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PREFACE

Concrete is a global material that underwrites commercial well-being and social development.
Notwithstanding concrete's uniqueness, it faces challenges from new materials, environmental
concerns and economic factors, as well as ever more demanding design requirements. Indeed, the
pressure for change and improvement of performance is relentless and necessary.

The Concrete Technology Unit (CTU) of the University of Dundee organised this Congress to
address these issues, continuing its established series of events, namely, Creating with Concrete
in 1999, Concrete in the Service of Mankind in 1996, Economic and Durable Concrete
Construction Through Excellence in 1993 and Protection of Concrete in 1990.

The event was organised in collaboration with three of the world's most recognised institutions:
the Institution of Civil Engineers, the American Concrete Institute and the Japan Society of Civil
Engineers. Under the theme of Challenges of Concrete Construction, the Congress consisted of
three Seminars: (i) Composite Materials in Concrete Construction, (ii) Concrete Floors and
Slabs, (iii) Repair, Rejuvenation and Enhancement of Concrete, and three Conferences: (i)
Innovations and Developments in Concrete Materials and Construction, (ii) Sustainable Concrete
Construction, (iii) Concrete for Extreme Conditions. In all, a total of 350 papers were presented
from 58 countries.

The Opening Addresses were given by Mr Jack McConnell MSP, First Minister of the Scottish
Executive, Sir Alan Langlands, Principal and Vice-Chancellor of the University of Dundee, Mr
John Letford, Lord Provost, City of Dundee, Professor Adrian Long, Senior Vice-President of the
Institution of Civil Engineers, Dr Taketo Uomoto, Director of the Japan Society of Civil
Engineers and Dr Terence Holland, President of the American Concrete Institute. The Congress
had six Opening and six Closing Papers dealing with the main themes of the Seminars and
Conferences. Opening Papers were presented by Professor Gerard Van Erp, University of
Southern Queensland, Australia Dr Peter Seidler, Astradur Industrieboden, Germany and
Professor Kyosti Tuttii, Skanska Teknik AB, Sweden, Professor Surendra Shah, Northwestern
University, USA, Dr Philip Nixon, Building Research Establishment, UK and Mr Hans de Vries,
Ministry of Transport, the Netherlands. Closing Papers were presented by Dr Gier Horrigmoe,
NORUT Technology Ltd, Norway, Professor Andrew Beeby, University of Leeds, UK, Professor
Peter Robery, FaberMaunsell, UK, Professor Heiki Kukko, VTT Building and Transport,
Finland, Dr Mette Glavind, Danish Technological Institute, Denmark and Professor Yoshihiro
Masuda, Utsunomiya University, Japan. The Congress was closed by Professor Peter Hewlett,
Chief Executive of the British Board of Agrement, UK.

The support of 23 International Professional Institutions and 32 Sponsoring Organisations was a
major contribution to the success of the Congress. An extensive Trade Fair formed an integral
part of the event. The work of the Congress was an immense undertaking and all of those
involved are gratefully acknowledged, in particular, the members of the Organising Committee
for managing the event from start to finish; members of the International Advisory and National
Technical Committees for advising on the selection and reviewing of papers; the Authors and the
Chairmen of Technical Sessions for their invaluable contributions to the proceedings.

All of the proceedings have been prepared directly from the camera-ready manuscripts submitted
by the authors and editing has been restricted to minor changes where it was considered
absolutely necessary.

Dundee Ravindra K Dhir
September 2002 Chairman, Congress Organising Committee



INTRODUCTION

The use of concrete in combination with ductile, tension-strong materials is an age-old concept,
and traditionally steel bars have had the role of reinforcement. However, over the past decade
there has been a growing trend towards two alternative types of composite concrete construction:
fibre reinforced plastic (FRP) reinforcement- a direct alternative to steel bars; and fibre reinforced
concrete (FRC) - the use of discrete fibres within the concrete matrix.

FRP and FRC have developed independently to emerge as exciting and promising technologies
that can be used in new construction, strengthening and rehabilitation. However, given their
differences with traditional reinforcement, particularly with regard to stiffness, there has, until
recently been a problem in using these materials in combination with structural design codes. It
has been necessary, therefore, in most cases to modify and sometimes develop new design
approaches for these. This has led to an opportunity for innovative techniques to be addressed
and exploited.

As design techniques have evolved there have been simultaneous developments in materials
engineering that have led to improvements in fibre geometry and profile, fibre-matrix interfacial
bond, strength and ductility. Moreover, new products, including laminate coverings and fabrics
have entered the market and extended the range of possibilities. The number of materials
employed as fibres has also expanded such that there is now an array of mineral and chemical
materials that can be chosen for optimum performance in terms of cost, efficiency and durability
for a given application.

Clearly, FRP and FRC have come into their own in aggressive environments, where they are not
prone to steel corrosion problems that beset traditional reinforcement. In particular, this has led
to the widespread use of FRP as an external strengthening mechanism for concrete bridges, and
as the favoured reinforcement solution in marine environments for sea walls, piers and floating
oil storage vessels. FRC, meanwhile, has become widely used in elements where it is difficult to
fix traditional reinforcement, and is often used in combination with sprayed concrete for
strengthening tunnels and water-retaining structures.

The proceedings of this International Seminar; "Composite Materials in Concrete Construction'
dealt with all of these subject areas and the issues raised, under three clearly defined themes: (i)
Structural Design Considerations, (ii) Developments in Reinforcement Materials and (iii)
Durability and Maintenance of Composite Construction. Each theme commenced with a Keynote
Paper presented by the foremost exponents in their respective fields. There were a total of 32
papers presented during the seminar which are compiled into these proceedings.

Dundee Ravindra K Dhir
September 2002 Kevin A Paine

Moray D Newlands
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FIBRE COMPOSITES IN CIVIL ENGINEERING:
AN OPPORTUNITY FOR A NOVEL APPROACH TO

TRADITIONAL REINFORCED CONCRETE CONCEPTS

G Van Erp

C Cattell T Heldt

University of Southern Queensland

Australia

ABSTRACT. This paper presents research findings of an ongoing project into the structural
behaviour of a new type of composite bridge beam. The concept combines the high
compression capacity of plain concrete with the high strength/low weight characteristics of
fibre composites. The basic concept is presented together with a range of static and dynamic
test results of small and full-scale beam experiments. The paper finishes with a brief
description of the composite bridge design that will be constructed and commissioned in
Toowoomba, Australia, in January 2002.

Keywords: Fibre composites, Concrete, Hybrid solutions, Beams, Bridges, Prototype
construction, Testing.

G Van Erp is the Executive Director of Fibre Composites Design and Developments
(FCDD) and holder of the Composite Institute of Australia research chair in fibre composites.
Gerard's career in structural engineering spans 25 years, the last seven in fibre composites
R & D. During this time he has been the principal design engineer for a range of large
composite structures including Australia's first fibre composite bridge.

C Cattell is a Research Engineer with FCDD specialising in finite element analysis and
structural testing.

T Heldt is a Senior Research Engineer with FCDD concentrating on bridge monitoring,
strengthening and rehabilitation.
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INTRODUCTION

The technological revolution in materials and processes which has occurred over the past 60
years has had a significant impact in almost all sectors of the manufacturing industry.
However, the influence of these developments on the construction industry has been
significantly less. Due to the disproportionately low research investment in comparison to
construction expenditure, the building industry has proceeded on a large scale with only
limited innovation. For many decades now steel, concrete and timber have been the
dominant construction materials in civil and structural engineering. Even though this situation
is likely to continue for quite some time, a number of advanced materials have recently
started to make inroads into the construction market. Fibre composites, with greatly improved
corrosion resistance and durability, low weight and high strength, ease of transportation, low
thermal conductivity, non-magnetic properties and lower energy consumption during
manufacture, are about to become an important part of the engineer's response to the
construction challenges of the new century.

Many civil engineers are sceptical of these new developments and are yet to be convinced of
the potential of fibre composites as structural materials. What most of these engineers do not
realise is that reinforced concrete, one of the most successful structural materials available
today, is a fibre composite material in its own right. It is based around the use of large steel
fibres (re-bar) in a concrete matrix. Fibre composites use the same principle except that the
steel fibres are replaced by a large number of synthetic fibres and the concrete matrix by a
polymer matrix. In a sense fibre composites are a logical extension of a very successful
century old concept.

The introduction of fibre composites, more appropriately referred to as Fibre Reinforced
Polymers (FRP), into civil engineering creates the opportunity for a new and innovative
approach to structures that have undergone little change for the last one hundred years. This
is particularly true for reinforced concrete structures, which despite their success suffer from
high self weight and potential corrosion of the steel reinforcement in aggressive
environments. Fibre reinforced polymers on the other hand are light weight and have
excellent durability with minimal maintenance requirements.

Since reinforced concrete and polymer composites are based on the same basic principle it is
worthwhile to investigate if these materials can be combined to create a new superior
structure. With this philosophy in mind, the fibre composites research group FCDD at the
University of Southern Queensland has developed a new generation composite beam that
outperforms traditional reinforced concrete beams in a number of areas. This project started
several years ago and following an intensive testing program on individual components, has
resulted in the construction of Australia's first full scale (10m span) fibre composite bridge in
late 2001.

The basic concept discussed in this paper has been developed independently by a number of
other researchers [1,2]. However, the way in which this concept has been translated into a
real beam structure is significantly different in the current project. This paper describes the
philosophy behind the developments and presents a range of experimental results. The
findings confirm the advantages of this new concept such as high load carrying capacity,
excellent fatigue behaviour, ability to carry concentrated traffic loads and low cost compared
to other polymer composite solutions.
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This project has benefited greatly from close collaboration between university researchers,
industry and the Australian road authorities. The collaborators in this project are Wagners
Composite Fibre Technologies, Huntsman Chemical Company Australia, Queensland
Department of Main Roads, Connell Wagner consulting engineers and Roads and Traffic
Authority NSW.

Since the majority of the funding for this project was provided by the industry partners,
certain design and manufacturing details are not included in this paper for commercial
reasons.

BASIC DESIGN APPROACH

Figure 1 shows the basics behind the reinforced concrete beam concept. For slender beams
under flexural loading it is assumed that the strains vary linearly over the depth with
compressive strains in the top and tensile strains in the bottom part of the beam. The tensile
strength of concrete is extremely low and is ignored when determining the ultimate load
carrying capacity of the beam. Consequently the main load carrying elements of the beam
consist of the concrete compression zone (approximately 20-25% of the cross section) and
the steel reinforcement.

Beam
Section

Strain
Diagram

Effective Resultant
Section Forces

Figure 1 Basic principles of reinforced concrete beams

As indicated previously, the two main disadvantages of reinforced concrete beams are the
potential corrosion of the reinforcement and the high self weight. The latter in particular is an
important issue given the fact that 75-80% of the material that contributes to the weight does
not directly contribute to the overall load carrying capacity. This is not only inefficient but
also wasteful from a natural resources perspective. The low cost of concrete is probably the
main reason that this has not been a major issue in the past.

The potential corrosion of the reinforcement is a concern in a number of environments. A
possible solution to this problem is the replacement of the steel reinforcement by FRP
reinforcement, shown schematically in Figure 2. This replacement is relatively
straightforward and is currently being investigated at a number of research institutions around
the world. Carbon, glass and aramid rebar is available from a number of producers and design
guidelines are rapidly becoming available. However, this replacement only addresses the
corrosion issue, it does not provide any significant reduction in the self weight.
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; • • • • • 19999.
Figure 2 Replacement of steel rebar with FRP rebar

Once the steel reinforcement has been replaced with FRP, the main function of the cracked
concrete is to locate the tensile elements relative to the compression zone. Using a large
amount of concrete for this purpose is not very efficient. In order to address this issue it is
important to realize that locating a number of individual bars is considerably more difficult
than locating a single tensile flange. Hence, replacement of the FRP bars with a continuous
FRP tensile flange is the logical next step (Figure 3).

-^

Figure 3 Replacement of FRP bars with a continuous FRP tensile flange

A continuous tensile flange can be easily positioned using a single or double web as is
common for steel beam cross sections. Figure 4(b) shows the replacement of the cracked
concrete with two FRP web members. By orientating the fibres in the web members at +45"
and -45° the webs are ideally suited to carry the shear forces in the beam thereby eliminating
the need for any shear stirrups.

By removing the cracked concrete from the cross section an additional problem is created.
The cracked concrete not only located the reinforcement relative to the compression zone, it
also enabled the compression zone to carry localised loads. In order to reinstate this
capability additional FRP reinforcement will have to be applied under the concrete
compression flange (Figure 4(c)). Composite action between the concrete and the FRP
reinforcement can be achieved through use of a high quality epoxy adhesive. Finally,
additional carbon fibre reinforcement can be added to the tensile flange in order to increase
the stiffness of the beam (Figure 4(d)).
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The final cross section combines both traditional and new high performance materials to
create a highly optimised structure. Each component can be tailored to suit specific structural
functions, which is economical and resource efficient. Such optimum combination of
materials in structural design is becoming increasingly important in a highly competitive
society.

>=>

(a) (b) (c)

Figure 4 Transition of concrete cross section

(d)

STRUCTURAL BEHAVIOUR OF NEW DESIGN CONCEPT

The hybrid concrete-composite cross section can fail in a number of possible ways depending
on the final detailing of the concept. Deskovic et al [1] mention that in a well designed
hybrid beam the carbon laminate should fail first in order to give warning of collapse. Once
the carbon has failed the stresses are redistributed and the section continues to carry load until
the concrete fails in compression. According to [1], crushing of the concrete defines flexural
collapse of the beam. The arguments used are correct for their specific approach but they are
not the only way things can be done. In fact trying to achieve failure of the carbon first results
in relatively deep beams, which can be a disadvantage in a number of cases. This can be
easily demonstrated by considering the strain distribution in the cross section.

Standard T300 carbon has a failure strain of around 1.0 tol.5% while concrete crushes at
approximately 0.3%. Assuming that the neutral axis is located just under the concrete flange,
the depth of the FRP part must be around 5 times the depth of the concrete to ensure that the
carbon fails first. Consequently, once the thickness of the concrete flange has been
determined, the minimum depth of the beam is fixed. For example, the 10m span bridge beam
considered in this project requires a concrete flange with a thickness of approximately
100mm to be able to carry a 180kN concentrated wheel load (Australian Bridge Code [3],
strength limit state). Based on this depth of concrete, a 600mm deep beam is required to
achieve failure in the carbon before crushing of the concrete. This is close to twice the depth
of most 10m span prestressed concrete bridges in Australia, which are approximately 350mm
deep. Deep beams are generally undesirable in bridges as they result in increased flood
loading and costs for the bridge approach works.

The reason that the hybrid beam of Deskovic et al. fails when the concrete crushes is that the
top flange of the FRP section is given a wall thickness just equal to that required to carry the
wet concrete. This thin section has negligible compression capacity and once the concrete
crushes there is no compression capacity left in the cross section.
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The current beam design differs from the above approach in that the FRP top flange is given
sufficient load carrying capacity to help the concrete support the 180kN concentrated wheel
load and to provide adequate compression capacity once the concrete has failed. In this
approach, the cross section reduces to an FRP box section after crushing of the concrete. By
ensuring that the ultimate load carrying capacity of the box section exceeds the crushing load
of the concrete flange, a very ductile behaviour is obtained. The stiffness of the FRP box
section is significantly lower than that of the hybrid section resulting in very large deflections
prior to failure.

In the current project the compression capacity of the FRP top flange has been provided in an
innovative way, using minimum additional material. In addition, the 50MPa concrete top
flange has been reinforced with strong polypropylene fibres resulting in a post failure
strength of the concrete of approximately lOMPa. The combined compression capacity of the
FRP top flange and the post failure strength of the crushed concrete provide the cross section
with enough compression capacity to continue to carry additional load and eventually fail the
carbon and glass reinforcement.

Figure 5 shows the load displacement behaviour of a 3m test beam which was designed using
the discussed approach. After failure of the concrete the cross section continued to carry
additional load while experiencing large deflections. The final failure load was approximately
20% higher than the crushing load of the concrete. The depth of the beam was 275mm and
the ultimate deflection was 108mm. Crushing of the concrete top flange occurred at 38mm
deflection (Figure 6).
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Figure 5 Load — deflection curve for the 3m test beam
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In the case of bridge structures, a major advantage of this type of failure behaviour is that
crushing of the concrete will show up in the wear surface of the bridge. This is a lot easier to
detect than failure in the carbon reinforcement underneath the bridge. Furthermore, localised
crushed concrete is relatively easy to repair in comparison to an FRP tensile failure.
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Figure 6 Initial failure of 3m test beam.

EXPERIMENTAL PROGRAM

Following the successful findings from the 3m test beam, a 6m and 10m bridge beam were
constructed in order to investigate the dynamic/fatigue behaviour of the new concept. The 6m
beam was 300mm wide and 325mm deep with a 75mm concrete top flange. The 10m beam
measured 350mm x 450mm with a 100mm concrete top flange. The reduced scale 6m beam
was included because it is the maximum size beam that can be loaded to failure in FCDD's
testing laboratory. At this stage FCDD does not have a loading frame strong enough to break
a full scale 10m beam.

Four different types of dynamic tests were undertaken:
1. Dynamic loading of the 6m bridge beam at serviceability loading for 1 million cycles

with subsequent loading to failure;
2. Dynamic loading of the 10m bridge beam at serviceability loading for 2 million

cycles with periodic overloading;
3. Dynamic loading of a lm section of the 10m span beam under a concentrated wheel

load for 2 million cycles with periodic overloading;
4. Determination of the natural frequency of the 10m span beam.

6m Beam

A 6m scale test beam was constructed to investigate the fatigue performance of the beam, as
well as the damage tolerance and end-bearing behaviour. A number of holes of sizes between
25 and 40mm were cut in the sides of the beam to simulate the effect of the holes required for
lateral post-tensioning, and potential damage by vandals (Figure 7a). The beam was
supported on mortar pads on top of two concrete blocks to simulate in-service conditions
(Figure 7b). The beam was loaded, for 1 million cycles at lHz, at a level which generated
strains equal to those achieved in a full-scale 10m bridge beam under the maximum allowable
serviceability deflection. Periodic static tests from zero-load up to the serviceability load
were taken to check for stiffness changes, and after 1 million cycles the beam was tested to
failure.
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(a) (b)

Figure 7 (a) 6m test beam (note holes in the side) (b) End bearing prior to beam failure

The dynamic testing showed no noticeable impact on the stiffness of the beam, with the load
displacement behaviour before and after testing being exactly the same (Figure 8). The end
bearing of the beam onto the supports also showed no problems. Even under the line load
condition which occurred under the high load, high deflection conditions shown in Figure 7b
the beam continued to perform well. The beam failed at the predicted load in a manner
similar to that shown in Figure 5.
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Figure 8 Load deflection behaviour of 6m test beam

10m Beam

The full scale 10m beam was designed to maintain a hog under serviceability conditions
through a 30mm pre-camber. The design was governed by the deflection requirement of less
than span/500 under serviceability traffic loading. This resulted in considerable excess
strength in the beam. The serviceability traffic moment is 65kNm, while the design moment
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capacity of the beam at initial failure of the concrete is in excess of 550kNm (at a deflection
of 160mm). The residual composite box section left after compression failure of the concrete
has an ultimate design moment capacity of almost 700kNm, at a deflection of approximately
550mm.

The beam was initially subjected to an applied load of 30kN at midspan, for 1 million cycles
at a rate of lHz, to produce the serviceability bending moment of 65kNm in the centre of the
beam. This resulted in a midspan deflection of 15mm (L/667). This defection generates a
maximum compressive strain in the concrete of 0.018% (180(j.s) and a tensile strain in the
glass reinforcement of 0.055% (550ixs). Given that the failure strain of the unidirectional E-
glass laminate is approximately 1.6%, this serviceability strain level represents less than 3.5%
of the ultimate strain capacity. At such small strain levels fatigue is not likely to be a
problem. This was confirmed in the testing with no indications of deterioration or damage
either visually, or in the deflection and strain readings.

As pointed out by the Australian road authorities, trucks in excess of three times the legal
limit have been detected on roads in remote parts of Australia. This represents a gross vehicle
mass of approximately 120 tonne. These extreme loads can initiate cracks or cause damage in
a bridge structure, which may propagate under subsequent dynamic loading, resulting in a
significantly decreased life span. To replicate the effects of these extreme loads on the test
beam, a periodic overload was applied to the beam every 100,000 cycles. Each periodic
overload consisted of two static tests to a specific level of overload, the first at a loading rate
of approximately 50mm per minute, immediately followed by a second overload at a rate of
approximately 400mm per minute.

During the initial 1 million cycles applied to the beam, a periodic overload of 1 OOkN (about
three times serviceability) was applied to the beam every 100,000 cycles. There were no
indications of damage. The load spike was then increased to 150kN, 5 times serviceability,
every 100,000 cycles for the next 500,000 cycles. As there were still no indications of
damage, the periodic overload was increased to 220kN, approximately seven times
serviceability. This overload was applied every 100,000 cycles for another 500,000 cycles.
This level of overload is 2.5 times the ultimate design load and generated a deflection of
100mm in the beam (Figure 9). Once again there were no indications of deterioration or
damage either visually, or in the deflection and strain readings.

Figure 10 shows that the load-displacement behaviour of the beam continued to be linear and
consistent even at high levels of overload. At seven times overload, the concrete had a
maximum compressive strain of 0.14% (1400ns) and the laminate had a maximum strain of
0.3%.

In total the 10m beam underwent 2 million cycles (4 times the requirement of the Australian
Bridge Design Code) at the serviceability traffic load, as well as being loaded 16 times to
lOOkN, 10 times to 150kN, and 12 times to 220kN.

There is currently no testing frame in FCDD's testing facilities that is strong enough to fail a
10m beam, however it is planned to take this beam to another research facility in Australia
that has the capacity to test the beam to failure early in 2002.
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Figure 9 10m test beam under seven times serviceability load
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Figure 10 10m test beam - periodic overload graphs

Concentrated Wheel Load

Due to the relatively low Modulus of Elasticity of fibre composites, most FRP bridge beams
and decks suffer from buckling and delamination under high localised wheel loads. In the
current solution the concrete flange essentially insulates the composites from localised
pressures, which eliminates most associated buckling and delamination problems. In order to
test the behaviour of the present concept under a high localised load, a i m long section of the
10m span bridge beam was constructed. The bottom flange of the section was fully supported
and a localised load was applied to a 300mm x 150mm loading plate (Figure 11).
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Fatigue testing under a serviceability load of lOOkN was undertaken for 2 million cycles at
3Herz. To simulate periodic overloading, the load on the section was increased twice daily to
200kN as part of the standard 2 million cycles testing program (200kN is 10% higher than the
Ultimate Strength Limit State loading). No visual or aural evidence of damage was noticed
during this testing program. However, the reading of one of the strain gages located under the
concrete changed slightly after the first overload which could be the result of some micro
cracking in the concrete. The reading did not change with further cycling. An error in the
loading during one of the load spikes took the load to 260kN almost instantaneously. Some
change in the strain gauge reading was noticed but once again there was no further change
during the remainder of the dynamic testing.

Figure 11 lm beam section under localised load

After 2 million cycles the load on the cross section was increased to 500kN (the limit of the
hydraulic actuator). The section carried this load without any noise or noticeable deflection.

This concentrated load test is more severe than any loading condition that is likely to occur in
a real bridge. In most cases there will be a 50-100mm asphalt concrete wear surface on the
bridge which will spread the concentrated wheel load over a significantly larger area than that
used in the test. Since the 500kN actuator is the largest available in FCDD's testing
laboratory, the section will be taken to a research facility with a lOOOkN actuator early in
2002 in order to try and determine the ultimate load carrying capacity of the cross section.

Natural Frequency

The natural frequency of the beam was determined by attaching an accelerometer to the beam
and impacting it with a rubber mallet. This method yielded a natural frequency for the beam
of approximately 9Hz, which is in close agreement with the finite element analysis value of
8.5Hz.
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BRIDGE DESIGN CONCEPT

Initially, the bridge design was based on the traditional plank bridge concept, in which a
number of individual beams or planks are laterally post tensioned to create a bridge. The
advantages of this concept include:

• No joints between deck and girders (the girders are the deck);

• Excellent resistance against flood loading and side impact;

• Significant redundancy in the structure due to large number of beams;

• The concept is well understood by bridge engineers;

• Significant understanding of the bridge behaviour can be obtained through testing of
individual beams.

Given the fact that the FRP part of the hybrid beam is significantly more flexible than
concrete, questions were raised regarding the effectiveness of the transverse stressing. In
order to investigate this issue in more detail a half scale model of the bridge (5m span, 3 m
wide) was constructed. This half scale model also created an opportunity for the civil
engineering contractor to become familiar with the manufacture of this new type of fibre
composite bridge. Figure 12 shows a picture of the 5m bridge being lifted into place.

Figure 12 5m test bridge being lifted into place

It was found that there was a significant loss of pre-stress due to the flexibility of the fibre
composites. The bars had to be re-tensioned a number of times before the structure finally
settled down and the pre-stress stayed relatively constant. Even though the system seemed to
work in the end, the project participants did not feel comfortable with the findings and it was
decided to replace the transverse stressing with a composite laminate in transverse direction
along the bottom of the beams (Figure 13).
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Figure 13 Cross section of 2.5m bridge section

A full-scale bridge (10m span, 5m wide) is currently under construction and is expected to
carry traffic loading by the end of January 2002. The bridge will be constructed as two 2.5m
wide sections that will be jointed on site. The overall bridge weighs approximately 20,000kg
(excluding the bitumen wear surface) and the installed cost is very similar to that of
comparable pre-stressed concrete bridges.

The bridge will be constructed in a quarry road approximately 10 km west of Toowoomba.
This site has been selected for the following reasons:

1. It is a road with restricted access to the public and as such eliminates many liability issues
associated with the testing;

2. A large number of heavily loaded vehicles (more than 150 per day) will cross the bridge
prior to their entry to the public road network;

3. The site is immediately adjacent to a weighbridge, meaning that load effects can be
accurately determined;

4. The site is secure, offering increased protection for expensive testing and long term
monitoring equipment.

FIELD TESTING

Extensive field testing will be conducted to investigate the in-service performance of the
bridge structure. The objectives of field testing are:

1. Investigate the performance of the bridge under typical heavy vehicle loading;

2. Investigate the dynamic response of the bridge structure, and the bridge — vehicle
interaction.

This testing requires two different sites in the quarry. One of the sites will be in a straight
road which allows the trucks to get up to lOOkm/h safely and the other site will be close to
the loading area of the quarry trucks in order to get a steady stream of heavy traffic over the
bridge for six months. Due to the lay out of the quarry there is not one site that can handle
both types of testing in one location. Due to the light weight of the bridge, it will be moved
from the first site to the second using a standard wide body truck.

Approximately 100 transducers will be installed on the bridge. A HMX bridge health
monitoring system will be used to monitor the transducers, although not all transducers will
be monitored simultaneously. The monitoring programme is quite comprehensive and
consists of four phases as follows:
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Phase 1

This involves the systematic testing of the instrumentation system. This will facilitate an
understanding of the response of the bridge to diurnal cycling, and verify that the various
strain gauge locations are responding in a predictable manner. In addition, some moderate
magnitude static loads will be passed over the bridge prior to installation of the wear surface,
kerbs and guardrails. This allows for the effect of these components on bridge performance to
be investigated.

Phase 2 and 3

Phase 2 will investigate the response of the structure to a steel suspended body truck.
Generally, tests will run with the truck travelling along the centre of the bridge. The effect of
vehicle mass, travel direction, and vehicle speed will be investigated. While the vehicle is at
maximum mass, crawl tests will be completed on either side of the bridge from both
directions to investigate the transverse behaviour and load distribution of the bridge. Again at
full mass, and varying speeds, the effect of placing a full width bump immediately before the
bridge will be studied. Similarly a half width bump will be placed on the bridge to investigate
the effect of asymmetry on bridge response. Phase 3 will be a repeat of phase 2, but with an
air suspended vehicle.

Phase 4

The bridge will be health monitored for approximately 6 months in a site adjacent to the
weighbridge. Health monitoring allows for the response of the bridge, subject to known
heavy vehicle traffic, to be investigated for a more prolonged period.

Phases 2 and 3 combined allow quantification of the following factors on bridge response:

• Vehicle suspension type;

• Vehicle mass;

• Vehicle speed;

• Irregular approach surface.

In addition, natural frequency and damping will also be determined from these results. By
comparing the results from Phase 1 with Phases 2 and 3, the effect of the asphalt concrete
wear surface, kerbs and guardrails will become apparent.

CONCLUSIONS

The experimental results of this project have demonstrated that advanced fibre composites
and concrete can be combined in a very efficient way to produce a new type of composite
beam that outperforms traditional reinforced concrete beams in a number of areas. The
advantages of the new concept include high load carrying capacity, excellent fatigue
behaviour, outstanding durability, ability to carry high concentrated loads and low cost
compared to other polymer composite solutions. The failure behaviour of this new type of
beam is very predictable and provides ample redundancy and warning of failure. Analytical
and numerical predictions of the behaviour agree well with experimental results.
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INTRODUCTION

All indigenous construction industries are of immense strategic importance and capital value
to their respective countries. In world terms construction is one of the most universal of all
industries. Portland cement concrete is a key component in construction materials and is used
in almost all construction. The ramifications for the use of Portland cement concrete are the
core interest for these Dundee Seminars and Conferences.

As the new millennium unfolds, new challenges emerge for the engineering profession, the
construction industry and the public, to wrestle with and find solutions to. On the 26* January
2001, in mid-morning, the Gujarat Earthquake, magnitude 7.9, occurred and left a fearsome
toll of death and destruction on that whole surrounding area in India. This stricken region
experienced what is all too common: communities almost instantaneously wiped out in a
natural disaster. Among other outcomes, there was massive destruction of concrete buildings.
A common element in many such sorry sagas is that they point to the need for more effective
use of the concrete materials. The typical scenario is that a technology appropriate to a
developed country, in this case conventional bar reinforced concrete material technology, is
probably being applied in an economic and social environment where the technology is not
built to adequate inspection and safety standards. The result is often suspect buildings and
construction, which the earthquake unerringly exposes, with all the attendant human and
economic consequences when damage occurs.

It is evident from the number of papers being presented at these Seminars and Conferences
that even in the developed countries, this now mature technology is not fully understood. The
destruction reported in high profile and very damaging events such as earthquakes, almost
always includes widespread damage and collapse of reinforced concrete buildings. Many of
these collapsed structures would not have collapsed had they been built to the relevant
Western Standard. We must ask the question: are there basic deficiencies in the current
technology and/or its application? Because this is a situation that is repeated over and over
again, worldwide and all too frequently, an interim, answer to the question must be, Yes,
there are basic deficiencies.

The technologies employed in the construction industry are largely divided into those that use
concrete as the basic material and those that use steel. There is uncomfortably little dialogue
between these two dominant technologies. Although it was no doubt not in the organisers
mind when deciding upon inviting speakers to talk to particular topics, my choice here is to
broaden my scope to include steel as a stand alone construction material and as a possible
choice in the present study.

Now since we are considering steel/concrete composites, any proportion of either material is
therefore potentially a choice, from pure concrete at one limit, through composites of various
proportions of each material to pure steel at the other limit. At a 'concrete' conference this
may seem an odd decision. The object is to allow a wide-ranging review of the (ideal)
material property requirements. No one particular composite of concrete and steel is being
preferred at this stage.

The review then leads to the conclusion that there are some reasonably specific combinations
of the two materials that best incorporate the major (ideal) features for a building material,
and that indeed the steel-only option is not the best choice.
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As engineers we cannot be in the least complacent. Huge effort and expense have been
applied to the better understanding of reinforced concrete construction over tens of decades:
this series of Conferences is some current testimony to this massive effort. Additionally,
many thousands of engineers have spent whole careers studying the material and the
technology applied in earthquake situations, now for generations. But since the 'Gujirat'
situation keeps arising there obviously is still a long way to go before the possible future
beneficial possibilities have been exhausted. We must almost take as an axiom that
improvements are possible using the materials at hand.

APPROPRIATE TECHNOLOGY

One proposition to be debated must be the wisdom of applying developed country technology
in less developed countries, where it may not be appropriate! Given the massive expenditure
over the years that has been made in studying construction and building technology in the
developed countries, not to forget the code writing and certification regimes which have
grown up, there are paradoxical aspects to this statement. The paradoxical aspects relate to
the obvious inability for the typical less developed country to generate its own building
technology. If unable to generate its own then it is more likely to adopt technology from
elsewhere, and most likely from the developed world. The history of building technology is
usually one of slow adoption in the country of origin. As an extension of this it should not be
surprising if transplanted technology often does not succeed in the transplant environment!

If there are better ways to employ the concrete materials then these other ways must
command our attention. On the other hand, if there are not better ways to employ these
materials then there can be no proper justification for the holding of Seminars such as the
present series. Which is the case? Our premise in this paper is the optimistic view that there
are indeed better ways to employ the materials. Then the onus on all the parties is to identify
what these improved methods might be, and to study them with vigour.

In many respects, of all the industries worldwide, the construction industry is one of the most
conservative. This conservatism has both positive and negative aspects. First there is the
positive aspect of continuity that conservatism implies. For example there are certain broad
features of construction and building that have remained largely unchanged for long periods.
The Roman engineer, Vitruvius, writing in about 20 BC and whose work is the only written
record of construction which has survived from ancient times, can be read today in modern
translation [1]. There is a good educational case for us all to read this work at intervals during
our working careers.

Much of the content of the 'Ten books of architecture' describes buildings and structures that
are not greatly different from some of the structures being built for similar purposes today.
But in at least one very important respect the Roman buildings are different, namely they
were very largely constructed from masonry (also brick and timber) where today a cement-
based material and/or steel would be used, not forgetting the concrete dome of the Pantheon.
And of course there is a vast amount of additional knowledge, materials and equipment that
can now be applied to construction, which was not available in those earlier times.

The rival material, steel, as a material available to satisfy the demands of the construction
industry, has been produced in bulk for about 150 years. This is about the same length of time
that modern cements have been manufactured in bulk. During most of that time there have
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been innovators producing inventions. They have sought to use the steel as a premier
construction material.1 All-steel construction is a competitor for reinforced concrete, and the
two industries and technologies have always coexisted, with minimal contact or technical
cooperation, even though bar steel reinforcement is the almost universally used tensile
component in composite with concrete. But is steel bar the most suitable or desirable
reinforcing material? Steel bar has been used as the reinforcement in concrete in largely an
unchanged form for more than one hundred years. What does the future hold for the
continued use of this form of steel in association with concrete? This is one of the key
questions that we consider in this paper.

Reinforced concrete using bar reinforcement has been in use for more than one hundred
years, and has been used very successfully. Why should there be any suggestion that other
alternatives should be considered? Evidently there is still a need for (large) seminars and
conferences, such as the present series, where essentially this bar-reinforced material is at the
centre of the discussion.

In this paper the proposition we follow is that there are many possible radical, new
developments in reinforced concrete, based on a composite with steel. It is the primary
function of this paper to work away at the notion that some of these new composites do
indeed offer prospects for a superior material to the current norm. And it is here where the
question of conservatism in the industry plays such a vital role. If conservatism prevails, then
radical new composite materials will not be examined and will certainly not be adopted. The
challenge, it is suggested, is to create the environment in the engineering profession, the
construction industry and the consuming public for major new technology to be seriously
considered and then, if the prospects are sufficiently attractive, to be adopted and further
developed. This must be the way forward!

Of course any new technology must offer advantages over the existing alternatives. It is one
function of Seminars and Conferences, such as the present series, to provide the forum for
reviewing the technical backup where many of these questions can be discussed.

In this paper we seek to identify a series of features which our ideal composite technology
should incorporate. This is the core of the paper. As an illustration of some of these features
we then discuss one possible new composite as an example of what could emerge in the
future as a new generation of building material for use in concrete composite construction.

FEATURES OF AN 'IDEAL' CONSTRUCTION MATERIAL

As has already been stated, here we are primarily considering steel/concrete composites.
Conventional reinforced concrete is the current standard material. Some would say that the
present material satisfies all the reasonable needs, and that there is no usefulness in seeking to
change it or research alternatives. The premise here is that there is a need for change, or at
least there is a need to consider what could possibly be achieved by change.

1 Here the nouns innovation and invention are being used almost as synomyms. Hewlett [2] makes a
distinction, and suggests that innovations are to be preferred to inventions in the construction context. This
paper of Hewlett's , which occupied a similar position in the 1999 (fourth ) Dundee Conference series to
the present paper in the 2002 (fifth ) Dundee Conference series, should be regarded as preliminary reading
for the present paper.
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At this stage we do not know the configuration of any new product that might emerge. It
could look very similar to the current material, reinforced concrete. On the other hand it
could be substantially different. As few constraints are possible are being placed on the
product, at least during this early investigative stage.

First we seek to identify the features that the ideal steel/concrete composite material should
possess. Then we consider whether a material displaying some or all of these features can be
made for regular application and use. The more important items will be expanded upon later
in the paper.

The list of IDEAL FEATURES for a construction material (and an associated method of
construction) should include the scope to achieve some or all of the following. There may not
be general agreement on one or more of the statements, and the relative importance of each is
not at present being discussed.

A. An over-riding aim in all aspects of the construction process, from the choice of materials
to the finished structure, should the aspect of simplicity of the operations. Associated
aspects are that the materials should be simple to produce in industrial terms, with as little
waste and pollution production as possible. Using a temporary formwork for concrete
could be justified on cost grounds but would lead to waste when the formwork is
discarded. Such a choice would not fit with our present criteria. Permanent formwork is
one possible, acceptable alternative. Courses of instruction in most Universities tend to
emphasise safety for the adequacy of a design before simplicity of construction, and this
is a reasonable starting point. At some point in the professional life of the designer the
scope to emphasise simplicity, based on experience, hopefully progresses to the point that
it can take precedence over safety decisions, which of course would continue to be met.

B. Structures all contain junctions or joints between members and frequently many are one-
offs in construction. An ideal is that the actions, the forces and moments at the joint
position, should be transmitted through continuous structural material and not through
added, load bearing weld material or material specifically required by the jointing
function. This feature is particularly relates to all-steel construction. Expressed another
way, jointing methods frequently produce solutions that have all the major actions
transmitted from member to member through systems of bolts or welds which are serving
only jointing functions. These are locally the weakest sections in both strength and
stiffness terms in the construction. Recent earthquakes, such as the 1994 Northridge
Earthquake in California, have shown in dramatic fashion how long accepted jointing
systems for steelwork were very poor performers in such (moderate) events, and has lead
to major reconsideration. Lapping of the reinforcing bars in traditional reinforced
concrete is a widespread practice and is a potential local weakness in the member. The
preferred choice of composite discussed below has produced jointing systems that can
avoid all of these localised effects of traditional jointing systems.

C. Many components require welds to complete the fabrication. There should be an
avoidance of welds that are circumferential, and hence load bearing, in a normal use
situation in beams in bending, for example. Longitudinal welds on the other hand are, in
general, not transmitting major actions, and are more acceptable.
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D. Simplification of the fabrication and assembly processes should be a constant aim. There
are many levels of simplification. What is being signalled here is that simplification in the
fabrication and assembly operations is most likely to be associated with use of machines
to replace manual operations. However, these machines should not be overly
sophisticated or expensive since these features would restrict the adoption of the
technology in less affluent societies and environments.

E. The fabrication/handling operations, which would involve both the steel and concrete
materials, should be achieved by use of the lightest tools and appliances. A corollary is
that there should be scope to use a relatively wide range of equipment. Cost is also
important. The choices should include lightweight, and 'low tech', equipment

F. There should be the capability of full mechanisation of the processes when used in the
more sophisticated economies and industrial environments.

G. The technology employed should not require heavy site lifts. Precasting, tilt-slab and
some other construction methods place greater emphasis on lifting capacity than do in-
situ methods. Additionally there are 'awkwardness', size and site danger factors
introduced when manoeuvring precast elements into position.

H. In-situ concrete should be the norm rather than the exception, with a view to single age
concrete in a structure. Concretes of different ages are essentially different materials.
They can at most be in contact and, inherently, are not continuous.

I. All concrete should be maintained in an environment where it does not dry out, and hence
does not stop hydrating. This is simply stated but difficult to achieve. The surface
material is the first to dry, and as will be emphasised in later discussion, is the most
important but least protected material in the structure - the cover concrete.

J. Related to drying out is the scope to retain as much mix water as possible to assist in
hydration and fire protection. This item has particular relevance for the final composite
that emerges as the preferred option - see later.

K. If there is scope available to create tubular members this represents a best case scenario
given their inherently better torsion properties as compared with open sections. A related
desirable feature is scope to create hollow members. 'Hollowness' provides a means to
achieve several other features as a by-product, including secure housing of services.

L. A primary requirement is that the material should respond in a ductile manner, in all
circumstances. Much progress has been made in providing a degree of ductility to bar
reinforced concrete. This is however only a limited and imperfect ductility and is not
easily further enhanced. The position will be reached later where a much closer approach
to ideal ductility can be achieved if the bar reinforcement is exchanged for reinforcement
based on sheet.

M. Associated with the ductility requirement is the supplementary desire to achieve a
material that rarely, perhaps never, shows shear weakness or similar undesirable
behaviour. Strictly speaking, excluding such behaviour is part of the overall ductility
requirement. Given the amount of effort and expense which has been incurred over the
years in understanding and designing for ever present shear weakness potential in
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conventional reinforced concrete, specific mention should be made of this feature. In the
case of bar reinforced concrete, questions of the adequacy of the bond between the bar
and the concrete must also be achieved. The associated feature of bar lapping is dealt with
below. Bond between the bar and the concrete is an important property. It is also a
property that other composites of steel and concrete may not require.

N. The practice of lapping bar reinforcement should be systematically phased out,
particularly so in environments where there is even the slightest risk of earthquake
damage. The 7.2 magnitude Great Hanshin, also known as the Hyogoken-Nambu or
Kobe, Earthquake of 17th January 1995 [3] should be required study for us all. Kobe, a
modern city in one of the most technically sophisticated economies in the world, was
largely torn apart by the earthquake. The age of the buildings and structures was not a
significant parameter. New building and infrastructure suffered along with the not-so-
new. First came loss of cover concrete, causing lap jointed steel to be exposed. This
quickly lead to joint breakdown and frequently subsequent total collapse. These were the
features of some of the most spectacular collapses of major structures in Kobe. This one
event should be enough to convince us of the need to improve current technology in two
very important respects. First, the need to protect cover concrete. Secondly, the need to
bring to an end the very crude practice of lapping of bars in concrete structures.

O. Inspection and checking procedures for all stages of the construction process should be
adequate, reliable and easily performed. When the important component, the
reinforcement, is partly or wholly hidden from view as it is with bar reinforcement,
checking is at best difficult. In countries or communities where inspection integrity may
be suspect, for what ever reason, failure to comply may go undetected, and the long term
consequences can be dire.

P. Unnecessary weight in the finished construction should be avoided. The concrete
industry, worldwide, has been slow to produce lighter weight concrete materials that are
price competitive. The result is that some of the concrete used is unnecessarily heavy and
unnecessarily strong. An ideal would be to devise a cement-based lightweight material
that uses waste material, [4]. The strength of such a material could be quite low, around 1
MPa , and still be a very useful choice in building operations.

Q. All the usual features of cost, strength, durability, stability, appearance, fire-safety, scope
to repair, environmental aspects etc. for any new material, must at least meet best present
practice.

R. If bar reinforcement is to be the continued choice into the future, then methods must be
devised for affording protection to the cover concrete. At present no specific protection is
provided for this vital part of the material. In the earthquake or similar situation, loss of
the cover material is often widespread. This is a prelude to loss of integrity of lapped bars,
to be followed thereafter by a general breakdown of the material structure. Loss of this
material also presents a difficult repair operation.

As has been said, these (ideal) features are not of equal importance or scope to be achieved.
Several of them appear to be of little current interest to the Industry. Let us consider some of
them in more detail.
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PRIORITIES FOR CHANGE?

Of great importance in any construction, in whatever material, is the degree to which
simplicity of the processes can be achieved. If the processes can be made simple then there
will be greatest scope for costs to be controlled and quality assured. Simplicity is also
compatible with eventual mechanisation of processes. Many of the features included in the
list in the previous section can make a contribution to simplicity.

The aim is to control cost without an impact on quality. Certainly the cost should be kept to
an affordable level, but minimum cost may be in conflict with other requirements. Best value
will require several factors to be considered, of which cost is one component.

A central and costly feature of all current reinforced concrete construction has always been
the handling and placement of the reinforcement. Another is the provision of formwork,
whether single use, multi-use or permanent. There has been little progress in automating the
bar handling processes apart from machine pre-bending of the shapes. Despite much
ingenuity on the part of operators and equipment makers, there has been little progress
towards automating the bar placing and fixing operations. Any improved future concrete
composite technology must make improvements in this part of the construction.

If automation of the bar handling operations is not possible this means that there is limited
scope to achieve many of the desired goals in the future. These operations also are a rather
grey area in relation to construction tolerances. The specific technology discussed later is
capable of being fully automated and of achieving construction tolerances that compare
favourably with the best available in the entire construction industry.

Intimately connected with the use of bar reinforcement in our concrete composite are
questions about inspection and quality of the product. Even with the best-practice applied in
the most rigorous manner, there are practical difficulties to consistently achieving all the bars
to be within tolerance for shape and placed all within tolerance in the desired positions in our
constructions. If the operator skills are not of the highest order and inspection is in the least
suspect, then quality of the product is bound to fall below the ideal and may be lowered to
danger levels. Certainly, some recent collapses, even in the most sophisticated countries in a
technical sense, can be traced to deficiencies in the bar number and placement.

Connected with these questions of shaping and placing of bar reinforcement are all the
associated questions of how the work practices in countries with less sophisticated industries
can be expected to cope. There is considerable scope to cheat and for error in this department
of the construction. The 'best' codes and the most competent operators can probably achieve
a satisfactory product in most countries, but left to local expertise the best codes, even
assuming good intentions, are an inadequate safeguard to achieve end product quality. To
compound the problem, old reinforced concrete construction cannot easily be assessed for bar
numbers or their position. On the other hand, as will be seen later, the composite reviewed
later does have this capability, for easy assessment of reinforcement amount and positioning.

The capability of varying the section properties along the length of a member may be difficult
to achieve and is seldom exploited. For some steel/concrete composites, such as the example
discussed below, it can be achieved both easily and effectively.
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ENVIRONMENTAL ASPECTS AND WASTE MINIMISATION

Concrete products are incorporated into a myriad of end products. Much though not all
concrete is reinforced, to produce the current composite. Construction waste has become a
serious environmental problem [3,5], arising either from new construction waste or
demolition. Separating reinforcing bar from a concrete matrix during demolition is an
expensive and crude operation. Often there is no attempt at separating the components when
a structure is demolished. The materials recovered are of a degraded quality compared with
their original condition.

We need to give much thought as to how to curb this build up of construction 'Entropy', by
analogy with thermodynamic and information disorder. Unlike the presently used reinforced
concrete where orderly recovery is difficult, easy recovery of the steel component in the
composite is a feature of the example material discussed below.

In the historical context there is both the greater scale of demolition now as compared with
previous ages, as well as the shorter life span of many of the buildings that have been and are
being built. What can we expect of the stock of buildings and infrastructure built in a current
generation? How many of these constructions will survive for 400, or 2000 years? The trend
seems to be towards ever shorter average life span.

DUCTILITY, LIFE-SAFETY AND DAMAGE CONTROL

These topics are most often discussed in situations were, in particular, earthquakes are
prevalent, but they can become headline issues when unexpected collapses occur, such as the
recent reports of a crowded building space collapsing in Israel. We know that many forms of
concrete construction are inherently brittle. Brittleness can be minimised but frequently is
not.

Ductility is only partially achieved in the currently used concrete composite. At the limit
concrete crushing occurs and strength and stiffness loss results. The ductile response is more
easily achieved with steel, but may be curtailed because the member buckles before it yields
if the slenderness of the member is high enough. An improved material would offer the
prospect of full ductility without attendant buckling and this can be achieved if the composite
is made in the manner described below.

Life-safety has for long been a primary goal for earthquake engineers. Much has been
achieved to reduce the likelihood of building collapse. In future the additional requirement of
also achieving damage control in the structures experiencing e/q effects will add to the design
requirements.

Traditional concrete composites are not easily protected to mitigate damage since it is
inherent features such as the vulnerability of cover concrete and the bar laps that provide the
greatest potential for damage. At present there is essentially no protection afforded to cover
concrete, even in the most technically sophisticated countries. But other sorts of composites,
in particular the example discussed below, can offer considerable scope to limit damage to
the structure.
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TECHNOLOGY TRANSFER?

Methods of construction that are fashionable, economic and employed in a developed
economy may be quite inappropriate if used in a less developed economy. Tilt-slab and large-
scale precasting are methods that are widely employed in New Zealand. These are methods
that are less suited to use in less developed economies. Also, according to the 'ideals' listed
above, neither method employs in-situ concrete, and the resulting structures will contain
concretes of widely different ages in contact with one another. Such different age concretes
are at best in intimate contact, but they are not bonded in any sense.

For many reasons building technologies may not transfer successfully. Superficially all the
requirements for a successful transfer may be met, but unless all aspects, including inspection
and tolerances can be successfully and consistently achieved then the transplant has only
limited scope of success.

EXTERNALLY REINFORCED CONCRETE - AN OPTION

We come now to the discussion of a specific composite material that will be reviewed in the
light of the various (suggested) ideal criteria for a (concrete composite) constructional
material. The selected composite, termed Externally Reinforced Concrete, is what has
previously been described at two earlier Dundee Congresses [6,7].

The point of departure from the current composite is the abandonment of bar reinforcement in
favour of sheet (steel) reinforcement. If this choice of sheet steel is followed through
logically then a large number of the features that have been identified as desirable in the list
of 'ideal' features can be quite easily realised in the new composite material. The most
obvious of these are, first that the reinforcement is dual purpose — it is both reinforcement and
a permanent formwork for the concrete. The material is far more ductile than any bar
reinforced equivalent. There is no cover concrete to be damaged. The need to lap
reinforcement is removed. All the fabrication operations can be readily automated, and there
are many other subsidiary benefits.

Equally important for the quality of the structural product is the manner in which the concrete
is handled. In ERC all the concrete is placed, hardens and cures in a near perfect environment
of enclosure with the inherent ability to retain all mix water. Drying out of outer surfaces, an
ever-present feature of conventional concrete, is eliminated. A whole range of other benefits
flow from this feature.

There may of course be possible down-sides, such as corrosion resistance, fire protection and
other aspects. These have been studied but the space afforded in this paper does not allow
these points to be given adequate treatment.

To recap, the ERC concept is that all members, beams, columns, panels, cladding etc are
constructed as hollow steel tubes, folded up from thin coiled steel sheet material and welded
longitudinally to complete the tubular shape. Sheet of 2 or 3 mm thickness is a preferred
choice for a wide range of member sizes. Such material can be handled, shaped and
fabricated essentially as sheet metal rather than as (thicker) steel plate which requires far
more heavy duty equipment and work related practices.
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Consider first a simple beam in flexure. As illustrated in [6], most beam sections are best
constructed as an outer and a smaller inner casing, with the inner case positioned in the
tension zone. The annular space between the pair of cases is then filled with in-situ concrete.
In a practical situation this would be an operation carried out on site when the beam had been
placed in its permanent position.

Such a member proves to be extremely ductile, stiff and strong. No special bond provision is
made or needed at the interface steel/concrete, and there is only a minor tendency for the
concrete to be forced out of the open end of the case. In many practical situations, the
member ends would be closed and in contact with surrounding structure. The bar reinforced
material depends critically on effective bond between the bar and the concrete. The ERC
material does not depend upon conventional bond. The composite action between the steel
(case) and the concrete is generated not by bond but by the containment of the concrete
within the casing.

The experimental observation is that members made in this way are very ductile and reach a
fully plastic condition if a sufficiently large moment is applied. Since the member is tubular,
the torsional properties are excellent. Slenderness is not an issue, despite the use of very thin
steel as one of the materials, because the steel is always supported by the adjacent concrete. A
simple mechanical model can then be used to explain the observed behaviour. These general
features are described in greater detail in the two papers, [6,7], and in the other references
included in those papers.

Viewed in terms of the list of 'ideal' properties, such a typical ERC beam can be seen to
incorporate the most important of these ideal features as being essentially inherent features of
the material. Such a material is probably best categorised as a radial new material.
Experience, now over many years, has shown that Industry in the developed economies is
inherently not receptive to such classes of product. There are too many new variables
introduced into an already multi-variable equation. For these and other reasons, some
observers have consistently commented that this type of radically different technology may
first find application in less developed parts of the world, where the inertia in the whole
system is less, though the practical difficulties may be greater.

The earlier two papers [6,7] describe a range of other features, such as assembly of beams
and columns into frames, fire resistance, prestressing etc.. A finished structure is also
described. Considerable progress can be made with all of these aspects, and in quite natural
ways. In particular, simple and strong jointing systems have been achieved which entirely
avoid weak sections at beam/column interfaces- see Item B in the 'Ideal' list.

When considering bi-material combinations, steel/concrete combinations in the present study,
various parameters can be defined to describe the ratios used. The ratio of the two material
areas in a typical cross-section, r, is one. Another is the material unit weight ratio, m, and a
third the material strength ratio, s. There could be others. The product of all such ratios when
set equal to unity gives a crude measure of how the materials combine in some useful
choices. For the present study of steel and concrete, the primary unknown is r. The value of m
is around 78/24 and of s about 350/40 say, being the densities and typical MPa strengths,
tensile for steel and compressive for concrete. Typically then r is in the range of l/(m.s) =
24.40/(78.350). This gives a value for r of 0.035. In the typical experimentation reported in
[6] and [7] this 3.5% of steel compared with the concrete area is about typical of the
experiments described.



28 Lowe

Since 1999 the new studies made at Auckland relating to ERC-type technology have focussed
on the use of external reinforcement as a means to repair damaged conventional structures.
Some of these results may be presented in a paper included in this conference series.

To conclude, we return to the 'Gujurat' earthquake, to questions of appropriate technology,
and all the issues that contribute to building quality. The traditional bar reinforced composite
is of course what is extensively used world-wide. The relevant codes are written in the
wealthier countries and are processed through International Bodies such as the International
Standards Organisation. One of many major advantages that an ERC type material has over
conventional reinforced concrete is the ability to check the position, amount and type of
reinforcement from external observation. The ease of making such checks is important,
especially in situations where building quality and site supervision may be suspect. This is a
matter of public safety.

If any substantially different building technology is to enter the market place there are many
long and expensive avenues to be travelled before acceptance is achieved in the world of
international standards. This situation could be reason enough for new building technologies
to be trialed in countries where the pressures to build are great, and the requirement to build
to ISO or equivalent standards is not appropriate.

Herein lies a paradox since standards are, in principle, designed to protect the public and yet,
due to the inertia and cost involved, new technology may effectively be excluded from being
employed if there is no relevant standard. There is also a trend over the years for standards to
acquire more and more detail, making them less and less relevant for use in the less
developed world. Standards are, by their nature, conservative documents. Conservatism in
building and construction generally is one of the factors which impinges on new technology
at an early stage. New technology we must have, if not today, then tomorrow or the next day!
Concrete in all its various forms as used in construction is an essential material and has had a
huge contribution to civilisation in the past one hundred and fifty years. Significant
technological and social questions remain open as to the future use, scope and nature of
concrete construction. There is always a need to review priorities/This paper is intended as a
contribution toward a current review.
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ABSTRACT. Poly Vinyl Chloride is a polymer used in the construction industry. Vinyl is
the plastic matter not completely from petroleum. This provides some main attributes that
make it useful in the construction of certain structures exposed to corrosive environments.
This paper evaluates the utilization of the commercially available PVC tubes as compression
members filled with concrete. An experimental study is conducted on which four concrete
filled PVC columns are tested up-to-failure. All specimens are of 100 mm diameter and of
different heights. Two reference plain concrete specimens are tested to provide the
contribution of the PVC tube in the confinement of concrete. All specimens are tested
vertically and are subjected to monotonically increasing axial load until compression failure
occurred. Axial load-displacement relationships are recorded for each specimen. This paper
provides a scope for further research on conducting experiments on concrete filled PVC tube
with different slenderness ratios and different concrete properties to further identify the
behavior and then, propose a design approach of using such composite columns in light
construction.
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INTRODUCTION

Plastics have exceptional properties, which make these materials attractive for different
structural applications. Some of these properties include high resistance to severe
environmental attacks, electromagnetic transparency, and high strength to weight ratios. Due
to these properties, there is a great demand for structures such as piling, poles, highway
overhead signs and bridge substructures to be made of materials that are more durable in
comparison to traditional materials and systems.

Composite Columns, made of structural steel tubing filled with concrete, have been used in
building construction with great efficiency for many years. Many authors have dealt with
theoretical and experimental investigations on the behavior as well as the ultimate
compressive strength of concrete-filled steel columns (among them: Uy, B., 2000 [1], Faruqi
et al., 2000 [2], O'Shea et a l , 2000 [3] and Campione et al., 2000 [4]). Rapid deterioration of
infrastructures increased the demand on rehabilitating and retrofitting existing concrete
columns in building and bridge substructures. Advances in the field of advanced composite
materials have resulted in development of fiber reinforced polymer sheets to confine existing
concrete columns, resulting in enhancing the compressive strength and ductility and
improving the durability over conventional methods. Few authors (among them: Saafi et al.,
1999 [5], Toutanji, H., 1999 [6]) tested to-collapse concrete columns wrapped using carbon
and glass fiber sheets.

Saafi et al. [5] proved that the increase in axial stress over the confined specimen ranged from
51 to 137 percent for the concrete-filled glass tubes and 57 to 177 percent for the concrete-
filled carbon tubes. However, with the high cost of the advanced composite materials, the use
of this material in composite columns in light construction is not recommended. Another
alternative to the advanced composite materials tubing is the commercially available PVC
sewers pipes. The use of PVC tubes in composite columns and piles in light construction will
eliminate the reinforcing steel and the formwork. So, the objective of this paper is to examine
the compressive strength and overall behavior of concrete-filled PVC tubes subjected to
increasing axial forces.

Poly Vinyl Chlorides, PVC, are polymers used vastly in the construction industry. Vinyl is a
plastic material not completely originated from petroleum. This provides some main
attributes that make it useful in the construction of certain structures exposed to corrosive
environments. PVC tubes are characterized by having lightweight, which permits easy
handling. They are impermeable to gases and fluids and durable (their life cycle in civil
construction goes beyond 50 years). Very few authors have dealt with the ultimate strength of
plastic columns with concrete core (Daniali, S., 1992 [7]; Kurt, C. E., 1978 [8]). However, a
comprehensive experimental study is required to provide database for the experimental
compressive strength of concrete-filled PVC tubes. This database would include different
tube sizes, slenderness ratio and concrete properties.

EXPERIMENTAL PROGRAM

The experimental program included testing to-collapse six concrete columns under increasing
axial load. The plastic tubes used were PVC Sewers/EGOUT pipes, SDR 35 CSA certified.
All the specimens except the fourth and the sixth ones were concrete-filled PVC tubes of
lengths 758, 562, 416 and 270 mm, respectively.
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The diameter of the concrete core was 100 mm, while the thickness of the PVC tubes was 3
mm. Specimens No. 4 and No. 6 were plain concrete columns of heights similar to those of
specimens No. 3 and No. 5, respectively. These two specimens were intended to assess the
contribution of the PVC tubes on the compressive strength. Table 1 summarizes specimen
properties and strength. After pouring of concrete, each specimen was saw-cut to provide flat
ends normal to its longitudinal axis to avoid eccentricity of loading. Each specimen was
tested under increasing monotonic axial loading using a 4500 kN MTS Compression Tester at
the Structural Laboratory at Ryerson University. A spherical bearing block at the upper end of
the machine provided a uniform distribution of applied stress in the test specimen and ensured
the pin-ended restraint of the specimens. While flat-ended conditions were considered at the
lower end of the specimens. The axial load was applied in increments (1000 N per second).
The axial displacement between the two heads of the tester was monitored using a built-in
LVDT. Figure 1 shows the test setup with specimen No. 3 after failure.

Figure 1 Test setup

Table 1 Specimen properties and strength

SPECIMEN
NUMBER

1
2
3

4
5
6

PIPE
THICKNESS

(mm)

3
j

i

N/A
3

N/A

CONCRETE
CORE

DIAMETER
(mm)

100
100
100
100
100
100

HEIGHT (mm)

758
562
416
416
270
270

COMPRESSIVE AXIAL
RESISTANCE (kN)

287
291
311
265
318
287
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RESULTS

Concrete-filled PVC tubes tested herein exhibited strength, ductility and energy absorption
capacity superior to those of unconfined concrete. Table 1 summarizes the ultimate axial
compressive force carried by each specimen. It can be observed that concrete confinement
produced by the PVC tube of 3 mm thick increased the ultimate compressive strength of
specimen No. 3 by 17% and that of specimen No. 5 by 11%. Figure 2 shows the load-axial
displacement relationship for specimen No. 3 of concrete-filled PVC tube and No. 4 of
concrete only. It can be observed that the ultimate load for each specimen reached at
approximately the same axial displacement. However, the presence of the lateral confinement
provided by the PVC tube significantly increased the axial plastic strain before collapse. This
would provide warning to progressive failure rather that brittle failure of plain concrete
specimens.

