five yearly intervals for the remaining
life of the bridge.
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