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Abstract— The use of Carbon Fibre Reinforced Polymer
(CFRP) to strengthen steel structures is one of the recent
innovative developments being made. However, much research
hasn’t been performed regarding how the bond performance
varies under different environmental conditions during the
installation phase of CFRP. This study was conducted in order
to address these limitations by testing samples under different
environmental conditions around Sri Lanka. Four-pointbending test was carried out on the eight test specimens and the
research findings revealed that CFRP absolutely increased the
strength of steel by 39% when bonded together. Additionally, it
was found that extreme humidity conditions significantly
degrade the bond strength. Nevertheless, with the increment of
steel structures to be retrofitted and taking the environmental
conditions into account, the application of CFRP was found to
be a viable solution to increase the service life of steel structures
in Sri Lanka.

contamination and enhances the formation of chemical bonds
between the steel surface and the adhesive [3]. Although
various surface treatment techniques including physical,
thermal and chemical exist, the most effective approach to
achieve a high energy steel surface is by using mechanical
surface pre-treatment methods such as grit blasting [4].
Reference [3] further shows that abrasive dust can be
removed from abraded surfaces by using excessive amounts
of solvent to restrict the chance of any removed contaminants
to redistribute on the surface once the solvent has evaporated.
In determining the long-term durability of the steel-CFRP
bond, environmental conditions play a significant role. They
include temperature, moisture, relative humidity, presence of
saline conditions, thermal cycles, Ultraviolet (UV) radiation
and alkaline environments. The mechanical performance of
CFRP-steel bonding systems subjected to elevated
temperatures were found to prevail immensely by the
adhesive layer. The ultimate load bearing capacity reduces as
the temperature reaches the glass transition temperature (T g).
Reference [5] shows that the reduction in the ultimate load
capacity was around 15%, 50% and 80% when temperature
reached Tg, 10°C above Tg and 20°C above Tg respectively.
Under freezing conditions, CFRP gets degraded due to the
hardening of the matrix which results in the formation of
micro cracks parallel to the fibres in the fibre-matrix interface
[6].
Moisture and relative humidity are two major concerns
which influences the bond durability between Steel and
CFRP. Water absorbed by the FRP matrix reduces its Tg and
causes swelling which leads to the plasticization of the
polymer and in turn reduces its shear strength [7]. Reference
[8] indicates that the moisture absorption of CFRP laminates
generally lies in the range of 1% and the bending strength
reduced by approximately 17% after 14 days of exposure.
Saline conditions in the environment is another factor that
affects the bond durability especially in coastal areas along
which a majority of the steel bridges in Sri-Lanka are located.
Steel samples bonded with CFRP have been tested in salt
water at temperatures of 20°C and 50°C. The tensile strength
of the sample at 20°C reduced by 14% of its initial value
during the first four months of exposure and a further
reduction of 3% was obtained after an exposure of 12 months.
A higher strength reduction rate was seen in specimens at
50°C compared to the specimens exposed to salt water at
20°C. The tensile strength reduced by 15% of its initial value
during the first two months of exposure and a further 11%
reduction was obtained after an exposure of 12 months [9].
UV radiation is another critical aspect that CFRP
composites face in terms of strength reduction. The radiation
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I. INTRODUCTION
A large number of steel structures including bridges have
been deteriorating in their functional performance in the
recent past. The majority of the failure issues relate to fatigue
loading conditions, corrosion, increase in service loads,
improper maintenance or a combination of all these effects. It
is imperative to repair and retrofit these structures in order to
prevent any further catastrophic disasters which may arise.
Traditional retrofitting techniques include using extra steel
plates by welding or bolting, external pre-stressing of parts
and inserting more supports. However, in the long run they
tend to be ineffective as they increase the weight of the
structure, chances of corrosion as well as future maintenance
costs [1]. These factors led to the initiative of externally
bonding CFRP on steel surfaces for strengthening purposes.
CFRP comprises of exceptional mechanical properties such
as its light weight, high strength – to-weight ratio and
corrosion resistance which makes it a more preferable
solution.
Fiber Reinforced Polymer (FRP) materials have been
increasingly used in the recent past to retrofit concrete
structures but its use to strengthen steel structures has not yet
been a widely practised technique due to the indeterminate
nature of the bond durability between CFRP and Steel.
However, CFRP has been successfully installed in some steel
bridges in the United Kingdom including the Hythe Bridge in
Axford and the Slattocks Canal Bridge [2].
Surface preparation is an important concept that governs
the quality of adhesively bonded joints. Proper surface
treatment of steel produces a rough surface free from
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is strong enough to split bonds between molecules in the
polymer which may result in effects ranging from surface
dislocations to extensive loss of mechanical properties [10].
Previous studies have shown that when FRP materials were
subjected to artificial sunlight, the tensile strength and elastic
modulus decreased by 15% - 20% due to the brittleness of the
resin and Fibre matrix interfaces [11]. Although effects from
different environmental conditions were analysed separately,
steel structures experience a combination of these effects
during their service life. Reference [12] shows that the
strength of loaded steel/CFRP double lap joints reduced by
60% when exposed to one week of wet and dry cycles in a
5% Sodium Chloride solution at a temperature of 38°C for up
to 6 months.
Nevertheless, the impact of environmental conditions on
the steel-CFRP bond has not yet been widely analysed. This
has led to the less popular nature of CFRP being used to
strengthen steel. The main objectives of this research paper
are to identify and document the improvement in the strength
of steel with the installation of CFRP and to investigate the
variation in strength of the Steel-CFRP bond with changing
environmental conditions during the installation phase.