-S-3
"S-4

4 6 8 10 12 14 16 18

AXIAL DISPLACEMENT (mm)

Figure 2 Load-displacement relationship for specimens No. 3 and 4

Similar behavior is observed in Figure 3 for specimen No. 5 of concrete-filled PVC tube and
No. 6 of concrete only. Figure 4 shows the axial load-displacement relationship of the
concrete-filled PVC tubes of different heights. The representative specimens No. 1, 2, 3 and 5
have slenderness ratios of 30, 22, 17 and 11, respectively. The ultimate compressive load
values are listed in Table 1. It can be observed that ultimate compressive load decreases with
increase in slenderness ratio.

The mode of failure of the concrete-only specimen was traditional shear mode failure,
splitting of concrete laterally with an angle of shear failure approximately 45 . Similar shear
mode failure in the concrete core was observed in all the concrete-filled PVC tubes.
However, the slippage of concrete at approximately 45 was contained by the PVC tube since
it can withstand large lateral deformation without rupture of the tube material. Figure 5
shows view of the failure mode for each specimen. It can be observed that the shown PVC
specimens exhibit large and noticeable lateral deformation after collapse.
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Figure 3 Load-displacement relationship for specimens No. 5 and 6
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Figure 4 Load-displacement relationship for concrete-filled tubes
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Figure 5 View of the specimens after failure

CONCLUSIONS AND RECOMMENDATIONS

This paper presents preliminary results on the behavior as well as the ultimate compressive
strength of concrete-filled PVC tubes. The following conclusions and recommendations are
drawn:

1. The use of PVC tube provides considerable lateral confinement to the concrete columns
and hence, increases the ultimate compressive strength of such columns.

2. Concrete-filled PVC tubes possess a great level of ductility as observed from the axial
load-displacement relationship. The tube acts as containment to the failed concrete core
and exhibits large lateral deformation before failure.

3. As the slenderness ratio increases, the compressive strength of the concrete-filled PVC
tubes decreases.

4. Further research is required to evaluate the compressive strength of concrete-filled PVC
tubes with wide range of slenderness ratios and tube sizes, and different concrete
properties.
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ABSTRACT. Using an extensive database of test results a constitutive model of the
compressive stress-strain response of fibre-reinforced concrete is developed. The
experimental databank includes test specimens with a variety of fibre type and volumetric
content. The model relates mechanical resistance at any level of axial deformation to damage
buildup. Expansion in the microstructure due to crack initiation and propagation is used in
the model as a measure of damage. Initiation of a post-peak descending branch in the stress-
strain response is associated with the occurrence of instability in the specimen structure; in
this modelling framework, fibres provide kinematic restraint to dilation in a manner
analogous to conventional passive confinement. The role of fibres is evaluated through
indices of mechanical behaviour such as the deformation capacity of the material, whereas
the model is expressed mathematically through the mechanical properties of the fibres, the
volumetric fraction of fibres and the intrinsic properties of the mortar/concrete matrix.

Keywords: Fibre reinforced concrete, Constitutive relations, Stress-strain models,
Deformation, Triaxial stress, Fibres, Bond.
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INTRODUCTION

A familiar attribute of concrete's behaviour is significant compressive strength in the
presence of confinement and insignificant resistance accompanied with brittle response under
tension. When unconfmed, concrete demonstrates brittle behaviour even in compression, as
tensile fracture occurs parallel to the load due to the so-called Poisson's effect. Lateral
expansion of unrestrained concrete is so significant that after attainment of peak strength,
failure is characterised by uncontrolled volumetric expansion. In this regard, any kinematic
restraint to dilation favours the mechanical properties of concrete, by increasing its
deformation capacity and, depending upon the manner of its application, it may even lead to
substantial improvement of mechanical strength.

In this work, mass reinforcement such as fibres in fibre reinforced concrete (FRC) is treated
as a device of kinematic restraint to volumetric expansion. Using this concept, a constitutive
model of the compressive stress-strain response of this type of concrete is developed, using as
a point of reference the observed response of FRC based on an extensive database of test
results. The experimental databank includes test specimens with a variety of fibre type and
volumetric content. The model relates mechanical resistance at any level of axial
deformation to damage buildup. Expansion in the micro structure due to crack initiation and
propagation is used in the model as a measure of damage.

Initiation of a post-peak descending branch in the stress-strain response is associated with the
occurrence of instability in the specimen structure. In this modelling framework, fibres
provide kinematic restraint to dilation in a manner analogous to conventional passive
confinement. The role of fibres is evaluated through indices of mechanical behaviour such as
the deformation capacity of the material, whereas the model is expressed mathematically
through the mechanical properties of the fibres, the volumetric fraction of fibres and the
intrinsic properties of the mortar/concrete matrix.

BEHAVIOUR OF PLAIN CONCRETE UNDER COMPRESSION

In Figure 1, 83 represents the strain in the axial direction of the compressed specimen, 03
represents the average imposed axial compressive stress and sv represents the volumetric
strain. The latter quantity results from the sum of the three principal strains of concrete,
G1+E2+E3, where the axis 1 and 2 are perpendicular to the axis 3, that coincides with the

03 '

1

/ ^

0,002 £3

, £v=g(e3)

£3

Figure 1 Axial stress-strain diagram of conventional concrete
under uniaxial compression
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direction of applied load. From the above, it follows that the sum S1+S2 = £v-£3 describes the
dilation of the cross section (area strain, SA). The schematic representation of the relation £y
- S3 in a diagram shows that EA, i.e. the area strain of the cross section supporting the load at
an axial strain of S3, is the coordinate bound between the SV-S3 curve and a 45 degree line in
the contractive quadrant. Note that sign convention for volumetric strains is positive for
tension (expansion) and negative for compression (contraction).

Recent experimental data have illustrated that nominal failure (i.e. the initiation of
descending branch of the stress-strain curve) is associated with prevailing net volumetric
growth of concrete due to damage buildup, i.e. sy > 0. Consequently, the point of alteration
of concrete's stable behaviour to instability is defined from the requirement that Ey = gfe) =
0. According to the definition of area strain EA, at the onset of the post-peak branch, SA is
equal in magnitude to the imposed axial strain £3. The value of |E3| that satisfies the above
kinematic condition is defined as the strain at maximum stress, since it separates the region of
volume contraction to volume expansion, and also defines the strain limit beyond which the
strength of concrete deteriorates from its peak value [1]. This characteristic strain magnitude
is referred to in the remainder of this paper as £3°° for plain unconfined concrete, £3CC for
confined concrete and £3° for fibre reinforced unconfined concrete.

£T <£T ; £CA(£I)>£VA(£I) & £"'<£3 ; £A(£3)>£A(£}) 0 )

The above observations have also been confirmed experimentally for fibre-reinforced
concrete, regardless of imposed lateral confining stress or the method of applied lateral
restraint [2,3]. In the presence of kinematic restraint (as provided by a confining jacket or by
means of added fibre content), the accumulation of area growth EA in the cross section
supporting the compressive strut is slowed down as compared to the area growth observed in
tests of plain unconfined concrete. For this reason an increase of axial strain capacity prior to
failure and a slower rate of decay in the descending branch have been reported in these cases
(Equation 1). A similar improvement of compressive strength, although not as marked as the
increase of deformation capacity, is observed only in the case of actively confined concrete.
It is noteworthy that the strength increment due to confinement is usually quantified over the
strength of plain concrete having the same mix design and without fibre reinforcement.

PHYSICAL MODEL OF FIBRE REINFORCED CONCRETE

As already explained, passive confinement does not directly counteract the imposed pressure
but resists the imposed expansion of the encased concrete. Through this mechanism of
resistance, confinement counteracts propagation of macrocraks, delays the onset of softening
and generally causes a less brittle pattern of failure. A mechanical analogue of the function
of external kinematic restraint as provided by means of passive confinement (as in the case of
a jacket) is modelled in Figure 2a. The mechanism providing the confining action imposes
stiffness K per unit of lateral area of the material mass, so the confining pressure oiat is given
by

Fla =KS< F,: (2)

where F^ is the nominal strength at the yield point of the spring-system per unit surface area
of the cylinder and 3 is the lateral translation due to expansion of the cylinder boundary
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(compression of the springs, equal to the dilation s/*D/2 of concrete, where D is the diameter
of the element). From the free-body diagram of Figure 2b, it is easy to derive that the
magnitude of lateral pressure applied on concrete is aiat= Fiai=KS. The same model is used in
Figure 3a in order to explain the restraining role of fibres in fibre reinforced concrete. In this
case, it is considered that springs are acting internally in the mass of the concrete element and
although the general form of the Equation (2) is still valid, the significance of the terms used,
such as the stiffness K, is different. Stiffness K is given by

K = kfPf (3)
where kj is the stiffness of an anchored fibre and p/ is the total area ratio of fibres in an
arbitrary section of the element. According to [4] the number of fibres per unit area of
concrete is Ni=0.605V/A/ (S. I. system of units) derived from experiments with steel fibres
having 50 mm length (2 inch), where Vj, the volumetric percentage of fibres and A/, the area
of a single fibre. Note that when using the more common 25-30 mm long fibres
(approximately 1 inch), the above relation is modified to N] = 0.605 x (50/25) x V/Af =
\.21V/Afand pf=NiAf=\.2lVf.

-A/VH.JL K*5 <

(a) (b) Olat

Figure 2 Mechanistic analogue of passive confinement action on the lateral surface
of concrete cylinder (a) spring-model (b) free-body diagram at an arbitrary section

kf*Eiat<

'max

(a)
(b)

Figure 3 (a) Model of fibre function on a concrete specimen
(b) Estimation of lateral confining pressure of fibre-reinforced concrete

Failure of the kinematic restraint provided by the fibre, when it occurs, depends on the
anchorage capacity, fmax of the fibre in concrete. After the formation of a crack in concrete,
stress is supported entirely by fibres bridging the two sides of the crack.. If the load resisted
by the fibre is less than either the pullout strength or the fibre yield/fracture capacity, the fibre
remains elastic during elongation and transmits the load to the surrounding concrete [5]. The
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load transmission due to the bond mechanism of the fibre to concrete continues until the
occurrence of localised deformation in the fibre, either due to fibre slip through pullout from
the anchorage length or due to exceedance of fibre tensile strength, whichever occurs first.
Thus, three alternative cases of fibre failure can be identified. For fibre pullout from the
anchorage, necessarily accompanied with partial failure of the fibre-concrete interface, the
force developed in the fibre is limited by the anchorage strength, Fe. Force Fe depends upon
the fibre characteristics and the concrete properties at the fibre-concrete interface. If fibre
fracture prevails prior to pullout, then the fibre strength is developed, Fr. Particularly when
using ductile steel fibres, yielding at a force Fy limits the strength. Strengths Fr and Fy of the
two latter cases are independent of concrete properties, and are characteristic of fibre type
and material. Consequently, the maximum confining pressure that fibres may provide to
concrete is limited by fibre/interface failure as described in the preceding.

From the free body diagram shown in Figure 3b it is evident that a lateral compressive stress
Gial develops in concrete so as to counteract fibre tension, as required to maintain equilibrium.
aiat is obtained as follows:

ffkePf+alat=0 ; abt=-ffkePf (4)
where ke the coefficient of fibre effectiveness (which accounts for the fact that fibres are not
generally perpendicular to the arbitrary section considered; for random fibre distribution it
can be shown that fte=0.5, by considering a Gaussian distribution for the fibre orientation-
angle 9f. Note that 9f is measured between the fibre axis and the horizontal, and ranges from
0 to 180 degrees. Therefore, ke is calculated from |0

nsin6fd9f). Parameter ff represents the
average stress in the fibres intersected by the arbitrary section.

/ / =
2ub

fy

h

fr

(5)

In Equation (5) the limit value 2uf,l/dj is derived with reference to Figure 4 (fibre pullout),
where ui, is the average bond stress along the fibre during pullout (assuming constant bond
stress distribution), //is the length and c^-is the diameter of the fibre and, fy and ff represent

crack

Ub

1/2

f
f.TrW.2//1

Figure 4 Calculation of the strength along fibre anchorage

fibre strength (at yield or fracture depending on the type of fibre - ductile or not). According
to experimental results from studies on fibre-reinforced concrete ([6], [7], [8]), the residual
frictional bond resistance (past the point of slip initiation and after the initial adhesion
strength has been exceeded) is about equal to tensile strength of concrete. Thus, wj=
0.5(/at)"2 MPa and if l/df = 30, fmax is determined from the bonding mechanism (90-180
MPa < 220 ~ 400 MPa). Thus, in long fibres {l/df = 60) pullout is expected only in case of
medium to low strength concrete (3x60=180 MPa, Fmax=35 N (d/= 0.5mm)), whereas yield or
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fracture of fibres is expected in the case of high strength concrete. In the case of non-metallic
fibres (i.e. polypropylene fibre) characterised by low modulus of elasticity, the magnitude of
localised strain that can be developed (width of crack) before fibre slip may begin is
excessively high and fmax is estimated from the fracture value of the fibre (/> < 180 MPa).
Referring to Figure 5b, note that the above values concerning bond strength correspond to the
initiation of the descending branch in the bond-slip characteristic diagram (pullout
mechanism). Significantly higher values have been reported in the literature for the peak
bond strength, Ub,max (2~3 fold increase over the frictional limit).

(a)

b.max

Figure 5 (a) Axisymmetric failure is considered,
(b) Assumed bond stress — fibre slip variation

CONSTITUTIVE MODEL OF FIBRE-REINFORCED CONCRETE UNDER
COMPRESSIVE STRESS

Addition of fibres to a mixture of plain concrete increases significantly the post-peak
deformation capacity and tensile strength, reduces the rate of post-peak strength degradation
and decreases the development of macrocracks in the matrix, but may have marginal or even
negative effect on compressive strength. The improvement of concrete's ability to absorb
energy during deformation is quantified by the area enclosed between the stress-strain curve
and the horizontal axis. It is observed that this area is much larger than the corresponding
value for conventional concrete.

To formulate the equation of the energy, plain and fibre-reinforced concretes of the same mix
design and porosity need be related. It is noteworthy that adding fibres to concrete leads to
an increase of the matrix porosity because of air entrainement and a decrease in volumetric
fraction of cement paste (Vp) equal to the volumetric fraction of the added fibre (Vp~Vj). The
latter remarks highlight that differences in response characteristics are likely to exist between
the plain mixture and the one referred in the literature as the reference mixture (without fibre
reinforcement). The index "corr", when used, in terms of the above equation, underlines this
difference between the characteristics of plain concrete mixture (of same porosity) and the
reference mixture. Based on the expansion-strain model [1], the modified magnitude of the
strain at peak stress, F.A"=F.3U, may be calculated from the reduced volume fraction of paste
when accounting for air-entrainement and fibre volume. Similarly the reduction in the
magnitude of the initial modulus of elasticity Eo, owing to the same reasons was computed
using the models by [9] and [1].
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Neglecting second order terms, the equation of the energy is equivalent as follows

g 3 " = (l + 0.75 - g ^ g £ i « _ ] . °"3°*""T (6 )
£ 3» ff3« fc 31/ 7 CT 3 »

where:

.<££, sec

Previous experimental findings ([2], [3]) have been used in deriving Equations (6) and (7).
According to this, the lateral strain of concrete at the onset of the descending branch is
approximately equal to half the value of the corresponding axial strain (i.e., the active
Poisson's ratio v is taken as 0.5 at peak stress). The secant stiffness of concrete at that point
is taken as E'sec=a3u/£3u (using a Hognestad-type parabola for the ascending branch of the
stress-strain diagram). Note that at low confining pressures, the second term in Equation (7)
is negligible. To compute the strength increase due to confining pressure oiat, the classical
form was used as follows [10]:

Using again the energy balance approach, it is also possible to obtain a closed form
expression for strain e^o, i.e. the post-peak axial strain corresponding to 50% loss of

°3u = <73u'"'''+ ^^lat (8 )

strength. The same definition is used both for plain and for fibre-reinforced concrete. Here it
is assumed that three symmetric planes of fracture occur in the cylindrical specimen (Figure
5 a) whereas bond stress is taken to decay linearly from maximum load to zero capacity at
complete fibre pullout (Figure 5b). Based on these assumptions it may be easily shown that

(9)

where 1 = 1.5 for the case depicted in Figure 5 a.

Equations (6) — (9) describe the constitutive behaviour of fibre-reinforced concrete associated
with the mechanical properties of the basic concrete mixture and the properties of the fibre
used. Note that the maximum strain resulting from Equation (9) is derived with reference to
size effect.

COMPARISON WITH THE EXPERIMENTAL EVIDENCE

Only few experiments report on the critical model parameters in published experimental
literature (such as the water-cement ratio, aggregate type and volumetric ratio, and air-
entrainement percentage) in addition to the mechanical characteristics of the fibres used. An
additional drawback is that axial strain is not always measured within an acceptable gauge
length (sometimes authors report relative displacement of loading platens during the
compression test, thereby including spurious sources of strain such as, for example, the
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compressive strain of the caps). For this reason only few tests can be used reliably for
correlation of the model, and hence its effectiveness in reproducing observed behaviour of
FRC, is for now, mainly qualitative. Table 1 summarises the fibre content of concrete
(volumetric percentage), the fibre type (l/dj), the compressive strength of the cylinder, the
correspondent axial strain 83U and the strain 63,50 for two relevant sets of experiments [11], [7].

Table 1 Experimental results from the literature

# V f ( % ) FIBRE TYPE f3ll (MPa) e3u e3;50 REFERENCE

[11]

[7]

[7]

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

0% 3

0.5%

1%

0% 4

0.4%

0.8%

0%5

0.75%

1.1%

-

lf/df=60'

-

l«=6012

-

lf=30u

81.4

82.1

82.1

38.0

39.5

39.0

72.5

74.0

80.0

0.0030

0.0036

0.0038

0.0016

0.0020

0.0024

0.0022

0.0025

0.0033

0.0040

0.0058

0.0077

0.0036

0.0080

0.0160

0.0028

0.0074

0.0095

In assembling Table 1, it was assumed that an air-entrainement of 5% occurred for addition
of fibre content by » 1 % per volume. Linear interpolation was used for the remaining values
(F /=0 - l%) . It was assumed that: \fy=400 MPa; 2d/=0.8mm and 0.5 mm respectively; 3it was
specified that w/c=0.28; 4it was assumed that w/c=0.5; 5it was assumed that w/c=0A.

Table 2 Calculated results from the model (applied to cases with Vf& 0)

# Ff(%)

(2) 0.5%

(3) 1%

(5) 0.4%

(6) 0.8%

(7) 0.75%

(8) 1.1%

p, (%)

0.302%

0.605%

0.242%

0.484%

0.907%

1.330%

oia, (MPa)

0.60

1.20

0.48

0.97

1.81

2.65

O3» (MPa)

81.1

80.7

38.6

39.3

76.3

78.0

1.139

1.260

1.045

1.090

1.083

1.145

o.corrb3u

0.0034

0.0037

0.0017

0.0018

0.0024

0.0025

£3u

0.0034

0.0038

0.0017

0.0018

0.0025

0.0026

£3,50

0.0039

0.0047

0.0031

0.0046

0.0041

0.0048
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CONCLUSIONS

An analytical model was developed to simulated the behaviour of fibre-reinforced concrete
under compression. Model formulation was based on experimental observation and records
from an extensive triaxial test programme that was conducted on cylindrical specimens of
fibre-reinforced concretes containing various volume fractions and types of fibre. In the
model, fibre action was interpreted as a kinematic restraint against concrete lateral expansion,
which is perpetrated by damage accumulation due to cracking. Using this model it was
possible to estimate an effective passive confining pressure which develops internally in
concrete as fibres become mobilised in tension. This effective confining pressure is manifest
by consequent enhancement of deformation capacity of fibre-concrete over the corresponding
plain concrete of the same basic composition. It was shown through the analysis that
compressive strength is influenced to a lesser degree by the addition of fibre, first because
fibre addition increases the inherent porosity of the mix due to entrainement of air, but also
because the function of the fibre as a confining mechanism becomes mobilised only once
sufficient dilation due to cracking has taken place in the material microstructure (near peak
stress). The deformability of fibre-reinforced concrete under compression was computed
using energy methods at the critical point of the maximum load and at nominal failure.
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ABSTRACT. The results of an experimental investigation to study the effects of
replacement of cement (by mass) with three percentages of high fly ash content, and the
effect of addition of steel fibres on the slump, Vebe time, compressive strength, split tensile
strength, flexural strength and impact strength of high fly ash concrete are presented. A
control mix of proportions 1:1.4:2.6 with water cement ratio 0.46 and superplasticizer-
cementitious ratio of 0.015 was designed. Cement has been replaced by mass with 35, 45, and
55% of fly ash content. Three percentages of steel fibres (0.30, 0.60 and 0.90%) of aspect
ratio 80 have been used in the investigation. The test results indicate that replacement of
cement with fly ash increases the workability (slump and Vebe time), decreases compressive
strength, split tensile strength, flexural strength, and have no significant effect on the impact
strength of plain concrete. Addition of steel fibres reduces the workability, does not
significantly affect the compressive strength, and increases the split tensile strength and
flexural strength, and tremendously enhances the impact strength of high fly ash concrete
with an increase in percentages of fibres.
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INTRODUCTION

Cement is the most cost and energy intensive component of concrete. The unit cost of
concrete can be reduced by partial replacement of cement with fly ash. Accordingly, the
replacement of cement with fly ash reduces the unit cost of the concrete, and conserve
energy. In concrete, the replacement of cement with fly ash has its beneficial effects of lower
water demand for similar workability, reduced bleeding, and lower evolution of heat. It has
been used particularly in mass concrete applications and large volume placement to control
expansion due to heat of hydration and also helps in reducing cracking at early ages.

Recently, high fly ash concrete has emerged as a construction material in its own right.
These concretes normally contain more than 35 to 40% fly ash by mass of total cementitious
materials. Many researchers have reported their findings on the various aspects of high
volume fly ash concrete [1-6].

The use of fly ash in concrete is found to affect strength characteristics adversely. A loss in
the strength of concrete can be retrieved to a large extent by incorporating steel fibres, which
have proved their worth in enhancing the strength characteristics of concrete. Extensive work
have been reported on the steel fibre reinforced concrete [7-11]. In this paper, an effort has
been made to study the effects of steel fibres on the properties of high fly ash concrete. The
effects of steel fibres on the slump, Vebe time, compressive strength, split tensile strength,
flexural strength and impact strength of the high fly ash concrete have been reported in this
paper.

EXPERIMENTAL PROGRAMME

Materials used in this experimental programme include: (1) Portland cement having a density
of 3140 kg/m3; (2) locally available sand as a fine aggregate with a density of 2610 kg/m3

and a fineness modulus of 2.65; (3) coarse aggregate having a maximum size of 19 mm with
density of 2620 kg/m3 and a fineness modulus of 6.86; (4) Class F type fly ash, whose
physical and chemical properties, as per ASTM C 618, are given in Table 1. In this
investigation, cement was replaced with three percentages of fly ash (35, 45, 55) by mass of
cement; (5) Straight steel fibres with an aspect ratio of 80 (length 32.8 mm, diameter
0.41 mm, tensile strength 850 N/mm ) and three percentages by volume of concrete
(0.30, 0.60 and 0.90%) were used; (6) Superplasticizer Centriplast FF90, based on melamine
formaldehyde; (7) tap water; (8) Concrete mix ratio of 1:1.4:2.6 with a water-cement ratio of
0.46 and a superplasticizer- cementious material ratio of 0.015.

Following the mixing, slump and Vebe time tests were performed for plain concrete, high fly
ash concrete and fibre reinforced high fly ash concretes. Standard 150- mm cubes were used
for compressive strength, cylinders of 153 mm in diameter and 305 mm in length were used
for determining split tensile strength, 101.6 x 101.6 x 508 mm beams for flexural strength and
concrete slabs of size 500 x 500 x 30 mm were used for impact strength. The specimens
were covered immediately for complete moisture retention. The specimens were demoulded
after 24 hours of casting, and were then placed in a water tank at 26° C. The specimens were
tested after 28 days of curing. The plain concrete specimens were designated as PC. Fly ash
concrete specimens were designated as FC35 (Concrete containing 35 percent fly ash).
Results of slump test, Vebe time test, compressive strength, split tensile strength and flexural
strength of plain and fly ash concrete are tabulated in Table 2.
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Table 1 Physical and chemical properties of fly ash

PHYSICAL PROPERTIES

Colour

Bulk Density
Density

Chemical Properties

Constituents

Silica (SiO2)
Alumina (AI2O3)

Ferric Oxide (Fe2O3)
Calcium Oxide (CaO)

Magnesia (MgO)
Ignition Loss

VALUE

Whitish grey to grey
with slight black

2200 to 2400 Kg/m3

2.146 to 2.429 g/cm3

Mass, percent

57.3
27.1
5.4
6.1
2.0
1.8

Table 2 Test results of plain and high fly ash concrete

MIX
TYPE

PC
FC35
FC45
FC55

SLUMP,
mm

43
60
66
73

VEBE
TIME,

Sec

31
25
22
17

COMPRESSIVE
STRENGTH,

MPa

37.0
28.5
24.7
22.1

SPLIT
TENSILE

STRENGTH,
MPa

4.00
3.10
2.60
2.12

FLEXURAL
STRENGTH,

MPa

5.30
3.30
2.80
2.25

RESULTS AND DISCUSSION
Workability

The results of the effect of replacement of cement with three percentages of fly ash on slump
and Vebe time are given in Table 2. It is evident from Table 1 that with an increase in the
percentage of fly ash content, workability (slump and Vebe time) increases. This increase in
the workability of concrete is due to the "ball bearing" action of the spherical particles. The
effects of steel fibres on the slump and Vebe time of high fly ash concrete are shown in
Figures 1 and 2. The slump is found to decrease with an increase in the percentage of steel
fibres for all the three percentages of fly ash. Similarly, the steel fibres have their adverse
effect on the Vebe time of high fly ash concrete. Vebe time of high fly ash concrete increases
with an increase in the percentage of steel fibres for all the three fly ash contents.
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Figure 1 Effect of steel fibres on slump of high fly ash concrete

Compressive Strength

The effect of replacement of cement (by mass) with three percentages of fly ash on the
compressive strength of concrete are shown in Table 2. It is clear from Table 2 that the
replacement of cement with 35, 45 and 55% of fly ash content reduces the compressive
strengths of concrete by 22.8, 33.2 and 40.2 percent, respectively. The results of the
addition of steel fibres on the compressive strength of high fly ash concrete are shown in
Figure 3.
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Figure 2 Effect of steel fibres on vebe time of high fly ash concrete
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Figure 3 Percentage of steel fibres on compressive strength of high fly ash concrete

It is clear from Figure 3 that for a particular percentage of fly ash content, there is an
increase in the compressive strength of high fly ash concrete as the percentage of steel fibres
is increased from 0.30 to 0.90%. This increase in the compressive strength is in the order of
8.6 to 18.2% in case of 35 percent fly ash content, 3.8 to 19.4% with 45 percent fly ash
content and 1.8 to 12.2% with 55 percent fly ash content.

Split Tensile Strength

The test results of the replacement of cement with three percentages of fly ash on the split
tensile strength of concrete are tabulated in Table 2. It is clear from Table 2 that replacement
of cement by 35, 45 and 55% of fly ash by mass of cement reduces the split tensile strength
of concrete by 22.5, 35.0, and 47.0 percent, respectively. The results of the addition of steel
fibres on the split tensile strength of high fly ash concrete are shown in Figure 4. Figure 4
shows that for a particular percentage of fly ash content, there is an increase in the split
tensile strength of high fly ash concrete as the percentage of steel fibres is increased from
0.30 to 0.90%.

The increase in the split tensile strength is in the order of 23 to 46% in case of 35 percent fly
ash content, 21 to 37 % with 45 percent fly ash and 20 to 38% with
55 percent fly ash content.

Flexural Strength

The effect of replacement of cement with three percentage of fly ash on the flexural strength
of concrete is shown in Table 2. It is clear from Table 2 that replacement of cement by
35, 45 and 55% of fly ash by mass of cement reduces the flexural strength of concrete by
37.7, 47.16, and 57.5 percent, respectively.
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Figure 4 Effect of steel fibres on split tensile strength of high fly ash concrete

The results of addition of steel fibres on the flexural strength of high fly ash concrete is
shown in Figure 5. Figure.5 shows that for a particular percentage of fly ash content, there is
an increase in the flexural strength of high fly ash concrete as the percentage of fibres is
increased from 0.30 to 0.90%. An increase in the flexural strength is of the order of 10.4 to
21.2% in case of 35 percent fly ash content, 9 to 19% with 45 percent fly ash, and it is 7 to
15% with 55 percent fly ash content.

Impact Strength

The test results of impact strength of steel fibre reinforced high fly ash concrete at ultimate
failure are shown in Figure 6. Impact strength test was carried out by a falling weight
method. In this test a cylindrical metallic piece of weight 40 N was dropped from a constant
height (1000 mm).

The number of blows required to fail the specimens gives the impact strength of the slabs.
Since damage inflicted by the blows of impact load stays during the subsequent blows, it was
assumed that impact energy imparted by the drop of load is absorbed by the slabs. The
cumulative energy imparted to the slab in N-m to cause failure is expressed as mgh x average
number of blows.

From the Figure 6 it is clear that for all three fly ash contents, addition of steel fibres
enhances the impact strength with the increase in percentage of fibres. With 35% fly ash
content, the improvement in strength is 4 to 11 times with the increase in percentage of fibres,
whereas it is 4 to 9 times, and 4 to 6 times with 45 and 55% fly ash content respectively.
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CONCLUSIONS

The following conclusions are drawn from the present study:

1. The replacement of cement (by mass) with three percentages of fly ash
(35, 45 and 55%) increases the workability (both slump and Vebe time) of concrete with
an increase in fly ash percentages. This is due to the "ball bearing" action of the spherical
particles of fly ash. The slump of high fly ash concrete is found to decrease with an
increase in the percentage of steel fibres for all the three percentages of fly ash content.
Steel fibres have adverse affect on the Vebe time of high fly ash concrete. Vebe time of
high fly ash concrete increases with an increase in the percentage of fly ash for all the
three contents of fly ash.
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2. The replacement of cement with three percentages of fly ash content reduces the
compressive strength of concrete by 22.78, 33.24, and 40.2 percent, respectively.
However, addition of steel fibres marginally enhances the compressive strength of high
fly ash concrete.

3. The split tensile strength of concrete decreases by 22.5, 35.0, and 47.0 percent with the
replacement of cement by 35, 45 and 55% of fly ash content. Addition of steel fibres
significantly increases the split tensile strength of high fly ash concrete as the percentage
of fibres is increased from 0.30 to 0.90%.

4. Replacement of cement with the three percentages of fly ash reduces the flexural strength
by 37.7, 41.16 and 57.5 percent, respectively. However, addition of steel fibres
marginally increases the flexural strength of high fly ash concrete as the percentage of
fibres is increased from 0.30 to 0.90%.

5. For all three fly ash contents, addition of steel fibres substantially enhances the strength
with the increase in percentage of fibres. With 35% fly ash content, the improvement in
strength is 4 to 11 times with the increase in percentage of fibres, whereas it is 4 to 9
times, and 4 to 6 times with 45 and 55% fly ash content respectively.
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EXPANDED WIRE FABRIC PERMANENT FORMWORK FOR
IMPROVING FLEXURAL BEHAVIOUR OF REINFORCED

CONCRETE BEAMS
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ABSTRACT. A new technique for using expanded wire fabric (EWF) as additional
reinforcement and permanent formwork for reinforced concrete beams is proposed. Five
beam specimens were experimentally tested, namely, an under reinforced control beam
containing only conventional reinforcement and other four beams additionally reinforced
with EWF for shear and flexure. The studied parameters included the orientation of EWF,
the amount of longitudinal and transverse EWF, and the method of application of EWF. The
results showed that the use of EWF led to an improvement in deflection and ductility of test
beams. In addition, beams reinforced with EWF showed better crack control in comparison
with the control beam having only conventional reinforcement. The orientation and method
of application of EWF have a great effect on flexural behaviour of beams. The beam
reinforced with U shape EWF jacket and additional layer of EWF flexural reinforcement
showed better properties compared with the other beams. Its load capacity was increased by
20%, strain reached the maximum of (0.014) and the crack widths were reduced by
approximately 35% compared to the control beam with conventional reinforcement. A
proposed formula was developed for predicting the effect of EWF on crack control. The
results obtained by this formula were in good agreement with the experimental results.

Keywords: Expanded wire fabric, Crack control, Deflection, Ductility, Reinforcement
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INTRODUCTION

The rapid increase in the cost of construction has forced engineers to look for economical and
better methods for building and/or repair of distressed structures. Among the materials used
for construction and repair, ferrocement is comparatively a promising approach. Ferrocement
is constructed of hydraulic cement mortar reinforced with closely spaced layers of small wire
diameter mesh, or wire fabric, made of metallic or any other suitable material [1].
Ferrocement possesses a high degree of toughness, ductility, durability, strength and crack
resistance within a relatively small thickness (approximately 25 mm), [2]. Combining these
advantages with the fact that steel stresses of more than 550 MPa can be tolerated without
excessive cracking, indicates a material which is ideally suitable for rehabilitation and/or new
construction [2]. Hussin and Zakaria [3] and Nedwell and Swamy [4] reported that by proper
choice of reinforcement and method of production, ferrocement pools, houses and boats were
more economical than reinforced concrete ones. In Egypt, it is believed that the use of
ferrocement in the construction can be a competitive modern building material because of its
low cost in comparison with conventional concrete. Therefore, it can be considered one of the
ideal solutions for the housing problem [5].

Recently, extensive research work has been carried out into ferrocement properties and
applications [6 and 7]. Abdul Kadir et al [8] tested the flexural behaviour of sixteen simply
supported RC beams with ferrocement permanent formwork. The test results showed that
such beams failed by flexure. The composite beam with shear connectors carried about 12%
higher load and 10% reserved flexural strength and showed lower deflection when subjected
to the same loads as compared to reinforced concrete beams without shear connectors. Lin
and Pcrng [9] investigated the flexural behaviour of beams with welded wire fabric (WWF)
as shear reinforcement. The parameters studied in their research included concrete strength,
shear span to depth ratio, amount of fly ash, amount of longitudinal reinforcement and
amount of transverse reinforcement. It was found that beams with WWF shear reinforcement
exhibit higher strength, better ductility and crack control than those with conventional shear
reinforcement due to better confinement. In 1988, ACI Committee 549 [10] updated both of
the guides for the design, construction and repair of ferrocement, and State-of-the-Art Report
on Ferrocement. The main objective was to provide owners with a reference document to
check the acceptability of a ferrocement alternative in a given application. However, since
1988 no update was issued to these documents [11].

The objective of this research is to study the use of expanded wire fabric (EWF) as a
multipurpose material, as a formwork instead of the traditional wood formwork and as an
additional reinforcement for reinforced concrete (RC) beams to improve flexural and shear
behaviours of such beams. The results reported in this investigation are part of a wider
research program study the potential application of EWF in RC beams. The studied
parameters were the orientation of EWF, amount of longitudinal and transverse EWF, and the
method of application of EWF. The behaviour of the test beams was monitored by measuring
deflections, crack widths, horizontal and shear strains for different load stages.

EXPERIMENTAL PROGRAM

Five beam specimens were cast in this study. The control beam was designed according to
EC 2000 [12]. The reinforcement was chosen to approach the lower limit of an under-
reinforced beam. This allowed the Expanded Wire Fabric (EWF) to be added to the other test
beams without over-reinforcing such beams, which would lead to premature brittle failure of
concrete in compression.
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The dimensions, reinforcement of the control beam and the combination of conventional and
EWF reinforcement used in the other test beams are shown in Figures 1 and 2. The control
beam was cast in the usual manner. A formwork of EWF of diameter 1 mm and diamond
shape was used as additional shear and flexural reinforcement for the other four test
specimens as shown in Table 1 and Figure 2. Then the fresh concrete was poured in the
middle of the beams until mortar started to pass through the EWF openings. After that the
external surfaces of the EWF were plastered using semi-dry mortar until the EWF was fully
coated with mortar. The parameters investigated were amount of EWF for flexure and shear,
EWF orientation and method of application.

All the specimens were tested under monotonic loading. A 50 ton Shimadzu universal testing
machine with a computer controlled hydraulic servo system was adopted to apply loads. The
load was spread into two point loads on the beams at a 1 mm/min rate of loading. Demec
studs were glued to the sides of the test beams. Three groups were fixed on one side of each
beam for the measurement of concrete surface strains and principal strains at various
locations on the top compression and bottom tension surfaces of the beams. The
measurements were carried out using a 100 mm demountable digital demec gauge. The
deflections were measured using dial gauges (0.01 mm divisions) fixed on the bottom
surfaces of the test beams. Crack widths were also observed and measured before yield. The
load-deflection curve was plotted during test. Figure 3 shows a schematic diagram for a
simply supported typical test beam with load position and demecs fixed at its side. It can be
seen from Figure 3 that shear span/depth ratio of studied beams was kept constant (0.4/0.3).

t:\VI: application
(sec Table 1 )~

71O7-

Figure 1+ A typical studied beam specimen; (a) Sectional elevation for reinforcement
details; (b) Cross section of control beam; (c) Cross section of Beams reinforced with EWF.

+(Dimensions are in cm, lem = 10 mm)

Figure 2 Photographs for using EWF as reinforcement and
formwork for different beams.
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Figure 3 Loading arrangement and demec points for a typical test beam.

Table 1+ Details of beams reinforced with Expanded Wire Fabric (EWF)

Specimen TYPE AND ORIENTATION OF EWF REINFOREEMENT(SEE FIGURES 1 ADN 2)

BEWF1

One Jacket of EWF (U
shape, * Orientation -
30°).

-130 *

Wings of EWF (U shape)
each of width equals 5
cm and spaced at 20 cm
(*Orientation = t

One Jacket of EWF (U
shape, * Orientation =
30°).

r .130 >

.30°

Wings of EWF (U shape)
each of width equals 5
cm and spaced at 20 cm
(•Orientation = 45°).

BEWF3

Two side strips of EWF
for shear reinforcement,
25 x 130 cm each,
•Orientation = 30°.

One horizontal strip of
EWF for flexure
reinforcement at bottom
of the beam, 32 x 130
cm, *Orientation = 30°.

Vertical strips of EWF
for shear reinforcement
each of width equals 5
cm, 25 cm height and
spaced at 20 cm
(* Orientation = 45°).

-30° 130

One Jacket of EWF (U
shape, • Orientation =
45°).

One horizontal strip of
EWF for flexure
reinforcement at bottom
of the beam, 12 x 130
cm, *Orientation = 30°.

12

-=*—30*

*Orientation angle is measured from the horizontal direction
+(Dimensions are in cm, 1 cm = 10 mm)
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RESULTS AND DISCUSSION

General Behaviour and Crack Pattern

The observed crack patterns till brittle shear failure for a typical test beam reinforced with
EWF (BEWF1) are shown in Figure 4. The crack patterns developed similarly for all the
beams reinforced with EWF. First cracking usually occurred at a higher load than in the
control beam (see Figure 5). Initially, the cracks were vertical, as would be expected for
flexural cracks, but later they would bend over in the shear regions. Crack widths of the beam
specimens reinforced by EWF were generally smaller than that of beams reinforced by
conventional reinforcement. After the control beam specimen reached its peak load, the
concrete cover started to spall. Concrete cores of the beam specimens with EWF
reinforcement remained more intact than those of specimens with conventional reinforcement
after spalling of concrete cover due to the fact that the spaces of EWF were smaller and they
provided better confinement.

Load-Deflection Relations

The load deflection relationships for the control beam BO and the other beams reinforced with
EWF are shown in Figure 5. Before yielding of the flexural reinforcement, the load-
deflection curves were quite linear. It can be seen from the figure that the use of EWF as a
formwork and additional reinforcement led to an increase in beam's capacity by
approximately 5-20% without the use of wooden formwork. It is worth mentioning that the
increase in beam's capacity to 20% was achieved by using one layer only of EWF for
reinforcement.

Figure 4 A typical test beam reinforced with EWF during testing.

Such enhancement may be attributed to the better confining effect from transverse (vertical)
reinforcement as compared to ACI nominal strengths. Although, the amount of EWF used
for Specimen BEWF3 was higher than that used for Specimen BEWF4, as mentioned earlier
in Table 1 and shown in Figure 2, the capacity of the latter was higher than that for the former
(see Figure 5). It can be argued that the horizontal strip used in BEWF4 improved its flexural
strength and the U shape jacket used in the same beam contributed to both the shear strength
and confinement. Moreover, the orientation of EWF for Specimen BEWF4, shown in Figure
2 and reported in Table 1, had a more pronounced effect on its behaviour compared to the
orientation applied to the other specimens. This can be attributed to the use of an orientation
angle for vertical wings of the U shape jacket of 45°, which is ideal for shear resistance, and
that for horizontal part of the U shape jacket, used for flexure, was 30° giving maximum
contribution for flexural reinforcement.
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Crack Width

Widths of flexural cracks were measured during the tests and crack widths of the different
beam specimens were compared. Typical load versus crack width curves is shown in
Figure 6. It can be seen that beams with EWF reinforcement showed better crack control
over the control beam BO.
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Figure 5 Load deflection relationships for different studied beams.

The loads at allowable crack width proposed by ACI code, which is about 0.3mm, can be also
used for comparison |9]. Loads on the beams reinforced with EWF were generally higher
than those on the control beam BO. It can be seen from Figure 6 that the beam BEWF4 had
the minimum crack widths compared with the other beams reinforced with EWF. This may
be attributed to the fact that this beam has a combination of good confinement, as a result of
using U shape EWF jacket, and closely spaced wires, as a result, of using two layers of EWF
in flexural reinforcement.

w 0.3 mm

X

- -"•--BEWF1

- ^ < - B E W F 2

- • • - - BEWF3

- -4 - BEWF4

0.2 0.4 0.6

WIDTH OF CRACK, mm

Figure 6 Crack width for different studied beam specimens.
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Strains

(a) Horizontal strains

The measurement of the horizontal strain distribution across the depth of the test beams for
different load steps were recorded and plotted in Figure 7. It can be seen from the figure that
the tensile strains were much higher than the compressive strains and the strain distribution
was almost linear across the beam depth except for beam BEWF1. This finding reflected the
ductile behaviour of the beams as the tensile reinforcement reached its yield strength. The
horizontal strain results measured at the demec points (1-4) on the sides of beams (see Figure
3) were highly affected by the formation of cracks. It can be seen from Figure 7 that the
strains in the tension zone increased slowly for different beams to different load levels before
the formation of cracks. After the formation of cracks, the contribution of reinforcement led
to a rapid and significant increase in strains until failure occurred. The contribution of EWF
enhanced the ultimate capacity of the studied beams to different degrees. Figure 7 shows also
that the horizontal strains at maximum ultimate loads of the studied beams ranged between
0.006 to 0.014. The beam BEWF4 had the maximum strain (0.014) at a maximum ultimate
load (160 kN) which indicates the high ductility of this beam compared with the control beam
and the other beams reinforced with EWF. This is in good agreement with the findings
observed earlier for the load-deflection relationships and crack widths.

(b) Principal tensile strains

The relationship between applied loads and principal tensile strains is shown in Figure 8. It
can be seen from the figure that reinforcing beams with EWF improves both of the beams'
capacity and ductility. As observed earlier for the horizontal strains, all the beams show slow
increase in principal tensile strains before cracking. After cracking, only the EWF and steel
reinforcement provide tensile resistance, and hence, principal tensile strains increases much
more rapidly. Figure 8 shows that the beam BEWF4 sustained a higher load at low strain
compared to that of the other studied beams. The other beams sustained almost equal loads at
low strains till cracking, after cracking the beams reinforced by EWF showed higher
resistance compared to the control beam B0. It is interesting to note that the order of
improvement in the behaviour of beams reinforced with EWF in principal tensile strains was
not the same as that in horizontal strains. For example, despite that Specimen BEWF4
showed excellent ductility till failure, at a maximum load for horizontal strains compared
with the other beams (see Figure 7), Specimen BEWF3 sustained ultimate principal tensile
strains higher than that of BEWF4 by 65% (0.068 mm/mm) at almost equal loads (see Figure
8). This may be attributed to the fact that the amount of EWF for shear reinforcement of
Beam BEWF3 was higher than those for Beam BEWF4 (see Table 1 and Figure 2).

THEORETICAL PREDICTION OF CRACK WIDTHS

The maximum crack width for square mesh reinforcement in flexural members was predicted
earlier [1] as follows:

wmax = — - — sp (i)
Er

Where
fs = stress in the outermost layer of steel.
S = spacing of transverse wires.
[3 = ratio of distances to the neutral axis from the extreme tensile fibre and from the

outer most layer of steel.
Er = effective modulus of the reinforcing system.
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Figure 8 Load-principal tensile strain relationship for different studied beams

Equation (1) is based on the observation that the average crack spacing in flexure is
approximately equal to the spacing of transverse wires and was found to represent an upper
bound in observed data on average crack width. An overall linear regression equation for
predicting the maximum crack width in flexure was developed [1] based on experimental
data on cracking of ferrocement specimens reinforced with different amounts of square
meshes with wire spacing of 12 mm and 6 mm.
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1 S 85
W m a x = (1.194 fs- 111) (2)

Er

Where Wmax is in mm, fs and Er are in MPa (N/mm2).

The following conservative procedure [12] can be followed, assuming the stress in the steel is
less than the yield strength and in any case less than 414 MPa, to predict maximum crack
width in tensile ferrocement members:

For fs < 345 SrE

w _ 35000 n ,
W m a x - (3)

Er

Where

fs is in MPa, Wmax in mm and Er in (N/mm ).
Sre is the specific surface of reinforcement in loaded direction is cm"1 and is defined as
the total bonded area of reinforcement (interface area or area of the steel that comes in
contact with the mortar) divided by the volume of composite.

For a ferrocement section of width b and depth h, the specific surface of reinforcement can be
computed from

bh

In which So is the total surface area of bonded reinforcement per unit length (the perimeter of
flexural reinforcement bars and EWF are considered in full contact with concrete).

For fs > 345 Srt (applicable for the studied beams in this investigation)

Wmax= | ° [175 + 3.69 (fs- 345 Sr£)] (5)

The above equation is modified herein for the application to RC beams reinforced with EWF
used in this study, as follows:

20 t
Wmax= [175 + 3.69 (fs - 345 { I a Srt cos 9 + Srb})] (6)

Er 1

Where

Sr is divided into two terms, the contribution of longitudinal reinforcement bars (traditional
reinforcement) "Srb" and summation of specific surface of reinforcement for EWF layers, t
"Src" which includes strips, jackets, and wings. Since the predicted crack widths are the
flexural ones, the calculated Sr is for flexural reinforcement only.
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9 is the orientation angle of EWF with the horizontal direction.

a is a confinement factor and is estimated as 16 for EWF wings or jackets, 8 if jackets
and wings are acting together and 1 for EWF strips.

t ;= 140MPa(N/mm2).

Er in the longitudinal and transverse directions for EWF were reported in [10] as follows:

Er(iong)=138xl03(N/mm2). & Er(trans) = 69xlO3 (N/mm2).

The prediction of crack widths is normally carried out during service loads. However, the
predicted crack widths obtained by the above equations are not functions in applied loads.
Therefore, experimental values of crack widths, which are related to applied loads as shown
in Figure 6, can not be compared with those predicted by Equation (6). It is more practical to
compare the effect of EWF reinforcement on the crack widths obtained experimentally with
that predicted theoretically. This effect can be estimated by;

Crack width of a beam reinforced with EWF, WEWF (7)
Crack width of the control beam, Wo

The experimental effect of EWF is obtained on two steps. Firstly, by extracting crack widths
for studied beams from Figure 6 at a load level less than the service loads, which are assumed
to be half of the maximum test loads. Secondly, by applying Equation (7) to the experimental
results. Predicted values of crack widths can be obtained by applying Equation (6) to each
studied beam while the effect of EWF on predicted crack width is obtained by applying
Equation (7). Table 2 shows a comparison between the experimental and predicted effect of
reinforcing beams with EWF. The good agreement between the experimental and theoretical
results shown in Table 2 indicates the sensitivity of Equation (6) to the studied parameters
such as orientation of EWF, quantity of EWF reinforcement (number of reinforcement layers)
and type of reinforcement (strips, jackets, wings and traditional reinforcement).

Table 2 Experimental and theoretical evaluation of EWF effect on crack width

CRACK WIDTH RATIO, W E W F / W 0
BEAM SPECIMEN

Experimental Ratio Predicted Ratio

BEWF1 0.5 0.52

BEWF2 0.48 0.5

BEWF3 0.9 0.9

BEWF4 0.3 0.28

CONCLUSIONS

Based on the experimental results reported herein and theoretical prediction presented in this
investigation regarding the effectiveness of using permanent EWF formwork as additional
reinforcement, the following conclusions can be drawn:
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Using EWF as additional reinforcement results in a reduction of deflection, increasing
loads at first cracking, and enhancing section ductility. In addition the close spacing
between wires in the EWF can reduce crack widths.

The beams reinforced with a U-shaped EWF layer around the beam cross-section and
additional layer at the tension face showed excellent response compared with other beams
reinforced with EWF. Its load capacity was increased by 20%, strain reached the
maximum of (0.014) and the crack widths were reduced by approximately 35% compared
to the control beam with conventional reinforcement.

Using EWF as a permanent formwork is a promising technique since it can achieve two
goals, firstly it can replace the traditional temporary timber formwork which, in turn, lead
to a reduction of the overall cost and avoid problems of placing concrete. Secondly, it can
be used as additional reinforcement for improving shear and flexure behaviour. However,
further research is needed to study the potential application of this technique widely for
beams of large spans.

A proposed formula was developed for predicting the effect of EWF on crack widths.
The prediction was in a good agreement with the experimental results.
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ABSTRACT. The general Optimizing Strength Theory of Concrete Elements (OSTCE) of
the normal and inclined sections (cracks) under co-action of the bending moments M, shear Q
and longitudinal N forces is suggested. The OSTCE uses, generalizes and develops the
known principles of the strength designs of the RC elements: design on the failure stage,
entire use of reinforcement strength and connected with this the plastic failure, ultimate
equilibrium method for the redundant structures. So, the OSTCE guarantees the plastic
failure not only of normal sections but inclined ones under shear forces action. The OSTCE
overcomes the important disadvantages of the known strength design methods, in particular,
absence of system unity of all known elements strength designs and non-deriveness of the
partial design cases from the general ones that testified about of principle imperfection of
these designs and about corresponding non-optimality of structures projected by such
designs. The great role of extreme strength criteria in the OSTCE caused its name
"Optimizing". The central place of the OSTCE is occupied by the general strength design
case of the inclined section under co-action M, Q, N forces from which there are derived the
partial strength design cases of the inclined and normal sections under co-action of M and Q
and also designs of the normal section under co-action M and N and one M or N. In the
OSTCE the improved design of the normal section is worked out for two levels of accuracy
and simplicity which are stipulated by the assumed stress distribution on the height of
compressed concrete zone: 1) uniform; 2) curve according to the entire compression diagram
of concrete. The mastering of the OSTCE signifies the acquisition of knowledge of at once
all the most meeting in practice the strength designs of the RC elements.

Keywords: Concrete elements strength, Forces co-action, Dangerous normal and inclined
cracks, Non-overreinforcing, Plastic failure.
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INTRODUCTION

The development of theory and design methods of the Reinforced Concrete (RC) structures is
one of the most important factors stipulating the progress in practice of concrete construction.
The history of science and technique shows the trend development of knowledge from the
lower empirical level to the highest level - scientific theory distinguishing by the system's,
generality and profundity of explanation of phenomena essence that is necessary for creation
of the perfect complex technical systems.

The present ample quantity of experimental data about strength of RC structures and their
elements are still not systematized, not generalized and not developed to the level of enough
wide scientific theory but one testifies about approach of such stage. At present the level of
strength designs development may be estimated as largely empirical one the essential
demerits of which are often not realized: 1) errors of the determining factors selection; 2)
errors of the analytic relationship selection; 3) limited possibilities of structures optimization
owing to the noted errors; 4) great expenditures of various resources for the experiments. The
negative features of the empiricism, not high level of theoretical analysis and generalization
of the test facts, insufficient use of the fundamental sciences are sources of the known
strength design methods disadvantages among of which two ones are especially considerable.

Inexact understanding of the essence of the entire concrete compression diagram ab - eb as
curve restricted on the descending part by the point of the sudden failure with so called
•'ultimate strain sbll" being assumed as deforming failure criterion of concrete compressed
zone element

Sb = Sbu « 3,0 ... 3,5%o , (1)

where sb is strain of compressed element side in dangerous normal section. The actual entire
diagram ab - sb includes the critical descending part that is stable boundary between sudden
and gradual failure of concrete and one is obtained by the known rigid loading regime leading
to the state of residual strength a b r «R b with strain sbr>sb. It may show [1] that the entire
diagram crb - eb excludes the necessity of the inexact deforming criterion (1) because the entire
real ab - sb diagram leads in strength control problem to the force extreme failure criterion of
the concrete compressed zone and whole normal section of element

F( sbm ) = max, (2)

where F is the load parameter of section (M or N) and the ultimate strain sbm is found from (2)
in the design process as one of unknown quantities. For the problem of tensile As and
compressed As area reinforcement selection as double-dealing to the strength control
problem (2) the following extreme criterion must be used instead

Vs = As + As' = Vs( sbm ) = min. (3)

Non-deriveness of the strength design of normal section under moment M action from the
more general strength design of the inclined section under co-action M and Q owing to
empirical character of latter as for example in accord with SNIP2.03.01-84*, ACI318-89,
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BS8110-1, DIN1045-l(2.97) and others. This demerit especially clearly shows the non-
systemness and non- generality of the known strength designs of RC elements and
corresponding non-optimality of structures projected on the base of the above-mentioned
designs.

BASIC ASSUMPTIONS

Design state of elements and structures is considered as failure stage. Moment of failure is
assumed as destruction state of concrete in the most deformed and most stressed zone.

Classification of RC elements is conducted depending on quantity of longitudinal and shear
reinforcement, completeness of its strength use, type of destruction. Four main (principal)
elements groups A,B,C,D are distinguished (Figurel):

• Group A: elements are overreinforced by longitudinal reinforcement and non-
overreinforced by shear one; longitudinal reinforcement (usually without breaks and bents)
docs not reach the ultimate stress; shear reinforcement reaches one; group A elements are
destroyed brittlly on the dangerous inclined crack (DIC) or on the normal crack;

• Group B: elements are overreinforced by longitudinal and shear reinforcement; the
stresses do not reach the ultimate values in longitudinal and shear reinforcement; group B
elements are destroyed brittlly by crushing of concrete struts between a number of inclined
cracks or on the normal crack;

• Group C: elements are non-overreinforced by longitudinal and shear reinforcement;
longitudinal reinforcement (with breaks or bents) and shear one reach the ultimate stresses;
group C elements are destroyed plastically on the DIC or on the normal crack;

• Group D: elements are non-overreinforced by longitudinal reinforcement and
overreinforced by shear one; the stress reaches the ultimate value in longitudinal
reinforcement and it does not reach in shear one; group D elements are destroyed
plastically on the normal crack which may be located in action zone of shear forces.

Besides the main elements groups there are 5 intermediate (boundary) elements groups which
have intermediate properties between corresponding main groups.

The classification distinguishes expedient for practice the group C of elements which are
remarkable for the most economical steel expenditure, plastic failure and comparatively
simple design. That is why the OSTCE mainly concerns the group C of elements.

Definition of concrete structure element is assumed as structure part on the length / of which
the moments M, forces Q and N have constant signs. The above-mentioned element
definition leads to unified design scheme of its dangerous cracks, reinforcement and forces
(Figure 2). The end points A and B of the DIC are considered as theoretical points of break
or bent of longitudinal reinforcement.
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Figure 1 RC elements classification depending on quantity of longitudinal (ps) and shear
(psw) reinforcement and element destruction type. CDZ - concrete destruction zone

Ultimate forces of the concrete destruction zone of element (shear Qb and longitudinal
compressive Nb) were found with taking into account all stress components ax, ay, xxy of the
plastic plane stressed state of the truncated wedge with angle aw as model of concrete region
above the DIC [2]. It was discovered the possibility of 3 failure cases depending on the ratio
Qb / Nb (Figure 3). For being considered here non-short elements the failure cases 1 and 2
have primary meaning. Approximate linear relationship as strength criterion for concrete
failure zone was received

Qb = AR,,bx + aNNb,

where b, x are width and height of the concrete failure zone,
for the wedge failure case 1

for the wedge failure case 2

A = - aN = tgy,

A = tgy/ (1 + tgy t g a j , aN = tg(aw - y),

tgy = 2(Rb/Rb)"2.

(4)

(5)

(6)

(7)



Optimising Strength Theory 75

£ 75r- A
Figure 2 Design element scheme
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Figure 3 Destruction cases of concrete
truncated wedge depending on ratio Qb/Nb

roughness interlock at adjacent rupture surface of concrete [3], the interlock m the DIC is
really absent. Dowel action decreases also owing to the breaks and bents diminishing the
longitudinal reinforcement cross area.

Definitions of the large and little eccentricities cases of the eccentrically compressed elements
° c S n e d more precisely and unlike SNIP2.03.01-84* clearly separate the influence of
riLforcemenTquantity (completeness of strength use) and influence of stnctly eccentricity
value.

Loading regime of structures and their elements is considered as proportional. The load
parametr F is chosen and forces in dangerous cracks (sections) are expressed by means of F

M = FfM, Q = FfQ, N = FfN, (g)

where fM, fQ, fN are load functions which depend on the DIC parameters XA, C (Figure 2).

Distribution of the normal stress ab along the concrete ^ ™ ^ . ^ f 1 ^ ^
(section) is assumed uniform. Strength designs on the normal sections (cracks) are worked
out for two exactness levels depending on used distribution of oh:

1) uniform, . ,.
2) 2) curve in accordance with the entire concrete compression diagram.
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BASIC RELATIONSHIPS

If the bent bars are absent the equilibrium equations for the element part 1 on the design
scheme (Figure 2) with taking into account (8) are

SX= 0; F fN - as As - as'As' - N,, = 0; (9)

SY = 0; F fQ - (crsw Asw C) / S - Qb = 0; (10)

SM0 = 0; F fM - (cxw ASW C2) /2S - as'As Zs - Nb (h0 - x/2) = 0; (11)

where as, c s , asw are stresses in longitudinal tensile, compressed and shear reinforcement
accordingly, S - stirrup distance, Zs, h0 - see (Figure 2). Eliminating the Qb, Nb, X from (4)
and (9) - (11) the resulting relationship is derived

P2fN(fo-fNaN)/2A+P[fM/h0+cofo-fN(l+msw4wC/2Ah()-r|)]-(msw^w/2)(C2/h0
2+2coC/h0)-B=0, (12)

where P = F/Rbbh0, m = T|/2A, r\ = m^s - ms'4s', (13)

B = i1(l-Ti/2) + m,'4s'Z,/h0, (14)

^=RSAS/Rbbho, ^=RSCAS/Rbbho, 4w=RSwAsw/Rbbh0, (15)

ms=CTs/Rs, ms = crs7Rsc, msw = asw/Rsw, (16)

Rs, Rsc, Rsw, ms, ms, msw, - rated strength and efficiency coefficients of resistance use of
corresponding reinforcement.

The volume coefficient of reinforcing of the element is

Vs=Rbi;sXA/Rs/+R^s(XA+C)/Rsc/+Rb^sw/Rsw+Rb^1(l-XA//)/R+Rb^,[l-(XA+C)//]/Rsc, (17)

where £,s, = RsAsl/Rbbh0, ^ / = RscAsl7Rbbh0, (18)

As], As, - see Figure 2.

FORMULATION AND SOLUTION OF THE BASIC PROBLEMS

It is mainly considered the strength design on the inclined crack (section) from which the

design on the normal crack (section) is obtained as particular case when C = 0, i;sw = 0, ^s =

^X=^\ xA=/.
By such way the 1 -st mentioned accuracy design level of normal section is received. The
more high 2-nd accuracy level is necessary for design elements with steel having proof stress
cr0 2, for more exact determination of the overreinforcing boundary and for increase of the
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strength design reliability of normal sections especially in the eccentrically compressed
elements with the little eccentricity. Problem of the strength sections element verification is
formulated and solved as optimization problem with aim function (12) for load parameter F
that satisfies for inclined section to criterion following from the kinematic theorem of the
ultimate equilibrium

F(C) = min (19)

and to criterion (2) for normal section on the curve distribution of the stress a,,.
The additional conditions of this problem are

ms = ms = m,w = 1, (20)

corresponding to the group C elements.

The control of non-overreinforcedness of the inclined sections is conducted in accord with
condition

As < As"
p\ As > As'

opt, Asw < Asw"pt, (21)

in which the optimal values of corresponding reinforcement area A,opt, As °
pt, Asw

opt are found
from the solution of problem of the requisite reinforcement selection.

Problem of the requisite longitudinal and shear reinforcement selection is formulated and
solved as optimization problem with aim function (17) that satisfies to criterion (3) receiving
for inclined section the form

Vs = VS(AS? As, A,w, C, XA, ms, rn,', msw) = min. (22)

The additional conditions are (12), natural restrictions for values ms, ms, msw

ms< 1,1X1, < l,msw< 1 (23)

and restriction for the location of the DIC

XA + C</ . (24)

System of the Kuhn-Tuckcr conditions for the above formulated problem is compatible and
leads to the optimal solution (20) showing that optimal reinforcement coincides with the
complete use of all reinforcement strength in the section (crack) of element.

IMPROVEMENT OF THE ULTIMATE EQUILIBRIUM METHOD

The plastic failure of the inclined non-overreinforced sections of the group C elements allows
to take into account in the redundant RC structures the forming of plastic hinges not only in
normal sections as one is made at present but at inclined sections. As a result the number of
possible kinematic failure schemes of structure is considerably increases at the expense of
plastic hinges in the inclined sections and combinations of them with plastic hinges in the
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normal sections (Figure 4). The use of the OSTCE to the redundant structures includes two
additional problems, the formulation and solution of which have certain peculiarities
connected with overcoming of structures redundancy. In the strength verification problem
the redundancy of each failure scheme is opened by additional equations which means the
equality of the ultimate load parameters corresponding to all plastic hinges. As real ultimate
load parameter is selected that is minimum among ones for the full totality of the failure
structure schemes. The non-over reinforcedness control of redundant structures is carried out
on base (21) where optimal reinforcement areas must be known.

Figure 4 Continuous beam with its dangerous normal 1, 2 and inclined 3, 4, 5 cracks,
divisionon elements N»}(° 1, 2, 3 (a), reinforcement in cracks (b), forces (c), failure schemes

with normal (d) normal and inclined (e, f, ,g) and inclined (h, I) cracks

In the reinforcement selection problem the redundant structure is considered as equally-
strcngth on all normal and inclined sections. Then this problem may be reduced on basis of
the OSTCE to search of the minimum of total expenditure of reinforcement steel for the
whole structure in the n- dimensional space of the superfluous brace reactions (n-redundancy
degree). Herewith the suitable calculate algorithm may be the Monte Carlo method.
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EXPERIMENTAL VERIFICATION OF THE OSTCE

The many-sided experimental control of the OSTCE was carried out. The strength criterion
(4) was thoroughly verified by the experiments on the wedge specimens of heavy [2] and
lightweight [5] concrete, as well as on the beams with artificial DIC which allowed to
eliminate the DIC sides interlock and to determine reliably the experimental Qb and Nb

values. Control of the relationship (4) was also conducted on a great number of real group A
beams in which forces carried across the DIC and dowel force of the longitudinal
reinforcement were found on the models worked out by author [3]. The mentioned many-
sided tests [2,3,5] corroborated the reality of the theoretical failure cases of concrete wedges
and reliability of the relationship (4). It is necessary to emphasize that researches of RC and
prestressed elements strength under shear forces action were being conducted in many
countries of world almost solely on the elements of groups A and B. Such researches leaded
to the inexact notion about only brittle failure of RC elements under shear force action. In
1970 the plastic failure on the inclined crack was received in author's experiments. Then the
systematic researches of the group C elements began in PSTU. The carried out to present
researches includes tests of the RC [3,6] and prestressed [6] simple beams, the two-span
continuous beams (Figure 5), simple beams with inclined compressed upper side, the RC
beams being failured on the normal section under moment with considerable shear force
influence [7], the columns under joint action of the M, N, Q [8].

""SB
SH3-54 ' jf i iSHGEES

Figure 5 Reinforced in accordance with OSTCE two-span symmetrical
redundant beams in failure state

All test beams and columns were reinforced in accordance with optimizing design on the
given load. The tests corroborated the plastic behavior in the shear forces action zone of
structures with group C elements. In tested continuous beams the equally-strength on the
planned dangerous sections (cracks) was reached and state of the ultimate equilibrium beams
had clearly plastic character (Figure 5). The test data of 126 beams and columns showed the
mean ratio Ftest/Fcillc:

 of experimental ultimate load parameter Ftcst to theoretical one Fcalc

averaged 1.073 herewith coefficient of variation 9.525%.
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CONCLUSIONS

The main features of the OSTCE characterizes its practical importance:

1) considerable systemness level and generality: taking into account of joint action of forces
M, Q, N, strength design of inclined and normal sections on base of the common
conceptions and deriveness of particular latter from more general former;

2) mathematical strictness and explanatory ability increasing the possibilities of deliberate
control by the parameters of the RC structures;

3) optimal reinforcement steel expenditure owing to complete use of steel strength of all
reinforcement (longitudinal and shear) and close corresponding of reinforcement change
to internal forces change along axis elements and structure;

4) plastic failure of structures on the normal and inclined sections (cracks);nearness of
theoretical strength to experimental one;

5) constructive, technological and service peculiarities of structures: breaks and bents of
longitudinal reinforcement, limited or partial prestressing.

OSTCE more than known strength design methods corresponds to ideology of future code
which ought to include the general theories of designs, general principles and criteria of
projecting of concrete and reinforced concrete structures and their elements.
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ABSTRACT. This paper describes a study of the flexural capacity of Steel Fibre Reinforced
Concrete (SFRC) beams. The study includes an experimental program of 28 full-scale
beams, tested in four point bending at the Department of Civil Engineering of the
K.U.Leuven. The different tested parameters are the fibre content, the concrete grade, the
span to depth ratio and the reinforcement ratio. For each combination of parameters two
identical beams were tested in order to control the scatter. The experimental load deflection
curves are compared with theoretical load deflection curves, calculated by using the stress
strain relation as proposed by Rilem TC162-TDF [1], The results show that the influence of
the fibres on the flexural capacity is rather small. The stress strain diagram as proposed by
Rilcm gives in most cases a small overestimation of the flexural capacity. Also there seems
to be a significant scatter in the flexural capacity for the beams without conventional
reinforcement.

Keywords: Steel fibre, Concrete, Beams, Bending, SFRC, Fibre reinforcement, Flexural
capacity, Stress strain relation.
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INTRODUCTION

Steel fibres have been used in concrete structures for several years now. They are known to
give the concrete a better ductility and improve the cracking behavior and the shear capacity
of concrete structures. Applications in Steel Fibre Reinforced Concrete (SFRC) are still very
limited due to the lack of generally accepted design guidelines. The existing design
guidelines are mostly empirical, do not show much transparency and seem to be arbitrarily
chosen. This situation does not create much confidence and as a result the use of SFRC
remains limited, despite of some of its very good material properties. To overcome the
existing problems, more fundamental research is needed to obtain a basic understanding of
the material SFRC.

During the last decades, a lot of research has been done with regard to the basic constitutive
relation of SFRC. This has resulted in two methods. The first method is the stress-crack
width approach. This fracture mechanics based approach was introduced by Hillerborg [1]
and later on further developed by Li, Krenchel and Stang [2]. The second method is a stress
strain approach. Both approaches are still under development and a stress strain diagram is
proposed by Rilem [3]. This stress strain approach has been used in this paper to calculate
the load deflection curve of SFRC beams.

Since the advantage of SFRC is situated mainly in the post-cracking zone, also the material
testing needs to be done in the post-cracking zone. This makes the testing of SFRC
complicated and rather expensive. One of the more simple tests is a bending test on a beam.
Although it is generally recognized that steel fibres are much less efficient in flexure than
conventional reinforcement, a beam test on a SFRC beam can give valuable information
about the stress strain relation of the material.

TESTING PROGRAMME

At the Department of Civil Engineering of the Catholic University of Leuven, Belgium, 28
full-scale beams have been cast and tested under four point bending in the framework of the
Brite Euram project BRPR-CT98-0813 [4]. The details of the dimensions are given in Table
1. All reinforcement bars have a concrete cover of 15 mm.

The beams were all subjected to a four-point load as shown in Figure 1. The distance between
the two loads was always equal to 200mm. The distance between the supports was either
1000 mm or 2000 mm, as specified in Table 1. All the beams were tested in steps. For each
next step the deflection was incremented with a small amount. At each deflection increment
the deflection and the load were measured.

Together with the beams also cubes (150 mm x 150 mm x 150 mm) were cast to measure the
cube compressive strength and prisms (150 mm x 150 mm x 600 mm) to determine the
flcxural tensile strength fcyi and the equivalent flexural tensile strengths fcq,2 and fcqj
according to the bending test proposed by Rilem TC162-TDF (Test and design methods for
steel fibre reinforced concrete) [5]. The cylinder compressive strength is taken as 0.79 times
the cube compressive strength. The flexural tensile strength fct,fl is recalculated for a beam
with a depth of 200mm by using the formula:
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fctflx (1600-200)

(1600-125)
(1)

In the calculations fct,n.2oo will be used instead of fctfl. The results of the control specimens
are shown in Table 2. The steel reinforcement is assumed ideally elasto-plastic with an
average yielding strength fym as mentioned in Table 1.

Table 1 Dimensions of the test beams

Beam 1+2
Beam 3+4
Beam 5+6
Beam 7+8

Beam 9+10
Beam 11+12
Beam 13+14
Beam 15+16
Beam 17+18
Beam 19+20
Beam 21+22
Beam 23+24

Beam 25
Beam 26
Beam 27
Beam 28

SPAN

mm

1000
1000
1000
2000
2000
2000
1000
1000
1000
2000
2000
2000
1000
1000
2000
2000

DEPTH

mm

200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200

WIDTH

mm

200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200

DOSAGE
kg/m3

25
50
60
25
50
60
25
50
60
25
50
60
50
25
50
25

REINFORCEMENT

# x mm

_
-
-
-
-
-

2x<b8
2x<b 12
2x<b 16
2x(b8

2x<j)12
2x(j) 16
2 x (b 8

2x(j>12
2x(b8
2x(b l2

lym

N/mm2

_
-
-

_
-

623
639
652
623
639
652
623
639
623
639

Figure 1 Test setup of a short beam (span = lm)
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Table 2 Material Properties of all beams

BEAMS

1,2,7,8
3,4 ,9 ,10

5,6, 11, 12
13, 14, 19,20
15, 16,21,22
17, 18,23,24

25,27
26,28

tcm,cub

N/mm2

47.1
41.6
82.6
41.3
40.7
86.5
47.5
47.4

fcm.cyl

N/mm2

37.2
32.9
65.3
32.6
32.2
68.3
37.5
39.0

fct.fl

N/mm2

3.7
4.4
6.5
3.4
4.0
6.6
4.4
3.9

fct,fl,200

N/mm2

3.5
4.1
6.1
3.2
3.8
6.3
4.2
3.7

fcq,2

N/mm2

2.6
4.9
7.3
3.1
4.4
8.7
5.2
2.1

feq.3

N/mm2

2.6
4.7
9.3
3.0
4.0
10.1
5.0
2.1

FIBRE
DOSAGE

kg/nr

25
50
60
25
50
60
50
25

DESIGN METHOD

The material properties of Table 2 have been used to predict the load deflection curves of the
beams. The procedure in which this is done is schematically explained in Figures 3 and 4.
The tensile behavior of the SFRC is characterized by the stress strain diagram as proposed by
Rilem [3]. Firstly a table is calculated in which for a series of tensile strains st the
corresponding compression strains EC (Figure 2) are plotted together with the bending
moments causing such strain distributions (see Figure 3). Figure 3 can be run for a number of
tensile strains £t, so that a complete table with a moment strain relation is created. This
moment-strain table is used to determine a Load deflection relation. For each "bending
moment M" the corresponding "bending load P" is calculated:

M_

a
Where, a = shear span (2)

To determine the corresponding deflection at mid span, only one half of the beam is
considered (symmetry!). The beam is divided into a number of small parts (1 to n) of equal
length ljiv as demonstrated in Figure 5. The boundary points of these divisions (0 to n) are
further called integration points (in total n + 1 integration points). At each of the integration
points, both the bending moment M, and corresponding curvature (1/p) are calculated for a
certain bending load P. The calculation procedure for 1/p is explained in Figure 4.

Figure 2 The used stress strain diagram
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(3)

(4)

Step 1: Choose a tensile strain e,

Step 2: Choose a compression strain ec

Step 3: Divide the height of the section in small layers.
For each layer the average strain can be calculated by
means of Bernouilli's law (linear strain distribution). For
all these strains the corresponding stress can be calculated
from the RILEM stress strain relation [3].

Step 4: After adding the contribution of all layers (SFRC
+ reinforcement) the internal force N and the bending
moment M are known.

Step 5: Equilibrium is found when N is equal to
zero. The following criterion is used:

N < 500N

YES: Proceed with the
next row and choose a
new tensile strain

NO: Choose a new
compression strain

Figure 3 Calculation of a moment strain table

The next step is to integrate the curvatures over the length of the beam, using the proper
boundary conditions (See Figure 5). These are: The slope is equal to 0 at mid span and the
deflection is equal to zero at the supports. In a first step the average slope of the division
between the integration points i and i-1 is calculated with the following formula:

cfv

dx2

cfv

dx2

' - I - ,

The boundary condition for this integration step is:

f — - O e
{dx)

(5)

(6)
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Step 1: Determine the cracking moment of the section

Step 2: For each load increment, determine the corresponding moment in each of the
integration points.

Step 3: For each integration point, determine the tensile strain at the bottom of the beam.
Since the Moment strain relation is not always ascending, one must bear in mind the history
of the beam. That is: Ts the beam in an ascending or a descending branch?

Step 4: Check for each integration point if the tensile strain at the bottom of the beam is
larger than the tensile strain corresponding to the cracking moment

NO: The curvature is
determined as follows:

Where: 1 = moment of inertia
of the transformed
uncracked section

E = Young's Modulus
of SFR Concrete

YES: The curvature is calculated according to
Eurocode 2[6]:

Where: q = l -

cracked

pi = 1 (high bond bars)
P2 = 1 (short term loading)

Figure 4 Calculation of the curvature in the integration points

The next integration procedure is as follows:

dv (7)

Where: Vj = Deflection of the beam at integration point i. The boundary condition for this
integration step is vo = 0. This calculated deflection only takes into account the contribution
of a bending moment on the deflection. In reality also shear stresses contribute to the
deflection, but taking into consideration the large shear span to depth ratios of the test
program, this is neglected here.
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The length l(iiv is quite important for the beams without reinforcement. This length is assumed
equal to 100 mm for the beams without steel bars. For the beams with reinforcement the
length is equal to 25 mm or smaller. For these elements this parameter is not so important,
since the strain is not as local as for the beams without reinforcement.

Span

Shear span

Bending
Moment

Curvature

Deflection

P/2

n - 1

Figure 5 Integration scheme for the determination of the deflection of the beam

COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL RESULTS

The measured and calculated load deflection curves are shown in Figures 4 to 19. The
measured curves have a full line, while the calculated curves have a dotted line.

1 2 3 4

DEFLECTION, mm

F i g u r e 6 B e a m 1 + 2

1 2 3 4

DEFLECTION, mm

Figure 7 Beam 3+4
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1 2 3 4

DEFLECTION, mm

Figure 8 Beam 5 + 6
DEFLECTION, mm

Figure 9 Beam 7+8

2 4 6 8
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Figure 10 Beam 9+ 10

104 6 8

DEFLECTION, mm

Figure 11 Beam 11+12

DEFLECTION, mm

Figure 12 Beam 13+ 14

160
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Figure 13 Beam 15+16
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Figure 16 Beam 21 +22
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Figure 17 Beam 23+24
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DEFLFXTION, mm

Figure 18 Beam 25
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I 00
80
60
40
20
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Figure 19 Beam 26

4 6

DEFLECTION,

Figure 20 Beam 27

60

3 0
20
10

DEFLECTION, mm

Figure 21 Beam 28

It can be seen from the first 6 graphs (Figures 6-11) , which are the test results of the beams
without conventional reinforcement, that there is a big difference between the two tested
beams. This scatter is mainly due to the variability of the steel fibre concrete. In the other
graphs the variability of the steel fibre concrete is also present, but the impact is smaller,
since the reinforcement bars take most of the load. For the beams with reinforcement bars
(beams 13 - 28) it can be seen that after cracking there is an ascending branch until a plateau
is reached where the reinforcement bars start to yield. This is typically what one would
expect from a bending test.

In most cases there seems to be a fairly good match between the calculation and the test
results. It can be seen that the calculated curve has the same shape as the experimental curve.
This shows that the used calculation method models quite well the behavior of the beam.
Unfortunately the calculations are mostly on the unsafe side of the test results. The reason
for this must be found in an incorrect input of the material properties. More in particular the
authors think that the used stress strain diagram for SFRC, proposed by Rilem TC162-TDF
[3], needs some corrections.

The correlation between the calculated curves and the test results does not seem to be much
influenced by the different investigated parameters (span, fibre dosage, reinforcement ratio
and concrete class). This shows that the used calculation model takes these parameters in a
proper way into account. Further research could therefore be focussed on other parameters
like the width and the depth of the cross section to take into account possible size effects.

CONCLUSIONS

In this paper the results are presented of a testing program of 28 full-scale beams, tested in
four point bending. The investigated parameters are the span of the beams, the fibre dosage,
the reinforcement ratio and the concrete strength.
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A calculation method has been explained in detail and the load deflection curves resulting
from the calculations are compared with the experimental curves. The conclusions of this
comparison are that the investigated parameters seem to be well incorporated by the
calculation model. The calculated curves in general are a little bit optimistic regarding the
load carrying capacity of the beams. It is felt that the main reason for this overestimation
must be found in the input of the material properties of the SFRC: the stress strain relation
proposed by Rilem TC162-TDF [3].
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EXPERIMENTAL INVESTIGATION ON TENSION STIFFENING
EFFECTS OF FRP REINFORCED CONCRETE MEMBERS
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ABSTRACT. The paper describes results of an experimental investigation on tension
stiffening effects of Fibre Reinforced Polymer (FRP) concrete members. The analysis was
performed on cylindrical concrete tension specimens reinforced with Carbon FRP rebars.
Tensile tests were carried out by a testing machine under displacement control. The
influence of different size of specimen, that is the ratio concrete cover-to-rebar diameter (c/d)
was analysed. Obtained results in terms of cracking and deformation of specimens are
presented and discussed.
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INTRODUCTION

The tension stiffening, that is the ability of cracked concrete to reduce strain in reinforcement
due to tensile stresses in the concrete between cracks, is the most important phenomenon
governing the structural behaviour of reinforced concrete structures.

The bond between the concrete and the reinforcement is fundamental to evaluate tension
stiffening effects since it controls the ability of the reinforcement to transfer tensile stress to
the concrete. Consequently, main parameters influencing the tension stiffening are the shape
of reinforcement, such as the bar size an the outer surface treatment, the concrete strength and
the concrete cover thickness [1].

For traditional steel reinforced concrete structures, tension stiffening effects are well-defined
and usually considered in the structural analysis by using Code relationships [2], [3]. On the
contrary, for concrete structures reinforced with Fibre Reinforced Polymers (FRP), tension
stiffening effects are not completely defined; many researches, both theoretical and
experimental, are still in progress.

The use of FRPs as reinforcement, however, involves high deformability of concrete
structures; as a consequence the design of such structures is mainly governed by the
deformability check instead of the ultimate strength [4], For this reason an accurate analysis
of cracking and deformations is needed taking into account the contribution of tension
stiffening; investigations on this topic are, thus, essential [5].

The present paper describes first results of an ongoing investigation devoted to study the
tension stiffening of FRP reinforced concrete members; at this aim the behaviour of tensile
concrete members reinforced with Carbon FRP (CFRP) rods, commercially available, has
been analysed in order to evaluate, in a simplest way, problems, as cracking and
deformability, that more generally are fundamental for flexural concrete elements.

An experimental investigation on cylindrical concrete tension' specimens reinforced with
CFRP rods was performed; the effects of different concrete cover thickness values on the
cracking and deformability of specimens, were investigated. Obtained results are presented
and discussed.

EXPERIMENTAL INVESTIGATION

An experimental investigation has been planned in order to analyse the contribution of the
tension stiffening on cracking and deformability of FRP reinforced concrete members. FRP
reinforced concrete members subjected to uni-axial tension have been tested, as obtained
results could be extended to flexural reinforced concrete elements. The experimental plane,
still in progress, aims to check the influence of some key parameters on the stiffness of
reinforced concrete members; in particular, the mechanical properties of concrete,
considering both ordinary concrete (OC) and high performance concrete (HPC), the
mechanical properties of FRP rebars and the amount of concrete confinement will be
analyzed. First obtained results, reported in this paper, refer to tension members made with
ordinary concrete and reinforced with CFRP (Carbon Fibre Reinforced Polymer) rebars;
tested elements present different confining action, given from the thickness of the concrete
embedding the FRP reinforcement.
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Materials

The compressive strength of concrete was determined by standard compressive tests on cubes
150 mm high; the mean value was fc=46.5 N/mm2. The average tensile strength, determined
by splitting test on cylinders with diameter of 150 mm and height of 300 mm, was
fcl=4.35 N/mm2.

The utilized CFRP rebars, produced from the Sireg Co, Italy, have a diameter of 8 mm and
are externally sanded and spiral wounded with carbon fibers. The constitutive law has been
experimentally determined, the mean values of strength and Young modulus resulting
<TR=2401 N/mm and E=110 kN/mm2, respectively.

Specimens and Test Set-up

Cylindrical concrete specimens were made with a CFRP rebar embedded in the concrete
block. A tensile force was applied by means a testing machine, under displacement control.
Electrical strain gauges have been glued to the FRP rebar, before the casting, to measure the
strain of the reinforcement during the test.

To record the strain evolution within the concrete, electrical strain gauges were put on the
concrete, at the same positions of those glued to the rebar, and on both side of the block in
order to evidence any load eccentricity. In addition, two LVDT were utilized to measure the
elongation of the rebar embedded within the concrete block and that of the concrete.
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Figure 1 Tested specimens Figure 2 Test Set-up
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Geometrical details of tested specimens are reported in Table 1, while in the Figures 1-2 the
tested specimens and the test set-up are drawn respectively.

Table 1 Dimension of specimens

NUMBERS OF
SPECIMENS

2

2

2

2

T40A, T40B

T50A, T50B

T60A, T60B

T80A,T80B

HEIGHT
(mm)

450

450

450

450

DIAMETER
(mm)

40

50

60

80

RESULTS AND DISCUSSION

In the Figures 3-6 curves F-s are reported for all tested specimens, being F the tensile applied
force and s the mean strain of the member response. In the same Figures the curve F-s,
obtained for the CFRP rebars is drawn, in this case s is the local strain in the naked bar.

Analysing the Figures it clearly appears that the rebar embedded in the concrete presents a
higher stiffness, at all stress levels, than the non-embedded bar. The difference between the
two curves, for each specimen and at any load level, gives a measure of the tension stiffening
contribution. The decrease of the reinforcement strain is due to the bond stresses that allow
the load transfer between reinforcement and surrounding concrete.

0 0,002 0.004 0,006 0.008 0,01 0,002 0,004 ,. 0,006 0,008 0,01

Figures 3 F-s curves for T40A and T 40 B specimens
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In Figure 7 curves F-s are compared for specimens of the group A. The tension stiffening
contribution increases when the diameter of the surrounding concrete increases as well.
However the Figure 7 shows that the scatter between curves reduces above a certain amount
of confinement; in fact a relevant difference has been recorded between strain of the T40 A
and T50 specimens while small scatters can be evidenced between T50A, T60A and T80A
specimens.

0,002 0,004 0.006 0.008 0,01 0,012

Figure 7 F-s curves for specimens of the A group

In the Figures 8-9 the curves F-s of T40B and T50B specimens are reported for low load
levels in order to better evidence the behaviour of the tension reinforced concrete elements.
As one can see, once the cracking phenomenon takes place, the deformability of members
increases even if embedded rebars present higher stiffness with respect to the non-embedded
bar. The formation of new cracks, indicated from the arrows in the figures, involves a further
increase of deformability and, therefore, a reduction of the tension stiffening contribution.

0.0005 0.001 0,0015 0,002

1
0,002 0,0004 0,0008 0,0012

Figure 8 F-s curves for T40B specimen
at low load level

Figure 9 F-s curves for T50B specimen
at low load level



Tension Stiffening Effects 97

The evolution of the cracking phenomenon has been also recorded for all tested specimens.
In Figure 10 the number of cracks versus the diameter of the concrete specimen is reported
while in Figure 11 the mean cracks width versus the diameter of the concrete block is
reported in correspondence of the ultimate load and up to 50% of the ultimate load
respectively. Figures show as increasing the concrete dimension the number of cracks
drastically drops and the mean width of cracks increases, such an occurrence involves a
reduction of the member ductility.

3

30 50 70 90

TENSILE SPECIMENS DIAMETER, mm

2,5

o
Fu /

• — *

A
50% Fu

30 50 70 90

TENSILE SPACIMENS DIAMETER, mm

Figure 10 Number of cracks versus
diameter of the tension member

Figure 11 Mean cracks width versus
diameter of the tension member

CONCLUSIONS

The analysis of the experimental results show the following aspects:

1. Tension stiffening effects are influenced by the ratio concrete cover-to-rebar diameter.
The tension stiffening contribution, in fact, increases when the diameter of the
surrounding concrete increases as well.

2. For a given rebar diameter it is possible to determine an optimal value of the concrete
cover-to-rebar diameter that corresponds to a maximum tension stiffening
contribution. For cases examined in this study this ratio is equal to 3 (specimen
T50A).

3. Increasing the size of concrete specimens the number of cracks drastically drops while
the crack width increases.

Further investigation considering the influence of other parameters, such as the rebar
diameter, the outer surface treatment of FRP rebars, the type of FRP rebars, the strength of
the concrete, are needed in order to evaluate completely the tension stiffening contributions
that, as evidenced in the first phase of the research seem to be very influential and effective in
reducing the strain of the reinforcing bars.
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On the order hand a theoretical analysis is suggested, that taking into account all parameters
involved, would aim to furnish useful design indications regarding the tension stiffening
contribution.
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A NEW METHOD FOR CONTROLLING SECONDARY FLEXURE
DURING UNIAXIAL TENSION TEST OF CONCRETE
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ABSTRACT. The authors have already established a test procedure for uniaxial tension test
of concrete, eliminating secondary flexure, multiple cracks and overlapping cracks. In this
paper, another approach for controlling secondary flexure is presented. It gives an artificial
flexure to a specimen by non-equal-depth-notches and by maintaining deformation difference
of opposite faces at a low constant level. The flexure control makes the whole cross section
of the specimen softened, and provides an accurate tensile strength. Tension softening curves
obtained are more monotonous and continuous under this condition than in the case of
complete elimination of the flexure. Thus, this new control method of secondary flexure is
evaluated to be superior than complete elimination of the flexure.
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INTRODUCTION

Knowledge of the tension softening process of concrete is essential to understand fracture
mechanism, to analyze fracture behavior, and further to evaluate properties of concrete. The
best way to investigate the tension softening behavior is applying uniaxial tension force
directly on a concrete specimen, because it provides more reliable information than any other
alternative methods. In this method, both tensile strength and tension softening curve of
concrete are measured directly from identical specimen.

However, no standard tests have been established to provide a direct measurement of tension
softening curve of concrete. The problems of investigating tension softening behavior under
the uniaxial tension load are unstable fracture, secondary flexure, multiple cracks, and
overlapping cracks.

The first problem of unstable fracture can be solved by the suitable choice of measuring
length and the adoption of a closed-loop loading machine controlled by the deformation of
the specimen. If the measuring length of a specimen is chosen smaller than the characteristic
length of concrete, a stable fracture will be easily produced and maintained [1].

The second problem, secondary flexure is denoted as the induced flexure (or lateral flexing)
caused by the heterogeneity of concrete specimen, even though there is no eccentricity in
load. It is usually induced by local softening at the weakest zone of a specimen or non-
symmetrical crack arrest by aggregates. The secondary flexure produces strain gradient,
being half of the section softened and the other half section relatively contracted at peak load.
The cohesive stress in the softening zone slightly reduces from tensile strength, and the
opposite side stress reduces considerably because of bending compression.

Consequently, the reduction of the observed peak load or tensile strength would sometimes
exceed 20 % of their true values due to the flexure as obtained by the authors. Therefore, it is
necessary to prevent completely or to minimize the secondary flexure for obtaining reliable
results. Despite the significance to avoid the flexure, many researchers have ignored it [2],
[3] or failed to avoid it [4], [5]. In order to eliminate the secondary flexure, a specifically
designed adjusting gear systems was developed by the authors [6].

Even though the problem of the secondary flexure is solved, the success in the observation of
the tension softening behavior is still unknown. Heilmann et al's results imply that the test
would fail when multiple cracks, as shown in Figure 1, were generated in spite of preventing
secondary flexure within long measuring length [7].

Since the generation of multiple cracks produces a couple of secondary flexures, these cracks
should be avoided. By employing a notched specimen, the occurrence of multiple cracks can
be easily prevented.

Commonly, it is thought that strong stress concentrations due to notches may mislead the
observation of the tensile strength of concrete. However, simulation approaches reported by
Zhou show that the influence of notches on the tensile strength is insignificant [8].

The authors confirmed Zhou's results by performing an independent simulation with a
prismatic specimen of 100 x 100 x 400 mm. Details are presented elsewhere [9].
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Multiple cracks Overlapping cracks

Figure 1 Multiple cracks and overlapping cracks

The last serious problem is the generation of overlapping cracks during testing (See
Figure 1). Since overlapping cracks increase the observed fracture energy above acceptable
rates, they should also be avoided. The overlapping crack generation is prevented by
applying guide notches to a specimen. Figure 2a shows the position of both primary and
guide notches in a prismatic specimen of 100 x 100 mm cross section. The primary notches
are applied on the side (not on the cast face nor the bottom face) in order to avoid influence
of strength variations in casting direction. The 5 mm depth guide notches on other laterals
are employed as usual. Though the previous test method of controlling the secondary flexure
gives good results, a better method is presented in this paper.

Guide notch
Cast face

Figure 2 Position of notches for a) complete elimination method and
b) constant difference method

THE CONCEPT OF NEW CONTROL METHOD

Since secondary flexure produces a considerable error on the observed tensile strength, the
complete elimination of the flexure is a normal solution. However, another possibility is to
maintain the secondary flexure within a low constant level.
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This new control method stands between the complete elimination of the flexure and leaving
the flexure as it is. The reason why tensile strength can be obtained accurately by the new
method is explained by the following comparison of stress distributions along notched
sections with respect to both control methods.

Figure 3a shows the stress distributions along the notched section predicted by simulations
for complete elimination of the secondary flexure with respect to three levels of subjected
load. Because of the symmetry, the stress distributions are presented only along a half of the
section. Each stress distribution was expressed in terms of each tensile stress a versus tensile
strength ft. Ptrllc means the true peak load which is realized when the entire ligament is
subjected uniformly by tensile stress equal to tensile strength. Because of a high stress
concentration caused by notches, stress level near the notch tip reaches tensile strength, even
at low loading, such as when P/Ptrae

 = 0.35. As the load increases, a fictitious crack, which
models the softening zone, develops and expands from the notch tip toward the center. The
size of crack opening displacement within the fictitious crack is so small that each cohesive
stress within the zone is almost same as tensile strength. When P/Pirue becomes 0.79, the
stress distribution consists of an expanded plateau and a concave. When the crack tip reaches
the specimen center, P/P|rue becomes 0.99 and a single plateau across the whole cross section
is created, resulting in softening of the entire cross section. The peak load was only reduced
a little, compared with the true peak load in spite of existing notches.
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P/Ptrue = 0.99

P/Ptrue=0.32
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X(mm)

1 0 0

Notch Ligament

Figure 3 Stress distributions of notched section for a) complete elimination method
and b) constant difference method

Figure 3b shows the same stress distributions for the method maintaining the flexure within a
low constant level. The stress distributions are quite similar to the former, for example, when
P/Ptruc = 0.32, 0.80 and 0.99 in Figure 3b corresponds to when P/P,rue = 0.35, 0.79 and 0.99 in
Figure 3 a, respectively. This surprising similarity comes from the fact that deformation
difference exists even in the complete elimination method between notched face and the
center of the specimen, though there is no difference between both faces. It means that two
cracks propagate from both faces to the center in the elimination method, whereas one crack
propagates from larger deformation side to smaller deformation side in the new method.
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Thus, it implies that the peak load reduction or tensile strength reduction will be the same
level, if the deformation difference of both sides in the new method is the same level as that
between side face and the center in the elimination method. In fact, the reduction of the peak
load is estimated to be only 1.3 % of Ptruc by simulation in the case of maintaining a
2-um deformation difference in the new method.

Since some flexures are indispensable in the constant difference method, they are produced
artificially in the present procedure. In order to produce an artificial flexure, two mutually
different notch depths are employed for primary notches as shown in Figure 2b. Contrary to
primary notches, guide notches are equal to each other, and the secondary flexure is
completely eliminated in this direction.

It implies that all the cracks are restricted to develop perpendicular to cast direction in the
present procedure. However, if it is necessary, such a crack can also be produced that
develops from bottom face to cast face. The produced crack correlates to bending crack
which initiates at bottom face in the concrete beam cast horizontally.

There is a dilemma in determining an appropriate value of a deformation difference. The less
difference in deformation, the less reduction in the peak load. However, too small difference
will sometimes cause reverse directional crack propagation due to the arrest of initial crack
propagation by aggregates. When such crack inversion is occurred, it is impossible to
maintain the artificial flexure at the objective constant level. This bifurcation was predicted
by Rots et al. [10] in simulation and observed experimentally by the authors.

TESTING PROCEDURE

Ordinary strength concrete was cast on three different dates with the same mix proportion as
shown in Table 1. Cylindrical specimens (4>=100 mm and H=200 mm) were employed for
compression test and splitting tension test. Prismatic specimens (100 x 100 x 400 mm), as
shown in Figure 4a, were employed for uniaxial tension test.- After making notches by
diamond saw, the prismatic specimens were covered with wet clothes in order to avoid
unnecessary drying except at the end faces. A steel frame with aluminum plate (See Figure
5) was glued to a specimen end by epoxy resin and connected to a universal joint by a pin.
Deformations of four sides were measured separately by extensometers of 70 mm measuring
length as shown in Figure 4b.

Table 1 Mix proportion of concrete

WATER CEMENT
RATIO

W/C

50

CEMENT

330

UNIT CONTENT (Kg/m3)

AGGREGATE

0 - 5 mm 5 -

660

- 20 mm

1245

• CHEMICAL
ADMIXTURE

/a

0.019
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Bottom face , Guide notch

Extensometer

„ . , Extensometer
Side face Pnmary^notch ^ 7 Q m m
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Specimen
Notch

70mm glued

400

Figure 4 Shapes of a) specimen and b) extensometer
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Figure 5 Adjusting gear system and experimental set up
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The adjusting gear systems, as shown in Figure 5, are operated manually as following. When
one side of a specimen is more elongated than the opposite side, the side elongated longer
should be contracted by the adjusting gear on that side until reaching a proper balance in
elongation (zero difference for complete elimination method or finite difference for constant
difference method). For the operation, it is necessary to observe deformation (or elongation)
of all sides of a specimen. Continuous care should be paid to watch four side deformations in
order to operate for reducing the deformation difference without a delay. As steel rods give
compressive forces to the specimen, applied load is corrected by subtraction of these forces
from machine load. Load control for uniaxial tension test is performed through four stages as
shown in Table 2. The average of the four side deformations were used as feedback signal
for load control in deformation control or strain control stages. These stages were determined
from two demands. One was to adopt a low strain rate near the peak load and the other was
to reduce total loading time. By these controls, the total loading time was about 2 hours.

Table 2 Control stages of machine load

STAGE CONTROL METHOD DURATION RATE DEFORMATION RATE

Load control

Strain control

Strain control

Strain control

15 kN 50N/s 14xl(Pmm/s

+ 2 0 0 x l ( P O.lxKTVs 7xl (Tmm/s

+ 400 x 10"6 0.2 x 10"6/s 14 x 10"6mm/s

~ Last 0.4x10"6/s 28x10"6 mm/s

TEST RESULTS AND DISCUSSION

Figure 6 shows load-deformation curves (P-5 curves) obtained from the complete elimination
method, relating to each individual deformation of the mutually opposite face ch-2 or ch-4 in
6a, and to the average deformation in 6b.
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Figure 6 Load-deformation curves by complete elimination method
a) individual deformation and b) average deformation
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Figure 6a shows that the two curves almost coincide, indicating that all the unexpected
flexures are well eliminated. It can be seen that the curve for average deformation (solid line
in 6b) coincides to those for both individual deformation (6a) in the case of complete
elimination method. In Figure 6b, "uncorrected" means just the machine load and
"corrected" means applied load to the specimen, correcting machine load by the subtraction
of all the adjusting forces. The correction is small enough relating to the adjusting forces.

Figure 7 also shows load-deformation curves obtained from the constant difference method,
relating to each individual deformation ch-2 or ch-4 in 7a and to the average deformation in
7b. 7a shows that two curves initially coincide, then gradually separated and maintained a
constant difference afterward. It indicates that all the unexpected flexures in the direction of
ch-2 and ch-4 are well controlled to maintain a small constant deformation difference. In
Figure 7b, the correction of load is also very small, and average load-deformation curve is
almost coincide to both individual curves in 7a.
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. . . . .
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Figure 7 Load-deformation curves by constant difference method

a) individual deformation and b) average deformation

The tension softening curves (o-w curves) of four specimens by the complete elimination
method are shown in Figure 8a. It shows the reliability of the test procedure that these four
curves are not significantly different from each other. However, some of the curves in the
figure show sudden decrease and sequent recover or slight flutter.
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Figure 8 Tension softening curves by a) complete elimination method and
b) constant difference method
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Figure 8b shows the four tension softening curves obtained by the constant difference
method. Compared to 8a, 8b shows less scattering and smoother variation of curves. These
are the superiorities of the new method to the elimination method despite the existence of
difficulties to perform the test.

Figure 9a shows tensile strength values obtained by the two uniaxial tension tests and by the
splitting tension test. Each age in the Figure means the age of specimens for the splitting test.
The uniaxial tension tests were performed a few days before or after the indicated age. A, B
and C indicate respective concretes cast in different dates. Tensile strengths obtained by the
tree methods are not significantly different from each other reflecting their scatters. It means
that both control methods have almost the same accuracy in tensile strength.

By extrapolating with a tangential line at each end of tension softening curves, the values of
fracture energy were calculated. Figure 9b shows the results of fracture energy for the
uniaxial tension test. There is no significant difference in fracture energy between the
complete elimination method and constant difference method. So far fracture energy, there is
no superiority or inferiority between both control methods.
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Figure 9 a) Tensile strength and b) fracture energy

CONCLUSIONS

In uniaxial tension test of concrete, the new control method of a secondary flexure by
maintaining deformation difference within low constant level was evaluated superior to the
complete elimination method of the flexure. The new control method gave smoother tension
softening curves without reducing the accuracy of tensile strength and fracture energy.
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ABSTRACT. Use of high-strength composites in concrete construction is gaining
worldwide acceptance. The major application areas are repair and retrofit to improve the
performance or correct deficiencies. These composites have very high specific strength and
do not corrode. The major disadvantages are the weakness of the resin under high temperature
and UV radiation. Recent advances led to the development of high temperature matrices. The
results reported in this paper deal with composites made with inorganic polymer that is not
only high temperature resistant but also environmental friendly. The water-based system is
completely nontoxic. The performance of this adhesive is compared to an organic adhesive
for strengthening plain and reinforced concrete beams using carbon fibre sheets. The
comparison is made using the experimental results of plain and reinforced concrete beams
strengthened with bonded carbon fibre sheets and tested to failure under flexural loading.
Strength, failure pattern, and cracking of beams strengthened with the two systems are
compared. The results indicate that the inorganic adhesive is as effective in increasing the
strength and stiffness of reinforced concrete beams as the organic adhesive. For plain
concrete, the behaviours of the two systems are comparable for equivalent fibre volume
fraction. The inorganic matrix has a tensile strain capacity of only 0.07%, whereas the organic
matrix has a strain capacity of about 4.8%. The brittleness of the inorganic matrix results in
crack formation in the composite and a minimum build-up of strain along the interface of the
composite and concrete. This phenomenon leads to failure of the composite by rupture of the
carbon sheets instead of delamination, which occurs in most of the organic matrix repaired
beams. Based on the results available so far, the inorganic matrix composite can be used in
standard repairs of reinforced and prestressed concrete structures. The challenge is to create
field workable system that can compete with the inorganic systems.
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INTRODUCTION

The worldwide need for major repair and rehabilitation of infrastructures is stimulating
research to develop repair and strengthening techniques that are durable, economical and easy
to implement. Externally bonded steel plates had been used successfully in the 1960's. The
development of high strength aramid, carbon, and glass fibres provided a lightweight
alternative for steel plates (1). These systems, called fibre-reinforced polymers (FRP) have
some major advantages including: low weight, corrosion resistance, and ease of application.
The low weight reduces the duration and cost of construction because heavy equipment is not
needed. The composites can be applied layer by later or as a thin plate.

A major disadvantage of composites is their lack of fire resistance. Some compositions are
also vulnerable to degradation under ultraviolet light, leading to long-term durability
problems. Since carbon and glass fabrics can withstand normal fire exposure and are durable
under ultraviolet light, the organic polymers used to attach these fabrics to concrete become
the weak link. Results reported in this paper deal with the use of an inorganic matrix, which is
an alumino-silicate that can sustain up to 1000° C and does not degrade under ultraviolet
light. In addition, the water-based matrix is non-toxic so that cleaning and disposal of excess
materials is not a problem. The matrix also provides a hard surface that cannot be easily
vandalized. This aspect becomes important for structures located in urban areas.

The inorganic matrix in combination with carbon sheets was used to strengthen plain and
reinforced concrete beams. Background information on the inorganic matrix composites,
review of the behaviour of reinforced concrete beams strengthened with organic polymers,
performance of plain and reinforced concrete beams strengthened with carbon sheets and
inorganic matrix, and the comparative behaviour of organic and inorganic matrix in terms of
strength, stiffness, failure pattern, and cracking are presented in the following sections. In
addition the opportunities and challenges for this new system are discussed briefly.

PROPERTIES OF THE INORGANIC MATRIX - FIBRE COMPOSITES

Mechanical properties of composite plates made with the inorganic polymer in combination
with carbon, glass, and steel fabrics and sheets have been reported in the following references
(2-6). The durability of the composites and the durability of concrete prisms coated with
discrete and continuous fibre reinforced matrix have also been studied. The following are the
major conclusions.

• The system is very easy to work with and all the techniques used for organic
polymers can be used for the inorganic matrix.

• The matrix is compatible with carbon and glass fabrics. The carbon composite
can sustain about 650 MPa, 550 MPa, and 30 MPa in tension, flexure and
shear respectively.

• The matrix adheres well to wood, concrete, and steel. The shear strength
obtained using glued steel plates was 15 MPa.

• The fatigue performance of carbon composites is comparable to the fatigue
performance of organic polymer-carbon composite.
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The results obtained so far indicate that the inorganic matrix has excellent potential for use in
concrete structures as a durable coating material or a strengthening system.

REVIEW OF REINFORCED CONCRETE BEAMS STRENGTHENED WITH
CARBON SHEETS AND ORGANIC POLYMERS

Strengthening reinforced concrete beams with FRP plates or sheets has been studied
extensively by a number of researchers worldwide. Beams have been strengthened both with
prefabricated FRP plates (7-10) as well as with flexible sheets or fabrics (11-13). In all of
these experimental studies, a two-part epoxy was used as the adhesive. The major conclusions
from these studies were as follows:

• Significant increases in flexural strength are achieved by bonding composite plates. The
greatest gains occur in beams with low steel reinforcement ratios.

• The number of cracks is increased and the average crack width is decreased.

• Failures that occur due to delamination or shearing off of the concrete cover at the rebar
level require further experimental and analytical study. The failure criteria for these
failure modes must be established for accurate prediction of ultimate capacity.

The authors of other papers also came to similar conclusions. The common feature of all the
results is that failure rarely occurs by fracturing of the composite.

REVIEW OF PLAIN CONCRETE STRENGTHENED
WITH ORGANIC POLYMERS

The primary application of this system is in the area of strengthening unreinforced walls.
These walls, constructed using concrete or brick masonry or plain concrete, are very weak in
the lateral direction. Carbon and glass fabrics can be very effectively used for strengthening
these walls, Ehsani and Saadatmanesh (14). A number of studies have been conducted to
evaluate beams made with clay bricks, concrete hollow core blocks, and carbon fabrics (15,
16). Walls reinforced with fabrics have also been tested, (17, 18). All of these studies indicate
that high strength composites have excellent potential for this application. They are easy to
apply and occupy very little space and hence can be applied even in locations with very little
clearance.

RESEARCH PROGRAMME

Various aspects of the inorganic matrix in conjunction with concrete and timber structures are
being evaluated at Rutgers University, USA. The focus of the research program reported in
this paper is to compare the behaviour of an inorganic matrix that is brittle to a ductile
organic matrix when used to bond carbon fibre sheets to plain and reinforced concrete beams.
The primary comparisons to be made between the two are:

• Differences in failure mode

• Magnitude of strength increase over their respective controls, and

• Crack patterns
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The second part of the paper deals with the durability aspects of the composite. In this
program concrete strengthened or coated with composite were evaluated under wetting and
drying and scaling conditions.

EXPERIMENTAL INVESTIGATION: STRENGTH TESTS

The experimental program for reinforced concrete was designed to simulate the research
conducted by M'Bazaa et al (11), in which a total of eight reinforced concrete beams were
constructed and load tested in four-point flexure over a span of 3000 mm with loads at one-
third points. The primary variables were carbon length, end anchorage, and the amount of
strengthening reinforcement. The beam with 3 layers of unidirectional carbon tow sheet,
166.7 mm wide and 2900 mm long bonded to the tension face of the beam, is of particular
interest to the current investigation because the areas of carbon are comparable. The carbon
area was 0.8258 cm2.

The beams constructed for the current study were of identical span, width and depth (3000 x
200 x 300 mm) and effective cover. Strengthening was done using 2, 3, and 5 layers of
unidirectional carbon sheets, providing 0.2845 cm , 0.4265 cm , and 0.7220 cm of carbon
fibre area respectively.

The beams for both the current and previous studies were significantly over designed for
shear. The No. 10 M stirrups at 100-mm spacing used in the Sherbrooke study had a shear
capacity of 281 kN and #3 stirrups at 95-mm spacing used in the current study had a shear
capacity of 226 kN. The maximum shear encountered in a test was 55.0 kN and hence, shear
performance was not a parameter. The details of steel reinforcement and carbon sheets are
summarized in Table 1.

For plain concrete the parent concrete prisms were cast using the following mix proportions.
The cement, fine and coarse aggregate contents were: 401, 860, and 720 kg per cubic meter of
concrete. The water to cement ratio was 0.5. The 50 x 50 x 330.mm prisms were cast using
steel molds and table vibrators and cured at 100% relative humidity for at least 28 days.

Table 1 Test beam summary

BEAM
DESIGNATION

OC

IC

OS

ISl

IS2

IS3

FLEXURAL
STEEL

2#10Mbars

2 #4M bars

2#10Mbars

2 #4M bars

2 #4M bars

2 #4M bars

CARBON AREA, cm2

None

None

0.826

0.285

0.427

0.711

MATRIX TYPE

None

None

Organic (epoxy)

Inorganic

Inorganic

Inorganic

Note: All beams tested over 3,000 mm span, loads (P/2) at one-third points, and all
beams significantly over-designed for shear
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STRENGTHENING PROCEDURE

Prior to applying the carbon fabric, the beams were ground with an abrasive wheel to remove
the laitance and expose part of the coarse aggregate. Subsequently, the ground surface was
sand blasted, washed with hot water and allowed to dry. The roughened surface was primed
with inorganic resin and allowed to air dry until tacky (approximately 1 hour). Meanwhile,
the fabrics were saturated with resin and allowed to air dry until tacky. A bonding layer of
resin was placed on the primed surface, followed immediately by the pre-saturated fabric. The
fabric was rolled firmly to remove excess resin. Subsequent layers of fabric were placed
similarly. After placing the final layer of carbon, the repaired area was vacuum bagged to
remove vapor and promote resin flow. The repaired area was covered with a Teflon release
film, followed by a breather fabric, followed by a Nylon bagging film. The bagging was
sealed and a vacuum pump was used to draw a vacuum of about 740 mm Hg around the
carbon repair. Finally, the beams were heated to 80° C for 24 hours for curing.

For plain concrete, the same procedure was followed for inorganic matrix. For the organic
matrix, the manufacturer's recommendations were followed. The cleaned surface was coated
with primer and cured for three days. The matrix and the carbon were placed on the primed
surface and bonded using rollers. After applying the top coat, the samples were left at room
temperature for at least seven days before testing.

RESULTS AND DISCUSSION: REINFORCED CONCRETE

The results discussed in the following sections focus on failure modes, crack patterns, load-
deflection behaviour, strength increase, and strains. Table 2 provides a summary of the
results. It is very important to note the difference in carbon sheet properties used in the
investigations. For tests conducted using the organic system, carbon sheets were specially
developed for the strengthening of structural components. The fibres were properly aligned
and kept in place by sizing and a special back-up paper. The organic matrices were also
specially formulated to provide the maximum efficiency in terms of penetrating carbon sheets
and bonding to concrete. The system was developed over a number of years to achieve
aligned fibres, attaining the highest possible carbon strength.

Table 2 Summary of experimental results

BEAM

( 1 ) •

OC
IC
OS
ISl
IS2
IS3

LOADS, kN

Steel
yield
(2)

45.06
57.83
67.30
73.40
75.62
84.52

Ultimate
(3)

63.61
74.51
99.64
80.51
91.90
110.09

At
yield
(4)

10.77
11.00
12.27
12.95
12.90
13.97

DEFLECTION, mm

At
ultimate

(5)

88.90
93.98
28.19
20.14
23.32
24.05

Ductility Ay,
col (5)/col(4)

(6)

8.25
8.55
2.30
1.55
1.81
1.72

MAXIMUM
STRAIN, mm/mm

Concrete
(7)

0.00145
0.00182
0.00129
0.00075
0.00131
0.00142

Carbon
(8)

_

-
0.00693
0.00553
0.00581
0.00641

FAILURE
MODE

(9)

UR1

UR1

DE2

CR3

CR3

CR3

Under-reinforced, Delamination. Carbon rupture
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For the inorganic system, commercially available carbon sheets were used. Unlike the organic
system that used backing paper to keep the fibres aligned, the carbon used in this system was
woven with cross-directional glass fibres to keep it in place. This carbon system does not
provide very good fibre alignment because the amount of sizing used is limited and because
the fibre tows are undulated by the weaving process. When these thin sheets were placed on
beams, they also tend to undulate to fit the prepared concrete surface. To the best of the
author's knowledge, this is the first time an inorganic carbon fibre system was used. Further
refinement in terms of special preparation of fabrics will definitely enhance the performance.

LOAD-DEFLECTION BEHAVIOUR

The load-deflection curves for beams strengthened with the inorganic matrix are presented in
Figure 1. As expected, increase in carbon area resulted in increased post-crack stiffness, post-
yield stiffness, and ultimate load. The load-deflection behaviour of beams strengthened with
inorganic matrix is similar to the beam strengthened with organic matrix.
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Figure 1 Load vs deflection curves for all beams

COMPARISON OF STRENGTH INCREASE

Strength increase is quantified as the difference between the maximum moments of the
respective control and the strengthened beams. To account for differences in carbon area,
increases were computed for unit carbon area using the equation:

AM
(1)Moment increase per unit carbon area =

Where:
AM = moment increase with respect to the control (kN-m)
Acar = carbon area (m )

A comparison of strength increase is presented in Table 3. A careful review of these results
leads to the following observations.
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The inorganic and epoxy systems provided comparable strength increase. The moment
increase for unit carbon area for Beam IS2 was very close to that of OS, while IS3 was
higher than OS and IS1 was lower than OS.

For beams strengthened with inorganic matrix, the moment increase for unit carbon area
seems to increase with the area of carbon, suggesting greater efficiency with larger carbon
plates. This trend has not been observed previously, in part because the effect of increasing
area has not been studied systematically.

COMPARISON OF STRESSES AND STRAINS

The peak carbon strains recorded during tests for the OS, IS1, IS2, IS3 beams were 0.00693,
0.005534, 0.005807, 0.006413 mm/mm respectively. Assuming the tensile modulus of 240
GPa (20) for the OS composite and 200 GPa (2) for the IS composite, the peak carbon
stresses are computed and presented in Table 4. Here, the OS carbon delaminated when the
carbon stress was approximately 1663 MPa, whereas the IS carbon ruptured when the average
carbon stress was 1184 MPa. Note that in the inorganic system, the critical stresses occur in
carbon fibres where the matrix is cracked whereas in the organic system the carbon plate acts
as a composite plate since the strain capacity of epoxy is much higher than the carbon fibre
strain capacity.

Table 3 Comparison of strength increase

BEAM

OC
IC
OS
IS1
IS2
IS3

ULTIMATE
MOMENT

(kN-m)

31.805
37.255
49.820
40.255
45.950
55.045

MOMENT
INCREASE

(kN-m)

_
-

18.015
3.000
8.695
17.790

MOMENT INCREASE PER
UNIT CARBON AREA

(MN)

_
-

218.2
105.4
203.9
250.2

Table 4 Maximum carbon and interface stresses

BEAM

OS
TS1

IS2

IS3

CARBON
STRESS AT
ULTIMATE

(MPa)

1663
1107

1161

1283

PROPORTION
OF COUPON
STRENGTH

(%)

39
79

83

92

CARBON
LOAD AT

ULTIMATE
(kN)

137.33
31.49

49.52

91.22

AVERAGE
SHEAR STRESS
AT ULTIMATE

(kPa)

867.2
217.5

342.0

630.1
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Table 4 includes the average shear stress at the interface of carbon and the concrete at
ultimate loading. This stress was computed by dividing the maximum carbon force by the
bond area outside of the constant moment region. Based on this calculation, the limiting
average shear stress is 867 kPa for the OS. This strain compares well with the results of
Ritchie et al who estimated the limiting average shear stress to be between 758 kPa and 827
kPa. Because the IS beams did not delaminate, the limiting average shear stress could not be
estimated. However, the maximum average shear stress sustained was 630 kPa for beams
with five layers of carbon fabric. Hence, the limiting shear stress is more than or equal to 630
kPa. The fact that the shear strength of the adhesive is sufficient to fracture the carbon fibres
is more significant than the numerical value.

TEST RESULTS AND DISCUSSION: PLAIN CONCRETE

For plain concrete, the primary response variables were: strength and stiffness increase, non-
linearity produced by the composite strengthening system, and failure pattern. These
parameters are discussed in the following sections.

FAILURE PATTERN

As expected, the control beams behaved linearly elastic up to peak load, followed by brittle
failure. The post-peak curve could be obtained if special loading methods such as crack
mouth-opening displacement controls were used. Since the focus of the current research is on
strength increase, special test methods were not used to capture the post-peak response. All of
the strengthened beams had post-peak strength.

Each of the strengthened beams carried considerable load after the development of the crack
at the mid span. Only one crack developed which widened until failure of the specimen. The
crack width at failure increased with an increase in reinforcement area. An increase in
deflection at failure was also experienced as the crack width increased.

In the case of the organic matrix, the crack at midspan extended at the interface towards the
supports. In each case, failure occurred because of debonding of the reinforcement. After the
tests were completed, the debonded tows and fabrics could easily be peeled away from the
sample. It can be hypothesized that a thin layer of concrete near the interface was weakened
by the shear produced by the carbon fibres.

In the case of the inorganic matrix, the failure was always caused by fracture of the carbon
fibres. It should be noted that the inorganic matrix is much more brittle than the organic
matrix and hence microcracks occur within the composite plate. Therefore, the fibres act
individually rather than as a single plate reducing the possibility of delamination. The
reinforcement was not easily peeled away from the prisms after failure as in the case of the
organic matrix.

The absence of effective load transfer between the fibres within the composite reduces the
shear stress at the interface. The positive effect is the absence of debonding failure. The
negative effect is the inefficient use of carbon fibres. The carbon fibres at the microcracks
experience higher stresses, resulting in fibre failure at lower average strains as compared to
organic matrices. This aspect of the failure pattern is further discussed in a later section.
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LOAD-DEFLECTION BEHAVIOUR

The load-deflection behaviour of beams strengthened with inorganic and organic matrices is
presented in Figures 2 and 3, respectively. In Figure 2, the behaviour of beams strengthened
with 1, 2. and 3 tows, 1 and 2 layers of fabric, and control beams are presented. In Figure 3,
an additional curve for the unidirectional carbon sheet is also presented. A careful review of
these curves leads to the following observations.

• The load-deflection behaviour of these plain concrete beams is different from the curves
corresponding to the strengthened reinforced concrete beams. The major difference could be
due to the single crack that occurs in plain concrete beams. This difference in behaviour
should be considered when high strength composites are used to strengthen non reinforced
concrete and masonry. The test results also provide an opportunity to understand the
mechanism of load transfer near the crack.

• As expected, the beams strengthened with the organic matrix had larger deflections
before failure. As mentioned earlier, the inorganic matrix cracks at strains of about 0.007
mm/mm. In addition, the silicate matrix bonds with the concrete chemically by transfer of
CaOH and KOH between parent concrete and the adhesive, resulting in the absence of a well
defined interlaminar layer. Therefore, when the concrete cracks, the cracks will go through
the repair layer, transferring the forces to the carbon fibres. As a result, the debonding of the
repair plate at the crack is much less in the inorganic matrix and the average strain in the plate
at failure is also lower.
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Figure 2 Load vs deflection, inorganic matrix

INCREASE IN FAILURE LOADS

Increase in failure loads is compared in Figure 4. The increases are presented as a factor of
control strength for easy comparison. In beams reinforced with carbon tows, the strength
increase for the inorganic and organic matrices is not significantly different. In the case of the
inorganic matrix, the beam reinforced with only one tow had a greater strength increase than
the beam reinforced with two tows. Initially, this was assumed to be an experimental error.
Additional tests confirmed that the increase was not an experimental error. Strength analysis
and close observation of the failed specimens lead to the following hypothesis.
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When inorganic matrix is used for repair, the amount of fibres and their distribution plays an
important role near the crack and load transfer. In the case of one tow, the fibres are well
spread out and are very close to the bonded surface. As soon as the crack forms in the parent
concrete, it penetrates the repair matrix. The author believes that this penetration occurs when
the crack width is only a fraction of a millimeter. This process enables the contribution of the
carbon fibres at very low crack width and hence the tension force contribution of the concrete
is not lost. Strength calculations confirm that, on the onset of cracking, both carbon and
tension zone concrete contributes to strength capacity. The disadvantage in this load transfer
mechanism is the reduction in ductility of the specimen. When more fibres are added, the load
transfer becomes much less localized and an increased crack width opening occurs before
failure. This results in an increased ductility but less utilization of tension zone concrete. The
average stress and strain of carbon at failure reduces as the amount of fibres is increased.
Ductility can also be improved by adding short fibres to the matrix. The stress and strain
failures also decrease with an increase in fibre content in organic matrices. But the decrease in
failure strains is more gradual as discussed in a later section.
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EXPERIMENTAL PROGRAM: DURABILITY TESTS

The effectiveness of a strengthening system consisting of an inorganic matrix used in
conjunction with several commercially available forms of carbon was studied. The matrices
were applied to high strength concrete specimens and subjected to wet-dry and scaling
conditions. The effectiveness of the matrix was studied using the results of flexure tests
obtained before and after exposure to wet-dry and scaling conditions.

Details of Specimens

The specimens consisted of:

• High strength plain concrete

• High strength prisms reinforced with discrete carbon fibres, carbon tows and fabrics.

Preparation of Samples

The dimensions of the prisms were 50 x 50 x 300 mm. The cement: fine aggregate: coarse
aggregate ratio was 1: 2.14: 1.79. The maximum size of the coarse aggregate was 9.5 mm.
The water/cement ratio was 0.5. The prisms were cast using 50 x 50 x 300 mm. steel molds,
covered with polyethylene sheet and kept for 24 hours at room temperature and humidity. At
the end of 24 hours, the samples were removed from the molds and cured for 28 days in a
room maintained at 100% relative humidity.

Strengthening Procedure

The preparation of the samples involved sand blasting and cleaning with a wire brush. Sand
blasting was performed using silica quartz sand at a pressure of 80 psi. Once the surface was
cleaned, a thin layer of the inorganic matrix was applied to fill the small air voids and to
create a smooth surface. Pre-cut carbon tows and sheets were impregnated with the matrix
and placed on the prepared concrete surface and bonded using grooved rollers. A second layer
of the matrix was applied as a protective coating. The samples were cured for at 24 hours at
room temperature followed by 24 hours at 80°C. The elevated temperature was used to ensure
adequate curing in a two-day period. One day curing at 80°C is equivalent to about one week
curing at room temperature.