Fig. 1 Grinded and Cleaned specimen surface

A thin layer of the two-part epoxy was mixed according to
their weight ratios and then applied on the lower grinded
surface of the specimen according to the manufacturer’s
guidelines. Fig. 2 displays the specimen surface subsequent
to the application of the epoxy.

II. BOND TESTING PROCEDURE
The bond testing was carried out on eight different
specimens. Mild Steel I – beam sections of standard ASTM
A36 were used in this experimental program. Table I
represents the dimensions of the specimens. I-sections were
chosen due to the fact that they are commonly being used in
steel structures.
TABLE I

CROSS-SECTIONAL DIMENSIONS

Dimension
Height/mm
Width/mm
Flange thickness/mm
Web thickness/mm
Length/mm

Value
100
20
5
4
600

Fig. 2 Adhesive applied on the specimen.

CFRP sheets were cut into parts of 200mm length and
50mm width and a single layer of CFRP was bonded on the
adhesive layer. Excess air bubbles and epoxy were removed
by moving a roller uniformly in the direction of the fibres.
Fig. 3 shows a specimen strengthened with CFRP.

A. Materials
M Brace CF130 CFRP sheets were used for the
strengthening purpose due to its high tensile strength and
elastic modulus. The structural adhesive used was JB Weld, a
commercially available epoxy adhesive. Table II shows the
material properties of the CFRP sheet and the adhesive
according to the manufacturer.
TABLE II
MATERIAL PROPERTIES

Property
Tensile Strength/MPa
Set time/minutes
Cure time/hours

CFRP Sheet
2600
N/A
N/A

Epoxy adhesive
27.3
20-25
15-24

B. Specimen Preparation
Surface preparation is an important step in enhancing the
bond durability. The specimens were grinded to remove any
rust that was formed on the sample surface prior to bonding
CFRP. The grinded specimens were then cleaned using a
commercial solvent to remove any dust deposited on the
surface. Fig. 1 shows the grinded and cleaned steel surfaces.
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Fig. 3 CFRP strengthened Steel specimen surface.

The reason behind bonding CFRP on the grinded lower
flange surface was to achieve maximum efficiency of the
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bond. Fig. 4 shows the cross-section of the CFRP
strengthened steel specimen together with the dimensions.

Fig. 6 Specimens loaded in the test machine.

Fig. 4 CFRP Strengthened steel

III. TEST RESULTS AND DISCUSSION
The deflections exhibited by the specimens were measured
using surface gauges at load increments of 10 kilo Newtons
(kN). The average deflection was calculated for each
specimen series which is represented in Table IV.

CFRP was applied on six test specimens in three different
environmental conditions around Sri-Lanka and two other
specimens were used as control samples. Table III
summarises the environmental conditions during the
installation phase corresponding to these samples. All
specimens were kept for an exposure time of 48 hours in their
respective environmental conditions.

TABLE IV
EXPERIMENTAL RESULTS

TABLE III
SPECIMEN SUMMARY

Specimen
Series
1
2
3
4

Specimen
Labels
S1 and S2
S3 and S4
S5 and S6
S7 and S8

Temperature/°C
29
27
33
No CFRP

Loading Value
/ kiloNewtons

Humidity/%

0
10
20
30
40
50
60
70
80
90
100
110

79
90
68
No CFRP

C. Experimental Setup
Four-point-bending test was carried out on the test
specimens. The samples were loaded on to the CFTM-300D
Digital compression and flexure testing machine. A surface
gauge was placed at the midpoint of the top surface in order
to measure the deflection at distinct loads. A constant loading
rate of 0.45 kiloNewtons/second was used to load the
samples. Fig. 5 and Fig. 6 shows a sketch of the experimental
setup and an instance where the steel specimen was subjected
to loading respectively.

1
0.00
0.46
0.80
1.05
1.30
1.52
1.74
1.93
2.19
2.54
2.95
3.82

2
0.00
0.58
0.88
1.13
1.37
1.56
1.79
2.05
2.22
2.61
3.23
4.47

3
0.00
0.40
0.66
0.87
1.10
1.32
1.57
1.82
2.07
2.38
2.82
3.39

4
0.00
0.90
1.19
1.50
1.90
2.23
2.45
2.73
2.94
3.59
5.01
5.40

All specimens were loaded to a maximum load of 110kN and
the deflections measured. Fig. 7 graphically represents the
test results illustrated in Table IV.

Fig. 5 Experimental test setup
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Average Deflection in Specimen Series/mm

Fig. 7 Average deflection Vs. Load applied.
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As shown in Fig. 5, the maximum average deflection was
observed in specimen series 4 where no CFRP was externally
bonded. Calculations were done using average deflection
values to determine the percentage increase in strength of the
specimen series. An increase in strength of 31% was
observed in series 1. Series 2 showed an increase of 28%
whereas the percentage increase in strength of specimen
series 3 was 39%. The increments were measured relative to
the deflection of the control specimen series 4 and is
illustrated in Fig.8 below.

4

of steel by 39% in ideal conditions which shows the
significance in it. Further, the degradation of the bond
strength due to harsh environmental conditions such as high
relative humidity was also being evidenced. In comparison to
the samples at a relative humidity of 65%, the strength of
specimens at 90% relative humidity showed a strength
reduction of 18%. This technology has not yet been
implemented in Sri-Lanka due to the lack of information
related to the bind performance. According to statistical
information provided by the Road Development Authority
(RDA) and Ceylon Government Railways (CGR), around
5000 bridges exist in Sri –Lanka and they require constant
maintenance. With CFRP already been proved as a viable
strengthening mechanism alongside the environmental
conditions in Sri-Lanka, the most important conclusion that
can be derived is that this innovative technique needs to be
implemented sooner rather than later in order to improve
maintenance standards and eliminate risk of catastrophic
failures.
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