Wet-Dry Machine

A special set-up was built for exposing the samples to wetting and drying. A 1350 x 685 x
152 mm stainless steel basin containing the specimens was elevated to a height of 1.2 m. A
reservoir containing 75 liters of a 3% saline solution was installed beneath the basin. A heater
and a temperature gage were attached to the salt water reservoir to ensure that the water
remained at a constant temperature of 50° C. Elevated temperature was used to further
accelerate the deterioration process. The salt water was transported from the reservoir to the
basin containing the samples by a pump. A timing valve attached to the drain of the basin
controlled the flow of the water back into the reservoir. A 450mm fan was installed 600 mm
above the basin to help circulate air during dry cycles.
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After the test specimens were placed in the stainless steel basin, the timers were set to allow
for a three-hour wet and three hour dry cycle. At the beginning of each wet cycle, the pump
filled the basin to a level that totally submerged the samples with salt water from the
reservoir. After three hours, the basin's drain valve opened allowing water from the basin to
drain back into the reservoir and the fan began to circulate air above the basin. At the
conclusion of the three-hour dry cycle, the wet portion of the next cycle began. Visual
inspection confirmed the complete drying of the samples.

Scaling Test Set-Up

A special set-up was built for exposing the test samples to scaling conditions. Rectangular
plastic dams were built to fit atop the coated surface of the specimens. The height of the dams
was 25 mm. The dams were attached to the coated surface of the samples with a bead of
waterproof caulk. The dams were filled with three percent saline solution to a depth of 6 mm.

The scaling test described in ASTM C672 was designed to allow the completion of one
scaling cycle in a 24-hour period. The samples with the dams containing the saline solution
were placed in a freezing chamber. They were kept at -5°C for sixteen hours. At the end of
this freezing cycle, the samples were removed from the freezing chamber and kept at room
conditions. After eight hours in this environment, the thaw cycle was completed and a new
scaling cycle began as the samples were returned to the freezing chamber.

Flexure Testing

Samples strengthened with carbon reinforcement were tested in flexure using three-point
bending test. The load was applied using an MTS testing machine with a 45kN capacity. The
mid-span deflection was measured using an LVDT. Both load and deflection were recorded
by a computer.

The samples with the strengthening systems were exposed to a full series of either 50 or 100
wet-dry cycles before they were removed from the wet-dry machine. When scaling tests were
conducted, the samples were exposed to 50 scaling cycles. These samples were tested in
flexure.

TEST RESULTS AND DISCUSSION: WET-DRY EXPOSURE

The test samples consisted of the following:

• Two control samples

• Two samples strengthened with both two and four percent discrete carbon fibres

• Two samples strengthened with one, two, and three carbon tows

• Two samples strengthened with one and two layers of carbon

For each variable, two specimens were tested at 0, 50, and 100 cycles of exposure. The
objective was to determine whether discrete fibres would add strength and toughness to plain
concrete and whether it is possible to add continuous reinforcement to plain concrete. In both
cases, the wet dry cycling provided the information on durability. Note that carbon fibres do
not corrode and therefore the failure can occur because of the deterioration of the matrix or
the interface.
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The second type of reinforcement that was studied utilized carbon tows. The load-
displacement relationship of these samples is shown in Figure 5. As in the control samples,
behaviour was linearly elastic prior to cracking of the concrete. The addition of the carbon
tows, however, greatly improved the ability of the sample to sustain load after cracking.
Increased carbon area provided increase in the sustained load. Additionally, load was
sustained through a greater displacement as the number of carbon tows was increased. In each
case, the peak load of the samples exposed to 100 cycles of wet-dry was greater than the
unexposed samples. Comparable values were observed in the toughness of the exposed and
unexposed samples.
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Figure 5 Comparison of load-deflection response;
Control, 1, 2 and 3 carbon tows, wet-dry exposure

Samples were also strengthened with unidirectional carbon sheets and exposed to wet-dry
conditions. Either a single or double layer of carbon was bonded to the tension face of the
samples before exposure to wet-dry conditions. The load-displacement behaviour was
identical to the behaviour of samples strengthened with carbon tows. Comparable peak load
values and increases in toughness were observed after wet-dry exposure.

TEST RESULTS AND DISCUSSION: SCALING EXPOSURE

The samples exposed to scaling conditions were strengthened with the same forms and areas
of carbon that were discussed in the wet-dry section. Peak load, flexural stiffness, and
toughness were used to evaluate samples subjected to 50 cycles of scaling.

In samples strengthened with two and four percent discrete carbon fibre, the load-
displacement relationship was linearly elastic until the peak load for both virgin samples and
samples exposed to scaling.
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The strength increases were less than ten percent when two or four percent carbon was used.
An insignificant drop in the toughness was observed for each of the samples after exposure to
scaling conditions. The flexural stiffness of each of the samples increased by at least 50
percent after fifty scaling cycles.
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Figure 6 Comparison of load-deflection response; Control, 1, 2 and 3
carbon tows, scaling exposure

As in the wet-dry experiment, carbon tows were used to strengthen the samples. The tows
were externally bonded to the tension face of the samples with the inorganic matrix. The
load-displacement relationship of these samples is shown in Figure 6. The response was
linearly elastic prior to cracking of the concrete. The ability of the samples to sustain load
after cracking, however, was greatly improved by the carbon tows. As the area of the carbon
was increased, a larger percentage of the cracking load was sustained by the sample.
Exposure to scaling conditions had minimal effect on the strength capacity of these samples.
When a single tow was used, weakening occurred but samples with two or three tows had
higher strength after exposure. In each case, the variation was less than ten percent. An
inverse relationship was noted between the toughness and flexural stiffness of the samples.
When an increase in toughness was observed, the flexural stiffness of the sample decreased.

The next set of samples was strengthened using unidirectional carbon sheets. Either a single
or a double layer of the carbon was bonded to the tension face of the specimens. The
behaviour was identical to that of the samples strengthened with carbon tows. Insignificant
changes in the flexural strength of the samples were noted after exposure to the scaling
conditions. Exposed samples maintained at least 97 percent of their flexural strength. Any
changes in the toughness or flexural stiffness of the samples were consistent with the slight
decrease in failure load and do not indicate significant weakening of the samples.
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OPPORTUNITIES AND CHALLENGES

Based on the results of the investigation at Rutgers University, a number of demonstration
applications have been carried out in New Jersey and Rhode Island. These projects were for
surface protection. For strengthening applications, more experimental results are needed to
convince the users. Currently two investigations: one at the University of Alabama at
Huntsville and the other at Perth University in Western Australia are being conducted. The
results from these investigations are expected to reinforce the results of Rutgers study. Once
credibility of the system is established, the matrix could replace organic matrices for all civil
engineering infrastructure applications.

The major challenge is developing a marketing system. Since the system is field applied all
the problems that are encountered in concrete construction are also applicable to this system.
The cost of carbon fabrics is another challenge. The cost is slowly reducing to about $25 US
dollars per kilogram.

CONCLUSIONS

Based on the experimental results presented in this paper and comparisons with other
experimental results reported in the literature, the following conclusions can be drawn:

• The inorganic and organic systems provide comparable performance with respect to the
increase in strength of reinforced concrete beams. For non reinforced concrete, organic
polymers provide larger strength increase.

• For inorganic systems, the strength increase for unit carbon area seems to increase with
the number of carbon layers for reinforced concrete beams.

• For plain concrete, which develops a single crack, this aspect seems to reverse itself.
Larger carbon areas provide small increase per unit area. However the differences are
not significant.

• For reinforced concrete beams, the inorganic system and the epoxy system improved
post-crack stiffness equally well. It was found that each strengthening system provided
approximately the same post-crack stiffness increase for unit carbon area.

• The inorganic system increased the post-yield stiffness more than the epoxy system. It
was found that the inorganic adhesive system provided higher post-yield stiffness
increase for unit carbon area.

• All the beams strengthened with the inorganic adhesive system failed in carbon rupture.
In contrast, the beam strengthened with the epoxy adhesive system failed in
delamination. This difference can be explained by differences in the load transfer
mechanism between composite and parent concrete.

• The author believes that the inorganic system adhesive's bond behaviour is similar to
that of rebar in concrete. The bond fails adjacent to cracks, facilitating local bond slip in
the carbon while bond is maintained intermittently. This mechanism reduces the tensile
strain on the concrete at the interface. Complete delamination does not occur because
the interface is strong in shear when it is not highly strained. This concept deserves
further investigation because of its importance for eliminating brittle bond failure of
strengthened beams.
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• Both the matrix and the interface are durable under wetting and drying and scaling
conditions. There is no decrease in the maximum load capacity after 100 cycles of
wetting and drying or 50 cycles of scaling

• There is an insignificant decrease in toughness (area under the load-deflection curve)
after scaling exposure.
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ABSTRACT. This investigation addresses the response of a newly developed two-span
continuous double-T (DT) bridge system, internally and externally prestressed using carbon
fibre reinforced polymer (CFRP) Leadline tendons. The effect of pre-tensioning and post-
tensioning on the overall strain distribution was examined. The bridge was subjected to an
ultimate load test after it had been subjected to 15 million cycles of two repeated loads of
constant amplitudes equivalent to the service load at Midspan 1 and twice the service load at
Midspan 2. It was concluded that the presence of continuous externally draped CFRP tendons
(in the positive and negative moment region), CFRP grids, and the adjusted (increased) level
of external prestressing forces results in a ductile CFRP continuous bridge system. Also, the
measured ductility index was observed to increase by 48 percent, while maximum midspan
deflection was reduced by 75 percent in comparison to corresponding values of a simply
supported bridge using the same construction components.
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INTRODUCTION

Early research investigations [1-3] indicate that internally bonded tendons in combination
with externally unbonded tendons can be used to design a reasonably ductile simply
supported bridge (system). However, an extensive literature review has revealed little work
on continuous prestressed concrete bridge systems using CFRP tendons.

In the present investigation, the feasibility of draping and post-tensioning of CFRP tendons
from the sagging moment region (midspan, i.e., positive moment) to the hogging moment
zone (intermediate support, i.e., negative moment) and back to the sagging moment region in
a multi-span continuous bridge is examined.

The main emphasis of this paper is to examine the behavior of a two-span continuous double-
T (DT) bridge model during an ultimate loading test after it has been subjected to 15 million
cycles of two repeated loads of constant amplitude equivalent to service load (at Midspan 1)
and twice the service load (at Midspan 2). Two bridge models were constructed and tested.
The first one (CDT1) used CFRP Leadline tendons funded by Mitsubishi Chemical
Corporation Japan, whereas the second one (CDT2) used CFCC (carbon fibre composite
cables) strands provided by Tokyo Ropes Manufacturing Company, Japan. This paper
addresses only bridge model CDT1.

BRIDGE SYSTEM AND CONSTRUCTION DETAILS

The two-span continuous CFRP prestressed concrete bridge studied in this investigation
consists of the following:

1. Precast modified double-T (DT) girders [to be used as simply supported girders]
prestressed with straight and internally draped bonded Leadline tendons.

2. Transverse (unbonded) CFRP tendons post-tensioned through tendon deviators and
crossbeams.

3. CFRP reinforced concrete deck slab.

4. CFRP three-dimensional NEFMAC grids, which project beyond the top flanges of the DT
girders, crossbeams and tendon deviators.

5. Continuous externally draped CFRP Leadline tendons.

In this bridge system, CFRP three-dimensional grids (see Figure 1) replaced conventional
steel reinforcements. Hold-up and hold-down devices used to develop the desired draped
profile of CFRP tendons were made of stainless steel to avoid corrosion problems.
Continuous externally draped tendons were used to provide continuous prestressing in the
positive and negative moment regions.

Other construction details are given elsewhere [4, 5]. Four double-T (DT) girders, designated
as CDT1-1, CDT1-2, CDT1-3, and CDT1-4, were fabricated and prestressed with CFRP
tendons. In this notation, CDT stands for continuous double-T bridge system; the first digit
refers to the type of strand used, and the last digit refers to the DT girder number.
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Figure 1 Three dimensional CFRP grid reinforcements

POST-TENSIONING OF BRIDGE MODEL CDT1

Details of the complete construction of bridge model CDT1 can be found elsewhere [5]. The
total width of the bridge model was 2030 mm and each span measured 5890 mm. The full
prestressing force of 78 ldM per prestressing externally draped tendon and 45 kN per
transverse tendon was applied after the placement and curing of deck slab. Note that the
initial post-tensioning forces were re-adjusted (increased) during the testing stage of the
bridge model, after the bridge had been subjected to 7.5 million cycles of repeated loads. The
adjustment in the post-tensioning forces was made to determine whether increasing the post-
tensioning forces at a particular age of the bridge could increase the life span of the
developed bridge system. Repeated loads from 0 to 7.5 million cycles were applied and then,
the post-tensioning forces in the externally draped tendons were increased (adjusted) by about
31.5 percent. It was thought that, this adjustment would restore any loss in parametric values
such as deflection and strain. Then, an additional 7.5 million cycles of repeated loads were
applied to the bridge model, subjecting the bridge model to a total of 15 million cycles of
repeated loads before the ultimate load test. Details of the post-tensioning forces (initial and
adjusted) along with stresses and elongation in each pair of prestressing tendons (designated
as Xl-a, Xl-b, X2-a, X2-b, X3-a, X4-a, and X4-b) are presented in Table 1.

Table 1 Post-tensioning forces of externally draped CFRP tendons

DESIGNATION

X-la
X-1b
X-2a
X-2b
X-3a
X-3b
X-4a
X-4b

INITIAL POST-TENSIONING

Post-

tensioning
Force, kN

77.0
77.8
77.4
79.2
79.2
77.4
77.8
77.4

@ 0 CYCLES

Stress,
MPa

835.0
844.6
839.8
859.1
859.1
839.8
844.6
839.8

Elongation,
mm

76
79
66
84
66
64
71
71

ADJUSTED (INCREASED) POST-
TENSIONING

@ 7.5 MILLION

Post-tensioning Stress,
Force, kN MPa

102.7 1117
102.3 1110
102.7 1117
101.9 1103
101.9 1103
101.9 1103
104.1 1131
102.7 1117

FORCE
CYCLES

Elongation, mm

99
102
89
109
104
86
91
104
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INSTRUMENTATION, LOADING SET-UP, AND DATA ACQUISITION

The loads were applied using load controlled MTS actuators placed at the middle of each
span, using a four-point loading system resembling the front and rear axles of a truck. A
lightweight truck of 84.6 kN in Span 1 and a heavy truck of 178 kN in Span 2 were
simulated. Repeated cyclic loads ranging from 8.9 to 93.5 kN on Span 1 and 22.3 to 200.3 kN
on Span 2 were applied. Note that the 84.6 kN load simulates the service load, while the 178
kN load simulates about twice the service load. These two repeated loads were selected to
evaluate the performance of the developed bridge in order to examine the effect of a service
load and an overload for 15 million cycles and to suggest ways to regain the strength of an
overloaded bridge if any adverse effect on the strength of the bridge system was observed.

RESULTS AND DISCUSSION

Post-tensioning forces in the continuous externally draped tendons and transverse
prestressing tendons were monitored by load cells attached at their dead ends. The deflections
were measured using linear motion transducers (LMT) located along the lengths of both
spans and along their widths at midspan, while strain measurements were made by electrical
resistance strain gages. Figure 2 shows the strain distribution at the top of flanges and at the
bottom of the webs for the intermediate support and Midspan 2 sections at three typical
stages of construction: pre-tensioning of the internal CFRP tendons, placement of the deck
slab, and post-tensioning of the external tendons. Noted that the strains shown (after the
addition of the deck slab) at the top of the deck slab refer to those strains at the top of the
flanges of the girders. The strains in the concrete throughout the depth of the girders are
compressive before and after the placement of the deck slab. However, post-tensioning of the
externally draped tendons causes a further increase in the compressive strains at the bottom of
the girders, as well as a small tensile strain at the top of the deck slab at midspan. The
opposite strain distribution occurs at the intermediate support. Thus, the strains developed at
the top and bottom of the bridge after the post-tensioning of the externally draped tendons are
opposite in sign to those strains which will be caused due to the- superposition of live loads.
This is the desired effect, since the sections are maintained in pure compression even with the
added tensile strains caused by live loads. Thus, no tensile cracks develop under service
loads.

The variation of load and deflection with time for Midspan 2 during the ultimate load test is
shown in Figure 3. The load varies linearly until crushing of the concrete begins at the top of
the deck slab at midspans and at bottom of the webs at the intermediate support. The reason
for showing the variation of response for Midspan 2 is that the span was subjected to a
heavier repeated load and failed earlier than span 1. Figure 3 also shows that the variation of
load occurs in a zigzag pattern during crushing of the concrete. However, the absolute
variation in load from the instant crushing begins to the ultimate bridge failure was 19
percent of the ultimate failure load. Crushing of concrete began in the deck slab at midspans
and at the bottom of the webs at the intermediate support. Wider cracks at the bottom of
midspans followed.

As shown in Figure 3, CFRP tendons failed by progressive rupture (staggered failure) leading
to a complete loss of strength and stiffness of the bridge, as indicated by a negligible load and
very large deflections. This occurred 22 minutes after the beginning of the test.
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Figure 2 Strain distribution of bridge model CDT1

The deflection of the bridge varied linearly with time, and the time rate of variation became
almost constant during crushing of the concrete. However, after the ultimate load of the
bridge was reached, deflection increased rapidly (but not suddenly) after the failure of the
first CFRP tendon.

The complete failure of bridge model CDT1 is shown in Figure 4. The load corresponding to
the collapse of Span 2 was 721 kN, while the load corresponding to the collapse of Span 1
was 734 kN. The failure sequence started with crushing of concrete and then followed the
rupture of NEFMAC grids and internal CFRP tendons at midspan. The other critical failure
sections of the bridge were the locations of hold-down arrangements of the internally draped
tendons.

In order to examine the ductility of the bridge system, several loading and unloading tests
were carried out so that the inelastic energy absorbed in the system could be separated from
the total energy of the system (see Figures 5 and 6). This inelastic energy absorbed in the
system was used to determine the ductility of the system. Here, ductility is defined as the
ratio of total inelastic energy absorbed to the total energy of the system.
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In these loading/unloading cycles, the load was increased from 0 to a maximum value [267,
401, 445, 490, 534, 623, 712 fcN, respectively, which followed in sequence] and then
unloaded to zero load. Each loading/unloading cycle followed the same procedure and was
continued until the failure load [721 kN (162 kips)] was reached.

Figures 5 and 6 show that the measured energy ratios for Midspan 1 and Midspan 2 are 80
percent and 86 percent, respectively. These energy ratios clearly indicate that the failure of
the bridge was not brittle. These ratios are similar to the energy ratios that may be
experienced by prestressed concrete structures using conventional reinforcements [3].

Comparing the response of this bridge system with that of a simply supported bridge of the
same construction components [3] suggests the following:

• The deflection of the continuous bridge at its ultimate load is much smaller than that of
simply supported bridge at its ultimate load (about 75 percent smaller).

• The ductility of the continuous bridge is greater than the ductility of the simply
supported bridge, as indicated by higher value (48 percent on average) of the energy ratio
for the continuous bridge.

• The increase in ductility and the decrease in deflection of the continuous bridge are
attributed to the continuity of the external tendons and the deck slab, as well as the
presence of flexural and shear reinforcements in the form of the CFRP cage in the webs,
deck slab, and flange.
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• The increase in post-tensioning forces due to the application of static load to failure in
the continuous bridge is not as significant as in the simply supported bridge of the same
construction. There is only an approximate 40 percent increase in the post-tensioning
forces observed in the continuous bridge, whereas in the simply supported bridge [3], the
post-tensioning forces increased to about twice the initial prestressing value.

CONCLUSIONS

1. The presence of continuous externally draped CFRP tendons and the continuity of the
deck slab resulted in a ductile CFRP continuous bridge system.

2. The measured energy ratio for the continuous bridge model was increased by 48 percent
while the maximum midspan deflection at failure was reduced by 75 percent in
comparison to corresponding values of a simply supported bridge using the same
construction components. The ultimate load carrying capacity is equal to about eight
times the service load.

3. The variation of load and deflection during crushing of the concrete is not appreciable,
however, a significant loss in strength and stiffness of the bridge occurs after the ultimate
load of the bridge is reached, due to the progressive failure of the internal CFRP tendons.
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ABSTRACT. Present paper intends to review experiences on characteristics of firbre
reinforced polymers (FRP) for civil engineering applications and to discuss design
considerations by applying FRP bars or tendons embedded in concrete as prestressed or non-
prestressed reinforcement. Test results on FRP indicate high tensile strength, high fatigue
strength as well as low relaxation and creep, however, due to lower transverse strength
special anchoring devices can be needed. On the other hand, special attention has to be taken
against brittle failure due to the linear elastic behaviour of FRP. Design of FRP reinforced or
prestressed members can be based on the conventional way of design of reinforced concrete
members, however, special considerations are needed to bond, cracking, deflection, minimum
cover, minimum reinforcement, thermal effect, ductility and failure mode.
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INTRODUCTION

Corrosion of steel reinforcement and prestressing tendons exposed to de-icing salts is
increasingly becoming a significant issue. Deterioration often resulting in reduced
serviceability and requiring extra costs for maintenance and rehabilitation. Non-corrosive
Fibre Reinforced Polymer (FRP) reinforcements tend to be a promising alternative to
overcome corrosion of steel reinforcement. Their advantages are superior resistance to
corrosion, as well as acidic or alkaline solutions, high tensile strength, low self-weight,
electromagnetic neutrality, high fatigue strength, low relaxation and good long term
characteristics. Though, these materials have been present in special fields of civil
engineering for more than 15 years some misunderstanding and mistrust still exist in
practitioners that can be originated from the lack of standards in this field and basic human
fear from unknown issues.

OBSERVED BEHAVIOUR

In the last decade several experimental investigations were carried out worldwide on various
fields of the use of FRP reinforcements for concrete structures. To examine applicability of
FRP materials some engineering structures have been built already, both experimentally and
full scale. More than fifty bridges exist all over the world in which non-metallic
reinforcement was applied instead of steel. Important details are summarized in the
following.

Mechanical Characteristics

Corrosion resistant non-metallic reinforcements are made of Fibre Reinforced Polymers
(FRP). These reinforcements consist of thousands of high strength fibres of diameter 8 to
10 urn embedded into a resin matrix. The load carrying fibres can be made of glass, aramid
or carbon. The matrix is usually epoxy resin. FRPs have tensile strengths of 700 to
3500 N/mm2, modulus of elasticity of 38000 to 300000 N/mm2, failure strain of 0.8 to 4.0%.
FRPs show no yielding, behave linearly elastic up to failure with brittle rupture. Qualitative
stress-strain diagrams are indicated in Figure 1. Mechanical characteristics in longitudinal
direction depend on the type of fibre, in transverse direction the matrix also has a
considerable effect. Mechanical properties in transverse direction are minor to those of
longitudinal direction.
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Figure 1 Qualitative stress-strain diagrams of FRPs
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Long Term Properties

Short-term characteristics of FRPs can be more or less easily determined, however, long-term
properties may require specific considerations. Long-term characteristics of FRP
reinforcements can be different from that of ordinary steel reinforcements due to not only the
different materials but also the composite behaviour: time dependent phenomena can take
place within the material phases (fibre, matrix) and on the interface (bond, delamination).
Generally FRPs show better creep, relaxation and fatigue behaviour than steel prestressing
tendons [1-9]. However, influence of environmental effects on the long-term properties
needs further experimental investigations. Available data on long term properties of FRPs
are given in Table 1.

Table 1 Long term properties of FRPs

GFRP AFRP CFRP
PRESTRESSING

STEEL

Creep Ae [%o]
(CT = 0,8ff,,;t=1000h)
Relaxation pmoo [%]
(a = 0,8ffu)
Long term tensile strength
(estimated for 100 years)

3

1,8

0,4ffu

- 1 0

-2 ,0

- 0,7ffll

1,5-

5,0-

0,5fru -

• 1 0

10,0

0,7fru

<0, l ( ! )

0,5-1,0

> 0,9fa,

2 , 5 -

2 , 0 -

-

6,0

12,0

Bond

FRP reinforcements are usually produced by pultrusion process. Rods with almost smooth
surface are not suitable for concrete structures due to the lack of adequate bond. Therefore,
surface treatments (such as spiral fibre winding, indentations, periodic ribs, stranded or
braided shapes, or sanded surfaces) are needed to improve bond characteristics. These
treatments can increase bond strength of FRP reinforcements even more than that of steel
tendons. Qualitative bond-slip diagrams are indicated in Figure 2. During pull-out bond
failure the outer layers of FRP reinforcements can be damaged which never occurs in the case
of steel tendons or reinforcing bars. This difference may influence structural behaviour.

a

16
tsand coated FRP

smooth FRP

5 20

S,mm

Figure 2 Qualitative bond-slip diagrams of FRPs
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Structural Behaviour of Beams

FRP reinforced concrete beams in flexure show almost negligible plastic deformation that is
attributed only by the crushing of concrete in the compressed zone at load levels close to
failure. Figure 3 indicates a typical example for the load vs deflection behaviour of a GFRP
reinforced beam [10].

1 2 0 -•

8 0 -•

o
4 0 -•

10 20 30

DEFLECTION, mm

40 50

Figure 3 Load-deflection response for GFRP reinforced beam [10]

In the case of FRP prestressed members usually bilinear load-deflection responses can be
observed [11 - 18]. Figure 4 indicates typical examples of load vs. deflection behaviours of a
CFR.P prestressed beam in comparison to a steel prestressed beam [19].

O

-10 0 10 20 30 40 50
DEFLECTION, mm

60

Figure 4 Load-deflection responses for CFRP or steel prestressed beam [19]

Special Applications

FRP materials for civil engineering purposes are basically developed for embedded
reinforcement (prestressed or non-prestressed) in concrete elements or as externally bonded
reinforcement for strengthening.
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However, the possible use of these non-corrosive reinforcements is as wide as the use of
ordinary reinforcements. Several applications can be found in the following fields:

1. Prestressed bridges: cantilever bridge [7], stress ribbon bridge [20], bulb-T pretensioned
bridge girders [21] [22], monolithic superstructure [23], internal and external post-
tensioned cables [24], draped prestressing tendons [25] etc.

2. Non-prestressed bridge superstructure: continuous deck slab [26], steel free deck slab
[27].

3. Stay cables for cable stayed bridges [28] [29].
4. Ground anchors [7] [30].
5. Reinforcement for shotcrete [31].
6. Mesh reinforcement for brickwork and concrete [32].
7. FRP dowel bars [30].
8. Prestressed floor system [7].
9. Prestressed poles for power transmission lines [23].
10. Prestressed wood structures [7].
11. Marine applications (anchoring cable for platforms) [23].
12. "Smart reinforcements" (FRP reinforcements with integrated fibre optic sensing system)

[33], etc.

DESIGN CONSIDERATIONS

Ultimate Limit State

As FRPs show linear elastic behaviour and brittle failure they have considerable release of
clastic energy. Almost all of the stored energy during loading is elastic, which releases
suddenly by failure. Therefore, special attention has to be taken against brittle failure.

0,85fcd

Nc =b-O,8^od-0,85fcd

Nf = AfEfEcll -
Po = '

Figure 5 Internal forces for balanced condition

Bending moment capacity of FRP reinforced cross sections can be determined using the
conventional theory of composite cross sections, ie analysis of internal forces taking into
account that plane cross sections remain plain during loading.
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Failure has to occur with crushing of compressed concrete zone — rupture of reinforcement
has to be avoided due to its sudden energy release. Concrete crushing is always reached if
the reinforcement ratio is more than the so-called balanced reinforcement ratio (po)
(whenever reinforcement yielding and concrete crushing occurs simultaneously: ec = 8cll and
6S 8y(J) (Figure 5).

Minimum reinforcement ratio for FRP reinforced concrete cross sections can be:
pmin = 1.3xpo. Change of EfXpmin in the function of the Young's modulus (Ef) of FRP
reinforcement is indicated in Figure 6.
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Figure 6 Change of Erxpmin in the function of the Young's modulus
(Ef) of FRP reinforcement

Typical moment-curvature diagrams are indicated in Figure 7 for CFRP prestressed concrete
cross section (ffu = 1333 N/mm , SfL, = 10 %o; concrete grade: C40).
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Figure 7 Moment-curvature responses for CFRP prestressed cross section
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Serviceability Limit State

Young's modulus of FRP reinforcements is usually lower than that of steel reinforcing bars,
therefore, the moment of inertia of a FRP prestressed or reinforced member in the cracked
elastic state is lower than that of steel prestressed or reinforced ones. The lower the Young's
modulus of the tendon, the lower the moment of inertia in the cracked elastic state. In
cracked elastic state deflections of FRP prestressed or reinforced members will be greater
than that of steel prestressed or reinforced members. Due to the lower Young's modulus, the
strain of CFRP reinforcements in the cracked section would be greater. It may influence both
crack widths and tension stiffening. Ratio of moment of inertia in uncracked and cracked
elastic states (I1/I2) in the function of the Young's modulus of FRP (Ef) reinforcement is
indicated in Figure 8.

200

10 15 20 25 30 35

RATIO OF MOMENT OF INERTIAS (I,/I2)

Figure 8 Ratio of moment of inertia in uncracked and cracked elastic states (I1/I2) in the
function of the Young's modulus of FRP (Ef) reinforcement

For the calculation of deflection of FRP reinforced flexural members conventional methods
can be used, however empirical parameters have to be determined from experiments to take
into account bond characteristics and Young's modulus for each type of FRP reinforcement.
Parameters of flexural crack pattern (crack spacing and crack width) are influenced mostly by
the bond characteristics of reinforcement. Therefore, ordinary methods can be used for the
calculation of crack widths introducing always empirical parameters that are determined from
experiments to take into account bond characteristics of FRPs.

Prestressing

Because of low relaxation and creep as well as lower Young's modulus of FRP tendons,
majority of losses of prestressing force are lower than that of steel prestressed members.
However, due to the lower Young's modulus of FRP tendons, greater travel length of the
prestressing jack is needed to develop an adequate prestressing force. On the other hand,
FRPs have much lower strength in transverse direction than in longitudinal direction, thus
prestressing of FRP tendons can not be carried out by using conventional anchoring devices.
There were several anchoring systems developed for non-metallic prestressing tendons, but
thev have a restricted use.
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FUTURE WORK

Besides the above mentioned issues further questions are still open. Most important of them
are discussed herewith.

Minimum concrete cover

Minimum concrete cover in reinforced concrete members is required mainly for durability of
reinforcement. In the case of FRPs this requirement can be neglected (non-corrosive
reinforcement), however, other important parameters have to be taken into account such as
fire protection (resin matrix is deteriorated at max. 200°C), cover against splitting in
anchorage zone (due to high bond forces) or different coefficients of thermal expansion. For
these purposes concrete cover of FRP reinforced members can not be reduced too much. It is
advised to keep concrete cover requirements of ordinary steel reinforced members before
detailed studies are available.

Allowable deflection and crack width

Deflection control under service loads is important for aesthetical reasons or connection of
structural elements, thus these requirements can not be changed for FRP reinforced members.
However, calculation of deflections is essential according to the lower Young's modulus of
FRP reinforcements.

Crack control in the case of FRP reinforcement is needed only for aesthetical reasons (no
durability problem) therefore, strict requirements for allowed crack widths can be relaxed in
certain cases.

Thermal effects

Thermal actions can influence both mechanical characteristics and bond behaviour of FRPs.
As indicated in Table 2 coefficient of thermal expansion (CTE) of fibres, resins, FRPs and
concrete are differing from each other.

Table 2 Coefficients of thermal expansion of fibers, resins, FRPs and concrete

MATERIAL
COEFFICIENT OF THERMAL EXPANSION, xlO"6 1/K

longitudinal

Carbon fiber

Aramid fiber
Glass fiber
Resins 60... 140
CFRP
AFRP
GFRP
Concrete 6... 13

-0.9.
-6.0.

5..

-0.5
-2.0.

7..

..+0

..-2
.15

. . . 1 .
..-1
.12

.7

.0

0
.0

transverse

8..
55.
5..

20.
60.
9

.18
..60
.15

..40

..80
70
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In the longitudinal direction FRPs have lower or nearly identical CTEs than that of concrete,
however, in the transverse direction - governed mostly by the resin - have 5 to 8-times
higher values. In specific cases, when high temperature variation takes place the large
difference between CTEs can lead to high radial pressure on the surface of the reinforcement
that can cause longitudinal splitting of concrete cover. It reflects on the importance of
sufficient concrete cover especially if AFRP reinforcement is applied. Critical concrete cover
(whenever splitting occurs) of AFRP tendons with sand coated surface was found to have
2.8x0 [34]. Authors found sufficient concrete cover of 2.5x0 to CFRP tendons with sand
coated surface for pretensioned application with ten hours heat curing of maximum
temperature of 75°C [35]. Thermal effects can also have influence on aging of resins, in this
way the residual strength of FRP reinforcements. Experimental data on change of long-term
residual strength of FRPs due to thermal cycles are not available.

Ductility

Definition of ductile behaviour requires plastic behaviour of structural materials. As FRPs
are linearly elastic brittle materials ordinary definitions of ductility and ductility indexes can
not be applied. However, due to the lower Young's moduli of FRPs deformability of these
structures is considerable, warning can take place. To redefine ductility indexes still no
generally accepted proposal exist.

Durability

Environmental effects can considerably influence long-term characteristics of FRPs. Liquids
(water, alkali and salt solutions) can diffuse into resins of FRPs that can cause decrease in
mechanical characteristics. Least diffusion can be found in vinyl ester resins. Glass fibres
tend to deteriorate by alkali and chloride ions resulted in corrosion-induced failure. Aramid
fibres can absorb water that cause reversible loss in strength, however, can cause bond
splitting by swelling. Aramid fibres also suffer deterioration in alkaline environment. Carbon
fibres are resistant to any kind of harsh environment. Limited experimental data are available
in this field [5] [6] [36] [37] [38].

Future work is encouraged in these fields.

CONCLUSIONS

Fibre reinforced polymers (FRP) are increasingly used for civil engineering applications
as prestressed or non-prestressed reinforcement.

Principle reasons for the application of FRPs their corrosion insensitivity, high strength,
high axial fatigue strength and low relaxation. High material costs, low transverse
strength and alkali sensitivity (for glass fibres) are the drawbacks.

Our design considerations indicate that:

conventional sectional analysis for reinforced members seem to be applicable,
however

- bond of FRP bars,
allowable crack width and deflection,
minimum concrete cover,
influence of elevated temperature,
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ductility of member,
durability of member and
anchoring of post-tensioned tendon

require special attention as well as future work.
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ABSTRACT. A new method of concrete reinforcement is proposed in this experimental
study. The behaviour of three shear wall specimens that were reinforced with steel perforated
plates was investigated under cyclic semi-dynamic loads. The main parameter was the
volumetric ratio of reinforcing steel. The other parameters were similar in all of the walls.
Bending strength was calculated using the concrete beam bending theory according to ACI
code and was compared with experimental results. The Experiment shows 30 percent
increase in ultimate bending strength. Hysteresis diagram of the specimens indicates
considerable energy absorption capacity of the walls reinforced with perforated plates. Also,
the walls were capable of carrying loads to high deflections. This system of reinforcing shear
walls provided good performance based on strength and ductility.
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INTRODUCTION

Concrete shear walls are often used in multi story buildings to resist lateral wind and
earthquake loads. In each story, wall panel is simultaneously subjected to gravitational and
lateral forces and thus contains normal and shear forces and bending moment.

Numerous studies have been conducted to improve wall behaviour by concentrating on
reinforcement detailing and type of concrete [1-8], however; little attention is paid to improve
the reinforcement system.

Perforated plates have been previously used as ties in columns [9], longitudinal reinforcement
in beams [10] and reinforcing mesh in slabs [11]. Considerable improvement has been in
performance of these structural elements. Increase in strength, energy absorption and ductility
are advantages of this type of reinforcement compared to conventional reinforcement.

These advantages are due to the confining effect of perforations on the concrete that is within
the holes and better monolithic behaviour of elements as a result of reinforcement continuity
and better stress distribution.

The aim of this investigation was to conduct an experimental study on the behaviour of shear
walls reinforced with perforated plate. In this study, Hysteresis diagram of load-displacement
of the walls has been obtained. The test results have been compared against those by ACI
building code [12] equations for the behaviour of conventionally reinforced walls.

EXPERIMENTAL PROGRAM

In this study, the behaviour of shear wall was studied as an isolated member. The specimens
were free of axial force and only a lateral force was applied on them. The lateral force was
applied in a cyclic manner and continued until the plates tore or a large displacement was
achieved.

Test Specimens and Fabrication

Three wall specimens, consequently labelled SWPP-1, SWPP-2 and SWPP-3 were built. The
specimens were of the same shape and size. They were consisted of three parts: (a) Head
beam (b) Main body of the wall and (c) Wall foundation. Specimens' reinforcements were the
same in the Head beam and wall foundation. Head beam and foundation were reinforced
using conventional steel bars. Dimension and reinforcement of the head beam and wall
foundation were designed so that the failure would occur in the main body of the wall.
Figure 1 shows the wall specimens dimensions and reinforcements.

Computer analysis indicated that the head beam in addition to transferring the applied load to
the body of the wall avoids the local failure at loading point and provides a better shear force
distribution on the wall [13]. Main body of the wall was reinforced by reinforcing steel
perforated plates. Reinforcing perforated plate was the same for all specimens except the
thickness of the plate.
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Figure 1 Wall specimens dimensions and reinforcements

Plates with thickness 1,1.25 and 1.5 mm were chosen as wall reinforcement. Plates were
perforated by holes of 70mm diameter with a centre to centre spacing of 90mm. The holes
were drilled to minimize microscopic cracks and warping on the plates that might be
produced by punching holes. Table 1 shows the details of the reinforcing plates for each
specimen. Figure 2 shows the shape of the plates.

Table 1 Details of the reinforcing plates

SPECIMEN THICKNESS (mm) VOLUMETRIC RATIO SECTIONAL RATIO

SWPP-1
SWPP-2
SWPP-3

1
1.25
1.5

0.00646
0.0808
0.00969

0.00634
0.00793
0.00951
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Figure 2 Shape of the perforated plate
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To prevent buckling of the plates, special detailing was used. Two plates were used in each
specimen at a distance of 40 mm. The plates were attached to each other by steel screws of
6mm diameter and steel pipes of 9mm diameter. This detailing showed to be effective
against buckling of each single plate.

The maximum size of aggregates was limited to 10 mm. Type 2 Portland cement was used.
Strength and workability of the concrete is given in Table 2.

Table 2 Strength and workability of the concrete

SPECIMEN f c (N/mm2) SLUMP (mm)

SWPP-1
SWPP-2
SWPP-3

42.8
34.0
37.0

105
120
85

Test Setup

A steel frame was built to support the loading device and to load the walls horizontally. The
frame consisted of two supported columns of section Double IPE240 shape with supports of
double section IPE240. The frame was attached to the strong floor of SUT Structure Lab. A
system of hydraulic pump and jacks was used for loading. This system could provide a 24
tons force within the 15 cm displacement of the head of the jack.

Specimens were attached to the ground using 12 M20 bolts. Rotation and displacement was
measured to be very little at the base of specimen, a picture of test setup is shown in Figure 3.

Test setup was changed for specimen SWPP-1 so to evaluate the shear strength of the wall.
A support was applied to the head beam and the specimen was loaded in the middle height of
the wall.

Figure 3 Test setup
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Loading Pattern

The specimen SWPP-2 was loaded in two steps: first in force-controlled cycles and then
deflection-controlled. In the force-controlled cycles, there were two cycles of loading to 10
kN and then one cycle of loading to 20 kN. After that came a cycle of loading to 40 kN and
then a cycle to 50 kN was carried out. As large deflections were observed during this last
cycle, next cycles were deflection-controlled. The steps in the force-controlled cycles were 5
kN. In the deflection-controlled cycles the steps were chosen to be 10 mm. The deflection-
controlled cycles were continued up to the failure of the specimen.

The loading of specimen SWPP-3 was more ordered: first a loading cycle to 10 kN and then
succeeding cycles to 20, 30, 40 and 50 kN. Loading steps were 5 kN except for the 50 kN
cycle that was loaded in 2 kN steps to get a more detailed load-deflection diagram were the
specimen shows plastic behaviour. After these cycles, loading was continued by the
deflection-controlled method. Deflection steps were 10 mm. Unloading was force-controlled
and the unloading steps were 5 kN.

Specimen SWPP-1 was loaded directly to 134 kN. No cyclic loading was applied to this
wall.

EXPERIMENTAL RESULTS

Specimen SWPP-1

Test setup for this specimen was planned to lead it through shear cracking. No cracks were
observed in the first 80 kN of load and then a very small crack was opened under the load.
At the load of 110 kN a shear crack appeared under the loading point and was continued an
angle of 45-degree to a length of about 80 mm. An increase the load to 134 kN resulted in no
further cracks. A large local crack under the point load caused local failure of the specimen.

Specimen SWPP-2

During the loading of specimen SWPP-2 merely no plastic deflection was observed during
the first two cycles of loading. Neither there was any large crack that could be viewed. First
cracks appeared at load of 20 kN; these cracks had a small width and were re-closed in the
reversal loading. The first large cracks were observed at the load of 40 kN. Most noticeable
cracks were the flexural crack in the bottom portion of the wall body. The appeared cracks
were re-closed in the reversal loading and same cracks occurred on the other side of the wall.
In 50 kN loading cycle, large flexural cracks appeared on the wall, mostly on the 1/6 bottom
portion of the wall. No shear cracks were observed. In this cycle, the perforated plate in the
compression part of the wall buckled at load of 20 kN. The buckling was caused by
inadequate support of one of the screws connecting two plates. This buckling had a
noticeable effect on the behaviour of the wall and decreased the stiffness to great extents.

Deflection of the head beam was 135 mm at failure. This is equal to 13% of wall height. The
plate yielded in every direction at the time of failure, showing good interaction between
perforated steel plates and concrete. Cracking pattern of this specimen is showed in Figure 4.
Load-deflection diagram for specimen SWPP-2 is given in Figure 5.
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Figure 4 Cracking pattern of specimen SWPP-2
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Figure 5 Load-deflection diagram for specimen SWPP-2

Specimen SWPP-3

Overall behaviour of the specimen SWPP-3 was very similar to that of SWPP-2. Although
the thicker plates were used, there was little difference between cracking pattern and strength
of the specimens SWPP-2 and SWPP-3.

The buckling of plate in compression occurred at the load of 49 kN instead on 20 kN,
indicating the considerable effect of the connecting bolts on preventing the buckling of steel
plates.

Load-deflection behaviour of this specimen is shown in Figure 6.
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Figure 6 Load-deflection diagram for specimen SWPP-3

ANALYTICAL PERFORMANCE OF SHEAR WALLS

Flexural Strength

Common beam theory is used for the flexural analysis of the wall. As the steel is distributed
in total depth of the section, a trial and error process was used to determine the place of the
neutral axis and the ultimate flexural strength of the wall specimens. Table 3 presents the
calculated flexural strength of the walls. The experimental results of the shear walls
reinforced with the perforated plate provide in average 30 percent higher flexural strength
than calculated according to ACI code (Table 3).

SPECIMEN

SWPP-2
SWPP-3

Table 3

PLATE
THICKNESS

(mm)

1.25
1.5

Ultimate moment capacity of the

VOLUMETRIC
RATIO

0.00808
0.00969

SECTIONAL
RATIO

0.00793
0.00951

specimens

ULTIMATE
MOMENT

(ACI) (kN-m)

34.9
42.4

ULTIMATE
MOMENT

(Exp.) (kN-m)

51.5
53.5

Ductility

Ductility is important in seismic behaviour of the structure,
the structure and its energy absorption capacity.

It shows the reserved safety of



T54 Khaloo, Shokoufi

The yield occurs when the slope commences to decrease. The ultimate displacement was
chosen as the point where the wall's flexural strength decreases to 85 percent of its maximum
value.

The displacement ductility is defined as the ratio of yield to ultimate displacement. The
displacement ductility for the specimen SWPP-2 is 5.88 and for the specimen SWPP-3 this
value is 5.77. These values are higher than those of conventional shear walls that are about
3.5 [8].

Shear

Deep-beam equations were used to determine the theoretical behaviour of the wall. The
effect of the longitudinal reinforcement was considered using compression field theory. ACI
Code equations were used.

As the specimen SWPP-1 failed because of a local cracking under the load point, the ultimate
shear strength of the wall was not achieved and the only data was the shear cracking strength
of the specimen. The results are given in Table 4. It is seen that a 90 percent increase in
shear cracking strength is gained.

SPECIMEN

SWPP-1

Table 4

PLATE
THICKNESS

(mm)

1

Cracking shear of the specimen

VOLUMETRIC
RATIO

00646

SECTIONAL
RATTO

0.00634

SWPP-1

ULTIMATE
MOMENT
(ACI) (kN)

38.52

ULTIMATE
MOMENT
(Exp.) (kN)

74.00

CONCLUSIONS

A new method for wall reinforcement was proposed and was tested in this study. Two
perforated steel plates were used instead of the conventional bar reinforcement.

Three wall specimens were built and tested to failure to observe the flexural and shear
behaviour of walls. It was seen that the ultimate flexural strength of the walls is
approximately 30 percent higher than that according to analysis for conventionally reinforced
walls. Shear cracking strength was about 90 percent higher than ordinary reinforced walls.
Considerable ductility was achieved in walls reinforced with perforated steel plates. Load-
deflection hysteresis diagram of the specimens showed significant energy absorption capacity
and load carrying capacity at high deflections.
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ABSTRACT. The effect of thermal load on the basic thermal and hygric properties of three
types of glass fibre reinforced cement composites (GFRCC) is analyzed in the paper. Thermal
conductivity, specific heat and moisture diffusivity are determined after high temperature
exposure to 600 and 800°C. The linear thermal expansion coefficient and the thermal
diffusivity are determined in the high temperature range up to 1000 C. A decrease of thermal
conductivity as high as 50% and an increase of moisture diffusivity in the range of one to two
orders of magnitude are observed for all types of materials after heating to 800 C. On the
other hand, specific heat and density in the same situation decrease by only about 10%. An
application of wollastonite and vermiculite is found to have a positive effect on the high
temperature properties of the studied GFRCC compared to the usual sand aggregates. The
thermal conductivity is decreased in a significant way, and the high temperature linear
thermal expansion coefficient decreases when using wollastonite and vermiculite instead of
sand.
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INTRODUCTION

Fibre reinforced cement composites are often employed in severe conditions. These might be
exposed for instance to high temperatures and/or high mechanical loads. However, their
thermal and hygric properties are mostly measured in laboratory conditions only, so that
designers cannot take into account the changes in their material parameters after loading. In
this paper, basic hygric and thermal properties of selected glass fibre reinforced cement
composites are determined as functions of thermal load.

METHODS FOR MEASURING THERMAL AND HYGRIC PARAMETERS

Thermal Conductivity and Specific Heat

The measurements were performed at room temperature using the microprocessor controlled
portable device ISOMET 104 (Applied Precision). This device enables the thermal
conductivity X, thermal diffusivity a, specific heat C and temperature T to be directly
obtained. The measurement is based on an analysis of the temperature response of the
analyzed material to heat flow impulses. The heat flow is excited by electrical heating of
resistive heater mounted into the probe having direct thermal contact with the samples. The
temperature is sampled and as a function of time is on-line evaluated by means of polynomial
regression. The coefficients of the evaluated regression polynomials are then used to
calculate the measured quantities.

Thermal Diffusivity

The measurements were done in the high temperature range up to 1000 C using the double
integration method [1]. We will introduce the basic ideas of the method in what follows, for
the convenience of the reader.

We have the one-dimensional heat conduction Equation in the form

^ = ̂ adA, (1)
dt dx dx

where a is the thermal diffusivity. We suppose T (t) and T (x) to be monotonous functions
and choose a constant value of temperature, T=T (x,t). Then, there must exist one-to-one
parametrizations x = x0 (r, /), / = t0 (r, x), where xo and l0 are monotonous functions.
Considering this fact, an integration of heat conduction Equation (1) by x and t can be done,

(2)

After some algebraic modifications (see [1] for details), we arrive at the relation for
calculating the thermal diffusivity a (r) in the form:



The Effect of Thermal Load 159

a(r) = - ( f T(x,l,)dx- \T(x,t,)dx-
rdT

- T[X0(T,t2)-xa(r,r,)] - J[7-(x,/2) -T(x,f,)]&) . (3)

The thermal diffusivity is then determined using the results of experimental measurements of
temperature fields in the sample at one-sided heating in the solution of the inverse heat
conduction problem (3).

The Linear Thermal Expansion

The measuring device for determining the linear thermal expansion of porous materials in the
high temperature range (see [2]) is based on the application of a comparative technique.
Therefore, the measurement is performed at the same time on the sample of a standard
material (such as special steels where the a(l) function is known) and the studied material.
The length change of the measured sample is calculated from the following formula:

AI(T,) = A/m (T,) - A/, (T,) + /„ v ^'as (T) • dT, (4)

where Alm, Als are the final readings of total length changes of the studied material and of the
standard including the length changes of the ceramic rods (part of measuring device),
respectively, lo,s is the initial length of the standard, and as is the known linear thermal
expansion coefficient of the standard. The corresponding value of relative elongation can be
expressed in the form:

(5)

where /,,,„, is the initial length of the measured sample. The measurements are then repeated
with other chosen values of furnace temperatures Th and the calculation of the a(T) function
of the measured material is performed.

Moisture Diffusivity

Moisture diffusivity K can be considered as one of the basic parameters for characterizing
moisture transport in capillary porous materials. In this paper, we employed for determination
of moisture diffusivity a simple method based on the assumption that K can be considered
as piecewise constant with respect to the moisture content u (PCK method in what
follows).
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Contrary to the most frequently used methods for K determination, the PCK method is very
fast even for materials with low K, and in addition it exhibits a reasonable precision [3].
Therefore, its application for concrete is very suitable.

The experimental setup of the PCK method is identical with that of a common water sorption
experiment. As a result of the measurement, the amount of water in the specimen as a
function of time is determined. Assuming K to be constant in certain (not very wide) range of
moisture content, we can employ analytical solution of the moisture transport Equation to the
identification of K which is the only unknown parameter.

Knowing the total mass of water which penetrated to the sample during time interval (0, r),

(6)

we can formulate a transcendent Equation for moisture diffusivity in the form (see [3], for
details):

«, - « 2 ) - + — ( « , - K 2 ) £ — ( l - c o s ( « ; r ) ) e x p = 0 , (7)

where ps is the initial moisture density (i.e., the mass of liquid moisture per unit volume)
in the sample, S is the cross section of the sample in the direction perpendicular to the
moisture transfer, U2 is the equilibrium moisture content (equals to the initial conditions and
to the boundary condition on the end of sample not exposed to water penetration) and
w, = wmax the boundary condition on the wet end of the sample, umax is the saturated moisture
content of the sample.

The Equation (7) can be solved by some of the iterative methods. Moisture diffusivity value,
calculated using (7) is then attributed to the value of the moisture.content uc_

(8)
2Slps

In the measurements throughout this paper, the value of uc corresponded to about 60-80% of
the moisture saturation value.

MATERIAL SAMPLES

Measurement were conducted on three types of glass fibre reinforced cement composites,
denoted as SC I, II, III in what follows. The samples of all types of glass fibre reinforced
cement composites were plate materials with Portland cement matrix, which was reinforced
by alkali-proof glass fibres, the materials SC II and III contained vermiculite and
wollastonite. The basic composition of SC I, II, III is shown in Table 1 (the percentage is
calculated among the dry substances only, water corresponding to the water to cement ratio
of about 0.3 is to be added to the mixture).
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Table 1 Composition of glass fibre reinforced cement composites in %

ALKALI-
/-.T-mr-K-rr c«»im ra i i m « 7 r n TYP./-.™- WOLLA- VERMI- MICRO-
CEMENT SAND PLASTICIZER PROOF r™rwTT.I7 r l T I T T T ; C I I T r ,

FTRRF STONITE CULITE SILICA
SCI 47.99 47.99 0.62
SCII 47.60 - 0.45
SCII1 56.88 - 0.92 7.66 8.68 21.51 4.35

The samples for the determination of thermal conductivity, specific heat and moisture
diffusivity were exposed to the thermal load prior to the measurements. The chosen
temperatures were 600 and 800°C. For the sake of comparison, also the measurements with
unloaded samples were done. The samples had prismatic shape, for SC I 60 x 70 x 10 mm,
for SC II and SC III 60 x 60 x 13 mm. The specimens were water and vapor-proof insulated
on four edges by two-component epoxy resin Chs.Epoxy 1200. The samples for measuring
high temperature thermal expansion had the dimensions 100 x 40 x 40 mm, those for
measuring the high temperature thermal diffusivity were cubic, 71 x 71 x 71 mm.

EXPERIMENTAL RESULTS

The measurements of room temperature values of thermal conductivity X, specific heat C and
moisture diffusivity K after thermal load are summarized in Tables 2-4. Both thermal
conductivity and specific heat are found to decrease with increasing the loading temperature,
and the decrease of thermal conductivity is very remarkable, almost 50% compared to the
room temperature data. The moisture diffusivity exhibits an opposite behavior, a two order of
magnitude increase for SC-I and one order of magnitude increase for SC-II and SC-III are
observed comparing the room temperature data with the data for high temperature exposure
to 800°C. It should be noted that the changes of thermal and hygric parameters are more
remarkable between 25°C and 600°C than between 600°C and 800°C.

The high temperature data of linear thermal expansion and thermal diffusivity are shown in
Figures 1,2. Apparently, the SC-1 specimens (see Figure 1) exhibit a similar high
temperature behavior as cement mortar and concrete, the linear thermal expansion coefficient
a remains almost constant to about 400°C, then is increases to about 600°C, and finally
decreases even under the room temperature value at approximately 800 C. On the other
hand, the linear thermal expansion coefficients of SC-II and SC-III specimens decrease in the
whole temperature range from 20°C to 800°C, which is a positive feature for a material
designed as fire protection because it results in lower thermal strains.

The thermal diffusivity (see Figure 2) was determined on the SC-III samples only because of
the limited availability of SC-I and SC-II specimens. Apparently, the thermal diffusivity
increases with temperature in the whole temperature range studied, which is not a usual
behavior for cement composites in general.
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Table 2 Thermal and hygric parameters of SC I

TEMPERATURE
EXPOSURE [°C]

25
600
800

TEMPERATURE
EXPOSURE [°C]

25
600
800

A
[kgm

1960
1865
1820

Table 3

Ps
[kgm

1090
1030
990

C
-3] [Jkg-'K

920
920
900

Thermal and

C
•3] [ J ^ K

1090
1050
960

A.
"'] [Wm"'K"']

1.124
0.706
0.666

hygric parameters

A
] [Wm"'K"']

0.275
0.198
0.160

Umax

[%]

10.6
15.6
16.2

of SCII

^tnax
[%]

47.5
56.8
56.8

[mV]

1.28.10"9

9.57.10"8

1.79.10"7

K
[m2s"']

2.52.10"8

1.27.10"7

3.18.10"7

Table 4 Thermal and hygric parameters of SC III

TEMPERATURE
EXPOSURE [°C]

A c A- u"">x
[kgm"3] [Jkg'K-1] [Wm-'K"1] [%] [m2 s"1]

25
600
800

970
900
900

1285
947
837

0.274
0.198
0.159

58.1
68.4
68.4

3.36.10"'
1.92.10
3.36.10"'

,-7

1,5

0,5

200 400 600

TEMPERATURE, °C

800 1000

Figure 1 Linear thermal expansion of glass fibre reinforced cement composites
SC-I, SC-II, SC-III
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Figure 2 Thermal diffusivity a of glass fibre reinforced cement composite SC-1II

DISCUSSION

Room temperature properties of the three analyzed types of glass fibre reinforced cement
composites (GFRCC) are affected by the type of aggregates in the most significant way.
Application of wollastonite and vermiculite instead of usual sand aggregates leads to a
remarkable decrease of thermal conductivity. On the other hand, moisture diffusivity of
GFRCC with wollastonite and vermiculite is higher compared to the sand aggregates, which
is a clear consequence of a decrease of density to about one half. These are the logical
consequences particularly of the character of vermiculite which has remarkably lower density
compared to the sand.

On the other hand, the behavior of GFRCC exposed to high temperatures is affected by the
properties of the cement binder in the most significant way. The very fast increase of
moisture diffusivity and a relatively fast decrease of thermal conductivity of all three
materials with the heating temperature corresponds to the theoretical predictions of the effects
of high temperatures on concrete in general. From the point of view of structural changes in
the cement gel, for the temperature range up to 1000 C two processes are the most important,
namely the decomposition of Ca(OH)2 at about 460°C and decomposition of calcium silicate
hydrates at about 700°C (see e.g. [4]). During these processes, gaseous substances are
released, water vapor in the first case, and carbon dioxide in the second. Therefore, the
amount of bigger pores increases which makes the liquid water transport easier and faster. In
addition, due to the fast generation of a substantial amount of the mentioned gaseous
substances, the local overpressure in some parts of the porous system may lead to crack
appearance, and consequently to the opening of preferential paths for the pore water flow.
The increasing amount of bigger pores then logically leads to a decrease of thermal
conductivity because of the increasing amount of the air in the material. The much faster
increase in moisture diffusivity of SC-I between 25°C and 600°C compared to SC-II and SC-
III was most probably a consequence of opening of wider preferential paths after the high
temperature exposure because in normal conditions SC-I possesses lower moisture diffusivity
than SC-II and SC-III.
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A logical reason is the better function of glass fibres in SC-II and SC-III, i.e. their better
adhesion to the cement-aggregates matrix. This was also the probable reason of more
favorable high temperature data of linear thermal expansion coefficient of SC-II and SC-III
compared to SC-I.

CONCLUSIONS

Two main factors were found to affect the properties of the studied GFRCC in the most
significant way. For the room temperature parameters, the type of aggregates was found to be
dominant, and an application of wollastonite and vermiculite instead of sand aggregates was
identified to have a very positive effect. In the case of the high temperature exposure, the
decomposition processes in the cement gel can be considered as the most important. The
positive effects of using wollastonite and vermiculite can be observed particularly in the
values of linear thermal expansion coefficient a, where a significant decrease of a in the high
temperature range was found. This leads to lower thermal stress after high temperature
exposure, and also to the better fire resistance of the material.
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ABSTRACT. Cementitious matrices are the fragile materials that possess a low tensile
strength. The addition of fibres randomly distributed in these matrices, improve substantially
their cracking strengths. However, the incorporation of fibres into a plain concrete disrupt
the granular skeleton and causes very quickly problems of mixing as a result of the loss of
mixture workability that will be translated into a difficult concrete casting in site. This study
was concerned on the one hand with optimising the fibres reinforced concrete mixes in the
fresh state, and on the other hand with assessing the mechanical behaviour of this mixture in
the hardened state, in order to establish a compromise between the two states. In the first part
of this paper, an experimental study of an optimisation method of fibres reinforced concrete
while taking account of some parameters related to the matrix is presented, eg volume of
admixture, volume of incorporated fibres and the volume of water and, cement (W, C) in
function of workability time. Finally, test specimens of mixture optimised by this method
have been tested in compression and tensile by bending. The results have been compared to
those of mixture test specimens optimised by Baron - Lesage method.

Key words: Concrete, Fibres, Optimisation, Range, Mixes, Fibre reinforced concrete.
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INTRODUCTION

Recently, there are a large variety of composite materials. Most of them are used in the peak
technological industries. This one uses composites constituted of carbon fibres, aluminium
fibres, and whiskers fibres etc embedded in matrices that are originally organic or metallic.
However, today we meet in the building construction field, public works a product, of which
its constituents, its manufacturing procedure, properties and the behaviour correlate to those
of the composite materials. This product is a fibre reinforced concrete composed of a
cementitious matrix in which fibres are embedded.

The mechanism of reinforcement of concrete by fibres consists in distributing short fibres
regularly in the concrete matrix. This network of fibres opposes, as much as it is denser, to
the widening of the crack and act as crack arrestors by producing a pinching force which tend
to make its propagation slower and causes transfer of stress across cracked sections allowing
the effected parts of the composite to retain some post-crack strength and to withstand
deformations much greater than can be sustained by the matrix alone.

The reinforcement of concrete by fibres permits then to stop the uncontrolled cracks
propagation, therefore; what allows this one to acquire some qualities (tenacity, resilience) or
to improve some characteristics.

These improvements require, however, that the percent volume of fibres should be sufficient,
also the fibre shape offers the advantage of an important report of: lateral surface/volume
and the fibre ends are treated to give a good anchorage. These parameters influent also on the
main property of fresh concrete as well as its workability. Indeed, the workability, which is
the principal characteristic searched in the fibres concrete, poses problem. The addition of
fibres in the concrete matrix in a fresh state causes stiffening of the mixture and an
accompanying loss of workability; so that mixing difficulties in mixing, placing and finishing
procedure will be arise.

The incorporation of fibres in the concrete disorganizes the granular skeleton and leads to
loss of mixture workability that results in a difficult concrete placement. Gains brought by
fibres are only obtained after an optimisation of the mixture. Within the scope, several
methods of composition optimisation of fibres concrete have been propped (SEMA-ROS,
(1984); DEHOUSE (1975); EDINGTON (1973); BARON-LESAGE (1982). Although these
methods are very useful in the field performance of fibres reinforced concrete, mainly the one
of Baron-Lesage, but research and development another methods of optimisation permitting
to have more economy and more security prove to be necessary.

The aim of this experimental study is to verify the possibility to propose a new method of
optimisation of steel fibres reinforced concrete mix design while keeping constant the dosage
of granular skeleton compounds proposed for the plain concretes.

TEST PROCEDURES

The objective consists therefore to obtain good fibres reinforced concrete workability with a
good mechanical strength. For this raison, we have suggested to study the possibility to
establish a referential standard range that gives the percentage of fibres as well as the
percentage of admixtures corresponding.
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The purpose of this research study presented here is as follows:

1. To record the time of out flow, of the LCL workabilimeter of a fresh concrete according
to the percentage of admixture and dosage in fibres.

2. Establish a range giving the optimal quantities of admixtures and fibres permitting to
obtain an optimal mix design having the best workability.

3. To compare the characteristics of fibre reinforced concrete prepared from the range
obtained and the one of fibre reinforced concrete formulated by Baron-Lesage method (the
same dosage of fibres will be used).

4. To verify the validity of the method for high dosages of fibres.

MATERIALS AND EQUIPMENT

Sand

The sand used in this study was a clean, siliceous and fine sand of fraction 0/5 taken from
Bousaada region. Its different characteristics are regrouped in Table 1. Its grading curve is
shown in Figure 1.

Gravel

Gravel is obtained by crushing of the limestone rock from the quarry of COSIDER situated in
EL-ECH region (Bordj-Bou Arreridj). The gravel has two fraction 3/8 and 8/15 (see Table 1
and Figure 1).

Table 1 Some characteristics of the sand and gravel used in the tests

MATERIALS DENSITY POROUS/ COMPACTNESS POROSITY
DENSE

SAND
EQUIVALENT

Sand 2.56 1.64/1.83 36.42/70.76 36.58/29.24 15.41112

Gravel (3/8 )

Gravel (8/15))

2.68

2.68

1.28

1.32

47.

49.

46

25

52.24

50.75

Cement

The cement used was type CPJ 45. This cement was chosen because of its wide availability
and largely used in the concrete construction sector in Algeria.
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DIAMETER, mm

Figure 1 Grain size distribution of the
sand and the aggregates used
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Figure 2 Variation of time of workability
in function of percentages of fibre for the

different percentages of admixture

Admixture

The admixture product used in our research is a super-plasticizer manufactured by the
Granitex Society situated in O. SMAR (Algiers). This super-plasticizer, named "Medafluid
SFA,"has a density of 1.2; a content of dry matter of 36.16% andaPH of the order of 7.

Fibres

The fibres used in this study were steel fibres having 1.2 mm diameter, 30-^50 mm length,
where an = 2.12 KN/mm2.

Concrete mix

The concrete mix proportion used (class 350 daN/ cm2) has been determined by absolute
volume method " SCRAMTAIEV METHOD," Komar, A (1982).

Cement: 350 kg /m 3

Sand: 758 kg / m3

Gravel: 1073 kg/m3

Total Water: 215 1/m3

(This quantity takes into account the degree of aggregates absorption).
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TESTING

Workability

Methods used to assess the workability of plain concrete are not always adapted to fibres
reinforced concretes. The method of measure adopted in this case was the LCL
Workabilimeter. It consists in measuring the time of out-flow of a fresh concrete between the
stage of its setting up in the device and the stage of its out-flow under the action of stationary
feature vibration. The workabilimeter was constructed by Lesage in the Laboratoire Central
des Ponts et chaussees ( LCPC) in Paris toward 1958 to permit to assess the ability of
concrete to be casted. This device, that is normalized (NF.PI8.425). Two models are
available, one for the testing of concrete and the other for the mortars.

Compressive strength

Compression tests were carried out at the age of 28 days, on cubic specimens
(100 x 100 x 100 mm). Tests were done using a hydraulic press model, type
"STRASSENTEST (FHF)." The specimens were centred on the tray of the press then a
continuous load was applied on the specimen. The compression ultimate load for each
concrete and fibres reinforced concrete specimen was recorded.

Flexural strength

Flexural strength Tests at the age of 28 days were performed on plain and steel fibre
reinforced concrete prisms (70 x 70 * 280 mm3); with the same machine that used in the
compressive tests. The loading was done in an automatic manner with a constant and
continuous speed. The flexural strength of different mixes had been evaluated by the classic
formula.

ANALYSIS OF RESULTS

Presentation of results

Initially, concrete mixes in one cubic metre has been chosen (according the method of
absolute volumes), and then its equivalent in 10 litres of concrete had been prepared in order
to facilitate reading on the workabilimeter.

The following fibres percentages: 0; 0,5; 1; 1,5 and 2 % were chosen for corresponding
percentages of admixture values: 0; 0,5; 1; 1,25; 1,5; 1,75 and 2 %. Therefore five values of
fibres concentration for seven different values of admixtures. The test programme contains
therefore 35 mixes. For every mixture, flow time has been assessed using the
workabilimeter. Results obtained permit to draw seven different curves (Figure 2).

Knowing that a good workability (using LCL ) must have a flow time contained within the
limits of 10 and 15 seconds, then we have to take two straight parallel lines (Ai)
correspondent to ti=10 seconds and (A2) correspondent to t.2 = 15 seconds. These two straight
lines cross the 7 curves of the figure.2 in five points in each line. The five points of (Aj) give
the lower limit and the other five points (those of A2) give the upper limit of our range
(Figure 3).
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Figure 4 Variation of time workability
in function of fibre percentages for the

different percentages of admixture

To verify the reliability of our range, we have proposed to prepare concrete test specimens
with quantities of fibres and admixture taken within the limits of this range. We have taken
therefore some intermediate points to Ai and A2 (Average values of the lower and super
limits). Percentages of fibres selected are noted fi, f2, f3, ft and fs.

Every percentage of fibres chosen had permitted to cast three cubic test specimens
(100 x 100 x 100 mm), which have tested to the compression, and three other prismatic test
specimens (7 x 7 x 28 cm) for the flexural tests where the age of the testing was twenty-eight
days.

It has been noted that the obtained range only covers the lower percentages of fibres that are
less than 1 %. To resolve this problem, it has been suggested to lead this second stage of this
study, which consists on the investigation of volume increase influence (W and C), keeping

(w\
the ratio — constant in the translation range limits. It has been found that the percentage of

\ )
7 % could be sufficient to displace and enlarge our range to cover the high fibres percentages
(Figure 4). The aim of the third part of this research was to compare mechanical
characteristics of fibres reinforced concretes prepared from the obtained range and those of
fibres reinforced concretes formulated by Baron-Lesage method with the same dosage of
fibre that have been used in the first stage (to know fi, f2, f?, ft and fs).

Let's recall that in the method of Baron-Lesage :

• At the beginning, we fix a percentage of superplasticizer in compliance with
manufacture's recommendations (1.5 % of the cement weight).

the

• We fix, at every time, the percentage of fibres (fi, fi, f3, ft and fs) and we studied the
influence of the variation of the S/G ratio on the flow time of fresh concrete.
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After several operations (for every quantity of fibres), we obtained the optimal ratio of S/G
that gives the biggest workability (the shortest flow time of workability).

For every optimal ratio (S/G), we have prepared some cubic tests specimens
(10 x 10 x io cm) that has been tested to the compression and prismatic tests specimens
tested to evaluate flexural strength at the age of 28 days.

RESULTS AND DISCUSSION

Influence of fibres content and the admixture percentage on the workability

Observing the curves shown in Figure 2, we notice that if the percentage of admixtures is less
than 1% then workability is poor (the flow time is long). It is recommended therefore not to
use (with fibres) dosage of admixture less than 1%.

An optimal workability range (function of the fibres concentration less than 1% and the
dosage of admixture) has been established. Curves of lower and higher limits tendency,
forming the range, follow an increasing monotonous law of polynomial type of equation:

Y = a X2+ b X+ c
With:

Y : percentage of fibres
X: percentage of admixture,
a, b, c: are constants that depend on quantities of W and C and the type, shape and
fibres dimensions.

We have also noted that for a fixed admixture dosage, the flow time is proportional to the
percentage of fibres. However, if we fix the fibres percentages, the flow time will be in
inverse proportionality to the admixture dosage. The existence of such a relation permits us,
for a fixed flow time, to determine or to choose, first time, for all fibre reinforced concretes,
the percentage of admixtures and the fibres percentage corresponding. The range established
in this investigation is a confirmation what has just been cited above.

The improvement of the range to cover high fibre contents consists on giving greater values
for the upper and lower limits. We estimate that the rate fibres must be accompanied with an

f\A fw"\
increase of the — ratio. In general, the higher the — the higher the workability (with or

without fibres). Only, following the fibres nature, the best workable mixture is not always
the most homogeneous. The presence of an abundant quantity of water leads to the
segregation phenomenon. In addition, the augmentation of water quantity increases the
porosity of the mixture that has an effect to decrease the mechanical performances and to
reduce partially the beneficial effect of fibres in the matrix. For our study, we have preferred
to keep the ratio w/c constant and undertake slight variation on W and C quantities (water,
cement) in such manner not to effect the mechanical performances of the matrix. This
consideration has to permit us to obtain a new range covering the slightly elevated fibres
percentages (more than 2%). Curves representing the lower and higher limits of the range
(Figure 4) follow the same polynomial law governs by the previous equation.
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Mechanical strengths study

The efficiency and the reliability of our range appear in the comparison between values of
mechanical strength obtained while considering our optimisation method and those
determined by Baron-Lesage method.

Compressive strength

According to the Figure 5, the compressive strengths determined by our method are,
generally, superior compared to those obtained by Baron-Lesage method and all the
percentages of fibres used. Two ranges were only noticed. In the interval [0,05 - 0.23 % ] ,
values of Baron-Lesage method are superior to those determined by our method. This can
confirm that the method of Baron-Lesage is better for plain concrete; as it was developed for
this type of concrete. In the interval [0.23 - 0.73], it is clear that our method of optimisation
is the most efficient.

FIBRE PERCENTAGES, % FIBRE PERCENTAGES, %

Figure 5 Variation of compressible stress
(RC) in function of fibre percentages

Flexural strength

Figure 6 Variation of tensile stress
(RT) in function of fibre percentages

Flexural strength in bending test specimen showed nearly by bending the similar path as the
compressive strength. To the exception at the 28 days age, the values of Rt determined using
our method from the range, are generally, superior to those determined by the Baron Lesage
method (Figure 6).

CONCLUSIONS

Regarding the results obtained in this study, the following conclusions can be made:

1. Admixture percentages less than 1% give the poor workability of fibres reinforced
concretes.
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2. Proposing of an optimisation method of fibres reinforced concrete mix design based only
on the variation of the admixture contents and the quantities of W and C keeping
(W/C constant).

3. Proved the possibility of the establishment, basically; for a given fibres reinforced
concrete, a range of optimisation that depends on the type of fibres used, their
dimensions, the quantities of water (W) and cement (C). The lower and upper limits of
the range follow a law governed by a polynomial equation of the second degree.

4. An improvement of mechanical properties of fibre reinforced concrete results using this
method showed an advantage compared to those of Barron-Lesage.
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ABSTRACT. This paper presents the results of an experimental study that was carried out to
examine the flexural behaviour of concrete beams reinforced with new carbon-fibres system.
The system is named Unresin Carbon-fibre Assembly System (UCAS). By UCAS, a set of
cables made of unresin continuous carbon fibres (UCCF) is applied to concrete structure as
the reinforcement. The merits of UCAS method include economic advantage, lightweight,
uncorrosive, high strength, and adaptability to IT era, etc. By this method, cables made of
UCCF with a tensile strength of more than 1.4 GPa may be achieved. In addition, a grid
system is considered herein to obtain the role of mechanical bonding like on the usual steel
reinforcement. In order to verify the capability of this method, three types of concrete beam
have been tested under flexural failure test. The results indicated that the concrete beam
reinforced with UCAS showed good statically mechanical behaviour and could be a good
alternative for reinforcement of concrete structure members.

Keywords: Flexural behaviour, Carbon fibres, Concrete beam, IT, Grid, Tensile
reinforcement, Ultimate moment, Bond capacity.
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INTRODUCTION

Reinforced concrete is probably the most widely used building material in the world. For
more than a century it has been playing a key role in the building of modern architecture and
social infrastructure, since the reinforcement work method was first applied by Monier, a
Frenchman, to bridge structure in 1873 [1]. In reinforced concrete, the concrete is strong in
compression, but it has a very limited tensile strength. Usually, steel is used to overcome this
shortcoming. Unfortunately, for structures in extremely aggressive environments, corrosion
of the steel can be a significant problem [2-4]. Furthermore, in modern times when structures
are being built densely in larger numbers, the construction of good-quality reinforced
concrete structures is becoming difficult especially in Japan where the use of sea sand is
inevitable and skilled workers have been decreasing [1], Many approaches are being tried to
inhibit the corrosion mechanism in aggressive environments. One alternative approach being
developed worldwide at an increasing pace is the replacement of the steel by man-made
fibres, such as carbon, glass or aramid. Generally, the fibres are encased in a resin to form a
FRP composite [5-6].

Furthermore, in 21st century society also known as the IT era, the information technology (IT)
has been rapidly changing worldwide social and economic systems. In Japan, IT has been
influencing every political and economic field and demanding structural changes [1]. By
looking into the recent problems and demands of the 21st century then the keywords
representing 21st century construction include digitalization, weight reduction, automation,
size reduction, fast distribution, labor saving, corrosion resistance, recycling, and mechanical
properties may be taken out. Materials compatible with those keywords include carbon fibres,
aramid fibres and polyethylene fibres. Carbon fibres are considered most suitable in view of
the strength, tensile modulus, resistance to corrosion, lightweight, creeping characteristics
and fire resistance [1].

For the purposes of this study programme, an automatic reinforcement arrangement robot
(Figure 1) has been developed under the cooperation of researchers from robotic engineering
at Kyushu University to assemble a reinforcement system as-designed. This assembling
system is named UCAS (Unresin Carbon-fibres Assembly System). The merits of this
method include economic advantage, lightweight, uncorrosive, high strength, and adaptability
to IT era, etc.

This paper reports the result of a research programme that investigates the behaviour and
capability of concrete beams reinforced by UCAS. For the investigation purposes, three types
of concrete beam have been tested under flexural test.

\n mi u i IJJJJJJAJJJ_I tin i a ni
A<y Grid

Vertical reinforcement

Spotted Resin

Longitudinal
reinforcement

Figure 1 Assembler robot and UCCF
spool

Figure 2 Detail of grid system
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Because the robot is still under development, then, in this experimental research programme,
some of the reinforcement construction process is still done by hand. In this method, cables
made from unresin continuous carbon fibres (UCCF) are constructed and applied to the
concrete beam as tensile reinforcement. These cables have a tensile strength of 35% of the
nominal tensile strength provided by maker [7]. These cables have much higher strength than
the tensile strength of usual steel reinforcement and enough for applying as reinforcement
material. As tensile reinforcement, it is necessary that the reinforcement bond to the concrete
for an effective reinforcing action [4], except in the special case of an un-bonded tensile
reinforcement system. Accordingly, a grid-system (Figure 2) has been developed on UCAS
to create a mechanically bonding effect between longitudinal reinforcement and concrete.

TEST PROGRAMME

Test Specimens and Assembling Process

Three types of concrete beam, as listed in Table 1, with spans of 1400 mm were tested under
flexural test. The specimen details are presented on Figure 3. Types A, B and C have nominal
reinforcement ratios of 0.78%, 0.61%, and 0.49%, respectively. All specimens were
reinforced by four cables as tensile reinforcement. Two cables were also placed in
compression section for vertical reinforcement turning purposes. The UCCF cables were
assembled by assembler robot. The cables were made by turning UCCF string between two
end-anchors as designed. The specimen types A, B and C respectively consisted of 22, 17,
and 14 turns for each cable. And then, the assembled cables were installed on the special steel
mould that facilitates the strengthening of the cables under 0.8 kN of tensile forces, as shown
on Figure 4a. Vertical reinforcement was constructed by turning the UCCF string helically
covering the longitudinal reinforcements (Figure 4b). The grids were constructed by
connecting the intersection points of a pair of longitudinal reinforcement and vertical
reinforcement with epoxy resin (Figure 4c). The resin was allowed to harden before the
concreting process. The beam specimens were remolded a day after concreting and cured in
the curing room for 14 days. Material properties of UCCF string, resin and concrete are
shown in Table 2.

Tensile reinforcement (UCCF cables)

^"Vertical reinforcement

Anchor D16 ^\5 95
140

Figure 3 Detail of specimen

Test Setup

Each specimen was subjected to two equal static loads at the center of its span (Figure 5). The
beams were instrumented with three linear variable differential transformers (LVDTs) at mid-
span and at the two loading points to monitor deflection. Also, strain gauges were bonded to
the concrete surfaces, as well as on the reinforcement to measure deformations. The beams,
spanning 1400 mm, were subjected to four-point flexural bending testing (pure bending) with
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a loading point distance of 500 mm. An automatic data acquisition system connected to a
computer was used to monitor loading, as well as the deflection and deformations in the
concrete and reinforcement. The load was applied to the beam, step by step at a rate of 1 kN
per step, by means of a hydraulic jack and was measured with a load cell. At the end of each
step, cracks were sketched and measurements of deflection and strain gauges reading were
recorded for later processing. The test was stopped when deflection at mid-span reached 30

Table 1 Specimen Types

REINFORCEMENT
TYPE SPECIMEN REINFORC

NAME -EMENT
TYPE(l)

aitudinal Vertical

No. of n x A, Ratio, (strings) Pitch,
turning mm2 <3) % mm

(2)

EXPECTED
FAILURE
MODE (4)

A

B

C

A-60

A-40

B-60

B-40

C-60

1
2
3
1
2
3
1
2
1
2
1
2

UCCF 12K

UCCF 12K

UCCF 12K

UCCF 12K

UCCF 12K

22

22

17

17

14

4x20.2

4 x 20.2

4x16.5

4x15.6

4x12.9

0.78

0.78

0.61

0.61

0.49

5

3

5

3

5

60

40

60

40

60

Compression

Compression

Comp-Tens

Comp-Tens

Tensile

Notes: (1) 12K = 12000 of filament in one string (2) per one cable
(3) n = number of cables for tensile reinforcement (4) see also'Table 3

PRESENTATION AND DISCUSSION OF TEST RESULTS

Load-Deflection Response

Figures 6 and 7 show the load-deflection curves for the beams tested. Initially, the beams
were un-cracked and stiff, like usual reinforced concrete beams. With further loading,
cracking occurred at mid-span when the applied moment exceeds the cracking moment Mcr,
causing a reduction in stiffness, which is greater for the specimens with lower reinforcement
ratio. This can be attributed to the fact that crack openings are wider and crack spacing
narrower in specimens with lower reinforcement ratio. From here, the load was still
increasing followed by crack widening and the appearance of new cracks. The over opening
of one crack can be avoided because of the existence of grids. The load-deflection curve for
this step was almost linear until the concrete compressive zone started to deteriorate. The
crushing of concrete at compression side led to a sudden decrease in load capacity with
almost no change in deflection, prominently on specimens A-60 and A-40. From here, the
beams enter into the next condition where deflection increases with little change in load. On
the specimens B-60, B-40, and C-60, grid failure had been observed before the concrete
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crushed. This caused the crack to open fast and go upwards which reduce the compressive
zone and was followed by the crushing of concrete. From here, the load did not drop
significantly as for the specimen type A, but the deflection increased with little change in
load and showed pseudo-ductile behaviour. The test was stopped when deflection at mid span
reached 30 mm.

Table 2 Material Properties

MATERIAL NAME STRENGTH, N/mm2

Tensile Compe Shear

YOUNGS MASS AREA,
MODULUS, DENSITY

kN/mm2 kg/m3
mm

UCCF12K
Resin
Concrete

String

A-60
B-60,

,0)

A-40
B-40, C-60

4800
29.4
2.95
3.24

-
68.6
40.0
46.5

9.8
230

29.6
35.5

1820

2400
2400

0.46

Notes: (1) Provided by maker (nominal properties of Torayca-T700S) [9]

(a) strengthened cables on special formwork

(b) Vertical reinforcement (c) Jointing of intersection

Figure 4 Assembling of reinforcement

Loading Frame

Load Cell

(a) Loading system (b) Specimen under testing

Figure 5 Test set-up
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Mcr
A-60-01

B-60-01

C-60-01
0 • ' '

0 10 20 30

DEFLECTION (mm)

Figure 6 Load-deflection curves for
A-60, B-60 and C-60

Q 20

o

Mcr -A-40-01
-B-40-01

0 *•

0 10 20 30

DEFLECTION (mm)

Figure 7 Load-deflection curves for
A-40 and B-40

From this investigation, the load-deflection relationship of a concrete beam reinforced by
UCAS may be divided into three steps, which are, the uncracked step; from zero to first
crack, the crack propagating step; from first crack to maximum capacity and the pseudo-
ductile behaviour which is indicated by rather horizontal load-deflection relationship.

Load Carrying Capacity

Table 3 presents the balanced reinforcement ratio pt, calculated based on the rectangular
stress block assumed for concrete as well as the nominal reinforcement ratio pn according to
the section area factor Sa value. The nominal reinforcement ratio was calculated by
multiplying the pb with Sa as expressed by Equation (1).

0.85 #
Pn =•

Jtit, , +et.
(1)

Here, p, is equal to 0.8 for/'c up to 50 MPa, and equal to 0.72 for/'c higher than 50 MPa
[10]. The section area factor Sa represents the fact that it is impossible to consider that all
carbon fibre filaments can work uniformly when the cables sustain tension forces. A balanced
beam failure was assumed when concrete reached its ultimate compressive strain
(ecu=0.0035) and UCCF cables reached their design tensile strain (sfm=0.0073 at 35% of
nominal tensile strength), simultaneously. On Table 4, the experimental moment at first
crack Mcr, and the maximum moment Mmax of specimens are presented. The theoretical Mcr
was calculated by Eq.(2), where fc, = tensile strength of concrete, Ig= the moment of inertia of
the gross section and>>,=the distance from centroid to extreme tension zone.

M,.r = ^ (2)
y,

The Mmax seems to agree with the predicted balanced moment capacity by using Sa=\.5,
while it is approximately 40% and 60% smaller in specimen types B and C, respectively. So,
by using Sa=l.5, the actual ultimate moment Mu"a may be predicted using Eq.(3), where
^4n=nominal section area of reinforcement, &7=Section area factor= 1.5, //•„,= maximum tensile
strength of cable, d= effective depth of section, a=depth of rectangular compression stress
block assumed for concrete.
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(3)

Although the specimen type C was designed to fail under cable tension failure it can be
observed, through Table 4, that all beams failed in compression. Furthermore, Table 4 also
shows that Eq.3 with Sa=l.5 agrees for specimen type A but still overestimates (about 20%
higher than the experimental ultimate moment) for beam types B and C. These differences
may be attributed to the variability of the tensile strength of the UCCF cables, effect of
cement paste on cables and bond capacity of grids. As discussed previously, the grid failure
for specimen types B and C has been observed and this caused the reduction of maximum
capacity of the beams. So, maximum load of specimen types B and C tends to be controlled
by the bond capacity of the grid rather than by concrete strength or cable strength.

Table 3 Reinforcement Ratio

TYPE SECTION
AREA

FACTOR,
Sa

BALANCED
REINFORCEMENT

RATIO, %

SECTION AREA,
mm2

NO. OF COMMENTS
TURNING

PER CABLES,
Nn *

pb pn = pbxSa Ab An = AbxSa

A
B
C

1.5
1.0
0.8

0.52
0.61
0.61

0.78
0.61
0.49

54.6
64.1
64.1

81.9
64.1
51.2

22
17
14

Over reinforced
Balanced

Under reinforced

: Four cables as tensile reinforcement for each beam

Table 4 Load Carrying Capacity

TYPE SPECIMEN
NAM"

A-60
A
A

A-40

D-OU
r>
13

LJ-4U

C C-60

tvTcr
kNm

1
2
3 (
1 (
2 (
3 (

1
2
1
2

1
2

3.96
).96
196
X96
).96
196

.06

.06

.06

.06

.06

.06

THEORETICAL

Sa Balanced
M°ub

1.5 8.47
8.47
8.47
8.47
8.47
8.47

1.0 9.79
9.79
9.79
9.79

0.8 9.79
9.79

EXPERIME-NTAL

Actual
M°ua

8.47
8.47
8.47
8.47
8.47
8.47

6.88
6.88
6.88
6.88

5.60
5.60

Mcr
kNm

0.88
0.82
0.88
1.10
1.10
0.88

1.33
1.33
1.33
1.22

1.10
1.33

Mmax
kNm

8.39
8.61
8.34
7.95
7.73
7.28

5.08
5.28
6.67
5.21

4.30
4.48

Mcr/
M°cr

0.92
0.85
0.92
1.15
1.15
0.92

1.25
1.25
1.25
1.15

1.04
1.25

RATIO

Mmax
/M°ub

0.99
1.02
0.99
0.94
0.91
0.86

0.52
0.54
0.68
0.53

0.44
0.46

Mmax/
M°ub

0.99
1.02
0.99
0.91
0.94
0.86

0.74
0.77
0.97
0.76

0.77
0.80

MODE

Comp
Comp
Comp
Comp
Comp
Comp

Comp
Comp

Comp**
Comp

Comp
Comp

Calculated with Sa=l .5, ** Compression-shear failure
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Crack Pattern and Failure Mode

Typical crack pattern and failure mode photographs of the specimen types A, B and C are
shown in Figure 8. The existence of grids caused most of the flexural crack to widen and
extend slowly upward to the compression face. Crack spacing in the specimen with higher
reinforcement ratio was observed to be smaller than other ones. The grid failure on the beam
types B and C occurred early and this caused the crack to widen and extend fast toward the
compression face. All beam specimens failed under compressive failure of concrete except
for one of the beams type B-40 which seemed to fail under shear-compression failure. The
grid pitch did not significantly affect the crack spacing.

' a -* ' • r •

•

A-60

A-40

B-60

B-40

C-60

Figure 8 Typical crack pattern and failure mode photos

Strain Distribution

Typical strain distribution, both along half of the longitudinal reinforcement and along the
height of the beams cross section at center span for A-60 and B-60 are presented in Figure 9.
Strain distribution results were similarly distributed. The strain was distributed from
approximately zero on Fib to approximately 7000xl0"6 in strain on F3b and F4b. This strain
distribution pattern indicated that the grid-system worked effectively as mechanical bonding
between longitudinal reinforcement and concrete. After the grid failed (post peak), the strain
decreased. About the strain distribution along the height of cross section at center span, the
strain distribution pattern was also similar. The dot represents strain measurement on the
reinforcement cables at maximum load. The measured strains at maximum load can be
considered linear from concrete compression strain to tensile reinforcement strain. This
agrees with the basic assumption of flexural theory, that the strain in reinforcement is equal to
the strain in the concrete at the same level [11].

Limit Moment (LM)

As discussed previously, grid failure followed by the crushing of concrete occurred on
specimens B and C. Although this phenomenon could not be identified visually on specimen
type A, the grid failure may also occur. This phenomenon caused the maximum capacity of
the beam to be controlled by the grid bond capacity. Figure 10 shows the grid bond surface
details.
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Figure 9 Strain distribution along cable and centre-span cross-section (a) A-60, (b) B-60

To avoid confusion, the maximum capacity controlled by the grid is called the Limit Moment
LM and the maximum capacity controlled by concrete or reinforcement is called the ultimate
moment. When the grid controls the maximum capacity of the beam, the beam capacity will
be lower than the ultimate capacity. If w (mm) is taken as 5 times of the nominal diameter of
stirrups then the bonding surface of the grid on the first layer and the second layers of
reinforcement may be expressed, respectively as follows: Ah] = 1.8£>n(0.75 + 0.25;r)(w + 10)
and Ah2 = 1.8Dn(w + 10) , where Dn is the nominal diameter of cables calculated based on the
section area of fibre filament. So, the bond capacity may be calculated from Eq.(4) and
Eq.(5), where xe is the shear bond strength of resin.

(4)

(5)
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Table 5 presents the bond capacity of each specimen type. This bond capacity is an important
variable in order to develop a good interaction between reinforcement and concrete. This
significantly influences the maximum capacity of beam. When the LM is smaller than the
ultimate moment of the beam, then the maximum capacity of the beam will be controlled by
grid bond capacity. In contrary, if LM is higher than the ultimate capacity, then the
maximum capacity is controlled by the concrete and tensile reinforcement capacity. The LM
may be defined as the moment that can be carried by the beam until the grid fails. So, the
relationship between applied moment and force that works on grid needs to be determined.
Figure 11 shows the diagram of strain distribution along tensile reinforcement when full
bonding condition is assumed. By assuming that grid develops full bond mechanism, the
forces which occur due to applied load on grid may be defined as deviation of strain between
two grids and can be mathematically expressed as:

where An is nominal section area of tensile reinforcement, Ng is the number of grids on that
section and Ec/ is young modulus of carbon fibres. This Fg must be distributed to the
intersection point on first and second layers of cables. If Fg exceeds the Pj/ (Eq.4) or P/,2
(Eq.5), then the grid breaks. The LM may be predicted based on the relationship between grid
force Fg and applied load as shown in Figure 12. That curve is determined by calculating the
Fg at first crack Fgcr, service load Fgs and ultimate load Fgu. To simplify, this curve is
approximated with a linear relationship that can be expressed by Eq.7, where PLM is applied
load when grid forces equal to Fg, and C and m are curve constants. Then, the load PLM when
grid force is equal to Fg can be easily converted to the moment that represents the LM.

PLM=\lm(Fg-C) (7)

Table 5 presents the predicted bond capacity of each beam {P/,i and P\,i) and Table 6 presents
the grid forces FK and LM. It can be observed that all beams have smaller LM than ultimate
capacity (calculated by Eq.(3)). This result indicates that the maximum moment of beam will
be controlled by grid bond capacity. This is also observed when testing. This predicted
capacity is in accordance with the experimental results except for specimen A-60 that seems
to have higher grid bond capacity than predicted. When the beam has a LM point small
enough, then its behaviour will be a pseudo-ductile.

Figure 10 Bond surface of grid (unit: mm)

p'2 <;

]JlLIAAiUM4

Support

(Fgu.Pu)

",Fg=m.P + C
*-Fg-P curve

(Fgs.Ps)

cr.Pcr)
-Fg

7igure 11 Strain distribution model Figure 12 Applied load (P) vs grid force {Fg)
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Table 5 Bond capacity of grid

TYPE AND
NUMBER

A-60
*

A A-40

B-60
p
B B-40

C-60
C

REINFORC-
EMENT

POSITION

Second layer
First layer

Second layer
First layer

Second layer
First layer

Second layer
First layer

Second layer
First layer

TURNING
PER

CABLES

22

1 7
1 /

17

14

Dn,
mm

5.08
5.08
5.08
5.08

4.46
4.46
4.46
4.46

4.05
4.05

D,
mm

9.14
9.14
9.14
9.14

8.03
8.03
8.03
8.03

7.29
7.29

w,
mm

8.56
8.56
6.63
6.63

8.56
8.56
6.63
6.63

8.56
8.56

BOND
LENGTH

mm

9.14
14.04
9.14
14.04

8.03
12.32
8.03
12.32

7.29
11.19

BOND
WIDTH

mm

18.56
18.56
16.63
16.63

18.56
18.56
16.63
16.63

18.56
18.56

Pb,
kN

1.66
2.55
1.49
2.29

1.46
2.24
1.31
2.01

1.33
2.04

Pi, = bond capacity

Table 6 Limit moment (LM)

TYPE AND
NUMBER

A A-60-1

A-60-2

A-60-3

A-40-1

A-40-2

A-40-3

B B-60-1

B-60-2

B-40-1

B-40-2

C C-60-1

C-60-2

REINFORC-
EMENT

POSITION

Second layer
First layer

Second layer
First layer

Second layer
First layer

Second layer
First layer

Second layer
First layer

Second layer
First layer

Second layer
First layer

Second layer
First layer

Second layer
First layer

Second layer
First layer

Second layer
First layer

Second layer
First layer

AE

xlO"6

836.7
1111.1
836.7
1111.1
836.7
1111.1
557.8
740.7
557.8
740.7
557.8
740.7

836.7
1111.1
836.7
1111.1
557.8
740.7
557.8
740.7

836.7
1111.1
836.7
1111.1

FB
1 By
kN

2.65
3.52
2.65
3.52
2.65
3.52
1.77
2.35
1.77
2.35
1.77
2.35

3.07
4.07
3.07
4.07
2.04
2.72
2.04
2.72

3.07
4.07
3.07
4.07

Pb,
kN

1.66
2.55
1.66
2.55
1.66
2.55
1.49
2.29
1.49
2.29
1.49
2.29

1.46
2.24
1.46
2.24
1.31
2.01
1.31
2.01

1.33
2.04
1.33
2.04

PLM,

kN

24.34
27.46
2.4.34
27.46
24.34
27.46
31.24
35.47
31.24
35.47
31.24
35.47

22.61
25.38
22.61
25.38
28.75
32.52
28.75
32.52

20.53
22.97
20.53
22.97

LM,
kNm

5.48
6.18
5.48
6.18
5.48
6.18
7.03
7.98
7.03
7.98
7.03
7.98

5.09
5.71
5.09
5.71
6.47
7.32
6.47
7.32

4.62
5.17
4.62
5.17

M°u,
kNm

8.47

8.47

8.47

8.47

8.47

8.47

6.88

6.88

6.88

6.88

5.60

5.60

Mmax
kNm

8.39

8.61

8.34

7.95

7.73

7.28

5.08

5.28

6.67

5.21

4.30

4.48

LM/
Mmax

0.65
0.74
0.64
0.72
0.66
0.74
0.88
1.00
0.91
1.03
0.97
1.10

1.00
1.12
0.96
1.08
0.97
1.10
1.24
1.40

1.07
1.20
1.03
1.15

LM/
M°u

0.65
0.73
0.65
0.73
0.65
0.73
0.83
0.94
0.83
0.94
0.83
0.94

0.74
0.83
0.74
0.83
0.94
1.06
0.94
1.06

0.82
0.92
0.82
0.92
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CONCLUSIONS

1. Test results have shown that the flexural behaviour of UCAS-concrete beam that failed
under grid failure (Type B and Type C) is good behaviour according to safety
considerations because the flexural behaviour shows that after peak load, the beam
capacity does not fail rapidly but the beam shows a mechanism where the deflection
propagates with almost no significant change in load.

2. The maximum capacity of concrete beam may be controlled by the bond capacity of the
grid. When the LM is smaller than ultimate capacity of beam, then the capacity of beam
tends to be controlled by the grid bond capacity. On the contrary, if LM is higher than
ultimate capacity, then the beam capacity will be controlled by concrete strength or by
reinforcement strength.

3. UCAS-beam fail under bond-failure shows a pseudo-ductile performance. It should be
noted here that although the grid fails, the existing of end anchors causes the tensile
reinforcement to still sustain the tensile load.

4. The predicted maximum capacity shows close agreement to the experimental results except
the experimental result for specimens A-60 that seems to have a higher grid bond capacity
than predicted.
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ABSTRACT. The paper discusses the current and potential uses of fibre reinforced
composites by the UK Highways Agency to strengthen concrete highway structures, and for
more fundamental structural applications. It will provide background to research that has
been carried out by the Agency, but also identify needs for future work. The advantages of
fibre reinforced composites are well known, and have been established in the aerospace and
marine industries. However there are still reservations about the use of composites such as
glass, aramid, and carbon fibre in construction. They are light and easily handled materials
and not subject to corrosion, and are therefore a low maintenance and durable option for
bridge decking and strengthening of structures. There are however some potential
disadvantages using composites, and areas of uncertainty such as longer term durability. The
Highways Agency has undertaken a number of projects to use composites to strengthen
existing structures. There have been two main applications - column and deck strengthening,
primarily for impact loading and bending. The paper highlights several case studies and the
development of design guidance and specifications, and the need for quality control systems
and procedures for management of composites.
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INTRODUCTION

The UK Highways Agency are undertaking increasing numbers of projects using fibre
reinforced composites mainly to strengthen existing structures, but also for more fundamental
structural applications. There is currently a lot of activity and interest in the construction
industry regarding advanced composites, and therefore it is opportune to summarise and
review the current position regarding their use, and outline future activities, to embrace these
innovative materials, in research and construction work. However the paper does not address
the issues concerning the use of non-ferrous reinforcement for reinforced concrete or the use
of composites for suspension or post-tensioning cables.

BACKGROUND

FRP composites consist of high strength fibres, and usually are composed of carbon, aramid
or glass, embedded in a resin matrix, utilising a number of different production and
application techniques. They are not subject to corrosion and are therefore a potential benefit
as a low maintenance and durable option for bridge decking and strengthening of structures.
An additional advantage is that they can form light structures or components which can be
lifted into position with a minimum of disruption to road traffic. However experience in the
UK is still relatively limited, although confidence is growing as more applications are
completed.

FRP decks have been previously used on the Aberfeldy footbridge and Bonds Mill Road
Bridge (not Agency projects). Strengthening schemes are more widespread, and utilise
composites bonded to the structure to overcome deficiencies in bending or shear, and to cater
for increased loading requirements. Whilst there are many advantages in using these
materials there are some potential disadvantages, and areas of uncertainty such as longer term
durability. It is essential that design, installation and management information and best
practice is published and disseminated based on sound research data, to ensure that the
materials are used for suitable applications and that they can be- used with confidence. As a
corollary, it would be unfortunate if composites were tarnished by inappropriate usage, poor
materials or workmanship and by encountering problems in service.

There is much research work currently being carried out both in the UK and abroad into
various aspects of composites and new construction techniques. The Highways Agency
commissions some of this research itself and keeps in touch with work by other researchers
and academic institutions, in order to establish its own more specific design guidance, and
detailed materials specification. Also under development is a quality certification scheme, as
part of the Highway Authority Product Approval Scheme (HAPAS), which may embrace
some of the materials and possibly specialist composite application contractors. The other
area of concern is the establishment of regimes for the management of structures using
composites - inspection, testing, monitoring, repair and assessment.

HIGHWAYS AGENCY - INTRODUCTION OF COMPOSITES

For some years the Agency has been keeping a watching brief on the developments of
advanced composites for use in construction. It became clear that the materials developed and
used in the aeronautical and marine industries had potential uses in bridges and other
structures. However it was the advent of the 15 year bridge rehabilitation programme in 1987
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and the Maunsell investigation on behalf of the Department of Transport and published report
'The performance of concrete bridges' in April 1989 [1], that acted to some extent as the
catalyst for the introduction of new materials. Greater emphasis was placed on maintenance
of the existing bridgestock. New and innovative solutions were required to strengthen
highway structures, to avoid complete rebuilding, and in situations where traffic management
and safety constraints, and commitments to road users to minimise delays during
maintenance operations were having a significant impact.

Initial ideas involved the use of steel plates bonded to bridge soffits to enhance the bending
capacity of bridge decks. To this end the Agency published the Advice Note BA30
'Strengthening of concrete highway structures using externally bonded plates' in 1994 [2], to
provide design rules and an outline specification for steel plate and resin adhesive materials.
But it soon became clear that the use of steel plates did not provide all the answers - the
plates were heavy, and difficult to handle on site, required rigorous site preparation, as well
as significant amounts of bolting through to the concrete substrate. Although they did provide
a cost-effective solution to strengthening, nevertheless it was apparent that installation
operations would still require extensive carriageway possessions. There were also some
concerns about the durability of the steel plates, the bond to the concrete substrate, and the
ongoing maintenance liability to repaint the steel plates periodically.

In the mid-1990's it also became apparent that some work would be required to upgrade and
strengthen bridge supports to withstand greater accidental impact loadings. Early solutions
involved the construction of concrete collars and infill between supports, which were
cumbersome and inelegant solutions, and required long periods to construct. With this in
mind the benefits of using composites were considered.

The Highways Agency looked at the research information that was available elsewhere
including Japan and the United States where composites were used to strengthen bridge
supports principally as retrofitted anti-seismic measures. It was also important to keep in
touch with the main suppliers of the composite materials.

The first practical test of composites was arranged by the Agency and undertaken in 1997 on
the A30 Bible Christian Bridge in Cornwall, and was used to assess whether the technique of
wrapping bridge columns with composites was viable. It involved the use of glass, carbon
and aramid fibre materials applied to three separate bridge columns using wet lay-up
techniques. The trial was very successful, and proved that the materials were relatively easy
to use, although requiring care and environmental controls during installation. It also
demonstrated that composites could be installed in relatively short timescales, and with
minimal traffic management. This was clearly an important issue for the Highways Agency
where some structures have significant constraints on the duration and type of traffic
restrictions imposed.

Further work ensued using the Transport Research Laboratory as a Contractor, and involved
static and impact testing of various columns which had been wrapped with an aramid
composite. From this evolved a set of generic design rules and graphs, and some guidance on
aspects to be considered in a materials specification. This guidance was used in draft form for
a couple of years and has now been formally published as BD84 [3] As a result of the issue of
the guidance several further column wrapping schemes have now been undertaken, and these
operations are becoming relatively commonplace.
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Meanwhile other researchers had been looking at the problems associated with deck bending
deficiencies. In the UK this was undertaken partly through the ROBUST programme [4],
managed by a consortium of interested parties, which did not directly involve the Agency, but
also by some pioneering schemes, and by work abroad, particularly in the US, Japan and
Switzerland. The first HA scheme was undertaken at M60 Barnes Bridge at Manchester in
1999/2000, and involved using the design approach of BA30 suitably adapted for composites,
and a bespoke specification. Several other schemes have also now been completed, and
details are provided in Table 1.

Alongside the strengthening applications, the Agency was also looking at interesting
developments in the use of composites for more fundamental structural applications. Initially
this was for secondary usage such as the adoption of structural steelwork enclosure to ease
access for inspection and maintenance and to provide additional protection against the onset
of corrosion. This was first used on the A19 Tees Viaduct, in 1988/89 where a pultruded
glass reinforced plastic material was adopted, and more recently on the approach spans to the
Second Severn Crossing. Later attention turned to bridges themselves, in examining options
for alternative designs in locations where access was difficult, or road occupation time was
very limited. Such situations occur particularly with the construction or reconstruction of
bridges over existing railway lines, or where live traffic is involved. Discussions took place
with several of the leading consultants in the composite field and also with research
organisations. The Agency has now completed (2001) its first composite decked structure on
the A30 in Cornwall, Halgavor Bridge, and details are provided later.

HIGHWAY AGENCY PROJECTS

Strengthening

The M60 Barnes Bridge at Manchester was strengthened in 1999/2000 using carbon fibre
plates applied to the soffit of deck. In this instance steel plate strengthening was used on the
top of the deck rather than composites - principally due to the concerns about potential
damage to the FRP beneath surfacing when subsequent road maintenance operations are
undertaken. A further scheme was also completed at M45 Southam Dunchurch Bridge where
minor strengthening was undertaken on the edge beam of the deck using carbon fibre plates.
In both these cases the design was based on the approach in BA 30 dealing with steel plates,
and separate materials specifications were developed for the composite materials.

At Barnes Bridge the existing 4 span continuous reinforced concrete slab bridge has separate
19° skewed decks carrying the northbound carriageway of the A34, and the combined
southbound carriageway of the A34 plus the lanes of the slip road over the M60 Motorway
and slip roads near Cheadle. Three spans are constructed from solid reinforced concrete slabs,
the north spans are voided reinforced concrete slabs, and the overall width of the east deck is
23.16m and the west is 11.20m.

Assessment of the bridge found the superstructure had live load deficiencies. As a result
interim measures were installed, consisting of removal of the hot rolled asphalt surfacing
(replaced with a skid resistant waterproofing membrane) and lane reductions. The permanent
strengthening works to the deck involved increasing the moment capacity of the slab at
critical sections by plate bonding, and by the insertion of grouted stressed bars inserted
through holes in the deck to deal with shear.



Fibre Reinforced Composites 193

Table 1 Fibre reinforced composites register

STRUCTURE DETAILS/DESIGNER COMMENTS

A19 Tees Viaduct

A30 Bible Christian
Bridge, Cornwall

M60 Barnes Bridge,
Manchester

M45 Southam
Dunchurch Bridge,
Northants
M40 Loudwater
Viaduct, Bucks

Ml 1 Coopersale
Bridge, Essex

A30 Halgavor Bridge,
Cornwall

A3 8 Western
Interchange Bridge

A19 Parkway
Interchange,
Middleborough
M5 Naas Lane,
Clingre Pipe,
Michaelwood Service
Area Bridges
M62 Ashfield Bridge

A27 Adur Viaduct

M6 Piers, Area 17

1988/89 Maunsell
Structural steelwork enclosure
using pultruded GRP.

1998 Cornwall CC
Column wrapping using aramid,
carbon and glass fibres.
1999Parkman
Carbon fibre plate soffit
strengthening, combined with
steel plates on top of deck and tie
bar shear strengthening.

1999 URS Colquhoun Limited
edge beam strengthening using
carbon fibre plates.
2000 UK Highways DBFO
Transverse strengthening of top
surface of edge of deck
2000 PB K&D
Column strengthening using wet
lay-up aramid.
2000/01 Flint and Neill/Balfour
Beatty
Glass fibre deck suspension
foot/cycle/equestrian bridge
2000/01 Mott MacDonald
Shear/bending strengthening of
deck, 'L' plates and
strengthening of abutments,
using carbon fibre plates.
2001 AutolinkDBFO
Prefabricated glass fibre shells
with grouted annulus.

2001 Atkins
Column wrapping

2001 Parkman
Soffit strengthening
2001 Mott MacDonald
Strengthening top surface of
deck
Lanes Highways Column
strengthening

First structural composites
application.

First practical trial.

First Highways Agency use.
Generic specification, but restrict
to carbon fibre based materials.
Composites not used on top of
deck.
Similar issues to above.

First use of composites under
surfacing and waterproofing.

First column strengthening. Use
Interim design, generic
specification developed.
Design and build, references to
EUROCOMP manual for design.

First shear strengthening
application. Little research
available on which to base
decisions, generic specification,
and basis for design.
First use of prefabricated
materials.

As with M i l Coopersale.

As with Barnes Bridge, but new
ultra high modulus material used.
Concerns about monitoring
performance, risk of planer
damage and temperature effects.
As with Ml 1 Coopersale.
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Figure 1 M60 Barnes Bridge - Hammer testing composites

Figure 2 M i l Coopersale Bridge — Column wrapping

Figure 3 M i l Coopersale Bridge - Column wrapping
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Figure 4 A30 Halgavor Bridge - After completion

Figure 5 A30 Halgavor Bridge - In use

The scheme progressed fairly smoothly with few problems, despite stringent lane restrictions
and difficult access.

After Barnes Bridge was completed further strengthening schemes emerged where the use of
composites was appropriate, and works at M40 Loudwater Viaduct and A27 Adur Viaduct
have now been completed. In both cases carbon fibre plates have been bonded to the top
surface of the deck, although used as secondary strengthening, to mitigate transverse edge of
deck deficiencies. Special consideration was given to the performance, protection,
monitoring and inspection of the buried composites, especially their vulnerability to damage
and long term durability.

A further scheme at A3 8 Western Interchange in Cornwall has been undertaken where
composites were used to strengthen an abutment, and also the deck of the structure, to
mitigate both bending and shear deficiencies. The use of composites to overcome shear



196 Loudon

deficiencies is a relatively new area, and comparatively little research has been undertaken -
mainly in Switzerland for a particular product manufacturer. In this case preformed 'L'
shaped plates were used to strengthen a marginal shear deficiency in the obtuse corner of the
skew deck. In order to obtain the necessary anchorage, holes were carefully drilled through
the edge of the deck and after the plates were bonded in place the holes were grouted up.
Monitoring was installed to assess the effectiveness of the technique.

Column Wrapping

Following on from the successful practical trial in 1998 of composites wrapped round the
columns of the A30 Bible Christian Bridge in Cornwall, laboratory work was undertaken at
TRL. This has resulted in a draft Interim Advice Note, and subsequently superseded by
Standard BD84.

The Interim Advice Note was issued to specific designers to assist with potential column
strengthening schemes. The first project completed was the Ml 1 Coopersale Bridge in Essex,
and a specification for the composite material was developed based on the Interim Advice
Note. This was judged to be highly successful, and resulted in very significant cost savings,
and shortened construction period, and in turn reduced the impact of traffic restrictions.
Further schemes on the M25 and M5 Motorways have also now been completed, and have
mainly adopted aramid as a strengthening composite. It is expected that this technique will
find widespread usage.

Another approach that has been adopted for column strengthening, that may be appropriate in
certain situations is the use of prefabricated composite shells. This was adopted on the A19
Trunk Road Parkway Interchange on the outskirts of Middlesborough, by road operator
Autolink as part of a 30 year design/build/fmance/operate contract. Twenty-four tapered
columns were strengthened against impact on two bridges. Composites were selected to
overcome difficult access problems and the amount of strengthening required, and the need to
minimise traffic disruption. There were also benefits from improved aesthetics. The
alternative of constructing a conventional reinforced concrete infill wall to tie the columns
together was rejected on the grounds of aesthetics, cost, time and access.

There were also advantages in using a factory quality controlled process to produce the shell,
but this does require individual moulds to be produced to suit the column geometry, and
special fixing arrangements to connect the two half shells together on site. A secondary
grouting operation filled the annulus between the shell and the existing column.

Other Applications

The Highways Agency last year completed an innovative contract to construct a grp decked
cycle/footbridge/equestrian suspension bridge, over the A30 in Cornwall and known as
Halgavor Bridge. The contract was awarded as a Design and Build competition contract, and
was won by contractors Balfour Beatty with Flint & Neill as designers. The composite deck
fabrication was undertaken by Vosper Thorneycroft, and Maunsell were the independent
design checkers. The bridge was one of the last links in the SUSTRANS national cycle
network, and the location was adjacent to the National Trust property Llanhydrock House.
Design was based on the principles within the EUROCOMP manual [5], and construction and
installation were relatively straightforward.
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The structural form of the bridge comprised an innovative suspension bridge with a
lightweight FRP deck, supported by steel suspension cables, and inclined masts and raked
support beams made from stainless steel.

The FRP deck was 47.5m long and consisted of two pultruded FRP edge panels with a
sandwich deck panel made from two FRP skins and a 30mm polypropylene core. There were
transverse beams of 6mm thick FRP, at each of the parapet post positions along with a central
spine beam. The bottom panels were similar in construction to the top deck panels with only
a 5mm core. The overall depth of the deck construction was 430mm. All exposed elements
were finished with a self-coloured gel coat for maximum resistance to degradation by ultra-
violet light. Since the bridge is to be used by equestrians the deck surface of the bridge
consisted of special rubber blocks bonded to the grp, which also acted to stiffen the structure.

The bridge deck was constructed at Vospers yard using hand lay techniques, based on
specially made moulds, but in a very controlled environment to ensure good quality of finish.
It was transported to site in three sections before being bonded together, and lifted into
position. A thorough testing regime of materials and components was also arranged.

It is expected that similar bridges will be constructed taking advantage of composite
materials, and the Agency is considering opportunities to utilise the advantages of composites
in road carrying decks.

MONITORING AND MANAGEMENT

There is little publicly available information on the long term durability and performance of
composites and adhesives as used in the construction sector, though there is much that can be
inferred from the experience of the maritime and aerospace other industries, where similar
materials have been used in aggressive environments for many years. The general expectation
is that construction composites will have service lives of 30 years, probably longer, with
minimal requirements for interim maintenance.

Recent and current HA projects have developed a bespoke approach to in-service monitoring,
with initial closely spaced intervals for inspection, until greater confidence in performance is
established. Additional 'sacrificial' samples of composites have been bonded on to the
structure away from the strengthened areas and on to specimen blocks, which can be
subjected to periodic testing. Samples of composites and adhesive specimens have also been
retained for future testing.

It is evident that monitoring and testing is an area where there has been comparatively little in
the way of research and guidance. Other than unsophisticated 'hammer tapping' and
observational methods there are currently no reliable established inspection techniques,
though the use of fibre optics, thermography and acoustic emission appear to be promising.
Through the links with the composite information networks (referred to below) the Agency is
keeping in touch with developments. There is also a need to set performance criteria - what is
the significance and acceptability of defects in the bond, or in the component materials
themselves?

It is generally accepted that it is fairly easy to repair damaged composites, but there is no
authoritative guidance available, particularly where the materials are used in combination
with concrete or steel as a means to enhance the strength. Contingency arrangements must be
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put in place in Maintenance Manuals and Health and Safety files for schemes under
construction. The Agency has been involved in a Concrete Society project to develop
guidance to assist clients and designers manage structures that have been strengthened using
composites. More information is given later in the paper.

SPECIFICATION AND TECHNICAL APPROVAL

The Highways Agency has a well developed and proven system of technical approval in
place to ensure that consistent standards and specifications are adopted for the construction
and strengthening of new and strengthened structures. Where no suitable or relevant Agency
standards exist, as is generally the case with composites, departure from standard procedures
apply. However as standards for column and deck strengthening using composites are
published, this will be relaxed.

Generic specifications for composites do not exist at present, though schemes completed or
currently underway, have developed documentation that has been subject to departure
procedures. The Agency is developing generic specifications based on the experience gained
to date, and embracing best practice for manufacture and installation. It is essential to ensure
that work is only undertaken by suitably experienced contractors and operatives, and using
materials that have been subject to rigorous quality control procedures.

QUALITY AND CERTIFICATION OF MATERIALS

By the varied nature of composite materials, and their means of application there are some
inherent problems in setting up a scheme for quality certification. Several years ago in a joint
initiative between the County Surveyors Society, British Board of Agrement and the
Highways Agency, the HAP AS (Highway Authority Product Approval Scheme) was set up
to provide a means for certification of products that were not covered by other schemes.
Discussions are ongoing to see if a scheme can be developed for composites, and in parallel a
specialist applicators scheme is also under consideration. However such schemes can only
work if there is support from all sectors of the industry, and particularly material suppliers,
and also that certification requirements are called up in Client specifications.

HIGHWAY AGENCY RESEARCH

The Agency has completed research on strengthening bridge supports using composites, and
that has resulted in a draft Interim Advice Note and subsequently BD84 [3] available to
designers. Further work is in hand to develop design guidance on strengthening bridge decks
against bending deficiencies, and will be published formally in due course as BD85 [6].

HA is currently investigating the use of FRP as modular bridge decking panels and
undertaking fatigue testing at TRL, with a view to producing generic design requirements and
guidance in due course. There is also a project looking at the safety of composites, which will
consider bond strength, the application of FRP in complex geometric shapes, the effects of voids
and debonding and shear strengthening.
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OTHER RESEARCH

In addition to HA's own dedicated research programme it is evident that a great deal of
research has already been undertaken into composites. Mention has already been made of the
EUROC0MP[5] design manual produced by Dr John Clarke (now of Concrete Society) as
lead author, the ROBUST[4] project completed some 4 years ago, with Mouchel as a lead
partner and EPSRC funded academic research which is being undertaken. Maunsell have also
developed some pioneering work with deck plank systems. There is also a lot of information
available from abroad, primarily Switzerland, Japan and the USA.

Highways Agency (in the person of the author) chaired a Concrete Society Steering Group,
which prepared design guidance for strengthening all types of concrete structures using
composites and published as TR 55 'Design guidance for strengthening concrete structures
using fibre composite materials' [7]. This group consisted of major clients, Railtrack, London
Underground in addition to HA, many of the leading designers with specialist knowledge of
composites, contractors and most importantly, most of the specialist suppliers of composites.
This was the first time in the UK that this information was collated, in a usable form and
relied heavily on the experience of the various collaborating members and research data. It
was intended to promote the use of composites for strengthening, but particularly to ensure
that these materials were being used appropriately. The report provides an overview of the
available materials and application techniques, gives structural design guidance for
strengthening against flexural and shear deficiencies, and column wrapping, as well as
explaining some of the detailing, workmanship and installation issues.

One of the issues that emerged from this Concrete Society project was the need to develop
guidance to assist clients and consultants manage structures strengthened with composites.
Although some research and case study information was available there is very little practical
guidance for clients and consultants to assist with the establishment of regimes of inspection,
monitoring, testing and repair, to ensure that structures continue to be safe and durable. As a
result, a further project was set up with cross industry support, under the authorship of Dr.
Allan Hutchison of Oxford Brookes University, with Dr John Clarke of the Concrete Society.
This work was scheduled for publication by the Concrete Society earlier this year (2002) [8].

One particular application under active consideration is the use of composites to strengthen
metallic structures, however this is outside the scope of the present paper but there are clearly
potential advantages. Further work is also being undertaken by CIRIA.

Highways Agency have been keen to work in collaboration and partnership with industry,
and were therefore very pleased to be involved with the Network Group for Composites in
Construction (NGCC), which was established by BRE with DETR funding. The principal
aims have been to facilitate the exchange and dissemination of information, and establish
research needs. The author is a member of the Executive Committee. NGCC is run on the
basis of specialist sub-groups dealing with i) design information, ii) applications, iii)
promotion, education and training and iv) research an development. The research sub-group
of the NGCC is linked to a further academic based network set up by the Universities of
Surrey and Southampton, with EPSRC funding. It is known by the acronym CoSacNet, and is
serving the coordination of research efforts. This is an important function to ensure that any
gaps in research knowledge are adequately addressed, and that there is not undue overlap and
duplication of research efforts.
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THE WAY FORWARD

It is evident that there is a lot of activity concerning composites, both in terms of research and
for actual applications. The construction industry has in the past been accused of being
somewhat conservative and slow to embrace innovation. With composites there is an
excellent opportunity for all parties in the supply chain to work together to ensure that the
benefits of these materials are obtained, but there must be technical guidance to ensure that
the materials are used appropriately.

The Highways Agency is in a position to be pro-active in the adoption of these innovative
materials, and different applicatons. The main areas concern design guidance, specification,
quality control systems, the need for research to plug any potential gaps particularly over the
long term durability of composites, the establishment of appropriate techniques for managing,
monitoring and inspecting and testing of composites in service, and provision of training and
guidance to Agency staff likely to be involved with composites in the future.

- Particular aspects for the future:-

- Gradual relaxation of design criteria, building on increased
confidence of the performance of composites in service.

- Improved testing and monitoring techniques.

- Better information on durability.

- New applications - structural forms, lighting columns, non-
ferrous reinforcement, post-tensioning cables, drainage etc..

- Guidance on assessment and repair of composite structures
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ABSTRACT. Research carried out on prestressed fibre reinforced concrete (PFRC) x-beams
to measure their shear strength and ductility with and without steel fibres, and relate the
results with flexural toughness measurements made on standard prisms is reported. Two
types of short steel fibres were used: round hooked end high strength steel fibres, and thin
amorphous metal ribbon-like fibres, at volume fractions up to 1.5 %. 18 tests were carried
out at two different shear span to effective depth ratios. Flexural toughness parameters were
calculated using various European and American test methods. The results showed that whilst
shear strength of PFRC beams at first crack was little affected by use of fibres, the ultimate
shear strength was closely related to improvements in equivalent flexural strength, which
could equally be related to toughness indices. Empirical formulae are given. It is concluded
that the behaviour of PFRC beams in shear can be approximated from flexural toughness tests
carried out on standard control prisms. Since flexural toughness parameters are widely
regarded as being appropriate to structural fibre reinforced concrete design, these results give
a clear indication of the further steps required to produce design shear equations for PFRC
beams.
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INTRODUCTION

The extensive amount of research carried out into the use of steel fibres for structural
concrete has not led to its widespread use, except perhaps for tunnel segments and in
strengthening (e.g. shotcrete). This is largely as a consequence of the absence of procedures
for using fibre reinforced concrete (FRC) in structural concrete design, resulting from the
lack of four interrelated requirements [1]: a relevant measure of FRC properties; accurate
models and equations for FRC; formulation of design equations and procedures; and
assurance of the reliability of the fibre structural contribution.

The need to find a characteristic material property for FRC that can be used in the design of
reinforced fibre reinforced concrete (RFRC) and prestressed fibre reinforced concrete (PFRC)
structures has long been recognised. This task has proved difficult since the material
property chosen must be consistently defined and well understood, applicable to all fibre
types and above all adequately able to distinguish FRC from concrete without fibres. The
material property should also be able to reflect the combined effects of many more basic
parameters, such as the fibre aspect ratio, fibre-matrix interfacial bond strength, fibre volume,
and orientation factors that have often been adopted in empirical design equations.

Flexural toughness is recognised as the property of FRC that most distinguishes it from plain
concrete, and furthermore is well understood and requires little adaptation for use in material
testing machines. A common form of flexural toughness, ASTM Toughness indices, /, are
defined in Figure 1. The benefits of using flexural toughness definition for FRC is that it is
easy to measure, and the results are directly related to the benefits of fibres in increasing
performance. A disadvantage is that the property is not uniquely and consistently defined.
Accurate load - deflection curves can only be achieved with closed loop strain controlled
testing equipment due to the instabilities after first crack, and any properties calculated within
the instability area are machine dependant and effectively useless as design parameters.

However, design guidelines are now using flexural toughness to define the increased ductility
and energy absorption of structural members due to fibre addition [2,3]. To make the
procedures simple for designers and concrete specifiers, the design equations are generally
only slight modifications of those currently used in practice. Despite this, many researchers
and designers still oppose use of flexural toughness. Criswell [1] in particular points out that
to completely describe toughness both first crack strength^ and index values / are required.
As an alternative, a single equivalent post-cracking flexural strength, defined as JJJ^JOO in
Figure 2, might overcome this problem.

A programme of experimental work was carried out on prestressed x-section beams, to
determine whether / values and fji.eq,3on may be adopted for use in the prediction of shear
strength of these beams. The work was carried out as part of a much wider study into the use
of fibres as secondary reinforcement in prestressed hollow core slabs [4]. This paper
examines the possibility of using flexural toughness parameters in the following widely-
accepted equation for the ultimate shear capacity Vco of a flexurally uncracked prestressed
concrete beam:-

v.-Jt
"' Ay
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where Ay and 7 = first and second moment of area at the centroid, b = breadth at centroid, fcl =
tensile splitting strength, and <jcpx = compressive stress at centroid. (There are no partial
factors in Equation. 1, which often appear in codes of practice.)

O
B D

I5 = A R E A 0 A C D / A R E A 0 A B

I10 = AREA O A E F /AREA O A B

I20 = A R E A 0 A G H / A R E A 0 A B

H

35c r 5.55cr 10.58H

D E F L E C T I O N

Figure 1 Definition of ASTM toughness indices
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8, = 1/300
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Figure 2 Definition of equivalent flexural strength (fn.cq,3oo)
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TEST PROGRAMME

The aim of the tests was to provide basic knowledge on the use of steel fibres as shear
reinforcement in prestressed concrete x-beams, with the later goal of assessing their
suitability for use in prestressed hollow core slabs.

A total of 18 test are reported at two a/d ratios: 2.0 and 2.8; see Table 1. Both were expected
to give web shear failures, but with the tests over the smaller a/d ratio more affected by
compressive strut action. The two failure modes were, therefore, expected to vary slightly.
Two types of fibre were investigated: hooked-end steel (HS) fibres and amorphous metal
(AM) fibres. The HS fibres, made of drawn wire, were 30 mm long and had a nominal
diameter of 0.5 mm. The AM fibres, which were ribbon-shaped and produced by quenching
a jet of molten metal on a rotating water-cooled wheel, were 30mm long, 1.6 mm wide and
50 |im thick. HS fibres were tested at fibre volume fractions of 0.5%, 1.0% and 1.5% at both
a/d ratios, whilst AM fibres were tested at a/d of 2.8 only; at fibre volume fractions of 0.28%
and 0.56%.

Beams were tested approximately 15 days after casting, simply supported over an effective
span of 1900 mm with a bearing of 100 mm used on both ends of the beam to imitate typical
hollow core slab applications. Linear potentiometers (LP) were placed under the beams to
measure deflections at the mid-point, load-point and a position close to support. Test cubes
(100 mm), cylinders (150 mm diameter x 300 mm) and prisms (500 x 100 x 100 mm) were
match cast in order to provide compressive, tensile splitting and flexural tensile strengths.
The prisms also yielded /and fji,eq,3oo values given in Table 1.

TENSILE SPLITTING STRENGTH

Splitting tensile strength tests were carried out on cylinders (Brazilian test) made using the
same mixes as for the beams. Results are given in Table 1. Linear relationships between the
ultimate splitting cylinder strength fctsp of FRC and fibre volume fraction Vf were found as
follows:- .

For HS fibres:

fct,sp = 0.48 Vfcl, + 237 Vf (N/mm2) (2a)

and for AM fibres:

fct,sp = 0.48 Vfcu + 336 Vf (N/mm2) (2b)

The increase in tensile splitting strength due to the fibres was due to the maximum fibre
bridging stress across the tensile crack, which is related to the fibre aspect ratio, cement
paste-fibre interfacial bond strength, fibre orientation and fibre volume fraction. Previous
research has show that this can be approximated as 0.37' ffi^soo [5].
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Furthermore, the term 0.48 Vfcu which relates to the tensile strength of plain concrete, can be
approximated as 0.6 fy, where $ is the flexural cracking strength of plain concrete [3].
Therefore an approximation to the splitting tensile strength of FRC can be obtained from
flexural properties only as (Figure 4):-

fcup = 0 .6$ + 0.37 fae (N/mm2) (3)

Table 1 Results of compressive and tensile strengths and toughness parameters

BEAM
REF

vf
(%)

Reference Beams

PB1A
PB1B
PB2A
PB2B

0.0
0.0
0.0
0.0

HS Fibre Beams

PB3A

PB3B

PB4A

PB4B

PB5A

PB5B

PB6A

PB6B

PB7A

PB7B

PB8A

PB8B

0.5

0.5

0.5

0.5

1.0

1.0

1.0

1.0

1.5

1.5

1.5

1.5

AM Fibre Beams

PB9
PB10

0.28
0.56

a/d

2.0
2.0
2.8
2.8

2.0

2.0

2.8

2.8

2.0

2.0

2.8

2.8

2.0

2.0

2.8

2.8

2.8
2.8

/ »

N/mm

71.0
71.0
71.0
73.0

73.5

69.5

77.0

75.5

75.0

77.0

79.5

75.5

82.5

82.0

67.0

68.5

69.5
71.0

N/mm

4.30
4.05
3.85
4.20

5.20

5.15

5.25

5.50

7.05

6.65

7.45

7.05

7.85

7.45

7.40

7.15

4.55
6.20

fjl,cq300

N/mm2

-
-
-

-

4.55

4.75

4.60

4.80

6.85

5.85

6.45

6.40

8.50

8.50

7.25

7.85

2.20
3.99

Is

-

2.5
-

-

4.1

4.1

4.3

4.2

4.8

4.7

4.3

5.1

5.0

4.9

4.6

5.3

4.1
4.5

ho

-

3.2
-

-

8.1

7.5

8.2

7.7

9.9

8.5

9.1

11.0

11.4

11.3

10.2

11.0

6.6
9.3

ho

-

3.7
-

-

15.7

13.6

15.3

14.0

20.1

17.6

18.1

23.6

23.1

23.3

20.4

22.6

9.7
14.4

Rio.20

-

4.7
-

-

76.4

61.2

63.5

72.6

101.7

91.7

91.0

125.4

116.8

120.1

102.3

116.3

28.4
51.1

Rl. 0-2.0

-

0
-

-

0.56

0.37

0.40

0.57

0.66

0.74

0.45

0.58

0.79

0.74

0.70

0.79

0.02
0.09

Figure 5 shows the relationship between equivalent flexural strengths ffl,eq,3oo and fibre
volume. The step between the AM and HS fibres shows the improved efficiency of the
hooked end fibres.

It is proposed that/.., in Equation 1 for plain concrete is replaced by 0 .6$ + 0.37 fji,eq.3oo for
FRC. This proposal was examined experimentally in the shear tests.
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Figure 4 Equivalent flexural strength (ffi.eq,3oo) of HS and AM fibre reinforced concrete

SHEAR STRENGTH

The failure of the beams was by web shear tension in all cases. For beams tested at a/d = 2.0
the critical crack formed at about 100 - 120 mm from the edge of the bearing (hl2) in the
centre of the web and at its thinnest point. The crack propagated at 40° to 45° to the
horizontal towards both the edge of the bearmg and the load point. For beams tested at
a/d = 2.8 the critical crack occurred at a distance of 150 mm from the edge of the bearing and
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propagated at an inclination of about 30° towards the edge of the bearing and load point.
After cracking the load carrying capacity of the plain concrete beams reduced considerably
leading to an almost instantaneous failure. PFRC beams, however, were able to resist the
cracking load due to the ability of fibres to cross the shear crack and resist crack propagation
and widening. All PFRC beams ultimately failed due to extreme propagation and widening
of the main shear crack due to fibre pull-out and fibre breaking, in addition to some degree of
crushing within the compressive zone.

The results of each test are given in Table 2. Two shear capacities have been defined. The
first crack shear capacity (Vcr) indicates the load at which diagonal cracking first occurred,
and the ultimate shear capacity (Vuit) refers to the highest value of shear the beam withstood.
For each of the plain prestressed beams Vcr - Vu/t, with an average shear capacity at a/d = 2.0
of Vcr = 43 kN, and at a/d = 2.8 of Vcr = 34 kN. The reason for the higher shear capacity at
a/d = 2.0, which was also observed for PFRC beams, was because of the increasing effect of
compressive strut action closer to the support, and the favourable effect of the support
pressure occurring above the 45° line.

Table 2 Results of shear tests and comparison with calculations

BEAM
REF

Reference.

PB1A
PB1B
PB2A
PB2B

vf
(%)

Beams

0.0
0.0
0.0
0.0

HS Fibre Beams

PB3A
PB3B
PB4A
PB4B
PB5A
PB5B
PB6A
PB6B
PB7A
PB7B
PB8A
PB8B

0.5
0.5
0.5
0.5
1.0
1.0
1.0
1.0
1.5
1.5
1.5
1.5

AM Fibre Beams

PB9
PB10

0.28
0.56

a/d

2.0
2.0
2.8
2.8

2.0
2.0
2.8
2.8
2.0
2.0
2.8
2.8
2.0
2.0
2.8
2.8

2.8
2.8

Ocpx

(N/mm2)

5.7
5.3
4.3
5.7

5.4
5.4
6.1
4.9
5.1
5.0
5.8
5.0
5.2
5.1
5.0
5.0

5.4
5.4

TEST

vcr(kN)

40.7
48.5
31.3
33.5

40.5
44.5
34.0
36.0
43.5
42.0
36.0
34.0
44.5
51.0
32.5
34.5

33.0

39.0

TEST

V,|H
(kN)

40.7

48.5

31.3

33.5

57.7

56.0

46.3

42.3

55.9

54.5

48.3

43.7

61.9

66.2

44.5

51.7

38.4
43.3

CALC.

vco(kN)

31.6
31.2
30.3
31.6

31.3
42.1
42.4
41.8
46.6
44.2
46.3
45.5
50.4
50.3
47.4
48.8

36.3
40.4

Vco / VuU

0.78
0.64
0.97
0.94

0.54
0.75
0.92
0.99
0.83
0.81
0.96
1.04
0.81
0.76
1.07
0.94

0.95
0.93

V2 5 0 /Vc r

-
-

0.38
0.18

1.31
1.10
1.14
0.64
1.19
1.10
1.58
0.93
0.79
1.16
1.33

0.94
0.77
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It is clear from Table 2 that fibres do not significantly improve the cracking capacity. This is
because such a low volume of fibres have little affect on the direct tensile strength. A Vf of
1% increases the theoretical tensile strength by as little as 5% even when the fibres are
perfectly aligned in the direction of the stress.

Fibres do, however, increase the ultimate shear capacity with V/= 1% (HS fibres) increasing
V,,ii with respect to plain beams by 37% at a/d = 2.0, and 41% at aid = 2.8. The increase at
0.56% (AM fibres) at a/d = 2.8 was 23%. With both fibre types at a/d = 2.8 there is a
tendency for the fibre influence to level off at increasing fibre volume fractions. For the HS
fibres the difference between the capacities at a/d = 2.0 and 2.8 at both cracking and
ultimate, remains effectively constant at between 25 - 30% independent of Vf. This suggests
that the fibre reinforcement mechanism is essentially the same at both a/d ratios and that
enhanced shear capacity at lower a/d ratios is independent of fibre addition.

The calculated ultimate shear capacity of FRC beams, Vco in Table 2, is obtained from
Equation 4, in which flexural properties replace fct in Equation 1.

Vcu = ~ J ( 0 . 6 / / , +037ff!eil,00)
2 + 0.67 (0.6//; + 0-27 fj,eil,m)cr (4)

Ay

The results given in Table 2 suggest that if a factor of 0.89 is applied to Vco then 90 % of the
results are conservative. In using Equation 3, designers should include appropriate factors of
safety for j ^ and ffi^qMi- The 0.67 factor takes care of two things, (a) the reduced value acpx of
at cracking, and (b) the large influence that the product (0.6j^ + Q37ffiieq3oo) crcpx has on Vco

The calculation model is in good agreement with test results for a/d = 2.8 (less then 7 %
differences) but not for a/d =2 .0 (up to 37 % differences). This may be explained by the
arching effect due to shear compression for the smaller shear span. However, as most shear
failures occur by shear tension the proposed calculation model is suitable for use in design.

FLEXURAL TOUGHNESS

The mean results of the flexural strength and toughness tests for each mix are given in
Table 1. The parameters presented are: the ASTM C1018 toughness indices (Is, ho and ho)',
ASTM C1018 residual strength factor (Rio,2o) = 20(ho-ho); equivalent flexural strength based
on the average strength up to a deflection of span/300 (ffi^ioo)', and the ratio (R/.0-2.0) of the
average load between the deflections of span/300 and span/150 to the first crack load.

Figure 5 shows the relationship between each of the toughness indices (h, ho and/20) and the
fibre volume fraction. Best fit second-order polynomial lines have been drawn through each
index for both matrices, i.e., all mixes. It can be seen that the index I5 is unable to
significantly distinguish between different fibre contents and fibre types. This is because this
index is based on the behaviour of the concrete up to a relatively small deflection of
approximately 0.1 mm. The other indices are able to show the benefit of fibre addition more
effectively.
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Figure 6 shows the load based dimensionless index Ri .0-2.0 relative to the fibre volume
fraction. It can be seen that the AM fibre results are lower than the HS results by as much as
an order often.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

FIBRE VOLUME FRACTION, %

Figure 5 Relationship between fibre volume fraction and ASTM toughness indices
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Figure 6 Relationship between fibre volume fraction and strength related index Ro.3-1.0

From Figures 4 and 5 it is clear there is synergy between ffl,eq,3oo and /;« or I2o values as their
basic factors for determination are rather similar (see Figures 1 and 2). Given that the
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introduction offc,.sp = 0.6//; + 0.37fy,eq,3oo into the equation for Vco has been validated by the
shear tests, it is proposed that the expression for fjiieqjoo may be replaced by / values, as
shown in Figure 9, as follows;-

fji,e q,3oo = 1.1 Z/o-4.2 (5a)

or

= 0.4/20-1.35 (R2 = 0.88) (5b)

It is therefore proposed that Iw or ho values could be introduced into Equation 4 for Vco,
reflecting the significance of toughness on ultimate shear strength.

25

X 2 0

wo
M 15

o

<

10

0 1 2 3 4 5 6 7 8 9

EQUIVALENT FLEXURAL STRENGTH, N/mm2

Figure 7 Relationship between toughness indices Ijo and ho and flexural strength /# ,eq,3oo

DUCTILITY IN SHEAR

Tn comparing the ductility of the PFRC beams with the plain beams, a relative measure based
on load-based dimensionless indices has been used.

The load-based index Vijm/Vcr is defined as the shear load being sustained at a certain
deflection in relation to the first crack shear capacity. The limiting deflections (Snm) chosen
for this study was related to the span (1) as 1/250 This is of particular interest since it relates to
the limiting deflection in BS 8110 before the construction of finishes and partitions.

Figure 8 shows the average value of the index V25i/Vcr against fibre volume. At a/d = 2.0 it is
apparent that as Vf increases the ability of the beams to carry higher loads at equal
deformations improves. There is a large improvement in performance between Vj = 0% and
0.5%, where after the improvement in ductility is less noticeable. At a/d =2.8 there is a large
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increase in ductility for the Vj = 0.5% beams compared with the plain beams, but for Vf >
0.5% all the PFRC beams appear to have nearly the same level of ductility, viz V25(/Vcr =1.1
to 1.3. The fact that the index VuJVcr is little different for all fibre volumes shows that the
continuing failure of the PFRC beams is essentially by the same mechanism and must be
independent of fibres, i.e., fibre pullout at these deflections (which are large) is no longer an
issue and failure is due to concrete crushing in the compressive zone and loss of bond around
the prestessing wires. Failure is, therefore, substantially different to that in flexural toughness
tests.
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Figure 8 Effect of fibre volume fraction on V2so/Vcr

CONCLUSIONS

The shear capacity of prestressed fibre reinforced beams uncracked in flexure is given as:-

Ib
(6)

For steel fibre reinforced concrete the tensile splitting term (fct) may be replaced by
0.6 ffl + 0.37 ffreqjoo- Both these terms can be obtained from a standard 4 point flexural
prism test. The agreement in Vco with the ultimate shear capacity from 18 full scale shear
tests is about 0.89 times test values, and is rightly conservative.

ASTM toughness indices ho and ho were determined from 4 point bend tests, together with
other interesting post cracking parameters. The trends in ho, ho and fji,eq,3m with fibre volume
were all similar, suggesting that the toughness indices could be used as a sensible
replacement for flexural strength in Equation 1. This will forge an empirical link between
ultimate shear capacity and toughness of FRC.
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The ductility of prestressed beams in shear, as measured at a deflection of span/250, is
apparent when V/ > 0.5%. However, improvements found in toughness properties at the
higher fibre volumes (1.0% and 1.5%) are not seen in shear ductility, which is fairly constant
over this range.

It is concluded that the behaviour of PFRC beams in shear can be determined from flexural
toughness tests carried out on standard control prisms. Since flexural toughness parameters
are widely regarded as being appropriate to structural fibre reinforced concrete design, these
results give a clear indication of the further steps required to produce design shear equations
for PFRC beams.
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STRUCTURAL ELEMENTS RETROFITTED WITH GFRP
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ABSTRACT. The aim of this study is to evaluate the improvement in seismic behavior of
Reinforced Concrete (RC) structural elements as a result of retrofitting such elements using
Glass Fiber Reinforced Plastics (GFRP) or enhancing the concrete quality using High
Strength Concrete (HSC). A mathematical model was developed for the analysis of RC
structures wrapped with FRP and linked to the inelastic damage analysis computer program
IDARC3M, developed earlier by the authors for the analysis of HSC structural frames. The
results predicted by the developed model were in good agreement with the experimental
results obtained in the literature. The predicted results showed that wrapping the studied
frame connection with GFRP improved its ductility and increased its capacity over the
control connection (before retrofitting) by 82% and 160%, respectively. On the other hand,
the analysis of HSC studied column using the computer program showed a large increase in
its capacity. However, special precautions should be taken to achieve good confinement in
order to obtain acceptable ductility of HSC structural elements.
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INTRODUCTION

Recent earthquakes in many parts of the world have illustrated the vulnerability of reinforced
concrete structures to moderate and strong ground motions. This requires special attention
for the analysis and design of building frames such as ductility in frame connections and
strong column-weak beam systems [1]. Several investigations studied the use of High
Strength Concrete (HSC) in building columns in seismic areas [2]. Experimental results have
indicated that the ductility of HSC columns was improved by providing an appropriate
confining reinforcement [3]. Existing structures that were designed according to earlier
codes may not meet current seismic design standards since many of them are inadequate and
pose a severe risk during seismic events. Vulnerable structures may be retrofitted to assure
compliance with current design provisions. Among the several methods for retrofitting
structural elements, advanced composites, or Fiber Reinforced Plastics (FRP), promise to
provide substantially improved load capacity, durability and ductility of such elements [4].

Saadatmanesh et. al. [5] found that both flexural strength and displacement ductility for
columns retrofitted by Glass Fiber Reinforced Plastics (GFRP) were higher than those of the
original columns. Triantafillou et. al. [6] found that the strengthening of RC beams with FRP
plates improved their flexural resistance and decreased the deflection. Chajes et. al. [7] found
that beams wrapped with composite reinforcement (GFRP) displayed excellent bond
characteristics and an increase in ultimate strength of 60 to 150% was achieved. In addition,
it was shown that orientation of the fabrics' fibers influenced the shear strength contribution.
Salah-Eldeen et. al. [8] found that Carbon Fiber Reinforced Plastics (CFRP) strips are
efficient as a compression reinforcement to avoid concrete crushing failure and to enhance
ultimate moment capacity for the repaired beams. Shaheen et. al. [9] found that the use of
GFRP sheets for the strengthening of exterior R.C column-to-beam connections improved the
ductility of these joints and increased their capacity by approximately 50%. Despite that the
improvement of the behavior of structural elements by using GFRP for strengthening them or
using HSC for constructing such elements was studied in the literature, as indicated,
investigations for comparing the responses of both of them to seismic loading are limited.

The objective of this paper is to evaluate the improvement in the performance of structural
elements under simulated seismic loads. Such improvement is achieved either by enhancing
the concrete quality using HSC or by retrofitting such elements using advanced composites
(GFRP). Ultimate strength results and ductility measures were used to monitor the
improvement of structural elements.

MODELLING OF R.C SECTION WRAPPED WITH FRP STRIPS

The stress strain model adopted for concrete sections externally reinforced with fiber
composite straps [10] is shown in Figure 1. The model is based on an equation proposed by
Popovics [11] in which the longitudinal compressive concrete stress " fc " is defined as
follows:

f c = -f'cc x r 0)
r + 1 + xr
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Where

Sec

Ei

Ei Esec

Esec = f'cc/ecc

s cc ~ £ co 1 + 5 f 'c

(2)

(3)

(4)

(5)

Where

f e e = f co [2.254

E i = 51000 ( f ' c o ) 1 / 3

f' co co

(6)

(7)

f ' c o = the unconfined concrete strength, MPa (N/mm ).

f ' c c = the compressive strength of confined concrete, (N/mm ).

s c = the longitudinal compressive strain of concrete,

s c c = strain at maximum concrete stress fcc of confined concrete,

• co = 0.002 strain at maximum concrete stress f c of unconfined concrete,

Ej = initial tangent modulus of elasticity of concrete, (N/mm2), divided by Poisson's

ratio [4],
Esec = s e c a n t modulus of elasticity of concrete at peak stress, and

f. = effective lateral confining pressure from transverse reinforcement.

Eco 2Eco ECC

STRAIN,

Figure 1 Modeling of stress-strain relationship for unconfined and confined concrete [10].
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The effective lateral confining pressure from transverse reinforcement on circular concrete
sections as proposed by Mander et. al. [12] is defined as:

fie = fi kc (8)

and

ke = A c /A c c (9)

Where

fi = lateral pressure from transverse reinforcement.
kc = confinement effectiveness coefficient.
Ae = area of effectively confined concrete core.
Acc = effective area of concrete enclosed by composite strap.

Acc = Ac (1 - pcc) (10)

Where

pcc = ratio of area of longitudinal reinforcement to gross area of concrete.
Ac = area of concrete enclosed by composite strap.

Sheikh and Uzmeri [13] determined the effective area of confined concrete, Ae, considering
that an arching action occurs between straps in the form of a second-degree parabola as
shown in Figure 2,

Ae = JI/4 [ d s - S 7 2 ] 2 (11)

Where

S' = clear vertical spacing between straps, and
ds = diameter of column.

Substituting Equations (10) and (11) into Equation (9), the confinement effectiveness
coefficient of circular sections can be calculated as:

K. „ = _ S
"2 d

s

For rectangular concrete sections, it is necessary to modify the effective lateral confining
pressure, fie, by modifying the effective area of confined concrete assuming again the same
approach of arching action (in the form of a second-degree parabola), as was shown in Figure
2 for circular columns.

Ae = h b ( l - S 7 2 h ) ( l - S72b) (13)

Where

b and h = cross-sectional dimensions.
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Substituting Equations (10) and (13) into Equation (9) results in the confinement
effectiveness coefficient for rectangular sections given by:

_S _ S l - p cc (14)

The material model for RC sections wrapped with FRP can be easily linked to any nonlinear
finite element package. The computer program IDARC3M, developed earlier by the authors
for the analysis of HSC structures [14], was modified for the analysis in this study. Linking
the material model for RC sections wrapped with FRP was carried out as a further
development of the program. The ultimate stresses of confined specimens (at strap
fracture) were obtained experimentally [15] in a range of 2% to 4% of the ultimate tensile
strength of the FRP sheet. The corresponding maximum strain was approximately 1.5%.
Such experimental results are used as input data for the further development of the computer
program. The program was verified by comparing its results with experimental results in the
literature.

Strap

SECTION A-A
SECTION B-B

Figure 2 Confinement of FRP straps for circular columns [10]

COMPARISON BETWEEN EXPERIMENTAL AND THEORETICAL RESULTS

Exterior Frame Connections Retrofitted with FRP under Cyclic Loading

Exterior beam-column joint specimens were experimentally tested by Haddad [15]. Two
specimens were modeled analytically in this study using the modified computer program
1DARC3M, namely, Jl (control specimen) and J6 (specimen strengthened using FRP). The
overall dimensions of the test specimens are shown in Figure 3 where the boundary
conditions were set to simulate the points of contra-flexure in the beams and columns. Test
specimens were cast using Normal Strength Concrete (NSC) where the cube strength after 28
days was 25 MPa (N/mm2). The specimens reinforcement details are shown in Figure 3. It
can be seen from the figure (see Sec. 2-2) that the reinforcement in the beam section is not
symmetric around the X-axis. The specimens were detailed to carry gravity loads only
without any precautions for seismic loads.
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Figure 3 Details of strengthening using GFRP layers [15].

(a) Control specimen "Jl"

Specimen Jl , the reference specimen, was used to investigate the behavior of the original
specimen prior to strengthening using GFRP. The mode of failure of the specimen was a
combination of brittle shear failure in the joint region and slippage of the stirrup hanger [15].

Load-displacement relationship

The load-displacement hysteresis loops are shown in Figure 4. It can be seen from the figure
that there is a good agreement between the results predicted by the proposed model, linked to
the computer program IDARC3M, and the experimental results obtained by Haddad [15].
However, the predicted results are slightly higher than the experimental ones, which indicates
the conservative behavior of the proposed model. Figure 4 shows that the behavior of the
specimen changed along the two parts of the cycle (negative and positive parts). Such
difference in the behavior appeared clearly for the experimental results [15]. This can be
attributed to the fact that the specimen reinforcement was not symmetric in the beam part as
shown in Figure 3, Sec. 2-2.

Stiffness degradation

The stiffness degradation or the cracked stiffness was calculated at each loading cycle as the
ratio of the sum of peak tension and compression loads to the sum of the maximum tension
and compression displacement. Both of the experimental and theoretical results for stiffness
degradation versus number of cycles are shown in Figure 5. It can be seen from the figure
that the experimental results are well predicted by the proposed model. Figure 5 shows that
the specimen lost approximately 90% of its initial stiffness after 13 cycles only.

(b) Specimen retrofitted with GFRP "J6"

Specimen J6 was retrofitted with GFRP in order to study the effect of GFRP on the ductility
and capacity of the specimen. The method of strengthening of Specimen J6 is reported by
Haddad [15]. The critical areas at the beam-column connection were wrapped with GFRP
sheet as shown in Figure 3. The fiber direction was parallel to the stirrups in the column and
the beam parts in order to achieve good confinement for the column and better shear
performance in the beam. The mode of failure of the specimen was a combination of flexure
cracks and diagonal tension cracks in the beam part of the connection [15].



GFRP Concrete under Cyclic Loading 219

-20

-30

-40

-50

-60

Experimental results [15] ———1
Proposed model results 1

MUM

-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70

DISPLACEMENT, mm

Figure 4 Load-displacement hysteresis loops for Specimen Jl
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Figure 5 Stiffness degradation for Specimen Jl

Load-displacement hysteresis loops

The experimental and predicted results of the load - displacement hysteresis loops are shown
in Figure 6. The figure shows good agreement between the experimental results and those
predicted by the proposed model. It can be seen from the figure that the theoretical ultimate
positive load for Specimen J6 increased gradually up to the peak value (60 kN) which is
higher than that of Specimen Jl by 160% (see Figure 4). In addition, the theoretical ultimate
positive load for Specimen J6 was higher than the experimental value by approximately 20
%. At the last cycle of loading the theoretical positive load was almost equal to the
experimental one. On the other hand, the peak value of the predicted negative load of
Specimen J6 was higher than that of Specimen Jl by 114%. It can be seen from Figures 4
and 6 by comparing the behavior of Specimens Jl and J6 that retrofitting of the specimen
with GFRP lead to an increase of its capacity and ductility.
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It is worth mentioning that the peak value of the predicted negative load of Specimen J6 was
almost equals to the experimental one and it took place at a higher value of displacement. It
is interesting to notice that the behavior of the specimen along both of the negative and
positive parts of the cycle is almost the same. It can be argued that although the steel
reinforcement is not symmetric around X-axis as mentioned earlier for Specimen Jl (see
Figure 4) but the wrapping with GFRP symmetrically around the beam's X-axis changed the
behavior of the specimen.
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Figure 6 Load-displacement hysteresis loops for Specimen J6.

Energy dissipation

The relationship between the energy dissipation and the cycle number for Specimens Jl and
J6 is shown in Figure 7. The figure shows a very close agreement between the experimental
and theoretical energy dissipation for Specimen J6 except for the cycles 6 to 11. At this
range of cycles, the theoretical values were higher than the experimental ones by
approximately 18 %. This may be attributed to the formation of cracks and peeling of GFRP
layers through these cycles. Such peeling of GFRP is not included into the proposed model.
The theoretical energy dissipation of Specimen J6 was higher than that of Jl up to the last
cycle of loading for Specimen Jl (Cycle number 14) by approximately 135 %. In addition,
Specimen J6 resisted higher number of loading cycles (17 cycles) till failure compared with
Specimen Jl , which is an indication of the improvement of capacity and ductility of this
specimen.

Ultra High Strength Concrete (UHSC) Columns under Cyclic Loading

Five specimens of 120 MPa (N/mm2) concrete with (UHS) steel bars were experimentally
tested under reversed cyclic loading [16]. All specimens had 225 x 225 mm square section
and shear span/depth ratio of 2.0 as shown in Figure 8.
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~ Results of proposed model

J6 Experimental results [15]
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Figure 7 Energy dissipation for Specimen Jl and J6

Ultra high strength deformed bars with yield strength of 1380 MPa were used for both
longitudinal and lateral reinforcement. Among the experimentally tested specimens,
Specimen "UC15L" was modeled analytically using program IDARC3M [14]. The specimen
had twelve longitudinal bars of diameter 10mm and four branches lateral ties of diameter
6.4mm every 35mm and 45mm, respectively. It was subjected to axial stress ratio of 0.36,
which is considered low compared with the other test specimens [16]. Reversed cyclic
horizontal load under double curvature was applied to each specimen while axial
compression was held constant. Loading program consisted of each one cycle at
displacement angle of 0.2, 0.33, 0.5 and 0.75% followed by each two cycles at displacement
angle of 1.0, 1.5, 2.0, 3.0, 4.0 and 5.0%.

Ties: Ultra-High-*
Strength SKcl Bars I f f
U5.1 @ 45mm

225
[Section]

( unit: mm ]

Figure 8 Testing of ultra High Strength Concrete (HSC) columns [16]

Load-displacement hysteresis loops

The load displacement hysteresis loops obtained from both test results and the computer
analysis for the analyzed specimen is shown in Figure 9.
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It can be seen from the figure that, generally, the predicted results are in good agreement with
those obtained experimentally. For example, the maximum load obtained experimentally was
355 kN approximately and the predicted load was higher than this value by 11% only.
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Figure 9 Load displacement loops for Specimen UC15L

COMPARISON BETWEEN THE BEHAVIOR OF NSC STRUCTURAL ELEMENTS
RETROFITTED WITH FRP AND HSC STRUCTURAL ELEMENTS

It was difficult to compare the responses of studied structural elements to cyclic loading since
these elements are different in shape, dimensions and in the loading scheme. However, the
behavior of such elements can be assessed from the predicted load and displacement results
obtained from Figures 4, 6 and 9 and tabulated in Table 1. It can be noticed from the table
that using GFRP in retrofitting the studied connection raised the peak load from 23 kN to 60
kN (almost 160% increase in the capacity). Table 1 shows that the capacity of the studied
HSC element is very high compared to the other specimens. .An attempt to compare the
ductility of studied elements was carried out by dividing the ultimate displacement of each of
them by the displacement at the peak load (Ductility index). The table shows that the
ductility index of the specimen retrofitted with GFRP is the best among the studied elements
(higher than that of Specimen Jl by 82%). It is interesting to note that the ductility index of
the HSC element is higher than the NSC element before retrofitting with GFRP by 30%.
This may be attributed to the fact that the studied HSC structural element is well confined by
a large number of high tensile strength stirrups.

Table 1 Predicted Results for Different Structural Elements

TYPE OF STUDIED
SPECIMEN

NSC Specimen "Jl"
NSC Specimen retrofitted

with GFRP "J6"

HSC Specimen "UC15L"

PEAK
LOAD -
(kN)

23

60

39.7

DISPLACEMENT (0.001 rad)

At peak

28

20

42

at ultimate

30

40

60

DUCTILITY
INDEX

1.1

2

1.43



GFRP Concrete under Cyclic Loading 223

CONCLUSIONS

The mathematical model developed for the analysis of RC sections wrapped with FRP was
successfully linked to the computer program IDARC3M and used in studying the behavior of
frame connections under cyclic loading. The results predicted by the developed model were
in good agreement with the experimental results obtained in the literature.

The studied connection retrofitted by GFRP showed an improvement in both capacity and
ductility over the control connection (before retrofitting) by 160% and 82%, respectively.

The energy dissipation of the connection retrofitted with GFRP was higher than that of the
control one by approximately 135 %. Moreover, this studied connection resisted higher
number of loading cycles (17 cycles) till failure compared with the control specimen, which
is an indication of the improvement of capacity and ductility of this specimen.

Despite the fact that using HSC in structural elements leads to a great increase in the
capacity, special precautions should be taken to achieve good confinement in order to obtain
acceptable ductility of such elements. On the other hand, using FRP for strengthening
structural elements improves the ultimate capacity to acceptable degree and enhances the
ductility, which is preferable for seismic design.
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ABSTRACT. Non-metallic reinforcements are becoming valuable alternatives for the classical
concrete reinforcements. This evolution started in the late eighties of last century. Composite
materials of different type were introduced to overcome the inherent disadvantages of concrete:
strength, durability, corrosion of steel rods, creep and shrinkage, flexibility and retrofitting
aspects. Glass, aramid and carbon are the most popular fibre reinforcements, embedded in a pure
polymer or in a polymer modified matrix. Material properties, reinforcement design, analysis
and layout became important research topics, but practical applications came immediately after
research, and sometimes even preceded research. Some earthquake disasters have strongly
stimulated progress in composite reinforcement for concrete.

The paper will deal with important material properties of FRP, on which application and
durability as reinforcement is based. Implications on analysis and design are pointed out.
Applications in new constructions, in rehabilitation, repair and strengthening are discussed.
Information is collected from research and applications in • Europe, as well as from
communications with the international FRP community, especially in America and Japan, where
pioneering work was done on composite reinforcement materials for concrete.

Keywords: FRP, Non metallic reinforcement, CFRP, AFRP, GFRP, Repair, Strengthening.

Professor D Van Gemert, is Professor of Building Materials Science and Renovation at the
Department of Civil Engineering, K.U. Leuven, Belgium. He is Head of the Reyntjens
Laboratory for Materials Testing. He is actively involved with research and projects on repair
and strengthening of constructions, deterioration and protection of building materials and
concrete polymer composites.

Dr K Brosens, obtained his is PhD at the Department of Civil Engineering, K.U. Leuven,
Belgium in 2001. His research concerns the strengthening and retrofit of concrete structures with
externally bonded steel plates and fibre reinforced materials. Especially anchorage phenomena
are considered. Nowadays he works as a project engineer for Triconsult N.V., a spin-off
company of the K.U. Leuven. Triconsult's major activity is the research, testing and
development of materials, and design of components and structures.



226 Van Gemert, Brosens

INTRODUCTION

FRP materials can be used as tensile reinforcement for new concrete structures as well as for
externally bonded reinforcement for strengthening or repairing existing concrete structures. In
the first case, the working principle is analogous as for classical steel rebars. Special attention
must be made to take into account the brittle behaviour of the FRP materials. A more common
application is the use of FRP laminates as externally bonded reinforcement for concrete
strengthening.

The strengthening of concrete structures with externally bonded steel reinforcement is already
a well-known technique for many years. The basic principle of externally bonded reinforcement
is very simple. Additional reinforcement, in most cases for carrying tensile forces, is added to
the structure by bonding it onto the structures elements.

Originally only steel plates were used, but with the development of new high grade FRP (fibre
reinforced polymers) materials (e.g. in the aerospace industry), new materials became available
to be used for structural strengthening purposes. These materials consist of fibres embedded in
a resin matrix. Different fibre types can be used, but most commonly carbon, glass or aramid are
applied. The corresponding composites are indicated as CFRP, GFRP or AFRP. The good
mechanical properties of the FRP materials are only available in the fibre direction.

Externally bonded reinforcement can be used for strengthening, repairing and stiffening and all
types of structures can be treated: evidently concrete structures, but also masonry and wooden
structures. However, up to now, mainly concrete structures have been dealt with. A lot of
scientific research has already been done in that area, combined with practical experience
gathered from worldwide applications.

This paper explores the range of reinforcing fibres available for use in reinforced plastics.
Details of the fibre properties are presented together with the resulting laminate properties once
the fibre reinforcements have been impregnated with a suitable resin. The advantages and
disadvantages of the various fibres are discussed together with the properties that are required
to successfully reinforce existing structures against a variety of loading cases.

FRP MATERIALS AS STRUCTURAL REINFORCEMENT

Fiber reinforced plastic (FRP) materials have obvious relevance as structural reinforcement for
concrete beams and slabs. They are characteristically high in tensile strength, lightweight, and
non-corrosive in saline environments. Consideration of these properties suggests improved life
cycle performance for reinforced concrete facilities susceptible to reinforcement corrosion.

However, precluding acceptability of FRP as a legitimate structural reinforcement for concrete
is the establishment of a design methodology that reflects the inherent elastic-brittle behavior
characteristic of the material in uniaxial tension. Intuitively the engineering community is
skeptical of endorsing a reinforcement material whose stress-strain response bares little
resemblance to that of reinforcement grade steel. Concrete beams reinforced with FRP exhibit
no section ductility; consequently, failure is recognized to be unavoidably brittle and
catastrophic. As such, quantification of serviceability and safety with respect to plastic straining
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in the reinforcement is of no significance where FRP is used instead of steel. Rather, a
performance specific design criterion that uniquely reflects the composite behavior of FRP
reinforced concrete is required.

Considering the high tensile strength and relatively low elastic modulus characteristic of FRP
in uniaxial tension, it is logical to establish ultimate failure in terms of extreme fiber concrete
crushing as the performance specific flexural limit-state from which an acceptable criterion for
design is derived. Implied therein is awareness that tensile rupture of the FRP would require
extremely lightly reinforced sections. For these under reinforced sections, cracking moments
would be disproportionably high with respect to ultimate flexural strength. Furthermore, a low
cracked section moment of inertia for under reinforced sections leads to the potential violation
of deflection criteria.

It is recognized that, in terms of brittle failure, compression crushing of the concrete is a less
catastrophic limit-state than is tensile rupture of the FRP. This type of failure is typical for over
reinforced concrete sections. In that case only a fraction of the tensile strength in the FRP tensile
reinforcement will be reached. This means that the high tensile strength of FRP materials can
not be exploited. In many cases, the stress in the tensile reinforcement can easily be taken by
classical steel bars meaning that there is no strength requirement to replace the classical steel bars
by FRP reinforcements.

EXTERNALLY BONDED REINFORCEMENT: HISTORICAL OVERVIEW

The first initial studies and applications of externally bonded steel plates were done in the late
sixties of last century [1]. L'Hermite and Bresson reported on experiences in France [2],
Flemming and King on one experiment in South Africa [3]. Also in Belgium, pioneering
research work on this topic was done at the Laboratorium Reyntjens starting from the mid
seventies. A few years later, the first small scale on site applications were executed in Belgium
[4], [5], [6]. One of them consisted of repairing a concrete structure damaged by an explosion
followed by a fire.

The first large scale application was the strengthening of three multiple span bridges over the
Nete Canal at Lier, Belgium [7]. An extensive test program was carried out. The mechanical
behaviour of the strengthening system was tested on rectangular and T-shape test specimen,
simulating the real bridge deck behaviour. Also a start of durability measurements was made [6].
Meanwhile, research work concerning externally bonded steel plates was also done in Germany
[8] and in Switzerland [9], [10]. In the early nineties of last century, a real explosion of research
and applications of externally bonded reinforcement took place. Also the first uses of fibre
reinforced plastics appeared.

FRP REINFORCEMENT FOR EXTERNALLY BONDING

Mainly, two types of FRP reinforcement are available on the market: hardened plates and flexible
sheets (wet lay up). The end result, the fibres embedded in a resin matrix is often indicated by
the term "laminate".
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In the early stage, the hardened FRP plates were autoclaved, which limited the available length.
Later on, FRP plates produced without autoclaving, came on the market. These plates are

available in different thicknesses, widths and stiffnesses and with nearly unlimited length. The
application of these hardened FRP plates is analogous to the application of steel plates.

Another type of FRP reinforcement are the UD-sheets, Figure 1, which are very flexible and can
easily be cut by means of scissors, Figure 2. At application, the flexible sheets are impregnated
with the right ratio of epoxy resin components and the chemical reaction starts. When the first
layer has hardened enough, the second layer can be applied in the same manner. The sheets are
completely impregnated on the site. These UD-sheets were first developed and produced in
Japan. In Belgium the first application of on site hardening CFRP-sheets took place at the
beginning of 1996 [14].

UD-sheet

^Concrete

Figure 1 UD-sheet

Both types of FRP, the sheets and the plates, are available on roll, Figure 3, which means that
they are available in any length, whereas the steel plate length is limited in practice to 6 meters.
The FRP materials consist of continuous fibres embedded within a thermosetting resin system.

The resin is required to bond the fibres together and transmit loads between fibres. Some
mechanical properties such as in-plane and interlaminar shear are highly resin dependent, whilst
others such as longitudinal strength and stiffness are highly fibre dependent.

Figure 2 The flexible CFRP sheets are very suitable to be applied in complex shapes
(Securitas, Brussels, 1996)
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The most common resins used in FRP are polyester based, which are economical and of low-
moderate strength. Numerous grades of polyester resin are available, but the most common
consist of either orthophthalic or isophthalic saturated acids. Orthophthalic resins are more
economical but exhibit low mechanical properties and chemical resistance and are less likely to
be suitable for the reinforcement of concrete structures, where good resistance to alkaline
environments may be required.

Vinylester and epoxy based resins offer improved mechanical properties but with increased cost.
However, if high performance fibres such as aramid or carbon are being used, the resin will only
form a very small portion of the total cost. This is the reason that for structural purposes nearly
always an epoxy resin will be used.

Figure 3 CFRP laminates are delivered on roll

FIBRE TYPES [15]

E-Glass

By far the most common reinforcing fibre is E-Glass, which derives it's name from it's electrical
resistance. Individual fibres or filaments are produced with diameters around 10(j.m and coated
with a size or binder that should be compatible with the laminating resin to be used. E-glass is
available in a variety of forms such as continuous rovings, woven rovings, stitched fabrics,
unidirectional tapes and chopped fibre mats. The fibre is very economical and of moderate
strength but low modulus (stiffness). E-glass generally exhibits good chemical resistance, but
may require protection against strong acid or alkali environments. Chopped fibre mats are
mainly used for non-structural and secondary structure applications and produce laminates with
relatively low strength. They are unlikely to be suitable for applications in the strengthening of
steel or concrete structures.

Aramid

Aramid or polyaramid fibres, such as Kevlar 49, are man-made organic fibres offering very high
tensile strengths and low density. They are used in numerous applications such as bullet-proof
vests, vehicle tyres, high speed boat hulls, lightweight high tensile ropes and some aerospace
applications. Aramid fabrics are very soft and easy to handle. They can prove difficult to cut
with conventional tools due to their very high toughness, but this can be overcome with the use
of specialist tools.
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Carbon

Carbon fibre is the most expensive of the more common reinforcements but due to it's very high
strength and stiffness is the most commonly used fibre in aerospace applications. It is also used
extensively in sporting goods such as tennis racquets, golf clubs and fishing rods. They are
gaining acceptance in the marine industry for high performance craft and are widely used in the
motor racing industry. All carbon fibres are expensive, but high modulus fibres are particularly
expensive mainly due to the low volumes produced at the present time. The costs of high
strength fibres have gradually reduced with time as volumes have increased and non-aerospace
applications have been developed. Several manufacturers of carbon fibres are now concentrating
on the non-aerospace markets and it is expected that prices will fall further within the next few
years. Carbon fibres are generally classified as either high strength or high modulus, although
in reality both the strength and modulus of most carbon fibres are very high. Carbon fibres are
produced from precursors of cellulose and polyacrylonitrile (PAN), producing high strength
fibres, or a special hydrocarbon pitch producing high modulus fibres. The carbon fibres are
produced by heating the precursor to temperatures up to 2600°C for high strength fibres or 3000
°C for high modulus fibres. The fibres are very brittle and can be more difficult than some
alternatives to use in contact moulded (hand-laminated) applications.

Polyethylene

Polyethylene (PE) is generally regarded as a cheap, low strength utility plastic, used in numerous
applications from washing up bowls to water butts. However, using a process known as Gel
Spinning, ultra-high molecular weight polyethylene is drawn into fibres possessing a very high
level of macromolecular orientation, dramatically altering the properties of the fibre. This results
in high strength fibres, combing other unique properties, for example very low density and high
impact strength. It has often been predicted that PE fibres would be developed further and find
increasing applications in the composites industry, but in reality they have only been applied in
relatively low volumes in niche applications. Unfortunately it can prove difficult to obtain
sufficient bond strength between the laminating resin and the fibre and this area needs to be
considered carefully if they are to be applied in structural applications.

FIBRE PROPERTIES

Details of the mechanical properties of a range of reinforcing fibres are contained in Table 1.

Table 1 Typical fibre properties

Tensile strength
(N/mm2)
Tensile modulus
(N/mm2)
Failure strain (%)
Density (kg/m3)
Coefficient of
thermal expansion
(10-7°C)

E-GLASS

2400

70000

3.5
2560
5.0

L = Ion;

S-GLASS

3100

86000

4.0
2490
5.6

gitudinal

ARAM1D
(Kevlar 49)

3600

130000

2.5
1440

-2(L)
59 (T)

HIGH
STRENGTH

CARBON

3300-6370

230000-
300000
1.5-2.2
1800

-1(L)
17 (T)

T = transversal

HIGH
MODULUS
CARBON

2600-4700

345000-
590000
0.6-1.4

1900
-1(L)

POLY-
ETHYLENE

3000

95000

3.6
970

-12 (L)

STEEL
(FE 360)

235 (yield)
360 (ultimate)

205000

20
7850

12
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E-Glass

E-Glass is of lower strength and stiffness than the other fibres being considered, but is also
considerably lower in cost. The fibre is denser than the alternatives and resulting structures
reinforced with E-Glass will therefore be considerably heavier than those reinforced with higher
performance fibres. Typically an E-Glass structure may be over twice the weight of a carbon or
aramid reinforced composite structure, although this will still be dramatically lighter than a
conventional structure in steel, concrete or even aluminium. For the strengthening of existing
concrete structures however, the difference in weight between a glass and high performance fibre
solution may not be a significant factor. The fibre is electrically non-conductive and offers good
corrosion resistance. It should be noted however, that the fibre can be attacked by strong alkaline
solutions and needs to be protected with suitable resins &/or surface tissues in such situations.
Laminates produced with unidirectional E-Glass exhibit ultimate strengths in excess of those

provided by conventional structural steel, but with much reduced modulus (stiffness).

Aramid

Aramid fibres such as Kevlar 49 offer very high tensile strengths and relatively high elongation
to failure. This results in them being very good for absorbing large amounts of energy, for
example in structures subject to impact forces. The fibre has very low density and therefore
results in extremely lightweight structures. Most FRP materials exhibit slightly lower strengths
in compression than tension, but this is particularly true for aramid reinforced FRP and any areas
subject to significant compressive stress will require careful consideration. Aramid fibres have
a negative coefficient of thermal expansion.

Carbon

Carbon fibres are available in a wide range of grades offering different mechanical properties.
All carbon fibres offer relatively high strengths and stiffness, but are brittle and fail at reasonably
low strain levels. They have a negative coefficient of thermal expansion. Carbon fibres are the
only fibres considered here that are electrically conductive. In many applications this may not
be relevant but may be critical in others, for example near railway overhead power lines. It may
also be necessary to consider the possibility of electrolytic corrosion in conjunction with other
materials. Carbon exhibits a very high electrolytic potential and behaves as a noble material in
the galvanic series. While it will not corrode itself, it may cause galvanic corrosion in other
materials.

Polyethylene

Polyethylene (PE) fibres exhibit high tensile strengths, but lower modulus than other high
performance fibres such as aramid or carbon. They also exhibit very low compressive strengths.
They can provide very high levels of impact strength and are being used in applications such as
lightweight armour plating. PE fibres have a highly negative coefficient of thermal expansion.

LAMINATE PROPERTIES

The mechanical properties of a FRP laminate are highly dependent on manufacturing techniques,
quality, fibre volume fraction, control of fibre direction and straightness etc. The style of
reinforcement may also affect the resulting laminate properties. For example a heavy woven
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fabric may result in significant crimp in the fibres lowering both strength and modulus values.
Typical laminate properties are shown in Table 2, for unidirectional reinforcements with a fibre
volume fraction of 40 %. Higher fibre volumes generally result in higher mechanical properties,
but thinner laminates, resulting in a similar load carrying capability for a given weight of
reinforcement. It should also be noted that hybrid reinforcements can be produced by mixing
different types of fibre.

Table 2 Typical laminate properties (gross laminate area)

Tensile strength
(N/mm2)
Compressive
strength (N/mm2)
Tensile modulus
(N/mm2)
Failure strain (%)
Density (kg/m3)
Coefficient of
thermal expansion

E-GLASS

650

550

30000

2.3
1700
10

ARAMID
(Kevlar 49)

900

250

50000

2.2
1300
-1

HIGH
STRENGTH
CARBON

1000-1900

-1000

100000-
120000
1.5-2.2
1440

0

HIGH
MODULUS
CARBON

800-1400

-600

140000-
240000
0.6-1.4

1480
0

STEEL
(FE 360)

235 (yield)
360 (ultimate)

235 (yield)
360 (ultimate)

205000

20
7850

12

CONCRETE

2-5

25-60

25000-36000

0.01
2400
7-12

Unidirectional laminates with fibre volume fraction Vf = 40 %. Properties in longitudinal direction.
Properties are typical values but are highly dependent on laminate quality, fibre volume fraction, etc.

When reporting laminate properties, it is very important to specify which cross sectional area is
involved. A distinction can be made between the gross laminate area and the net fibre area [16].

Gross laminate area: The gross laminate area of a FRP system is calculated using the total cross
sectional area of the cured FRP system including all fibres and resin. Gross laminate area is
typically used for reporting properties of hardened FRP plates where the cured thickness is
constant and the relative proportion of fibre and resin is controlled. The properties mentioned
in Table 2 are based on the gross laminate area.

Net fibre area: The net fibre area of a FRP system is calculated using the known area of fibre,
neglecting the total thickness of the cured system. Thus resin is excluded. Net fibre area is
typically used for reporting properties of flexible sheet systems that use manufactured fibre
sheets and on site installed resins. This system leads to a controlled fibre content and a variable
resin content.

System properties reported using the gross laminate area have higher relative thickness
dimensions and lower relative strength and stiffness values. However, regardless of the basis for
the reported values, the load carrying capacity and stiffness of the system remain constant. It is
important to notice that properties based on the net fibre area are not the properties of the bare
fibres. The properties of a FRP system should be characterised as a composite, recognizing not
just the properties of the individual fibres, but also the efficiency of the fibre-resin system and
fabric architecture.



Non-Metall ic Reinforcement 233

F I B R E S E L E C T I O N F O R REINFORCING C O N C R E T E S T R U C T U R E S

There are a number of general characteristics that may influence fibre selection. For example
in electrical applications, for example near high voltage power lines it may not be possible to use
conductive carbon fibres. For long span structures subject to large temperature variations it may
be preferable to use E-Glass as it has coefficients of thermal expansion close to that of steel and
concrete. A thermal analysis would be required to determine the effect of using aramid or carbon
fibres with negative or very small coefficients of thermal expansion. In structures subjected to
high dynamic loads where fatigue is a major consideration, aramid fibres may be selected as
these have demonstrated very good fatigue resistance. The labour involved in producing
laminates must be carefully evaluated. Existing structures may require reinforcing for a variety
of reasons such as:

a) Static Strength To increase the static load carrying capability, for example upgrading the
strength of a bridge deck.

b) Impact Strength To increase the resistance of a structure to impact loads such as those
arising on bridge columns due to vehicle impacts.

c) Seismic Strength To increase the resistance of a structure to earthquake loads.
d) Blast Resistance To increase the resistance of a structure blast loads, such as those arising

from bombs or explosions for example on an oil refinery.

Static strengthening is usually undertaken to withstand service loading that may occur many
times throughout the life of the structure and it is normally expected that the structure should be
fully serviceable after the application of such loading. The philosophy for b, c and d above may
however be very different. For example, vehicle impact loads occur very infrequently and it may
be acceptable to provide sufficient reinforcement to prevent collapse of the structure, but allow
some damage and degradation that will require remedial work after such an impact.

Static Strengthening

Concrete structures are commonly designed ignoring any tensile load in the concrete and
assuming that tensile loads are carried totally by the steel reinforcement. This philosophy works
well with steel reinforcement, as the strain levels in the steel will be low and should not cause
excessive cracking in the concrete. However, most FRP materials have lower moduli and fail
at much higher strain levels. It may therefore be impossible to generate high loads in the F R P
reinforcement, as the strains must be kept sufficiently low to avoid excessive cracking of the
concrete. The common used steel rebars reach their yield strength at a strain of only 0.2 %. At
such a strain the following stresses would occur in a unidirectional FRP laminate assuming a
40 % fibre volume fraction.

Table 3 Tensile stress for a strain of 0.2 % for FRP laminates

E-GLASS ARAMID HIGH STRENGTH HIGH MODULUS
(Kevlar 49) CARBON CARBON

Tensile stress for a strain ,A ,AA „_„ o o no oU UU 22\) JOUof0.2%(N/mm2)
Relative values 1 1.7 3.7 6.3
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All of the above stresses are well within the laminate strengths and this shows that it is not
possible to fully utilise the high tensile strengths provided by unidirectional laminates where such
strain limits are necessary. The predicted stresses give an indication of the relative effectiveness
of each type of laminate. For example: to provide the same level of strengthening and load
carrying it may be necessary to apply 3.7 more glass reinforcement than HS carbon
reinforcement. It may initially appear that the most economic option would be to use the cheaper
E-Glass reinforcement, but as the HS carbon reinforcement would also save resin and most
importantly labour costs, this may prove the more economic total solution. In some situations,
it can become very difficult to handle long heavy plates, for example strengthening the underside
of a bridge beam. In such a situation it may be more economic to use a single, lightweight,
carbon fibre plate than several glass fibre plates, that would be excessively heavy in a single
piece. When the total costs are included such as on-site labour, traffic management and
possession times, it is often economic to use the more expensive high performance fibres.

It is possible to increase the loads carried by the FRP laminate if it is pre-stressed, for example
by stressing a plate prior to bonding or by relieving the structure dead load prior to application,
to enable the FRP to carry dead loads in addition to live loads. In such cases it will also be
necessary to consider the long-term behaviour of the FRP. All FRP materials are potentially
prone to creep under high long term loading, but in the majority of applications considered here
the permanent stress in the FRP is likely to be low and within safe limits to avoid creep failure.

Dynamic Strengthening - Seismic, Impact and Blast loads

To strengthen existing structures against exceptional loads such as the above, assuming that some
damage, but not collapse may occur, is very different from the static strengthening considered
previously. In these cases it may well be acceptable to allow some yielding of the steel
reinforcing bars and to allow significant cracking of a concrete structure. This allows the FRP
reinforcement to be worked to much higher strain limits and therefore a much greater proportion
of it's strength may be utilised. It has also been shown in previous tests that this approach
effectively shows a significant increase in ductility and should be superior for absorbing impact
energy. Considering only the energy in the FRP laminate, the strain energy or work done may
be related to the area under the load-extension curve. Assuming linear behaviour to failure we
can calculate the strain energy as follows:

Strain Energy = 0.5 a2 L A / E = 0.5 P e

where a = stress (N/mm2)
L = length (mm)
A = cross sectional area (mm2)
E = E-modulus (N/mm2)
P = load (N)
e = extension (mm)

From the equations above it can be seen that to provide high levels of strain energy, it is
advantageous for a material to have high strength, but low modulus and therefore high strain.
For typical unidirectional material properties, the following strain energies have been calculated,

based on unit volume, Table 4.
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Table 4 Strain energy at failure for FRP laminates

E-GLASS ARAM1D HIGH HIGH
(Kevlar49) STRENGTH MODULUS

CARBON CARBON

Strain energy at failure (Nmm)
Relative values

7.5

1
9.9
1.3

7.5-20.9
1-2.8

2.4-9.8
0.3-1.3

In reality the situation is much more complex, but this clearly indicates that High Modulus
Carbon is less likely to be a suitable material in an impact situation. The higher failure strains
of E-Glass and Aramid will also allow greater energy to be absorbed into the steel reinforcement
as it yields. The choice between E-Glass, Aramid and HS Carbon is not obvious and may require
a detailed study to determine which will give the most economic solution for any particular
application. Aramid fibres have been shown to be very successful at withstanding impacts and
dynamic loads in other applications and it is expected that they will perform well in areas such
as strengthening bridge columns against vehicle impacts. Carbon FRP fails in a very brittle
manner and has also been shown in the past to be vulnerable to local impact damage.

CONCLUSIONS

The importance of the use of FRP materials as structural reinforcement as well as for
strengthening or repairing purposes is growing very fast. Normal steel reinforcement can easily
be replaced by FRP rebars for many applications. Furthermore, the strengthening of concrete
structures with externally bonded reinforcement is a very powerful and effective technique.
More and more, the classical steel plates are replaced by externally bonded FRP materials. It has
been shown that the properties of a FRP laminate can be varied enormously by the selection of
different types of fibres. There may be some cases where particular properties such as thermal
or electrical properties make particular fibres most appropriate. However, in the majority of
cases, it will be a case of whichever fibre produces the most economic solution will be selected.
This is not a simple problem to analyse and it is important that the total project cost is calculated

including site labour, traffic management etc. In cases where the application of the reinforcement
is labour intensive, it is expected that the high performance fibres will provide more economic
solutions. For static strengthening in cases where it is necessary to minimise concrete cracking
advantages will be found by using HS Carbon fibres or possibly HM Carbon if the cost of the
fibres can be justified. In structures subject to dynamic loads such as impacts, seismic and blast
loads, where extensive concrete cracking and/or yielding of steel can be tolerated, Aramid fibres
will be worthy of further evaluation.
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INTRODUCTION

One of the major causes of early deterioration of the concrete infrastructure is the corrosion
of steel reinforcing bars. Efforts to find a solution to this problem have resulted in costly
applications such as epoxy coating of rebars, additives to concrete, cathodic protection, etc.
As a cost effective solution non-corrosive composites, namely fibre reinforced polymers
(FRP), are increasingly being considered as a potential replacement for steel rebars. The
exceptional characteristics of FRP bars suggest that these materials may be a replacement to
steel in concrete. These characteristics include high resistance against corrosion, high
strength-to-weight ratio and fatigue resistance. The idea is that the durability can be
improved by replacing the steel reinforcement with FRP bars or grids in reinforced concrete
structures. However, there exists a critical lack of fundamental data and understanding of
their behavior in relation to traditional civil engineering materials. Moreover, low elasticity
modulus and low ductility are their drawbacks and perhaps the reasons for the limited
applications of FRP bars in concrete structures [1]. Although efforts to create a complete
design code for FRP reinforced concrete is yet immature [2], research is being performed on
the determination of the strength and failure modes [3-5] and on the determination of stiffness
properties [6].

When design is governed by deflection of structural members, FRP bars are not desirable due
to their low flexural rigidity. However, if the comparison is made on the basis of strength
requirements, the cost of the structures with FRP bars (especially glass, GFRP) is close to
that of with steel rebars. There is an added advantage of FRP reinforced culverts and similar
buried structures. This is because of the behavior of buried structures that is governed by the
degree of soil-structure interaction. The bending moment and shear forces are reduced in the
walls of the structure due to the reduction of their flexural rigidity with the use of FRP bars.

Durability of RC structures is of prime concern as well as their cost effectiveness.
Introduction and use of new materials in the structure has to be validated by its structural
integrity over time.

EXPERIMENTS

GFRP and steel reinforced specimens representing culverts were made and tested. The
experimental testing program included eight specimens, four specimens with steel
reinforcement and four specimens with GFRP bars. Four of the specimens, two with steel
reinforcement and two with GFRP bars, were subjected to accelerated ageing to compare the
durability of GFRP and steel reinforced culverts. The first stage of tests was designed to
evaluate if GFRP was an acceptable replacement for steel.

Experimental Specimens

The moment diagram obtained from the structural analysis of a buried culvert was used to
design the shape of the experimental specimen. The specimen represented the portion of the
culvert between two inflection points located at quarter points of the circumference. The
specimen was loaded by a turnbuckle mounted on a tie rod and placed at the zero moment
locations. The specimen was tested with one end hinged and the other one roller support as
shown in Figure 1 with the instrumentation.
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Figure 1 Experimental test specimen

Materials and Material Properties

The proportion of the concrete mix of cement:sand:gravel:water was 1: 2.36 : 2.73 : 0.45, and
Type I Portland cement was used. Two sets of plastic concrete tests were made, and the
averages showed that the concrete had an entrapped air of 2.1%, a slump of 50 mm (2"), and
a unit weight of 2323 kg/m (145 lb/ft). The average 28-day compressive strength was 54.6
MPa (7922 psi), the elasticity modulus and Poisson's ratio were: 33.8 GPa (4905 ksi) and
0.245, respectively. Additional cylinder specimens were prepared and kept in the ageing
chamber and tested at 90-days. The average 90-day compressive strength of aged cylinders
was 58.5 MPa (8,487 psi), the average modulus of elasticity; 36.3 GPa (5,272 ksi); and the
Poisson's ratio; 0.241. The control samples were not kept in the ageing chamber, but were
kept next to the control culvert specimens. Their average 90-day compressive strength was
60.8 MPa (8,822 psi), the average modulus of elasticity; 38.9 GPa (5,649 ksi), and the
Poisson's ratio was 0.220.

The steel bars were tested in the lab. The elasticity modulus was 200 GPa (29,000 ksi), yield
strength was 413.7 MPa (60 ksi) and ultimate strength was 620.5 MPa (105 ksi). The GFRP
bars were procured from a manufacturer in Houston, TX and used for the specimens
reinforced with GFRP. The composition for the type E glass fibre roving was reported to be
75% glass and 25% resin. Ultimate tensile strength and modulus of elasticity values were
provided by the supplier as 689.5 MPa (100 ksi) and 49.6 MPa (7,200 ksi), respectively.

Experimental Procedure

All specimens were instrumented to monitor and record deflections and applied load. Direct
Current Displacement Transducers (DCDT) were used to record the deflections. Four of the
specimens were exposed to an ageing environment. In order to accurately simulate the
ageing, it was required to leave the cracks open upon loading to a width of 0.25 mm.



240 Birgul, Sayed, Aktan

In order to meet this requirement, the applied load must be retained during the ageing
process. A turnbuckle instrumented as a load cell was designed both for load application and
for load measurement. Four 5/8" turnbuckles (Figure 2) were instrumented using strain gages
in full bridge configuration and calibrated.

Figure 2 Turnbuckles instrumented for load measurements

During loading, the specimens were placed and secured on the supports. Four DCDTs were
used to record the deflections: one at the mid-span, two on both sides of the mid-span and one
at the roller support (Figure 1).

The load was applied using the turnbuckle, which also served as the load cell. Load was
measured using the calibrated strain gages on the turnbuckle. The ends of the turnbuckle
were reverse threaded. A force was created in the bowstring by twisting the turnbuckle.

Accelerated Ageing Procedure

The test specimens were exposed to intermittent wet and dry cycles. Each cycle consisted of
3 days' immersion in water with a 3.5-percent sodium chloride solution at 122 F (50 °C), and
3 days of drying at room temperature. The elevated temperature in water was used to provide
the accelerated ageing environment. Litherland et al [7] have shown that one day immersion
in water at 50 °C is equivalent to 101 days of natural weathering exposure in England where
the mean annual temperature is 10.4 °C. To provide about 25 years of ageing, the time frame
for the exposure to the ageing environment was 12 weeks. The ageing chamber is shown in
Figure 3. Notice the cylinder samples of concrete that are currently in the off cycle along
with the GFRP reinforced specimens in Figure 3.

In order to generate corrosive environment for reinforcing steel the ageing solution contained
chloride ions. Corrosion does not occur if chloride concentration from external sources is
below 0.60 kg/m3 to 0.89 kg/m3 (1.0 to 1.5 lbs/cu ya) of concrete. Obviously, It can take
years or decades for this amount of chloride to collect near steel in uncracked concrete from
externally applied salts. Thus, the reason for retaining the load on the specimen during the
ageing process is to allow the cracks to remain open and speed up the chloride ingress.
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Figure 3 General view of ageing environment

RESULTS

In pre-ageing tests on four culvert specimens, load was applied until a maximum allowed
crack width of 0.25 mm (0.01 inch) was reached. STEEL01 and STEEL02 designate the
specimens reinforced with steel whereas GFRP01 and GFRP02 denote the specimens
reinforced with GFRP. The aged specimens were post-designated with an AGED suffix.
They include STEEL-01-AGED and STEEL-02-AGED. Control specimens are designated
by a CON suffix. They include STEEL-03-CON and STEEL-04-CON.

The summary of test results describing the measured bow load, bow deflection and crack
width is given in Table 1. To describe the Table, several definitions are needed as follows:

• "Load @First Crack" is the load level immediately before the occurrence of the first
crack

• "Deflection @First Crack" is the horizontal deflection of the structure (read by DCDT#1)
at the time of occurrence of the first crack.

• "Crack Width @End of Test" is the width of the first crack

Table 1 Summary of Test Results for Unaged Specimens

Load @First Crack, kN
Deflection @First Crack, mm
Crack Width @First Crack, mm
Load @End of Test, kN
Deflection @End of Test, mm
Crack Width @End of Test, mm

STEEL01

24.88
0.66
0.05
60.10

3.81
0.33

STEEL02

21.75
0.84
0.08
62.35
3.99
0.25

GFRP01

20.74
3.20
1.04

26.16
10.52
2.13

GFRP02

24.59
2.90
0.97

24.19
7.29
2.49
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All specimens reached cracking moment around the same load level. Once cracking load was
reached, a crack appeared near the maximum moment region. The specimens reinforced with
steel were loaded until a crack width of 0.25 mm (0.01 inch) or a little above this targeted
value was achieved. At that crack width the maximum applied load for STEEL01 was 60.10
kN (13,512 lbf), and for STEEL02, it was 62.35 kN (14,017 lbf).

Cracking in GFRP specimens was significantly different than the cracking of steel specimens.
Once cracking load was reached the one major crack that appeared, was significantly wider
than that of the steel reinforced specimens; the width of this crack was 1.04 mm (0.041 inch).
This first crack exceeded the design of the load application procedure. Load application for
GFRP01 was continued until a second crack occurred at a load level of 22.04 kN (4,953 lbf).
The width of the second crack was measured as 0.79 mm (0.031 inch). The first crack width
widened to 1.60 mm (0.063 inch).

The additional crack in GFRP01 seemed to occur at or near the same bowstring force. At that
point, a secondary objective was introduced that the specimens would be loaded after
cracking to a minimum of the same force that was measured immediately prior to cracking.
Thus, load application was continued and terminated around 26.16 kN (5,880 lbf),
corresponding to a calculated 279.7 MPa (40.57 ksi) bow stress in the GFRP bar. At 26.16
kN (5,880 lbf) crack widths measured were 2.13 mm (0.084 inch) for the first crack and 1.63
mm (0.064 inch) for the second crack.

GFRP02 was loaded to 24.59 kN (5,528 lbf) with only one crack up to that load. The crack
width was measured as 2.49 mm (0.098 inch) at a maximum load around 24.19 kN (5,439
lbf) with a calculated bow stress of 233.1 MPa (33.81 ksi) for the reinforcement.

Table 2 shows the results from testing of the specimens subjected to accelerated ageing. The
"Max. Load" shown in the table corresponds to the bowstring force measured when the force
plateau was reached. "Crack Width" is the width of the first crack at the maximum load.
"Deflection" is the horizontal displacement of the free end of the specimen under the
maximum load. Some values are designated as "Failure" due to specimen failure before the
measurement could be made.

Table 2 Summary of test results for aged specimens

STEEL01 STEEL02 GFRP01 GFRP02

Max. Load, kN

Deflection @ Max. Load, mm

Crack Width @ Max. Load, mm

78.85

7.24

0.81

78.84

7.11

0.69

21.81

Failure

Failure

Failure

Failure

Failure

The specimen GFRP02 failed during cyclical ageing process. After the third cycle in the
ageing chamber, cracks were observed on the compression side of the specimen in the
process of specimen alteration in and out of the ageing environment. Specimen GFRP01
survived the ageing process but failed catastrophically when the GFRP bar broke in tension at
a bowstring force of 21.81 kN (4902 lbf) which corresponded to 235.1 MPa (34.1 ksi.).
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Both steel reinforced specimens retained their structural integrity up to the expected force
plateau and failed by yielding. The average bowstring force measured at the occurrence of
the force plateau for the steel reinforced specimens was about 77.84 kN (17,500 lbf), which
corresponded to 493.0 MPa (71.5 ksi.). The horizontal deformation was about 7.11 mm (0.28
inch) with the first crack width about 0.76 mm (0.030 inch). For comparison, two more
specimens were made identical to the previous specimens. These control specimens were
then used for comparison with specimens under investigation. In order to adequately provide
comparison to both cases (pre-ageing and post-ageing), the control specimens had to be
loaded by the same procedures and criteria that governed the loading of the investigative
samples. Table 3 shows the cracking force, initial crack width and deflection as well as the
maximum force, deflection and first-crack width of the steel reinforced control specimens.
These values can be compared directly to the unaged properties shown in Table 1.

Table 3 Summary of initial loading test results for control specimens

Load @First Crack, kN
Deflection @First Crack, mm
Crack Width @First Crack, mm
Load @End of Test, kN
Deflection @End of Test, mm
Crack Width @End of Test, mm

STEEL03(CON)

20.20
0.71
0.15

45.97
4.06
0.33

STEEL04(CON)

20.17
0.66
0.08

46.12
4.75
0.31

Capacity loading tests were also performed on the control specimens. These tests consisted
of loading the specimens until a plateau in the force/deformation relationship was reached.
Table 4 shows the capacities of the control specimens. This table can be directly compared to
Table 2. Once again, the maximum load was the bowstring force at the point where the
deformation increases rapidly compared to any gain in force. At-this point the average width
of the first crack (that one which was the first to appear on the surface of the specimen) was
reported as the crack width and the corresponding horizontal displacement was measured as
the deflection at maximum load.

Table 4 Summary of capacity loading test results for control specimens

STEEL03(CON) STEEL04(CON)

Max. Load, kN 71.06 67.26
Deflection @ Max. Load, mm 10.21 11.66
Crack Width @ Max. Load, mm 0.84 0.69

CONCLUSIONS

The comparative responses of RC culverts reinforced with steel and GFRP bars were
examined. The behavior of each culvert was characterized by its response to deflection and
crack width at certain level of loads. The test results clearly show that the deflections and
crack widths are similar for both steel and GFRP reinforced culverts until cracking moment is
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reached. After cracking, the behavior is dependent on the type of reinforcement used.
Culverts reinforced with GFRP bars show much larger deflections than culverts with steel
reinforcement due to the low elasticity modulus of GFRP bars. Cracking behavior also
differed significantly. Specimens reinforced with steel had evenly distributed cracks with
crack widths of below the maximum value of 0.25 mm (0.01 inch) at a load level of around
61.21 kN (13,760 lbf). GFRP reinforced specimens had one major crack with a crack width
of eight or nine times larger than the limiting value of 0.25 mm (0.01 inch) at a load level of
around 25.18 kN (5,660 lbf).

One of the GFRP reinforced specimens failed during the ageing process. The other
investigative sample reinforced with GFRP bars survived the ageing process, however, failed
early in the post ageing loading phase catastrophically. The failure of the GFRP reinforced
specimens was presumed to be due to alkali attack on the glass fibres. The test program also
showed severe effects of having sustained stresses in GFRP bars in the order of 36 % of
ultimate stress on the deterioration due to the alkaline reaction with the glass fibres. This
justifies the low limits placed on the stresses allowed in GFRP bars by the ACI 440.1R-01,
Emerging Technology Series, "Guide for the Design and Construction of Concrete
Reinforced with FRP Bars ( May 2001)". It may also be noted that the degree of alkaline
resistance of GFRP bars differ considerably between different manufacturers using different
glass fibres and/or different matrices.

REFERENCES

1. TOUTANJI A. H., SAAFI M., Flexural Behavior of Concrete Beams Reinforced with
GFRP Bars, ACI Structural Journal, Sept-Oct 2000, pp 712-718

2. GRACE N.F., SOLIMAN A.K., ABDEL-SAYED G., SALEH K.R., Behavior and
Ductility of Simple and Continuous FRP Reinforced Beams, Journal of Composites for
Construction 2:4, 1998, pp 186-194

3. AN W., SAADATMANESH H., EHSANI M.R., RC Beams Strengthened with FRP
plates. II: Analysis and Parametric Study, Journal of Structural Engineering 2:11, 1991,
pp 3434.3455

4. DESKOVIC N , TRIANTAFILLOU T.C., MEIER U., Innovative Design of FRP
Combined with Concrete:Short-Term Behavior, Journal of Structural Engineering 121:7,
1995, pp 1069-1078

5. DESKOVIC N., TRIANTAFILLOU T.C., MEIER U., Innovative Design of FRP
Combined with Concrete:Long-Term Behavior, Journal of Structural Engineering 121:7,
1995, pp 1079-1088

6. RAZAQPUR A.G., SVECOVA D., CHEUNG M.S., Rational Method for Calculating
Deflection of FRP Reinforced Beams, ACI Structural Journal, Jan-Feb 2000, pp 175-183

7. LITHERLAND K.L., OAKLEY D.R., PROCTOR B.A., The Use of Accelerated Ageing
Procedures to Predict the Long-Term Strength of GRC Composites, Cement and
Concrete Research 11,1981, pp 455-466



SPACING AND WIDTH OF CRACKS IN POLYMER MODIFIED
STEEL FIBRE REINFORCED CONCRETE FLEXURAL

MEMBERS

N Ganesan
Regional Engineering College

K P Shivananda

Sidda Ganga Institute of Technology

India

ABSTRACT. A method has been proposed to determine the spacing and width of cracks in
polymer modified steel fibre reinforced concrete flexural members. Totally 16 beams of
125 x 200 x 2000 mm were cast and tested. The polymer considered in this study was natural
rubber latex. Three different values of percentages of volume fraction of steel fibres (Vf) ie
0.5, 1.0 and 1.5 and three different percentages of dry rubber content (DRC) ie 0.5, 1.0 and
1.5% were used as variables. The computation indicated that the presence of latex and steel
fibres influences strain in steel. Hence a correction factor F to that effect was introduced in
the proposed method. With the corrected values of steel strains, the maximum width of
cracks have been computed and compared with the experimental values obtained in this
study. The proposed method for computing the spacing and maximum width of cracks was
found to compare satisfactorily with the experimental results.
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INTRODUCTION

Strength and ductility are the two important factors to be considered in the design of
structures subjected to large deformations. Hence many attempts have been made in the
recent past to develop new materials which exhibit higher strength and ductility.
Incorporation of steel fibres into cementitious materials like mortar and concrete has been
found to improve the structural properties of ductility, energy absorption capacity, post crack
resistance, dimensional stability etc. of the composite [1-3]. Also the recent studies on
polymer modified concrete indicate that the addition of natural or synthetic polymers up to a
certain percentage enhances the strength, toughness, post peak load deflection characteristics
and durability of concrete [4,5]. However no attempts have been found on the combined
effect of steel fibres and natural polymers on the strength and behaviour of conventional
concrete. Recently the authors carried out a large scale investigation on the combined effect
of steel fibres and latex (natural polymer) on the strength and ductility of reinforced concrete
flexural members. As cracking is one of the important limit states in the limit state design of
reinforced concrete structures, an attempt is made to predict the spacing and width of cracks
in the latex modified steel fibre reinforced concrete flexural members.

PROPOSED METHOD

The method proposed in this study follows the one proposed earlier by Desayi and Ganesan
[6] for reinforced concrete flexural members which is primarily based on the bond-slip
hypothesis. In order to account for the effect of steel fibres and latex, suitable modifications
are introduced.

Desayi and Ganesan [6] considered a concrete member with a reinforcing bar under tension
and explained the formation of new crack at section XX (Figure 1) which is at a distance li
from an already formed crack. A new crack could form at this section when the bond force
developed by the bar causes a maximum stress equal to the tensile strength of concrete at this
section. Based on the statistical analysis of a number of test results, they obtained the
following equations for spacing and maximum width of cracks in reinforced concrete flexural
members.

Bond stress

Tensile stress
on Ae

Figure 1 Bond and tensile stress distribution in concrete at a section distance
crack formed in a reinforced concrete member

from a
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k f A
Average crack spacing, ac = —— (1)

*•'-!£
k f A

Maximum crack spacing, am = —— (2)

K"fta I W
Maximum crackwidth at the soffit,

Wbt= a m e s f ^ (3)
(d-x)

MODIFICATIONS PROPOSED IN THIS STUDY

It may be noted from Equation 3 that, for a given beam, all the parameters of Equation 3 are
constant except the strain in steel es which depends on the external load. This was obtained
based on elastic cracked section theory. Since the steel strain is an important parameter for
estimating the width of cracks in the case of reinforced concrete members, an attempt is made
to compare the values of strain computed based on the cracked section theory with that of
experimental values.

The stress in steel (fs) at any moment, M, after cracking is [6],

M
f, = m — ( d - x ) (4)

The strain in steel es corresponding to the stress fs is '

i (5)

g
where m - —5- (6)

The computed values of es from Equations 4 and 5 are compared with the experimental
values obtained from the test results.

TEST RESULTS

The experimental programme consisted of casting and testing of 16 latex modified reinforced
concrete beams of 125 x 200 x 2000 mm size under third point loading. The main variables
considered in this study are:
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(i) Three different values of percentage of volume fraction (Vf) of steel fibres
(0.5, 1.0 and 1.5%)

(ii) Three different values of volume fraction of dry rubber content (DRC) of latex
(0.5, 1.0 and 1.5%)

The aspect ratio of steel fibres used in this investigation was kept constant for all the
specimens and is 50. The reinforcement used were high yield strength deformed bars of three
numbers of 12 mm diameter in the tension zone and two 8 mm diameter in the compression
zone. The shear reinforcement consists of 2 legged 6 mm diameter stirrups at 75 mm centres
in the shear span and 150 mm centres in the flexure span. Ordinary Portland cement of
43 grade conforming to IS:8112-1989 was used. River sand passing through 4.75 mm IS
sieves conforming to grading zone III and crushed stone with a nominal maximum size of
20 mm and having a fineness modulus of 6.8 were used as aggregates. A concrete mix
proportion of 1:2:4 by weight with a water cement ratio of 0.45 by weight was used. The
polymer used in this investigation was natural rubber latex having a dry rubber content of
41 % by weight. To prevent early coagulation of latex and to disperse the latex molecules
uniformly in concrete, a water reducing super plasticizer was used while mixing the natural
rubber latex with concrete. The details of casting and testing were presented elsewhere [5].

Figure 2 shows the plot relating to the experimental values of strain at the level of steel with
the computed values of strain es. From the plot, it may be noted that, the equation for
computing the values of strain (Equations 4 and 5) over estimate the strains. This may be due
to the following reasons. In the case of latex modified steel fibre reinforced concrete
members, the steel fibres and latex in the tension zone increase the elastic deformation of the
material surrounding the main reinforcement. Also the stiffening effect of latex modified
steel fibre concrete between cracks at initial stages is high when compared to that of plain
concrete. This results in significant reduction of strain in steel. The conventional method of
computing strain in steel, based on cracked section theory overestimates the values of strain
in the case of latex modified steel fibre concrete members as the stiffening effect in between
cracks is not taken into account.

o 20—

es (cal) x 10"4

Figure 2 Comparison of experimental strain with calculated strain
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As several variables such as effective area of concrete in the tension zone, volume fraction
and aspect ratio of steel fibres, addition of latex and tensile force in steel influence the
stiffening effect of concrete, an attempt is made to obtain a parameter which gives the
combined effect of all these variables. A parameter known Latex - Fibre index (F) was
introduced after trying several combinations of these variables to evaluate the strain in steel
in the case of latex modified steel fibre concrete. The factor F takes into account geometrical
and mechanical properties which were thought to affect cracking behaviour of the member.
The factor F is given by,

F _ b ( h - x ) f c t A f V f Le

As fs 106
(7)

In the above equation the contribution of matrix is incorporated in the form of b (h-x) fct
which represents the tensile force in the matrix. The amount of steel fibres which increases
the elastic deformation of the matrix, surrounding the tensile reinforcement, is an important
parameter and is represented by the combination of volume fraction and aspect ratio of fibres,
Vr and Af respectively. The presence of latex is represented by Le. As the tensile force in
steel is also another important parameter, it is incorporated in the equation by the term Asfs.

The values of es (cai) - es (cxp) are plotted against the correction factor F and is shown in
Figure 3. The regression equation for the plot is obtained and is

- eS(exp) = 1400 F2 - 5.0F + 5.5E-4 (8)

As the experimental strain should be equal to the corrected strain, es (exp) is replaced on the
LHS by es (cor) and thus,

es (cor) = £s (can - (1400 F2 - 5.0F + 5.5E-4) (9)

o

(3
A 3 —

i 19 15 ID

CORRECTION FACTOR (F) x 10"5

Figure 3 Plot [es(cal) - es (exp)] versus correction factor (F)
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Figure 4 shows the variation of corrected strain e s (cor) with the experimental strain. From the
figure it can be seen that the Equation 9 satisfactorily predicts the strain in steel in the case of
latex modified steel fibre reinforced concrete members. The Equation 3 for determining the
maximum crackwidth at the soffit is modified by replacing es by es (cor) and is given as
follows:

( h - x )
bt - am es(Cor)

(d-x)
(10)

Equation 10 is used to obtain the maximum crackwidth at the soffit and these values are
compared with the measured width of cracks.

o

ft
X

r'
/"

' '--Line of
equality

T

5

es (cor)

-p'
10

xlCT4
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Figure 4 Comparison of experimental strain with calculated strain after modification
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Figure 5 Comparison of W (exp) with W (cal) after modification
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Figure 5 shows the plot relating the values of Wcai with Wexp and most of the points are close
to the line of equality. Table 1 gives the average values of W(cai)/W(exp) and coefficient of
variation. It may be noted that the proposed method underestimates the values of crackwidth
by 10% with a coefficient of variation of 19.2%. As cracking in reinforced concrete
members is a random phenomenon and subjected to a large degree of scatter, the comparison
may be considered to be satisfactory.

SPACING OF CRACKS

The earlier studies on spacing of cracks in the case of steel fibre reinforced concrete indicate
that the addition of steel fibres have negligible effect on the crack initiation [5]. The fibres
play a vital role only after the cracking of matrix in extreme tensile zone by bridging across
the faces of cracks which in turn causes reduction in the widening of cracks and delay the
propagation of cracks. Also the addition of latex improves the strength, ductility, energy
absorption capacity of conventional concrete.

In view of the above, the existing equation for spacing of cracks in the case of plain
reinforced cement concrete (without steel fibres and latex) has been used to compute the
crack spacing. The computed values of spacing of cracks using Equation 1 have been
compared with the experimental values. Table 2 gives the average value of the ratio of
computed spacing of cracks to the experimental values and the coefficient of variation. It
may be noted that the proposed equation under estimates the values of spacing of crack by
6% with a coefficient of variation of 29.25%. Figure 6 shows the plot of computed and
experimental values of average spacing of cracks. From the figure it may be noted that most
of the points lie around the line of equality and this indicate that the Equation 1 predicate the
average spacing of cracks in latex modified steel fibre reinforced concrete flexural members
satisfactorily.

300 .00 -

0.00

0.00 100.00 200.00

SPACING (cal) (mm)

300.00

Figure 6 Comparison of computed crack spacing with experimental crack spacing
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Table 1 Comparison of maximum crackwidth computed using
the proposed method with the test results

EQUATION NO OF Wca,/WeXp
OBSERVATIONS

Average Coefficient of
variation, %

Proposed method 47 0.9 19.2

Table 2 Comparison of spacing of cracks computed with the test results

EQUATION NO OF SPACING (CAL)/SPACING (EXP)
OBSERVATIONS

Average Coefficient of
variation, %

Proposed method 47 0.94 29.25

CONCLUSIONS

A method has been proposed for predicting the spacing and maximum width of cracks in
latex modified steel fibre reinforced concrete flexural members. The values of spacing and
width of cracks computed using the proposed method compare satisfactorily with the test
results.

NOTATION

Ae

Af -
As

ac

am

b
d
Ec

Es

F
f,
fct
h
Kb -
Kt
M
Mcr -
Mu -

Effective area of concrete in tension
Aspect ratio of fibres
Area of main reinforcement
Average crack spacing
Average spacing of cracks when they have just formed
Width of section
Effective depth
Modulus of elasticity of concrete
Modulus of elasticity of steel
Latex - fibre index
Stress in steel
Tensile strength of concrete
Overall depth of section
Factor giving average bond stress
Factor giving average tensile stress
Bending moment
Moment at cracking
Ultimate moment
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m - Modular ratio
Vf - Volume fraction of fibres
Wbt - Maximum crack width at soffit
x - Neutral axis depth of cracked section
e s - Strain in steel
y - a constant
d) - diameter of bar
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ABSTRACT. An elastic wave would interact with the medium it propagates through, and this
interactive process may result in an energy exchange, the amount of which depends on the
nature of the propagating wave and that of the medium. In this work two series of fibre
reinforced concrete composites were prepared containing steel and polypropylene fibres
separately at various volume fractions. The measured pulse velocity was found to vary
directly with the curing age, and inversely with fibre volume fractions. While the attenuation
coefficient was found to vary directly with fibre volume fraction and inversely with curing
age. Moreover, the attenuation coefficient was found to vary directly with the frequency of
the propagating wave which might be due to the associated reduction of the wave length. The
overall behaviours was found to depend on the degree of rigidity of the medium, the type of
reinforcing fibres, and on how the wave length of the propagating ultrasonic wave is
correlated to the geometry of the constituents of the composite medium.

Keywords: Elastic waves, Polypropylene fibre, Steel fibre, Fibre reinforced concrete,
Pulse velocity, Attenuation coefficient
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INTRODUCTION

Ultrasonic waves are forms of vibration which have high frequency beyond the range of
human hearing (> 16000 Hz). In this range of frequency the sound waves behave, in many
aspects, as light waves except that they can not travel in the space [1,2]. These waves are
generated by exciting a piezo electric crystal with a high voltage pulse. The wave is then
transmitted through the test material which is in contact with a second crystal sensor, a
piezoelectric crystal which produces an emf. output when subjected to mechanical pressure
[1.2].

Depending on the cut of the crystals and the coupling used, the waves transmitted as a
propagating set of compressional or shear stresses through the material. Accordingly these
two types of waves are referred to as pressure waves and shear waves. In the concrete
industry, compression waves have been used for most ultrasonic testing [3]. The use of
ultrasonic pulse velocities to monitor the quality of concrete has been increasingly accepted
in recent years and a British Standard on the subject has existed since 1974 [4].

Attenuation or damping is the conversion of some fraction of elastic energy into heat, as a
result of the anelasticity of a medium. Damping may also be defined as that property of the
material which causes its vibration energy to decrease even when the specimen is isolated
from all external disspative forces [5]. Hence, as the wave propagates through a material it
will lose energy, which may be measured as a loss of signal amplitude. The mechanism for
the energy loss may be explained in terms of absorption processes in addition to scattering
processes [6]. Absorption processes may be initiated by dislocations within the medium or by
thermoelastic interaction within the solid. On the other hand, scattering can occur from
features such as grain boundaries, voids, inclusions, and micro and macro cracks [6].
Attenuation may be explained by

a(f> = aa (f) + as (f) (1)

where:
aa (f) : Absorption contribution

ccs (f) : Scattering contribution; to the total attenuation

f: Frequency.

The above coefficients are frequency dependent.

In non-metals the losses appear to arise from two main sources: the first is a set of
mechanisms responsible for the static hysteresis loss which occurs when a specimen is
subjected to a complete stress cycle. In concrete this loss is thought to provide the major
contribution to the damping process. It is associated with the presence of voids, cracks and
imperfections at the bond between aggregate and cement paste. The second source is
attributed to viscous losses arising from velocity gradients during vibration. This effect is
likely to be relatively small in concrete [7].

Ultrasonic pulses travelling through a concrete bulk are always subject to considerable
scattering. Because concrete is essentially a multiphase material and ultrasonic pulses would
partially be reflected at every interface between matrix and aggregate [8]. The factors
affecting the damping nature of concrete are: stress level, the presence of micro cracks,
curing conditions of concrete, loading frequency, and mix proportions [9].
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Wimal Suaris et al [10], using ultrasonic pulse attenuation as a tool for assessing the extent of
crack growth during cyclic loading of concrete, observed that the amplitude attenuation of
wave form was much more sensitive to crack growth than the widely used pulse velocity
technique. Mark [11], used the latter technique to measure two important features of fracture
in notched concrete beams. The authors [12, 13] have also utilized the ultrasonic pulse
technique to determine the dynamic mechanical parameters of various concrete composites.
They found that the amplitude of a propagating ultrasonic wave have declined with
increasing presence of reinforcing fibres, suggesting an increased dissipation of the incoming
wave energy within the bulk.

RESEARCH SIGNIFICANCE

Compositing of concrete with various fibres has been reported to initiate energy absorption of
an incoming vibration, but the mechanism of this process is not properly understand. It is not
clear if what is applicable to vibration would also apply to ultrasonic waves. Moreover, the
process of reinforcing a brittle concrete matrix with ductile steel or polypropylene fibres,
would result in a matrix of different mechanical properties. It is not known, however, how
much would the new bulk follow the well known rale of mixtures, and what are the factors
affecting the degree of it's applicability.

The present work aims at studying the interaction of the elastic compressional waves with the
bulk of various concrete composites, and to investigate the effect of fibre type and volume
fractions on the velocity of an ultrasonic wave propagating through the composite

EXPERIMENTAL PROGRAM

The laboratory tests were conducted on (100x100x400 mm) composite specimens. The
materials used were Type I Portland cement, natural sand and crushed gravel. The mix
proportion was 1:1.6:1.8 respectively with w/c ratio of 0.45. Maximum size of coarse
aggregate was 12.5 mm. The size selection was aimed at optimizing workability and to
ensure uniform fibre dispersion [14]. Two types of fibres (fibrillated polypropylene and
crimped steel fibres) were examined. Mixing of concrete ingredients was conducted in a pan
mixer and the compaction was carried out using a vibrating table. Plain and fibre reinforced
concrete were cast in steel molds and kept under room temperature conditions for 24 hours.
The moulds were then stripped and the specimens were cured in water. Tests were performed
after (3, 7 and 28) days to obtain the dissipation energy of the elastic waves travelling
through concrete composites. Each data point in this paper represents the average of the test
results obtained from three identical specimens. The scatter of the results, however, has been
very limited. The ultrasonic system used was as shown in Figure 1. The time interval
required for a compression pulse to pass through a specimen, of known length "L" is used, to
calculate the compresional elastic wave velocities using the formula.

V= -f- (2)

Where:
V: Pulse velocity (m/sec).

t : distance travel time (sec).
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In this study, the device OYO-SONIC VIEWER, Model 5217A, was utilized to measure the
velocity of compression waves, using various ultrasonic frequencies. P-wave crystals with
frequencies (37, 54, 66, and 150 kHz) were used for the axial direction.

In concrete industry, the compression waves have been used exclusively for ultrasonic testing
and this was attributed to the difficulties associated with coupling shear transducer and also to
the higher attenuation characteristics of shear waves.

OSCILLOSCOPE -* PULSE GENERATOR

SAMPLE

RECEIVER TRANSMITE

Figure 1 Ultrasonic pulse measurement system

In most attenuation measurements the data are commonly used to determine the attenuation
coefficient, which is the exponential decay of amplitude of a plane wave travelling through
the media.

ad = 20 log decibel (dB) (3)

where:
a : Attenuation coefficient,
d : distance.
(Al, A2): The amplitude of the compression wave at the beginning and the

end respectively.

RESULTS AND DISCUSSION

The present work involves a non-destructive investigation of fibre-reinforced concrete
composites using ultrasonic waves travelling through the bulk of these composites. The
expected data covers the attenuation behaviour of these composited media and the
mechanisms of absorbing energies associated with these mechanical waves.

Attempt was made to correlate a number of dynamic mechanical parameters to the ultrasonic
wave interaction with the medium it is travelling through. It has been demonstrated [13] that
the amplitude of the compressional waves have generally varied inversely with increasing
content of fibre volume fraction.
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Attenuation Coefficient

The correlation between the curing time of the concrete matrix and the attenuation coefficient
(a) is shown in Figure 2. It is clear that longer curing periods would lead to a reduced value
of (a). Moreover, the set of curves presented in Figure 2 also indicates that higher fibre
volume fraction leads to greater attenuation coefficients. Both types of reinforcing fibres

-
D
E
wo
<j

o
H

Frequency = 66 kHz * 0 % V f

• 0.5 %V f

• 1.0 %Vf

(a) crimped steel fiber

AGE (DAYS)

3

u.
u.
'—
O
U

O

<

Frequency = 66 kHz

(b) fibrillated polypropylene fiber

AGE (DAYS)

Figure 2 Attenuation coefficient of concrete composite containing various volume
fraction of fibres compared to plain concrete

This behaviour is readily explainable in terms of continued hydration process which
progressively changes the internal structure of the cement paste to a more dense medium,
hence supports the mobility of the travailing mechanical wave. Accordingly less energy is
lost during the particles movement in the direction of oscillation. Moreover, bonding between
the matrix and the fibres has added to the role played by the fibre in bearing the compressive
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stresses applied to the medium. It has been concluded [15] that polypropylene fibres would
not sustain the compressive stresses as good as steel fibres do. This would suggest that the
presence of polypropylene fibres through the matrix would in many ways resemble the state
of ordinary pores. Thus, allowing the particles of the bulk to oscillate more freely than in the
case of steel fibre reinforcement, leading to higher energy absorption.

The frequency of the travelling ultrasonic compressional elastic waves may also be correlated
to their state of attenuation. It was found that for each composite geometry there was a certain
range of frequencies which were considered suitable for experimentation. In our case the
frequency of (66) kHz was found to be the most suitable for this investigation, beyond which
the results tended to be distorted. In Figure 3 the attenuation coefficient is shown as a
function of the frequency of the travelling ultrasonic waves.
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Figure 3 Relationship between attenuation coefficient of
various concrete composites and frequency



Elastic Waves in Concrete 261

The general behaviour is a direct relationship, where higher frequencies seem to result in
higher coefficients. This may be due to two factors, the first is that higher frequencies would
result in a larger number of compression and expansion regions within the bulk of the
medium. Generally, in these compression regions the particles of the bulk are compressed,
thus the temperature of that region is raised by the energy absorbed from the mechanical
wave. However, when these particles interchange regions and reside in an expansion region,
this heat will be lost to the bulk of the composite. The second point is that higher frequencies
are normally associated with shorter wavelengths of the travelling ultrasonic waves.
Therefore as the wavelength gets shoter, it will approach the sizes of constituents of the bulk
such as voids interfaces and fibres. Thus, the travelling wave will resonate or make these
constituents oscillate and the energy will transfer to the medium.

Moreover, it is also noticeable that higher fibre volume fractions have resulted in higher
values of attenuation coefficients, but this increase is more pronounced in the case of
polypropylene fibres. In general, fibres act in a way which enhances the scattering of the
travelling ultrasonic wave. In fact the nature of the fibre could play an important role in this
process. For steel fibres whose density is much higher than that of the matrix, the waves will
travel through the faster route, and the fibres will act as shorter cuts. But the randomness of
their directions will cause the wave to scatter of their paths. The polypropylene fibres have a
much lower density than the matrix and thus would act as a void, since polypropylene is not
expected to share matrix in bearing any external stress. This would result in a much more
effective wave scattering process.

Pulse Velocity

To further correlate the properties of the travelling waves and those of the media, the pulse
velocity is plotted in Figure 4 as a function of the degree of curing (aging time) of the
concrete matrix.

The results clearly demonstrate that longer curing period i.e. greater hydration process would
facilitate quicker wave travelling through concrete. However, the pulse velocity and the fibre
volume fraction seem to vary in an inverse manner. Generally, the ultrasonic waves tend to
travel in as straight paths as possible, in the absence of any impedance. However, when the
travelling medium contains some inhomogeneieties then the resulting scattering will prolong
the path and the time taken by the wave to cross the medium. This is more pronounced in the
case of polypropylene fibre as discussed earlier.

Dynamical Properties

The measured pulse velocities were used to determine the dynamic elastic modulus of the
various composites [12] and their correlation is plotted in Figure 5. The curves indicate, as
expected, that higher values of the dynamic young moduli will be found in more rigid bodies.
Thus higher pulse velocities would be associated with more rigid media.

Consequently, the attenuation coefficients are found to vary inversely with dynamic young
modulus as shown in Figure 6. This may be viewed in terms of the densification of the
travelling medium, where those with lower young moduli would be expected to absorb more
energy of the travelling wave.
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CONCLUSIONS

1- The interactive process depends totally upon the nature of the medium and the
characteristics of the propagating wave.

2- The reinforcing fibres act as an energy absorber and also as a wave scatterer.

3- The amount of energy exchange depends on dimensional order of the elastic wave length
and that of the micro structure.
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EFFICIENCY OF PERMEABLE CAISSON SEAWALL
REINFORCED WITH FIBRE REINFORCED POLYMERS
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ABSTRACT. Despite the high wave-absorbing capacity of vertical slotted-wall
breakwaters, they may slide or overturn due to waves. It was suggested to use inclined front
wall to enhance wave energy dissipation. The hydrodynamic performance of 45° inclined
slotted-wall breakwater was experimentally studied. It gives 10% more dissipated wave
energy than that of vertical wall at high wave steepness. In addition, the breakwater stability
was improved. Furthermore, less wave reflection gives less toe protection seaward the
structure. In this paper, the application of this system as a seawall is discussed. A complete
hydraulic and structural design is prepared for El-Gamil shoreline at Port Said as a case
study. The proposed permeable caisson seawall could be prepared as prefabricated units with
a good quality control. These units can be constructed from plain or reinforced concrete.
Plain concrete means large volumes and weights, that leads to difficulties in transportation
and positioning of the seawall. On the other hand, the steel reinforcements of the reinforced
concrete seawalls are subjected to corrosion in the harsh conditions of the seawater. Fiber
Reinforced Polymers (FRP) is non-corrosive material of very high strength to weight ratio.
Their use in civil engineering applications attracts nowadays more interest than at anytime
before. Excellent resistance to creep and fatigue are some advantages of FRP. A
comparative study between the different types of FRP was conducted to select the most
appropriate type for seawalls. In addition, a feasibility study of reinforcing inclined slotted
seawall with conventional steel or FRP reinforcements is addressed in this paper.
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INTRODUCTION

The obliquity of waves to seawall is generally greater as they are angled about 45° to the
shoreline. Some obliquity must be accepted, because there would be no littoral drift and no
erosion problem without obliquity. This is true in both cases of storm waves and swell.
Figure 1, shows atypical wall constructed along a portion of coast [1]. It is shown that waves
refracting shoreward are still angled to the face on arrival and hence will be reflected at an
equal angle. The limiting orthogonals of these reflected waves are shown, which approach
each other offshore as refraction seawards also occur. They may even cross, as illustrated,
and so produce a wave caustic, implying an infinite concentration of energy. This results in
wave breaking, not only for the reflected waves, but also for the incident waves in that area.
Material is quickly removed downcoast beyond the limit of the seawall. This results in
recession of the shoreline. Such erosion downcoast of seawalls is ubiquitous. On the upcoast
end of the wall, the diffraction of reflected waves can create a net movement upcoast that
could result in a slight accretion.

Wave orthogonals Reflected waves Wave caustic Incident waves

m

Vectors of net sand movement Wall

Figure 1 Influence of oblique wave reflection from a seawall

Reflected waves
diffracted and refracted

Behaviour of Slotted Wall Breakwater

Jarlan proposed a perforated wall breakwater that consists of a perforated front wall and a
wave chamber located just behind it [2]. It has been investigated intensively with porosity
performed by perforations or vertical slots. Sawaragi [4], and Chwang and Dong [5] found
that reflection is reduced to its minimum if the distance between the front and back porous
walls is equal to a quarter-wave length or an odd multiple of this distance. Sawaragi
suggested a porosity ratio of 30% to have minimum reflection and transmission coefficients.
The slotted breakwater behaves as a resonant system with dissipation. The energy dissipation
mechanism is explained in details in [3]. Yip and Chwang [6] studied a perforated wall
breakwater with an internal horizontal plate to enhance the stability of the structure and
reduce the size of the wave chamber. Abdel-Mawla and Balah [3] studied the inclination of
the outer walls. They compared vertical walls to those inclined at an angle 45° to water level.
Generally, the hydrodynamic performance of a breakwater is similar with or without
inclination at low wave steepness. When wave steepness increases, the inclination improves
the wave absorbing capacity by about 10%. This highly effective wave-absorber has been
used world wide for construction of seawalls and breakwaters for its good features; cost
effective, less impact on bed erosion, and capable of delivering the desired degree of wave
attenuation [3].
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One is constructed at the front of the reclaimed land on the north coast of Kashima port in
Japan as shown in Figure 2. This wall showed an excellent performance regarding absorbing
wave energy and exhibition low reflection [7].

Figure 2 Perforated seawall at Kashima Harbor, Japan

HYDRAULIC DESIGN

The proposed seawall consists of pre-fabricated units as shown in Figure 3. Each unit
composes of a vertical solid backwall and an inclined permeable front wall. The water wave
is a phenomenon of the free surface, and the peak wave load may cause the front wall to slide
or overturn. To avoid the sliding, the wave chamber has a bottom slab and an intermediate
web.

The relevant geometrical parameters are:

• Width of the wave chamber at water mid-depth; X,
• Permeability of the front wall, expressed as a percentage or as D/C (D is the gab width

while C is rib width),
• Inclination angle; 9 and Freeboard; h.

Experiments and Results

The experiments were carried out using a flume of clear width 0.3 m, and wall height 0.5 m.
The wave generator is capable of producing regular waves. The used wave period ranged
from 0.81 to 1.19 sec. while the wave height ranged from 1.0 to 9.0 cm. The models were
made of PVC sheets. Their height and width were 50 and 30 cm respectively. Rib width (C)
and rib thickness (t) were set to 3 and 0.6 cm respectively. The entire distance at mid-depth
(x) and the water depth (d) were kept constant and equaled to 135 and 30 cm respectively. A
8-mm video camera with a negative picture effect was used to record waves. For each
measuring point, the zoom of the camera was exactly perpendicular to the scaled glass (flume
side). The videotape was used to measure the crest and trough elevations for each wave.
More details about the flume and measuring technique can be found in [3].

In order to determine incident and reflected wave heights, two measuring points were used at
distances L/4 and L/2 seaward the model face. This was based on the assumption that these
two points met maximum and minimum of a standing wave envelope. Reflection coefficient;
Kr can expressed as:
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Kr = Hr/Hj - (Hmax-Hmin)/(Hmax+Hmin)

Where: Hr: Reflected wave height [L]
HJ: Incident wave height [L]
Hmax: Maximum water level [L]
Hm;n: Minimum water level [L]

Reflection coefficient was studied against wave steepness (Hi/gT ) as shown in Figure 4-a.
Figure 4-b shows a frozen shot from the recorded videotape when wave encounter on the
front wall.
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Figure 3 Relevant geometrical parameters
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Figure 4 Results of the experimental work

Description of Field

Coastal erosion has been occurring at several locations along the northern coast of Egypt.
Ashtoom El-Gameel to the west of Port-Said, Figure 5, is one of these locations. To protect
the beach from future erosion, a detached breakwater was constructed in 1997. The detached
breakwater consists of six breakwater segments covering about 1700 m. Because of sand
trapping by the system; erosion occurred downstream the project as shown in Figure 5. A
dike of gravel is executed along the eroded reach as a temporarily protection for the highway
between Port Said and Damiatta. A permanent seawall is required, due to the vitality of this
highway.
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From Tetra Tech. [8]; the predominant wave direction is from the North-West, whereas, wave
heights exceed one meter about 50% of the time. Abo-Elazm divided the wave climate to
stormy condition and dominant condition [9]. The stormy period is 15 days per year with
3.5-meter significant wave height and 7.0 seconds wave period. The dominant period is
350 day per year with 1.5-meter significant wave height and 5.0 second period. In turn, the
typical wave steepness (Hj/gT2) = 0.003 which is within the tested values.

To Port - Said

Figure 5 Down drift the detached breakwater with the resulted erosion

Hydraulic Calculations of Seawall

The expected water depth in front of the seawall is about 1.0 m. Assuming that the tested
model is non distorted; the horizontal scale will be taken as the vertical scale and equal to
3.3. Then the prototype entire distance (x) = 4.50 m, (D) = 0.185 m, and (C) = 0.4 m.

The computations of wave loads are based on the incident waves directly before the seawall.
It can be assumed that the foreland of the seawall is a nearly horizontal plane with a constant
water depth determined by the still water level at the location during a storm. The waves
from the open sea are mostly transformed by diffraction (island etc), by refraction (due to
underwater morphology), by shoaling effects, and by breaking processes in the offshore and
nearshore areas. It is generally difficult to compute reliably the incident wave parameters
from the deepwater values. Therefore, it will be necessary to have measured values or to
estimate the wave parameters for the worst conditions. To calculate the impact wave force,

p =
n
u

Minikin's formula is used for two wave conditions [10]; the prevailing and stormy
conditions. The maximum pressure assumed to act at the SWL is given by:

Where: Pm: maximum dynamic pressure [M/LT
Hi,: Incident wave height [L]
d : Depth at the toe of the wall [L]
D: Depth at one wavelength in front of the wall [L]
LD: Wave length in water depth D [L]
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Figure 6-a shows the parameters of the calculated pressure. Waves force is calculated by two
methods. The first was assuming that the sloped face was impervious and subjected to the
whole force. Secondly, distributing the wave force between the front and back wall
according to the dissipated and the remaining energy (from the experimental work) and
assuming that the maximum forces will be at the same phase. Figures 6 and 7 show these
two cases for both the prevailing and stormy conditions. Minikin proposed this formula
based on speculations on the mechanism of impulsive breaking wave pressures. Although
the formula has been cited in many references, few breakwaters have been designed with
Minikin's formula. This formula overestimates the pressure giving excessively large
intensity leading to uneconomic design. Goda demonstrated this tendency of overestimation
in a case study at high wave [11].

Figure 6 Impact dynamic pressure for prevailing conditions

Figure 7 Impact dynamic pressure for stormy conditions

STRUCTURAL DESIGN

The proposed permeable caisson seawall can be prepared as prefabricated units with a good
quality control. These units may be constructed from plain or reinforced concrete. Plain
concrete means large volumes and weights, which leads to transition and positioning
difficulties. This type of seawalls is not suitable as of the technical problems of constructing,
transportation, and usage. On the other hand, the steel reinforcements of the reinforced
concrete are corroded in the harsh conditions of the seawater.

Many people in the construction industry believe that concrete would last for generations
without any maintenance, no matter what environment it is exposed to. However, the current
condition of many reinforced concrete structures exposed to the marine environment makes
one wonder if this belief is still true. The authors are not proposing that concrete is not
durable. In fact, it is still the most durable man-made material known to mankind. The point
is that there are certain environments that can compromise the durability of concrete and
reduce its service life.
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The high pH environment of concrete, above 12, normally protects the reinforcing steel from
corrosion. Passive film forms on the steel surface in the presence of water and oxygen in the
alkaline environment produced by cement hydration. Corrosion won't occur as long as there
are no breaks in the passive layer over steel. The layer may be broken by two mechanisms;
one involves carbonation, the other, chloride ions. Most corrosion problems are related to
chlorides in marine areas. Controversy exists about the role chlorides play. A commonly
cited theory says the formation of an iron chloride complex ion frees the iron to begin the
corrosion process [12].

In marine environments, concrete structures can be divided into two categories of exposure;
direct and indirect. The direct exposure category includes structures that are partially or fully
submerged; and the indirect category includes structures along the coastline, which do not
come into direct contact with seawater. Seawalls, wharves, bridge substructure elements and
retaining walls are examples of structures in the direct exposure category, whereas other
buildings along the coast are examples of structures in the indirect exposure category.
Marine structures, especially, the areas located within the splash zone or tidal zone, are
subjected to an environment conducive to deterioration of the concrete and corrosion of the
reinforcing steel.

The problem of carbonation can be dealt with by use of good quality concrete and adequate
cover to the steel. The problem of chloride ingress is less easily dealt with. To find a
solution, research has been conducting throughout the last few decades. As a result of this
continuous research work, several methods were introduced such as galvanization, cathodic
protection, usage of stainless steel bars, epoxy-coating steel bars, usage of concrete additions
like corrosion inhibitors...etc. However, none of these methods provided an answer to the
problem that is still existing, rather they are intended to delay the onset of corrosion beyond
the nominal design life of the structure. In addition, it is implicit with some of these solutions
that the owner will have to accept an additional maintenance burden.

As the Fiber Reinforced Polymers (FRP) are of high resistance to corrosion, strength to
weight ratio and fatigue resistance, they may be considered as an alternative solution for this
problem. In the last few years, significant progress has been achieved in the field of using
FRP in civil engineering applications. Using these new materials in marine structures may be
considered as one of the choices in the near future [13].

What Are FRP?

When two or more distinct materials are combined on a macroscopic scale to form a useful
material, the resulting product is called composite material. Usually these composite
materials show superior properties compared to the individual constituents. FRP composites
are obtained by inserting fibers of relatively high strength in light matrices. Carbon, Glass
and Aramid fibers (CFRP, GFRP and AFRP) are commonly used. While matrices can be
organic, metallic or ceramic material; resinous materials such as polymers are the most
common. The fibers are supported and protected by the resin matrices. Epoxies and
polyesters are often used as the composite matrix. Polyester resins are not very resistant to
alkalis and are typically avoided for uses in concrete. Vinyl-ester resins are resistant to a
wide range of acids (sulfuric, hydrochloric, hydrofluoric, phosphoric, nitric) as well as to
chloride salts and chlorine making them ideal for marine environments. Chemical additions
may be added to improve certain material or mechanical characteristics [14].
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Choice Of FRP Bars To Be Used In Permeable Caisson Seawall

AFRP bars (such as Kevlar) are resistant to many solvents and chemicals, but are affected by
strong acids and bases [15]. AFRP will show strength decay when in contact with concrete.
Higher-moduli AFRP bars exhibit better alkali resistance and may be used in such
applications. Glass fibers are chemically vulnerable to many acids and bases and will
deteriorate if in direct contact with concrete. Glass fiber composites can exhibit
"spontaneous loss over time of much of the flexural and tensile strengths of the composite to
little more than that of the matrix" in case of exposure to wet conditions in an alkaline
environment. The resins used in the composite must provide a twofold protection in a
concrete environment; the matrix toughness must be high enough to prevent the development
of matrix micro cracks, and diffusion through the matrix must be minimal. In summary,
CFRP have the potential to withstand direct interaction with concrete for long periods and
will be used in reinforcing permeable caisson seawall.

Behaviour Of FRP Reinforcements

The stress-strain relationships for all FRP materials (bars or laminates) are linear up to
failure. This is true; no matter what kind of fiber it is (GFRP, AFRP or CFRP). There is no
yield at any stage of loading. Figure 8 shows a typical stress-strain relationship for a CFRP
bar. It is shown that the strength is much higher than the reinforcing steel, and even higher
than that of the high strength tendons. This relationship is linear with no ductility. The
ultimate strain of the FRP is less than that of steel. Both steel and the CFRP bars show alike
values at service loads. It should be emphasized that the behaviour of the FRP is constant
and independent on the load level, unlike steel that goes through different stages. The
strength of the FRP reinforcements depends on many factors; the type of the fiber, the type of
epoxy, manufacturing and curing process, and ratio of fiber in the matrix. In the Canadian
Code [16], the use of AFRP and CFRP was restricted as follows:

• Stresses in AFRP tendons at transfer are limited to 35% of short-term ultimate

• Stresses in CFRP tendons at transfer are limited to 60% of short-term ultimate

• High modulus AFRP reinforcements are better suited for exposure to concrete.

• The use of pH-neutral concrete is strongly recommended to prevent alkali attack

The safety factors were assigned according to the Japanese recommendations for design and
construction of concrete structures using continuous fiber reinforcing materials [17]. Table 1
shows the safety factor values, which agrees with those proposed in the ACI state-of-the-art
[18].

DESIGN RESULTS

Before performing the structural analysis, the overall stability of the seawall was addressed,
including sliding, overturning and bearing stresses checks. The analysis of the permeable
caisson seawall was performed using the well-known commercial SAP 2000. The straining
actions of moment, shear and normal forces were calculated and the design was performed
according to the Japanese guideline [17]. The dimensions and reinforcements details are
shown in Figure 9.
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Figure 8 Typical stress-strain relationship of FRP compared to steel

Table 1 Safety factors used in the design of the permeable caisson seawall

MEMBER STRUCTURAL LOAD STRUCTURAL

STEEL FACTOR ANALYSIS FACTOR FACTOR

FACTOR

Ultimate Limit State 1.3'" or 1.5 1.15(2> to 1.3 1.0 or 1.05 1.15 to 1.3

Serviceability Limit 1.0 1.0 1.0 1-0
State

1.0

1.0

1.0 to 1.2 1.0 to 1.2

1.0 1.0

Fatigue Limit State 1.3'" or 1.5 1.15<2) to 1.3 1.05 1.0 to 1.1

(1) 1.3 where characteristic value of concrete compressive strength is less then 50 N/mm2

( 2 )1.15forCFRPorAFRP

Figure 9 Dimensions and reinforcements of FRP and steel reinforced seawalls
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Table 2 Reinforcements of permeable caisson Seawall

SEC STEEL CFRP REMARKS

REINFORCEMENT REINFORCEMENT

A 5<t>16/m' 7#3 /m '

B 8(|)18/m" 9 #3.5/in

C S^/m1 9#3.5/m'

D l$\6lm 7#3/m"

CONCLUSIONS

Using the permeable caisson seawall enhances the energy dissipation and the stability of the
breakwater against sliding and overturning. As non-corroded materials, the Fiber Reinforced
Polymers (FRP) can be used in reinforcing these seawalls. Carbon FRP (CFRP) showed
superior properties that it may be recommended to be used as main reinforcement in the
permeable caisson seawalls. Although, the high initial cost of constructing FRP reinforced
permeable caisson seawalls, their maintenance free extended life makes their usage an
economical solution.
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ABSTRACT. This paper presents a study on beam-column joints for concrete structures located
in high seismic zones, which do not have the ductility and strength required for modern
construction in high and medium seismic zones. At present, most of these structures have not
yet deteriorated, but are structurally inadequate. Solutions for the upgrade of these structures
using economical and reliable techniques are of great interest. This paper presents the structural
behaviour of beam-column joints confined externally by means of carbon fibre reinforced
polymer (CFRP) wrapping using actual column-beam joints. Eight beam-column joints were
cast. Four of the eight beam-column joints were unwrapped and the other four were wrapped
with one layer of CFRP sheet of 1.93 mm (0.076 in.) thickness. The specimens had four
different details of confinement reinforcement. All specimens were subjected to cyclic loading
simulating seismic conditions. The parameters in this study were wrapped versus unwrapped
specimens, spacing of confinement reinforcement, and the thickness of CFRP.

Keywords: Seismic, Beam-column joints, Carbon fibre reinforced polymers, Concrete
structures, Wrapped, Confinement reinforcement, Ductility, Strength.

M A Issa is a Professor of Civil and Materials Engineering in the Department of Civil and
Materials Engineering at the University of Illinois at Chicago. His research focuses mainly on
concrete structures, durability of high performance concrete, advanced composites, surface
characterization in fracture of cementitious materials, and bridge rehabilitation.

M El-Metwally is a Visiting Associate Professor in the Department of Civil and Materials
Engineering at the University of Illinois at Chicago. His research focuses mainly on repair and
maintenance of concrete structures.

G Monroy is an Undergraduate Research Assistant in the Department of Civil and Materials
Engineering at the University of Illinois at Chicago.



278 Issa, EI-Metwally, Monroy

INTRODUCTION

Concrete structures such as bridges and buildings are constantly deteriorating and are in need of
major maintenance or total rehabilitation. Recent earthquakes caused extensive damage to many
structures built in the 1950's and 1960's, which were designed prior to the year 1971 codes. As
a result, these structures do not have enough ductility and strength required by the modern
construction codes for seismic zones. Because of this, many authorities demand the retrofit of
existing concrete structures to meet code requirements and provide enough strength and ductility
to resist the seismic forces encountered during earthquakes. At this time, many of these concrete
structures are still serving their purpose, but are not structurally sound. Solutions to solving this
problem in an economical and reliable way are in great demand.

In the past two decades, the use of epoxy bonded steel plates on concrete members was widely
used as a repair technique worldwide to retrofit damaged structures. This technique never gained
great acceptance because of the many problems encountered with it, such as poor bonding,
corrosion, and difficulty of placement. Due of this, many designers and engineers turned to new
technologies that would provide them with more efficient materials. Some of those materials are
fibre reinforced polymers (FRP) which are lighter, have higher tensile strength and modulus, and
are less susceptible to corrosion and fatigue. At first, FRP's were used in the form of high
strength plates bonded to inadequate concrete members.

However, the development of thin FRP fabric sheets that easily clung to the structural members
and confined them well provided an easier and more efficient way of rehabilitating concrete
structures. FRP sheets are superior to the steel plates in a way that they provide less weight,
higher resistance to corrosion and fatigue, light weight, good workability, shorter construction
time, and are easier to handle and form to any shape. Rehabilitation of concrete structures is
geared toward the prevention of loss of life, and the destruction of the structure itself during
earthquakes.

In order for the application of CFRP to become a promising seismic retrofitting technology, it
is very important to understand the existing problems. The main objective of this research is to
investigate the effects of varied applications of CFRP sheets on the structural performance,
ductility, and modes of failure of reinforced concrete beam-column joints. There are many uses
for CFRP; such as to increase the bending and shear strength of concrete beams, slabs, and walls,
improve the capacity of concrete pipes, and tunnels, replace reinforcing steel lost to corrosion,
replace damaged post-tensioning tendons, provide confinement to concrete repairs, and to
substitute for missing reinforcing steel.

RESEARCH SIGNIFICANCE

Designers are increasingly confronted with the task of assessing the seismic risk of existing
reinforced concrete structures. The main focus goes to structures that were constructed before
the 1970's, when very little attention was given to seismic activity. The greatest uncertainty
when assessing the seismic performance of reinforced concrete frames is the likely behavior of
beam-column joints with limited transverse reinforcement in the joint core. Most frames built
before the 1970's did not include any transverse reinforcement in joint core. Shear failure of
beam-column joint cores without transverse reinforcement is due to extensive diagonal tension
cracking that may eventually lead to diagonal compression failure in the joint core.
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LITERATURE REVIEW

In the United States more than 30% of the nation's bridges are classified as deficient, i.e.,
deteriorated, under strength and/or geometrically obsolete for the demands of today's traffic
volumes and load [1]. The nation's economy in the new millennium relies heavily on the timely
transport of goods and people. Yet, these deficient bridges and the intrusive repair work
necessary to improve them represent a significant impediment to the nation's mobility and have
a negative impact on productivity. Similarly, in the office-building industry, there are a
significant number of buildings that were designed and built in previous decades when important
analytical design ideas had not reached a widespread consensus. By today's standards and
building codes, these buildings are deficient and/or deteriorated as a result of a lack of adherence
to stricter analytical design methods [2]. The Transportation Equity Act for the 21st Century
(TEA-21), legislation enacted in June of 1998 authorizes the $20.4 billion to rehabilitate or
replace bridges. Even though local and federal funds such as these have been set aside to alleviate
the problem, the nation's economic and population growth and the rate at which buildings are
decaying is greater than that at which the nation's infrastructure and buildings may be
rehabilitated. In a recent tests provided by Hakuto, Park, and Tanaka, it was concluded that the
seismic performance of typical interior beam-column joints of pre-1970's designed reinforced
concrete frames was very poor and would not withstand a severe earthquake.

Widely accepted methods of retrofitting and rehabilitating structural members have some serious
disadvantages in that they are costly, cumbersome and difficult to install, reduce the space/area
surrounding the member, decay or corrode easily, and increase the dead load significantly. But
more importantly, traditional methods of rehabilitating concrete structures were obsolete or
inapplicable to the most critical segment of a structure, the joints.

In recent years there seemed to be no pressing need to seek alternative means of remedying the
situation. The major influence of beam-column connections on the structural integrity and
seismic performance of reinforced concrete structures has become more evident after the
following earthquakes: 1989 Loma Prieta, the 1994 Northridge, the Kobe earthquake of Japan,
and the 2001 Seattle earthquake [3]. Post earthquake reports of the Loma Prieta, indicated that
one of the main reasons behind the collapse of the Cypress Viaduct bridge, the damage of the
China Basin bridge, and the 1-80 Nemit Freeway was the failure of connections (beam-column
and column-base connections).

Carbon Fibre Reinforced Polymers (CFRPs) have been analyzed with promising results. Their
use in the concrete rehabilitation industry needs extensive research in order to disseminate and
record conclusively what has been now proven to be fact. Since 1997, in the UK, the Highways
Agency embarked on research to investigate the feasibility of using FRPs to strengthen
substandard bridge connections and supports [4]. Various government and industry sponsored
research projects have been conducted by academia to provide voluminous data and results
supporting the advantages of CFRPs over traditional materials [5]. In particular, studies of
wrapped joints have demonstrated both analytically and experimentally that the seismic response
of reinforced concrete joints repaired and retrofitted with composite laminates was more ductile
and capable of withstanding increased shear loads [6]. Mosallam's study and results indicated
that the use of CFRP/epoxy composite laminates not only succeed in restoring the ultimate
capacity of decayed/damaged specimens but also resulted in a strength gain of more than 34%.
In addition, an upgrade of almost 60% in the connection initial stiffness was achieved.
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However, and unlike the control specimen, both stiffness and strength degradation were observed
for the repaired specimen. This could be attributed to the fact that the steel reinforcement of the
repaired connection yielded before the test was even conducted. The same study also reported
an increase of initial stiffness, up to 167%, as compared to the average stiffness of the control
specimen. In addition, a 75% increase in the initial joint strength was achieved.

Shmoldas et al. [7] investigated the retrofit of a rectangular column using carbon fibre for the
Arroyo Seco Bridge in Pasadena, California. A full-scale test was performed to assess the
effectiveness of confinement in the column in strong and weak axis bending. The column had
a high, 3 to 1, aspect ratio. The results of the test showed no increase in ductility for weak axis
bending, but a doubling of ductility for the strong axis as compared to the built in place. Zhang
et al. [8] examined the seismic performance of existing RC columns retrofitted with carbon fibre
sheets. Quantity, retrofitting types of continuous fibre sheets were adopted as the experimental
variables. The failure mode of the columns changed from shear to flexural failure. However, if
the ply of continuous fibre sheet is not enough, columns collapse due to crushing of concrete just
after yielding of longitudinal reinforcement steel.

Application of CFRP improved the flexural and shear capacities of structural members. A
normal column that was shear-strengthened by carbon fibre sheet changed the failure mode from
shear failure to flexural failure with improved ductility, as the amount of shear reinforcement was
increased [9]. Pantelides et al. [10] found that the CFRP composite strengthened the beam-
column joints effectively. The bent retrofitted with CFRP composite reached a system
displacement ductility of 6.3 as compared to the bent in the as-is condition, which reached a
ductility of 2.8. The peak lateral load capacity was increased by 16%.

Overwhelmingly, all studies researched echoed the conclusions reported by Issa et al. [11] study
of an extensive ongoing research project:

1. The shearing strength of beam-column joint wrapped with one thin layer of CFRP, 0.66
mm (0.026 in.), was 13% higher than that of the unwrapped joint.

2. Wrapped joints resisted more loading cycles than unwrapped joints. The observed
ductility of the specimen wrapped with one thin layer of CFRP was 4.3, while for the
unwrapped specimen the ductility was 3.

The failure mode of the wrapped specimens of this ongoing study resulted in the diagonal rupture
of the CFRP sheets on both faces of the joints as shown in Figure 1. The thickness of the CFRP
sheets used was 0.66 mm (0.026 in). The ductility shown in Figures 2 and 3 would be higher if
more than one layer or thicker layer of CFRP sheets was used. As a result of this observation,
it was decided to use thicker CFRP sheets of 1.8 mm (0.071 in).

MATERIALS, SPECIMEN CONFIGURATION, AND PREPARATION

For the purpose of this study, eight beam-column joints were cast. Only one specific mix-
proportion was designed to achieve HPC, which would have 28-day compressive strength of at
least 41.37 N/mm2 (6000 psi). The detailed mix proportions are provided in Table 1. The
arrangement of longitudinal and transverse reinforcement was designed after some preliminary
research of sources relating to the actual reinforcement, which is used in actual structures. Grade
A60 steel was used as main reinforcement.



Seismic Retrofit of Joints 281

Table 1 Mixture proportions of concrete

INGREDIENTS MIX PROPORTIONS, per m3

Cement, kg 273.06 (6021b)

Silica fume, kg 13.60 (301b)

Fly ash, kg 54.43 (120 lb)

Water, kg 122.90 (2711b)

Coarse aggregate, kg 784.26 (1729 lb)

Fine aggregate, kg 493.51 (1088 1b)

RB 1000 superplasticizer, ml 2661.62 (90 fl oz)

MB-VR Air-Entraining, ml 443.6 (15 fl oz)

Each specimen consisted of a 127 mm x 196.9 mm (5" x 7.75") beam and a 127 mm x 203 mm
(5" x 8") column, with 304.8 mm (12") beam overhang and 762 mm (30") columns length on
each side of the joint. The column was reinforced with 4 #10 (4 #3) bars with rectangular closed
ties of 4.76 mm (3/,6") in diameter, with different spacing for each of the four different specimens.

The spacing of confined reinforcement in the joint core was made with four different
configurations. One set was made with no reinforcement in the joint core, the second set with
127 mm (5 in.) spacing, the third set with 63.5 mm (2.5 in.) spacing, and the fourth set with
31.75 mm (1.25 in.) spacing. The beam was reinforced with 4 #10 (4 #3) bars with two on top
and two on bottom, used as longitudinal reinforcement. As the transverse reinforcement used for
confinement, closed ties of 4.76 mm (3/]6") diameter and spacing of 50.8 mm (2") were used as
shear reinforcement.

Four specimens were wrapped with a thick layer of bi-directional CFRP sheets of 1.8 mm (0.071
in.) thickness at an angle of 45° and the remaining four were left unwrapped. The specimens were
wrapped in a specific way using the two parts epoxy and CFRP. The properties of the CFRP
materials are presented in Table 2. After 28 days, the specimens were prepared for wrapping by
smoothening sharp edges of rectangular members, followed by sandblasting of all of the surfaces
until the coarse aggregate was slightly exposed.

Table 2 Properties of carbon fibre sheet

PROPERTIES THORNEL T-300 12K FORTAFIL AKZO 50K

Tensile strength 3.65 KN/mm2 (530 ksi) 3.79 KN/mm2 (550 ksi)

Tensile modulus 231 KN/mm2 (33.5 x 106psi) 227.5 KN/mm2 (33 x 106 psi)
Elongation at break 1.4% 1.7%

Filaments/strand 12,000 50,000
Sheet thickness 0.66 mm (0.026 in) 1.8 mm (0.071 in)
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The dust and the remaining sandblasting materials were removed from the concrete surface using
an air pressured device. The base of the epoxy reign was mixed with the curing agent using an
electric mixer. After mixing, the epoxy was applied to the concrete surface and CFRP sheet
simultaneously. The carbon fibre sheets were placed directly onto the clean surface of each sides
of the specimen allowing 76.2 mm (3 in.) overlapping and extending 304.8 mm (12 in.) from the
edge of the joint on each of the side of beam and column members. Applying pressure to the
surface of CFRP using a small hand roller eliminated any entrapped air. After wrapping the
epoxy was allowed to cure at laboratory conditions for at least seven days before testing.

TESTING PROCEDURE

Strain gauges were mounted at critical locations to measure the strain. The strain gauges used
to monitor the strain on the outside faces of the column were placed in the same location on the
unwrapped and wrapped specimens. For the wrapped specimens, they were placed on the carbon
fibre. LVDT's were installed to measure the vertical displacement of the specimen tested. To
simulate seismic action, the beam-column joint specimens were loaded using computer
controlled machine. A cyclic loading pattern with alternating displacement reversals was applied
to each specimen to simulate earthquake like conditions.

The beam ends of the joint were connected to an actuator and were subjected to push and pull
motion, while the column was simultaneously subjected to a constant axial load of 222.4 KN
(50 kips), which is about 20% of the ultimate compressive load of the column. The test setup
for a typical beam-column joint is shown in Figure 4. Load, deflection, and strain readings were
recorded via data acquisition system and the development of cracks and modes of failure were
monitored throughout the testing of all specimens.

0.0 0.5

DISPLACEMENT, ins

Figure 1 Failure mode of wrapped
beam-column j oint

Figure 2 Load vs. displacement of unwrapped
beam-column joint
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Figure 3 Load vs. displacement of CFRP wrapped beam-column joint

•,*

Figure 4 Test setup for beam-column joint
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RESULTS AND DISCUSSION

Joints Wrapped with Thin Layer of CFRP Sheets

One set of four 4 beam-column joints wrapped with one thin layer of CFRP sheets of 0.66 mm
(0.026 in.) thickness from this ongoing research project was tested. The observed results were
analyzed and compared. The load-displacement hysteresis curves for unwrapped and wrapped
beam-column joints are shown in Figures 2 and 3, respectively. The shearing strength of the
wrapped joint was 13% higher than that of the unwrapped joint although a very thin layer of
CFRP was used. The ultimate failure in the unwrapped joint specimen was due to shearing of
the column, while in the case of the wrapped joint, the ultimate failure was within the joint at an
angle of 45° as shown in Figure 1. It was observed that wrapped specimens could resist more
loading cycles than unwrapped specimens. It was also noticed that the wrapped specimen could
undergo 86% more displacement than the unwrapped specimen as depicted in Figures 2 and 3.

Joints Wrapped with Thick Layer of CFRP Sheets

A set of eight beam-column joints were tested, four unwrapped and four wrapped with thick layer
of CFRP sheets of 1.8 mm (0.071 in.) thickness. The typical load-displacement hysteresis curves
for unwrapped and wrapped beam-column joints for cases I and IV are shown in Figures 5-8. The
shearing strength of the wrapped joint for Case I and Case IV was 38% and 12% higher than that
of the unwrapped joint corresponding to the same case. The ductility of the wrapped joint for
Case I and Case IV was 70% and 17% than that of the unwrapped joint, respectively. It was also
noticed that wrapped specimens could resist more loading cycles than unwrapped specimens. The
observed displacement was also higher in the case of the wrapped joints, for both Case I and
Case IV by approximately 140% and 90%, respectively. These differences in ductility, strength
and displacement can be observed on the plots depicted in Figures 5-8. The contribution of the
CFRP sheets in terms of ductility and strength of the joints was greatest for Case I specimen.
This difference can be attributed to the fact that the steel reinforcement of Case I was not
confined with ties inside the joint area compared to case IV that was confined with ties of
31.75 mm (1.25 in) spacing.

Table 3 Test results

SPECIMEN
DESIGNAT.

UC1
WC1
UC2
WC2
UC3
WC3
UC4
WC4

CONFINEMENT
REINF. SPAC, in -

0
0

5.0
5.0
2.5
2.5
1.25
1.25

LOAD,

(+)

16.03
20.89
13.50
19.50
17.00
22.00
18.31
21.72

kips

(-)

16.13
23.57
14.00
21.50
17.00
22.00
18.31
21.72

DEFLECTION, in

(+)

0.82
1.75
0.77
2.05
0.95
1.67
1.03
1.83

(-)

0.61
1.39
0.65
1.92
0.80
1.63
0.88
1.85

1 Kip = 4.448 K.N, 1 inch = 25.4 mm,
UC1 - Unwrapped specimen for Case 1, WC1 - Wrapped specimen for Case 1
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Figure 5 Load vs. displacement of
Case I unwrapped beam-column joint

DISPLACEMENT, in

Figure 6 Load vs. displacement of Case I
CFRP wrapped beam-column joint

<o
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Figure 7 Load vs. displacement of
Case IV unwrapped beam-column joint

Figure 8 Load vs. displacement of CFRP
wrapped beam-column joint

CONCLUSIONS

The test results provided sound and strong evidence that retrofit using CFRP composites is a
viable and feasible option for improving the seismic performance of reinforced concrete
structures. An extensive experimental program is underway to investigate the durability and
structural behavior of beams, columns, and slabs wrapped with CFRP sheets and strips and
subjected to severe environment, and sustained loading. Based on the results of the ongoing
project, the following conclusions can be drawn:

Strength and ductility of the beam-column joints were increased as a result of increasing
the thickness of CFRP sheets. Observed ductility of the specimen wrapped with one thin
layer of CFRP was 4.3 compared to a ductility of 10.3 for specimens wrapped with one
thick layer of CFRP sheets.

Typical strengths of Case I and Case IV joints wrapped with one thick layer of CFRP
were 38% and 12% higher than those of unwrapped joints
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3. Displacements of wrapped joints in Case I and Case IV experienced 140% and 90%
more than those of unwrapped joints

4. Ductility of Case I and Case IV joints wrapped with one thick layer of CFRP was 70%
and 17% higher than those of unwrapped joints

5. The contribution of CFRP sheets in terms of strength and ductility was the most for Case
I specimen. This is attributed to the fact that the joints of Case I specimens were not
confined by ties in the joint core.

6. The wrapped joints resisted more loading cycles than unwrapped joints.
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ABSTRACT. Shear strengthening of RC beams using fibre-reinforced polymer (FRP)
composites has recently proved successful. Several experimental data mostly related to
shallow beams have been collected, and design Equations have been proposed for the
computation of the shear capacity of a strengthened RC beam taking into account the FRP
contribution. As part of an experimental study conducted in a real building, RC joists were
strengthened with FRP laminates to increase their flexural capacity. The joists were also
strengthened in shear and loaded until failure close to the support with a low shear span-to-
depth ratio. The experimental results showed that FRP contribution to the shear capacity was
less than predicted by the current analytical methods because of premature debonding of FRP
sheets. In this paper a model is developed to predict the shear capacity of the tested RC
beams strengthened in shear with FRP composites, using a strut-and-tie approach. A
comparison with experimental results is shown as practical application of the proposed
analytical procedure.
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INTRODUCTION

Reinforced concrete (RC) beams with a low span-to-depth ratio have found wide application
in offshore structures and civil engineering buildings. The study of the shear behaviour of
such members cannot be based on the classical one-dimensional beam theory.

In the last decade different analytical and experimental studies have focused on the
mechanical behaviour of RC beams with a short shear span, that have an increased shear
capacity relative to shallow flexural members. This can be explained taking into account a
stress redistribution due to cracking of the concrete generated by tensile stress that plays a
significant role, therefore design Equations used for shallow beams significantly
underestimate the shear capacity of deep beams, since it is common practice in design to
neglect the arching effect. The strut and tie approach is the common starting point in order to
develop rational design models for such RC members, and in the last years FEA (finite
element analysis) and fracture mechanics models also helped to understand the real
mechanisms that control the failure of non flexural RC beams [1-5].

Scientific efforts were also conducted to investigate the contribution to shear capacity
furnished by FRP composites bonded to RC shallow beams [6, 7], that resulted in accurate
analytical models [8, 9] and design guidelines [10].

It was found that the effectiveness of the FRP wrapping is assured when a good anchor
system is provided and when the stiffness of the FRP reinforcement is lower than critical
values. In most cases delamination of FRP sheets was observed before fibre rupture, that
means a low exploitation of FRP capacity.

All experimental cases were conducted in a laboratory environment with a long shear span
load scheme, therefore it should be investigated if these results could be used also for beams
with a lower shear span.

In this paper a theoretical analysis is presented in order to predict experimental results
observed from shear controlled RC beams tested in a real building, since it was found that
theoretical models used to calculate shear capacity enhanced by FRP furnish unsatisfactory
predictions.

All mechanisms that contribute to the overall shear strength of RC beams are computed,
considering the effects of shear cracking. The presence of FRP sheets is also considered for
strengthened members taking into account the occurrence of premature peeling that avoids to
reach the ultimate stress-strain values of the fibres.

THEORETICAL ANALYSIS

The analysis of the shear mechanisms that should be considered to calculate the ultimate
capacity of RC beams without web internal reinforcement or FRP external wrapping, are the
arching effect, the dowel action and mechanical interlock by concrete aggregates.

All these strength mechanisms have a different behaviour in correspondence of the collapse,
mainly due to the fact that concrete has a brittle behaviour in tension and compression, while
steel reinforcement can be considered as a ductile material with unlimited elongation.
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The presence of longitudinal steel in both sides of the cross section generates the arching
effect and the dowel action. Since the load scheme of the tested beams led to a ratio of 2.4
between the shear span a and the height H of the cross section, the arching action can be
computed using a strut and tie approach as showed in Figure 1. A concrete strut starts from
the point in correspondence of load application until the point in correspondence of the far
end support of the beam, while the longitudinal steel reinforcement of the upper part of the
cross section is the tie of the arch.

H

\
• \

h

Figure 1 Strut and tie scheme for arching effect

From the geometry of the proposed scheme and from equilibrium Equations the following
Equations can be considered:

(1)

[mm]
[mm]

h
- = tga
a

where:
h = internal lever arm
a = shear span
a = angle between concrete diagonal strut and steel tie

T _

P

where:
T = tension force [N]
C = compressive force [N]

The maximum tensile and compressive strengths can be expressed as a function of material
properties:

(2)

(3)
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c«=4»,-./:' (4)

where:
Ass = area of superior longitudinal steel [mm2]
A strut = a r e a of concrete strut [mm ]
fy = yielding tension of steel [N/mm2]
f'c = compressive strength of concrete [N/mm2]

The equilibrium between the vertical forces in correspondence of the failure can be written as
follows:

(5)

Puc=btr-hw-£-sma (6)

where:

Pui = ultimate tensile force furnished by steel tie in the vertical direction [N]
Puc = ultimate compressive force furnished by concrete strut in the vertical direction [N]
b,,. = width of the cross section [mm]
hw = width of the concrete diagonal strut [mm]

If the steel is yielded when the crushing of the concrete will occur, thus the tension in the
steel tie is equal to fy. Therefore the following Equation can be written at failure, assuming
that Puc = Put:

fc-K

At the same time, from the geometry in Figure 1 the internal lever arm can be expressed as:

h = H-dc-^- (8)

where:

H = total height of the cross section [mm]
dc = concrete cover related to the lower longitudinal steel [mm]

The values of hw and a can be easily computed from Equations (7) and (8), and then the
values of Varch can be calculated from Equation (5) or (6).

For the computation of the dowel action, it can be assumed that at failure the steel is yielded,
since the beams are under reinforced. According to failure criterion by Mises, when the steel
results yielded by tension forces, then it is not able to carry any other transversal tension and
vice versa. The longitudinal steel Asi in the lower part of the cross section can be considered

yielded with a tangential tension ry = -4=, and the contribution to the shear capacity can be
V3
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considered equal to Asi • zy. As it regards the longitudinal steel in the upper side of the cross
section, it can be yielded or can work in the elastic field. In the first case the contribution to
the dowel action is null, while the steel work as a tie mechanism in the arch configuration of
the cracked beam. If the second hypothesis is true, it means that the ultimate strength
mechanism will be furnished by the dowel action of the superior steel more than the splitting
of the compression strut of the arch scheme. This can be easily understood by considering the
brittle behaviour of the concrete. In this case the shear contribution furnished by the
longitudinal steel in the upper side is Ass • T .

For the RC beams unstrengthened with FRP it can be considered that the width of the
diagonal crack is not so large to avoid a contribution by mechanical interlock of the
aggregates.

It is difficult to compute this contribution to the shear capacity, especially in the cases in
which the characteristics of concrete are not well known. In general, the shear carried by
mechanical interlock should be computed as a tension Tim that is related to the type and size
of aggregates multiplied by the area of interlocking. According to Figure 1 this area is
computed as:

cosa

in which the term is the crack length.
cosa

The value of Tj,lt can be considered equal to a maximum tangential interfacial stress. The
computation of this stress is not easy and different values could be used. A first attempt
adopted in this work was to consider Tjnt equal to the tensile strength of concrete according to

Eurocode: 0.27 -{jf^ in which f'c is the compressive strength of concrete in N/mm2.

Therefore the contribution of the aggregates interlock to shear capacity can be written as:

(10)
cosa

This value is closer to reality when the crack width is smaller than the aggregate dimensions,
otherwise the mechanical contact should be neglected.

Therefore the contributions to the ultimate shear capacity of a RC beam will be the dowel
action furnished by the steel in the lower side, the concrete splitting due to the arch effect,
and mechanical interlock when the shear crack will be sufficiently narrow, when the steel in
the upper side is yielded. Otherwise the dowel action furnished by the upper steel will be
present after the concrete splitting caused by the arch effect, thus the yielding of the upper
steel will correspond to the ultimate failure.

When the beam is strengthened with unidirectional FRP sheets, another brittle mechanism
will furnish a contribution to the ultimate shear capacity. The additional mechanism may
correspond to the ultimate strength of the fibres when the tensile fibre rupture will occur, but
this means that the concrete/resin interface should transfer the high stress to the fibres. This
could be possible when the beam is fully wrapped, or a perfect FRP anchorage is provided. In
all other cases a premature peeling of FRP sheets will control the structural collapse.
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To understand the FRP contribution it should be noted that after shear crack will form the
FRP will be stressed in order to carry the shear forces. The FRP sheets will be bonded to the
concrete until a sufficient anchorage length will be available, when the cracking will develop,
then the anchorage length will reduce in the upper side of the crack as shown in figure 2 for a
T-beam with FRP-wrapped web with 90° fibres respect of the beam axis.

V
Ineffective FRP

Figure 2 Effects of cracking on FRP shear carrying capacity in RC T-beams

Therefore the FRP close to the upper side of the cross section will not be able to carry the
stress. The collapse will occur when the ultimate bond stress will be developed; in this stage
the ultimate mechanisms that contribute to the shear capacity will be the dowel action, the
arch effect, and FRP contribute, while the mechanical interlock should be disregarded since
the crack opening will be much more than the unstrengthened beams.

The computation of FRP shear carrying capacity can be computed using the experimental
values found by Miller et al. [11]. The values were found by testing concrete beams bonded
with different amounts of unidirectional Carbon FRP (CFRP), the suggested effective bond
length leffwas found to be 80 mm while the tangential stress value zpeei that causes debonding
of FRP is calculated by:

V , = 0.0184 -y/t-E

where:

Tpeei = maximum bond stress [N/mm ]

t = thickness of FRP reinforcement [mm]

E = Young modulus of FRP reinforcement [N/mm ]

(11)
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According to these values the FRP contribution was computed taking into account the slope
of the crack and the ineffective region in which the anchorage length is less then the effective
length. Therefore the effective length in the fibre direction was computed as

("/ =/,,// -cosa that is l"ff = 80-cosa [mm], therefore the effective force carried by the FRP is:

— • ? • a-\ $-
I tana

•0.0184-V?-£ (12)

where:

l"ejf= effective bond length in the direction of the fibres [mm]

w = height of the flange [mm]

fl/f + w)
The term a - — is related to the fact that the FRP is not able to carry shear forces for a

I tana I

length of — in which the anchorage length is not sufficient or the FRP sheets will not
^ tana J

resist to shear forces in correspondence of the flange. Therefore the ultimate shear capacity of
the FRP strengthened beams can be computed assuming the contributions of the arch effect,
the dowel action, the shear carried by the FRP until the debonding will start. If anchorage
devices may be provided it means that the length of the ineffective region will be less

t h a n f c /tana), since the FRP sheets are locally fixed to the RC beam. The estimation of the

VFRP could not be easy in these cases, and it will depend mostly on the type of anchorage, but
theoretically it should be more than the value computed by (12).

Taking into account the hypothesis mentioned above, shear capacity of the tested beams was
computed taking into account the contributions of the arch, effect, dowel action, and
mechanical interlock, for unstrengthened specimens, while for strengthened specimens FRP
contribution was also included and mechanical interlock was disregarded.

EXPERIMENTAL PROGRAMME

The experimental tests were conducted in a decommissioned building, where twelve RC T-
joists were tested. The joists were isolated by saw cutting from the rest of the floor to avoid
load redistribution effects. Concrete cylinders with a diameter of 80 mm and height of 150
mm were extracted from the building.

A compressive strength f'c of 20.68 MPa was found after mechanical tests, these value
confirmed the assumptions from the original design. The average yield strength of steel was
assumed to be 345 MPa with elastic modulus of 200,000 MPa.

Two strengthening FRP systems were used, CFRP and Aramid FRP (AFRP). The material
properties are presented in Table 1 with reference to fiber content only.
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Table 1 FRP sheets properties

MATERIALS DIMENSIONS tf TENSILE ELASTIC
(mm) STRENGTH ffu MODULUS

(MPa) Ef (MPa)

CFRP 0.165 3790 228,000

AFRP 0.300 1517 117,000

The cross-section of the joists is shown in Figure 3. The test specimens were 2743 mm long.
Longitudinal steel reinforcement was provided by 2-13-mm and 2-19-mm diameter steel
rebars. No transverse reinforcement for shear was provided. Five different shear
strengthening schemes were considered for evaluation. The different schemes are presented
in Table 2.

The end anchoring of FRP sheets adopted for JS3 and JS5 specimens was carried out by
inserting 13-mm glass FRP rods into grooves made at the intersection of the joist web and the
flange. The grooves were 1.5 times the diameter of the glass FRP rods, and were filled with a
high viscosity epoxy paste.

Linear variable displacement transducers (LVDT) all along the span length were used to
measure deflection, and inclinometers were used to read the rotation of the end-sections; this
helped in ascertaining the fixity of the end supports of the member. For each strengthened
member, four strain gauges were attached directly to the FRP on the sides of the strengthened
joists, these strain gauges were oriented in the vertical direction (parallel to the fibers). The
strain gauges were located at the most likely position of occurrence of a shear crack. A strain
gauge was placed on the concrete, at the location of the load, to measure the compressive
strain.

Extensometers were also used for measuring strain in the sheets. The loading was applied
using one or more hydraulic jacks reacting against the floor above, and recorded with a load
cell and an automatic data acquisition system was used to collect data.

j 2743

Near end support '~^~ Far end support
LONGITUDINAL CROSS SECTION

254 152 254

76

305

J L

CROSS SECTION @ X-X
All dimensions in mm

Figure 3 Cross section of tested RC T-joists
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Table 2 Experimental program and FRP strengthening schemes

MEMBER

JS1 AandB

JS2A and B

JS3 A and B

JS4 A and B

JS5 AandB

JS6 A and B

FRP type

—

Carbon

Carbon

Carbon

Carbon

Aramid

Plies

0

1

1

2

2

2

EXTERNAL STRENGTHENING

Shear

Anchor

No

No

Yes

No

Yes

Yes

Schemes

Positive flexure
(102-mm wide ply)

—

1

1

3

3

3

Negative flexure
(508-mm wide ply)

—

1

1

2

2

2

EXPERIMENTAL RESULTS

The experimental values measured after testing are reported in Table 3. JS(i) A and JS(i) B,
represent two repetitions of the same specimen type. The first column shows the maximum
applied load, the second column shows the ultimate shear force. Since the end supports
showed differential settlements recorded by LVDTs and inclinometers the values of Vuexp

were computed taking into account moment redistribution. In the last column the ultimate
shear values computed without the moment redistribution are illustrated.

Specimen JS1A, one of the two control specimens showed a diagonal shear failure. The
initial shear cracks appeared close to the near-end support at a loading of 133 kN. The
diagonal cracks, once formed, spread towards and partially into the compression zone
becoming flat in the region close to the flange-web intersection. The widening of one of the
shear cracks in the web region, and its propagation at its ends led to eventual failure of the
specimen in the left shear span at a load of 315kN. The joist JS1B showed a similar failure
mode, with an ultimate load of 320 kN.

The specimens JS2 A and B were strengthened with a single U-wrap of CFRP (90°), placed
perpendicular to the longitudinal axis of the member. The positive flexure strengthening was
carried out with a single CFRP ply applied to the soffit of the joist. The negative flexure
strengthening was carried out by applying a single CFRP sheet on the flange of the joist. The
specimens JS4 A and B were U-wrapped with two CFRP sheets. The positive flexure
strengthening was carried out by applying three plies of CFRP sheets and the negative
strengthening was carried out by applying two plies of CFRP sheets. The failure as observed
in both the cases was due to premature peeling of CFRP sheets.

Specimens JS2 A and B failed at an ultimate load of 355 kN and 351 kN respectively,
whereas the specimens JS4 A and B failed at an ultimate load of 364 and 311 kN,
respectively. In all cases, shear failure of the member lead to severe delamination of the
CFRP sheets in the near end corner. Fiber rupture was observed also in the lower web corner
due to stress concentration.
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Table 3 Experimental results

SPECIMEN

JS1A

JS1B

JS2A

JS2B

JS3A

JS3B

JS4A

JS4B

JS5A

JS5B

JS6A

JS6B

"max

(kN)

315

320

355

351

440

414

364

311

418

400

404

360

V uexp

(kN)

209

212

236

233

298

277

256

208

298

285

245

218

» cexp

(kN)

209

212

-

-

-

-

-

-

-

-

-

-

Vfexp

(kN)

-

-

25

22

87

66

45

0

87

74

34

9

* uexp

(kN)

233

237

263

260

326

307

270

230

310

296

299

266

V ue);p was computed disregarding the settlement at the supports,
without considering a moment redistribution.
VCCXp is the shear capacity of the unstrengthened specimens
Vfexp is the increase in shear capacity due to the presence of FRP

Specimens JS4 A and B failed at a higher load then the single wrapped JS2 members. The
failure mode JS4 was similar to that of JS2. The high shear developed at the near end lead to
severe delamination, which in turn resulted in fibre rupture at the bottom of the member.

The specimens JS3 A and B were strengthened with a single U-wrap of CFRP sheet, with end
anchors, while the specimens JS5 A and B were strengthened with two anchored plies. The
function of the end-anchors was to prevent the premature peeling of the CFRP sheets.

Specimens JS3 A and B failed at an ultimate load of 440 kN and 414 kN, whereas the
specimens JS5 A and B failed at an ultimate load of 418 kN and 400 kN. The joists JS6 A
and B were strengthened with two plies of aramid fibres. Specimens of JS6 A and B failed at
an ultimate load of 404 kN. The failure of the members JS3, JS5 and JS6 was due to end-
anchor pulling out as shown in Figure 4.

DISCUSSION

After the shear crack opened in the unstrengthened members a further shear capacity was
furnished, since the ultimate load was more than two times the cracking load. This
highlighted the presence of the arching effect that was significant. The contribution of arch
action and FRP sheets computed the proposed simple model was also compared with a
computation of the shear capacity by ACL
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Cracks on the bottom face of flange

nchor pullout

-Diagonal shear cracks

Figure 4 Peeling failure of members JS3-A and JS3-B

Shear capacity of unstrengthened beams was computed by ACI Code 11.8, and was found to
be 101 kN. A simplified computation according to ACI code 11.3.1 used for a shallow beam,
would give a value of Vc equal to 45 kN. The contribution of FRP was calculated using ACI
440F and results are compared in Table 4 in which the analytical values of shear capacity of
the tested specimens are illustrated and compared with the experimental values reported in
Table 3. Shear capacity computed by ACI seemed to be more conservative than the analytical
results of this study even if the contribution of FRP was computed without considering the
safety factors proposed in ACI 440.

The theoretical FRP shear contribution was computed using Equation (12) without taking into
account the presence of the anchorage systems, since it is not easy to quantify the effects of
the anchors on the effective bond length.

The experimental results highlighted that the presence of the anchorages was less effective
than what expected, since the flat crack in the web-flange corner led to anchors pull-out.

A double amount of FRP reinforcement did not show to be an effective solution since the
rupture was controlled by debonding of FRP sheets caused by cracking development that
dramatically affected the effective bond length, in fact there are not significant difference
between JS2 and JS4 specimens, while there is a small reduction of the ultimate load in JS5
when compared with JS3 beams.

A good accordance between theoretical and experimental values was found for FRP wrapped
specimens, the analytical shear capacity underestimated by about 20% the real values found
in the field for unstrengthened specimens while the theoretical FRP contribution over
estimated the experimental values for JS4 members.

CONCLUSIONS

A theoretical approach was presented in order to predict the shear capacity of unstrengthened
and FRP strengthened RC T-joists that were loaded in a short shear span scheme.
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Table 4

SPECIMEN

JS1A

JS1B

JS2A

JS2B

JS3A

JS3B

JS4A

JS4B

JS5A

JS5B

JS6A
JS6B

Analytical

* uthcor

(kN)

162

282

282

361

361

274

values of shear capacity

* utheor 'Vu e Xp

0.78

0.76

1.19

1.21

0.94

1.01

1.41

1.73

1.21

1.26

1.11
1.25

VACI
(kN)

101

165

185

195

227

187

The analytical model was based on a simple strut and tie approach to take into account the
arch contribution that is always neglected in design procedures. The presence of the other
shear mechanisms was discussed with or without the presence of the FRP reinforcement,
since the shear cracking is influenced by the external FRP sheets.

Twelve RC T-joists were tested until failure with different FRP amount, providing different
anchorage systems to enhance the effectiveness of the FRP action. All the tested specimens
failed in shear, and all strengthened beams showed FRP debonding caused by high bond
stress and insufficient FRP effective bond length that was affected by the crack opening.
Anchored sheets peeled off the web since the anchorage devices were pulled out by the flat
crack at the web-flange interface

Experimental results were compared with analytical values and a good accordance was found
between them, except for members that were strengthened with two unanchored carbon FRP
sheets that showed a premature debonding.

Further investigations are needed to see how the shear span can affect the effectiveness of
FRP external reinforcement and how a good anchorage device can be provided to avoid a
premature peeling failure.
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EVALUATION OF DIFFERENT FIBRE ADDITIONS IN
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PROPERTIES AND CORROSION OF STEEL IN CONCRETE
EXPOSED TO CHLORIDE IONS
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ABSTRACT. In this work, Polypropylene and glass fibres as an additive material were used
in concrete. Fibres with different volume percent were added into concrete. These concretes
were exposed to 3.5% salt solutions. Corrosion behavior of steel in these concrete was
determined using the electrochemical methods. Compressive and tensile strength of these
concretes were also measured. Addition of Fibre showed an increase of 49% in tensile
strength of concrete compared to the control concrete. In addition, use of fibre in concrete
increased the resistance of steel against pitting corrosion and uniform corrosion. The
compressive strength of polypropylene fibre increased with age, while the compressive
strength of glass fibre decreased with age. Resistance of steel against pitting and uniform
corrosion in the concrete containing glass fibre was better than that in the concrete with
polypropylene.
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INTRODUCTION

Recently, concrete with fibres has received considerable interest due to its high toughness and
increased tensile and flexural strength. Steel fibres [1-3], polymer fibres [4,5] and carbon
fibres [6,7] are the main fibres, which are frequently used. Control of crack and corrosion of
steel in concrete has been given special attention in design of concrete structures. Thus there
is an interest in developing means to stifle corrosion of steel in concrete.

Use of fibres in concrete is one of the methods in increasing the strength and lowering the
corrosion of steel in concrete. Low-volume polypropylene in the plastic stage has shown to
be effective in reducing the crack tendency [8,9]. Testing of properly cured and uncracked
low volume polypropylene concrete has shown a marginal improvement in mechanical
properties [10] and corrosion of steel in concrete [11].

The main impetus of this research is to use different volume percent of polypropylene and
glass fibres in concrete to investigate their effect on mechanical properties and corrosion
behavior of steel in concrete exposed to 3.5 % NaCl solution. Electrochemical methods such
as cyclic, linear and Tafel polarization was used in this study.

EXPERIMENTAL PROCEDURE

A number of concrete blocks with the dimensions of 70x70x70 mm were cast. These samples
had steel rebar in it (see Figure 1). These samples were used for electrochemical testing.
Some other concrete samples similar to Figure 1 also were made but without steel rebar.
These samples were used for compressive strength tests. All samples were made with
different volume percent of polypropylene and some with glass fibres. The fibre volume
percent ranged from 0 to 0.5 percent. Mix design for the concrete samples were based on
ACI-211 and the sizes of sand aggregates were in the range determined by ASTM-C33.
Portland cement Type I with the composition shown in Table 1 was used. Water-cement ratio
was controlled with superplasticizer to be 0.45.

The properties of fibres used are shown in Table 2. The concrete samples were cured in
distilled water for 28 days. After 28 days of curing, the concrete samples were stored in 3.5%
NaCl solution. Electrochemical tests such as cyclic polarization, Tafel and linear polarization
were carried out on the concrete samples after 72 days of exposure to solution.

Mechanical and Electrochemical Tests

Compressive and tensile strengths of the concrete samples were measured at 28 and 90 days.
Electrochemical tests for steel in concrete were conducted after 72 days of exposure to
solution. In cyclic polarization, steel potential was polarized from -400 mv with respect to
saturated calomel electrode (SCE) until 900 mv Vs SCE, then the potential was reversed to -
400 mv. The scan rate of 2 mv/sec was selected. In Tafel polarization, the steel potential was
started from -250 mv until +250 mv with respect to open circuit potential. The scan rate of
0.5 mv/sec was used in these tests. Finally, the linear polarization was carried out from -20
mv to +20 mv Vs SCE with the scan rate of 0.1 mv/sec. From the resulting polarization
curves, corrosion potential, corrosion rate, pitting potential of steel were obtained.
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Concrete

Figure 1 Schematic of concrete sample with steel rebar configuration

Table 1 Portland cement Type I composition

PERCENT

65.03
21.02
5.71
2.96
1.55
1.42
0.45
0.35
1.27
0.21
0.06

OXIDE

CaO
SiO2

A12O3

Fe2O3

MgO
SO3

K2O
Na2O
L.O.I

Insoluble
Others

Table 2 Properties of fibres

TYPE OF
FIBRES

LENGTH
(mm)

DENSITY
(g/cm3)

%
ELONGATION

TENSILE STRENGTH
(MPa)

Polypropylene
Glass

12
12

0.96
2.4

7
55

425
1173

RESULTS AND DISCUSSION

Figure 2 is a typical cyclic polarization curves for steel in concrete. This figure shows the
pitting potential (En) and repassivating potential (Ep) which was used in the results. Figures 3
and 4 are compressive strengths of concrete containing polypropylene and glass fibres
respectively. The compressive strengths in the concrete with polypropylene fibre for 28 and
90 days showed an improvement in comparison to the concrete with no fibres. However, the
compressive strength of concrete at 28 days increased with an increase from 0.1 to 0.5
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volume percent of fibre. The compressive strengths of concrete after 90 days were reduced at
0.3 and 0.5 volume percent fibre in comparison to 0.1 volume percent. However, the
compressive strengths of concrete with 0.1, 0.3 and 0.5 volume percent at 90 days were
increased in comparison to that of 28 days of concrete age.

- 6 - 5 - 4 - 3 - 2

log(l)(log(A))

Figure 2 A typical cyclic polarization curve for steel in concrete
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Figure 3 Compressive strength with
respect to time as a volume percent of
polyproperlene fiber added to concrete
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Figure 4 Compressive strength with
respect to time as a volume percent of

glass fiber added to concrete

The compressive strengths of concrete with glass fibre was higher than concrete with no fibre
at 28 days of age. However, at 0.3 volume percent of fibre the compressive strength was
higher than 0.1 and 0.5 volume percent. At 90 days of age, the compressive strength
decreased with increasing fibre volume percent and even for 0.5 volume percent the strength
was lower than the concrete with no fibre.

Figures 5 and 6 indicate the tensile strengths of concrete containing polypropylene and glass
fibre respectively. The tensile strength of concrete with polypropylene fibre increased with
increasing the volume percent of fibre at 28 days of age. This increase was slower at 90 days
of age. Tensile strengths of the concrete with glass fibre increased significantly in comparison
to the concrete with no fibre at 28 days of age. However, an increase in volume percent of
fibre increased the strength of concrete slowly. At 90 days of age, even though the concretes
with fibre showed higher strength than the concrete with no fibre, but the strength for
concretes with glass fibre decreased with respect to the concretes with 28 days of age.
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Figure 5 Tensile strength with respect to time as a function of volume
percent of polypropylene added to concrete
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Figure 6 Tensile strength with respect to time as a function of
volume percent of glass fiber added to concrete

Figure 7 is a comparison between the compressive strengths of the concretes with 0.3 volume
percent of polypropylene and glass fibres in concrete. At 28 days of age, compressive
strength for both fibres was almost the same. However, at 90 days of age, the concrete with
polypropylene fibre gained more strength than the concrete with glass fibre.
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Figure 7 A comparison between different fiber concretes as a function of time
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Figure 8 is a comparison between tensile strength for the concretes with 0.1 volume percent
of polypropylene and glass fibres. At 28 days of age, the concrete with glass fibre gained
higher strength in comparison to polypropylene fibre. However, at 90 days of age, the
concrete with polypropylene fibre gained more strength than the concrete with glass fibre. As
a matter of fact the strength for the concrete with glass fibre was reduced at 90 days of age in
comparison to the same concrete at 28 days of age.

• 0.1% polypropylene fiber Q0.1% glass fiber

90

AGE (DAY)

Figure 8 A comparison between tensile strength of concrete with different fibers

Figure 9 is a plot of corrosion potential for steel in the concrete containing different volume
percent of polypropylene fibre. The corrosion potential of steel for all percentages of fibre
was more positive than that in the concrete with no fibre. The potential of steel in the
concrete with fibre remained almost uniform with time while the potential shifted towards
more negative values with time for the steel in concrete with no fibre.
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Figure 9 Corrosion potential of steel as a function of volume percent of
polypropylene fiber in concrete. Samples were in 5% NaCl solution

Similar results were obtained for the steel in the concrete containing different volume percent
of glass fibre (see Figure 10).
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Figure 10 Corrosion potential of steel in concrete
containing different volume percent of glass fiber

Figure 11 is a plot of pitting potentials of steel in concretes with different volume percent of
polypropylene and glass fibres. Steel in the concretes with polypropylene fibres showed more
resistance to pitting corrosion in comparison to the concrete with no fibre. However, at 0.1
volume percent fibre, the steel resistance to pitting corrosion was the highest, but with an
increase in volume percent of fibre the resistance to pitting corrosion was reduced. Steel
resistance to pitting corrosion in the concrete with glass fibre increased with an increase in
volume percent of fibre. However, steel resistance to pitting corrosion in the concretes with
0.1 and 0.3 volume percent of polypropylene fibre was much higher than that with glass fibre.

—•— Polypropylene fiber

—X-Glass fiber

0.1 0.2 0.3
VOLUME PERCENT

0.4 0.5

Figure 11 Pitting potential of steel in concrete containing fiber. Samples
were in 3.5% NaCl solution for 72 days

Figure 12 is a plot of difference in pitting and repassivating potential of steel in the concretes
with different volume percent of polypropylene and glass fibres. This difference was
decreased with an increase in volume percent of fibre in concrete. However, this decrease for
the concretes with 0.1 and 0.3 volume percent of glass fibre was much higher than the
concretes with equal volume percent of polypropylene fibre.
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This difference at 0.5 volume percent for both fibres was almost the same. A decrease in
difference between pitting and repassivating potential of steel is an indicative of how easily
the steel will repassivate and repair the broken film. Therefore, steel in the concretes with
glass fibre especially, at 0.1 volume percent of fibre can repassivate better than in the
concretes with polypropylene fibre.
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Figure 12 Difference in pitting and passivating potential of steel in concrete containing fiber

Figure 13 is a plot of corrosion rate of steel in the concretes with different volume percent of
polypropylene and glass fibres. The uniform corrosion rate for steel in the concretes with 0.1
and 0.3 volume percent of polypropylene fibre decreased in comparison to the concrete with
no fibre. This decrease was highest at 0.3 volume percent of fibre. However, the corrosion
rate of steel increased in the concretes with 0.5 volume percent fibre. The corrosion rate of
steel in the concretes with 0.1 volume percent glass fibre increased in comparison to the
concrete with no fibre. However, the corrosion rates for steel decreased in the concretes with
0.3 and 0.5 volume percent of glass fibre. The corrosion rate of steel in the concretes with 0.3
and 0.5 volume percent of glass fibre was much lower than the concretes with the same
amount of polypropylene fibre.

—D— Polypropylene fiber Glass fiber

0.1 0.2 0.3 0.4

FIBER VOLUME PERCENT

0.5

Figure 13 Corrosion rate of steel in concrete containing different fibers.
Samples were exposed to 3.5% NaCI solution for 72 days

Based on the results presented here, polypropylene fibre in comparison to glass fibre seems to
behave differently. The mechanical properties of concrete improve with polypropylene fibre
much better than glass fibre especially at 90 days of age. However, the resistance of steel to
uniform corrosion and initiation to pitting corrosion in the concretes with 0.3 volume percent
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of glass fibre is better than that in the concretes with the same amount of polypropylene fibre.
The results presented here are for the short term (maximum of 90 days). However, to get a
better picture for performance of these Fibres in concrete, long-term results has to be
obtained. This work is in progress to evaluate the performance of these fibres in concrete for
longer period of time.

CONCLUSION

1. Addition of polypropylene and glass fibres to concrete increases the compressive strength
with respect to concrete with no fibre. This increase for concrete with polypropylene fibre
is higher than that with glass fibre, especially at 90 days of age.

2. Addition of polypropylene and glass fibres in concrete increases the tensile strength of
concrete with respect to the concrete with no fibre. The tensile strength of concrete with
glass fibre decreases with concrete age. This did not occur for the concretes with
polypropylene fibre.

3. Resistance of steel to initiation of pitting corrosion in the concretes with polypropylene
and glass fibres is better than that of concretes with no fibres. This improvement for
concretes with glass fibre is higher than that with polypropylene fibre.

4. Resistance of steel to uniform corrosion in the concretes with 0.3 and 0.5-volume percent
glass fibre is higher than that in the concretes with the same amount of polypropylene
fibre.

5. 0.3 volume percent fibre is an optimum fibre content to resist corrosion of steel in
concrete.
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ABSTRACT. In the present work, pultruded glass and carbon fibre reinforced composite
bars were subjected to UV radiation and exposure to fire conditions, to study the behaviour of
FRP bars as reinforcement in concrete, through the Strain Gauges technique. To determine
the conditions that most likely attack FRP bars, and to relate these to the environmental
conditions found in natural concrete exposure, mortar cubes were reinforced with treated and
untreated bars as reference, and were exposed to corrosive environment of 3.5% wt. NaCl
solution for 3 months. Swelling stresses, caused by FRP degradation, were monitored using
strain gauges. Before casting the FRP reinforcements were subjected to the following
treatments: The first group was tested without any treatment, as reference. The second and
the third group were heated at 200 and 300°C respectively for 2 hours, in order to simulate
fire conditions and finally the forth group was exposed to irradiation with Xenon lamp in
order to simulate sunlight exposure. Considerable differences were observed between the
CFRP and GFRP behaviour in the case of simulated sunlight exposure. In addition, both
CFRP and GFRP reinforcing bars, exposed to simulated sunlight and thermal process, exhibit
a different behavior than the reference one. Results obtained confirm the important role of
the properties of the matrix in the degradation mechanisms of FRPs, as well as the
importance of performance in severe operating environments, fire resistance, and
maintainability.
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INTRODUCTION

Corrosion of steel reinforcement is considered as major factor of deterioration in concrete
infrastructures such as bridges, marine constructions, buildings and chemical plants.
Therefore, the development and use of alternative materials to steel reinforcement in the
construction industry is urgent and necessary [1].

Fibre-reinforced polymer-matrix composite materials (also called fiber-reinforced plastics,
FRP) have received much attention worldwide in the last 10 years, as it is known to offer
excellent corrosion resistance to environmental agents. They also have the advantage of high
stiffness-to-weight and strength-to-weight ratios when compared to conventional construction
materials [2]. Other advantages of FRP include low thermal expansion, good fatigue
performance and electromagnetic neutrality. All these advantages could lead to competitive
with conventional materials life cycle cost of concrete structures.

Common reinforcements for FRPs are glass, aramid and carbon fibres. Their composites are
referred to as GFRP, AFRP and CFRP hereafter. Carbon and aramid fibres are quite resistant
to alkaline environment, such as in concrete, however, they are expensive, especially carbon
fiber in comparison to glass fibers. Therefore GFRP has a higher potential to be cost-
effective. Although extensive research has been conducted on the areas of creep, stress
corrosion, fatigue, chemical and physical aging and natural weathering of FRPs, most of
these are not aimed at applications for construction industry. The expected service life of a
structure is the major factor and the acceptance of FRPs will ultimately depend on its
durability. The investigation of FRPs durability in the alkaline environment of concrete,
exposed to corrosive environment of a 3.5 % wt. NaCl solution is therefore important [3].

Taking into consideration that FRP reinforcements could stay for a period before casting
under sunlight irradiation conditions, the study of FRP durability into concrete environment
is useful. There is also very important to consider the FRP durability after thermal distress at
temperatures involved in cases of fire condition.

The Strain Gauge (SG) technique, already used for a fast monitoring of steel reinforcements
corrosion, is based on the appearance of swelling stresses on the area of steel rebars into the
concrete. The cause of the appearance of swelling tension is the formation of corrosion
products (Fe^O/t, Fe2C>3, FeO(OH)), which have higher specific volume than iron (Fe) or the
measurement of the swelling tension mentioned above, special SG sensors were embedded
into the mortars specimens during casting [4].

The effect of the alkaline fluid of mortar mass through diffusion into FRPs and the relevant
swelling of plastic matrix is investigated by Strain Gauge (SG) technique.

MATERIALS AND METHODS

Materials

The materials used for the construction of the mortar specimens were Ordinary Portland
Cement (PC), English sand BS4550P6 and drinking water from Athens water supply
network.
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The composite reinforcing bars used were made of polyester matrix, carbon or glass fibres
with a cross section of 10x10 mm and a 100mm length.

In particular, reinforcement material was a fibre composite produced by the pultrusion
process, its main matrix and fibre characteristics are given in Table 1.

Table 1 Characteristics of pultruted materials

PROPERTIES POLYESTER ^ ^ P ^ GLASS FIBRES E

Elastic Modulus (Mpa)

Tensile strength (mpa)

Elongation at break (%)

Density (Kg/m3)

3310

77

4.2

1130

250000

3850

1.8

1720

72450

3450

4.8

2540

Methods

GFRP and CFRP rebars were used in this study. Before mortar specimens casting, the
reinforcing bars weighed and prepared according to the following procedure. The first one of
each type heated into a furnace for 2 hours at 200°C and mass-loss determination followed.
The second one of each type heated into a furnace for 2 hours at 300°C and mass-loss
determination followed. The third one of each type exposed to irradiation with XENON
2000 W lamp for 2 hours longitudinal one acme, equivalent to three month sunlight exposure
and mass-loss determination followed. The last rebar of each type without any preparation
used as reference.

Specimens

The mortar test specimens were in the form of 80 mm x 80 mm x 100 mm prisms with one
FRP reinforcement. The shape and dimensions of specimens are shown in Figure 1.

The characteristics of the SG sensor used were KM-30-120 type KYOWA. Distances and
directions between the SGs are shown in Figure 1.

In each specimen embedded two SG sensors. The first of them was measured the swelling of
the specimen due to cumulative effect of reinforcement expansion and other parameters,
which change he specimen's volume. This sensor was placed near the reinforcement. The
second one was compensating the parameters of specimen volume variation except
reinforcement expansion and it was placed far from the reinforcement [5].

Mortar specimens were stored in the curing room for seven days and were immersed to the
corrosive environment 3.5% wt NaCl solution.
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Figure 1 Shape and Dimensions of specimens

Eight (8) categories of the specimens were cast. The proportion of materials used and their
code names are shown in Table 2.

Table 2 Categories of Specimens- Composition Proportions (Wt)

CODE NAME OPC SAND WATER REMARKS

GF

GF200

GF300

GFL

CF

CF200

CF300

1.0

1.0

1.0

1.0

1.0

1.0

1.0

3

3

3

3

3

3

3

0.5

0.5

0.5

0.5

0.5

0.5

0.5

CFL 1.0 0.5

Reference GFRP Reinforcement

GFRP Reinforcement Heated at 200 °C

GFRP Reinforcement Heated at 300 °C

GFRP Reinforcement Exposed to
Irradiation with Xenon Lamp

Reference CFRP Reinforcement

CFRP Reinforcement Heated at 200 °C

CFRP Reinforcement Heated at 300 °C

CFRP Reinforcement Exposed to
Irradiation with Xenon Lamp
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The test set—up, including SG bridge - amplifier circuit and the multimeter for SG elongation
measurement, is shown in Figure 2.

BRIDGE-AMPLIFIER

V

REINFORCEMENT

SPECIMEN

3.5% Nad Solution

STRAIN GAUGE

0"

Figure 2 Schematic diagram of reinforcement expansion measurement set-up

RESULTS AND DISCUSSION

The test results obtained for the GFRP categories of specimens by the SG technique are
illustrated in Figure 3 as a function of time.
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Figure 3 Swelling values versus exposure time for different GFRP specimens
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During the first few days after specimens casting, a relatively high rate of reinforcement
swelling is observed which turn out in lower values. This swelling development could be
explained by the liquid ingress and absorption behavior of the rebars polymer matrix. At the
beginning, the absorption rate was high and then decreased with time, as water concentration
gradient between the surface and the inner part of reinforcement decreased. It is observed
that the GFL reinforcement shows a higher swelling compared to that of the specimens GF,
GF200 and GF300.

It is known that the diffusibility of glass fibre composites depends on the type of plastic
matrix and the fibers content. High fiber content with a good protection should lead to low
diffusibility. Glass fibers are considered to have negligible water permeability. The quality
of the rebar outer surface also affects diffusibility [6]. The higher water absorption and
reinforcement swelling observed in GFL specimen could be attributed to the surface micro
cracking caused by solar radiation. Among reinforcements exposed to heating process
GF200 and GF300, the relatively higher swelling of GF200 could be explained by the lower
mass loss after heating. The lower polymer mass loss, leads to the lower fiber content, and
consequently to the higher diffusibility.

Regarding the test results obtained for the CFRP categories of specimens by the SG
technique, shown in Figure 4, we could point out the following:

The swelling curves show that all specimens have a fluid sorption of pseudo-Fickian
tendency. The fluid saturation level is higher compared to that of GFRP reinforcements. The
CFL specimen shows lower water absorption and diffusibility than GFL.

The swelling correlation of reinforcements exposed to extreme conditions referred to
reference specimens is illustrated in Figures 5 and 6.

10 20 30 40 50 60 70 80 90

EXPOSURE TIME (Days)

Figure 4 Swelling values versus exposure time for different CFRP specimens
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Figure 6 Swelling Correlation of CFRP reinforcements exposed in various conditions
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The higher relative rate of swelling was observed in GFL specimen (1.587), the lower (0.606)
was shown in GF300 and the GF200 specimen had similar swelling rate with reference one
(0.984).

A similar rating is achieved for specimens CFRP, (Figure 6) but the CF300 shows much
lower swelling rate than the reference.

Table 3 shows the mass loss comparison of reinforcements after heating or irradiation. It is
clear that the mass loss of heated specimens is higher than light exposed ones. All heated
GFRP and CFRP reinforcements gave less swelling than the reference.

Table 3 Correlations Between Reinforcements Swelling and Mass-Loss

SPECIMEN
CODE

GF
GF200
GF300
GFL
CF

CF200
CF300
CFL

MASS
LOSS
(mg)

_

187
456
24
-

85
345
18

FINAL
SWELLING

SG (mV)

12
12
12
30
30
30
15
40

RELATIVE
SWELLING

RATE

1.000
0.984
0.606
1.587
1.000
0.885
0.098
1.130

After 90 days of exposure at 3.5%w.t NaCl solution mortar specimens were broken in order
to reveal reinforcements. The revealing of GF reinforcement was impossible because of a
very strong cohesion between mortar and reinforcement. This resulted in reinforcement
damage as it is shown in Figure 7. However the CF revealing was normal (Figure 8).

The GF and CF reinforcements cross-section illustrated in Figures 9 and 10 are characterized
by homogeneity without crackings. Some fibre disorders were observed in the surface
terminals.

The GF200 reinforcement cross-section (Figure 11) shows large crackings and material
degradation caused by reinforcement heating.

The GF300 reinforcement cross-section (Figure 13) shows less crackings than GF200 and
color changes of the polymer matrix.

The CF200 and CF300 reinforcements cross-section illustrated in Figures 12 and 14 are
characterized by homogeneity without crackings.
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Figure 7 GFRP reinforcement Figure 8 CFRP reinforcement

Figure 9 Reinforcement GF
cross-section

Figure 10 Reinforcement CF
cross-section

Figure 11 Reinforcement GF200
cross-section

Figure 12 Reinforcement GF200
cross-section

Figure 13 Reinforcement GF300
cross-section

Figure 14 Reinforcement CF300
cross-section
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CONCLUSIONS

Based on the measurements of the FRPs swelling with strain gauge technique the following
conclusions can be drawn:

1. Mortar specimens reinforced with FRP exposed to conditions of sunlight irradiation show
sensitively higher reinforcement swelling compared to that of reference ones.

2. Mortar specimens reinforced with FRP exposed to heating conditions show lower
reinforcement swelling compared to that of reference ones. Especially, the FRP exposed
to 200 °C heating had similar behavior to the reference.
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ABSTRACT. The durability of different glass fibre composites in dense cement micro-
structures was studied. With the mix-program of Dinger and Funk can be calculated the op-
timum dosages of very fine reactive fillers to OPC to achieve a dense binder packing. E- and
AR-Glass-fiber composites made of these optimised binders show low porosities, but have a
unsufficient durability of the flexure properties, when accelerated aged in 60° C hot water.
Good durability can be achieved with AR-glass-fibre composites which contain a high
amount of metakaolin in combination with silicafume.
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INTRODUCTION

In general it is well-known that glass is not resistant in a medium with pH higher than nine.
Fibres made of glass are cheap and have a high E-modulus and it would be expected they can
reinforce mortar or concrete properly. For a certain period this is true, but aged composites
with cheap E- or C- glass fibres never show a good long-time performance. The development
of so-called alkali resistent (AR) glass fibres led to glass fibre concrete (GRC) in which fly
ash the pozzolanic material reacted with the Ca (OH2) in concrete. In more recent
publications one can find compositions including silica fume and metakaolin.

In this study it was proved to be able to improve the filler effect of a ultrafme latent hydraulic
or pozzolanic material like ultrafme grounded granulated blast furnace slag, silica fume and
metakaolin by means of calculating the appropriate dosage to a binder system.

Mathematical models and computer implementations of J E Funk and D R Dinger [1] are
very efficient tools for exploring the optimal amount of a very fine or ultrafme reactive filler
to achieve a dense cement paste packing [2].

RAW MATERIALS

For the samples was used an OPC and mixed with three fine binders (reactive fillers). The
first was Mikrodur® RU, a very fine blast furnace slag based cement, i.e. a blend of ultrafme
ground blast furnace slag and ordinary cement. A full description of chemical, mineralogical,
and granulometric properties are given in [2] and [3]. Second a micro-silica of a blue-gray
type with >96% SiO2. The third was metakaolin, a pure calcinated kaolin, which is described
with the formula 2 SiO2 • A12O3. As a fine aggregate was used a standard sand 0/2 according
to standard EN 196.
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Figure 1 Particle size distribution of the raw materials
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In Figure 1 the grain size distributions of the used ordinary portland cement in comparision
with the reactive fillers are represented as well as the density of the binders in Table 1.

Table 1 Density of the binders

RAW MATERIALS DENSITY, g/cm3

CEMI32.5R 3.13

Mikrodur® RU 2.95

Metakaolin 2.55

Silicafume 2.21

The glass fibres, which were mixed in the composites were E-glass-fibres and alkali-resistent
(AR) glass fibres with a filament diameter of 13 um and a length of the chopped strands of
12 mm.

CALCULATIONS AND PREPARATION OF SAMPLES

From the particle size distribution function of the very fine fillers was calculated the optimum
volumen increment to achieve a dense grain packing with the "mix"-program of Dinger and
Funk. It is based on the implementation of the following formula [1]:

CPFT D"-D"

100% D"L-D"S

The results of the calculations are listed in the Table 2. The theoretical porosity of an
optimized binder with Mikrodur® is lower that one of a pure OPC, but a better result is
achievable with a mix of OPC with Mikrodur® and silicafume.

Table 2 Calculations

FINE FILLER(S) OPTIMUM DOSAGE, THEORETICAL POROSITY,
MASS-% VOL-%

Mikrodur® RU 9.7 9.0

Mikrodur® RU + silicafume 10.0 + 3.8 7.3

FOR COMPARISON:

pure OPC 10.3
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Glass-fibre-concrete (GRC) plates were fabricated with the calculated optimum dosages of
filler and OPC. Additional a composite with a binder containing 20 mass-% metakaolin and
13 mass-% silicafume was prepared. The high amount of these components not exceeding
33 mass-% [2] was taken because they will react with Ca (OH)2, especially the metakaolin.

The water-cement-ration and the cement-aggregate-ratio were varied slightly to achieve a
good workabilty. The plates were after sawing them in specimens with dimension of approx.
225 mm x 50 mm x 10 mm aged in a hot water bath of 60° C for at least 28 days. Supposing
a mean annual temperature of 8° C in Germany 28 days of 60° C in water are equivalent to
more than 30 years exposition in german weather [4].

Table 3 Test programme

SAMPLE
NAME

OPC

Mik-E

Mik-AR

Sili-E

Sili-AR

Meta-E

Meta-AR

BINDER SYSTEM

100% OPC

9.7 % Mikrodur®

9.7 % Mikrodur®

10% Mikrodur® +
3.8 % silicafume

10% Mikrodur® +
3.8 % silicafume

20 % metakaoline +
13 % silicafume

20 % metakaoline +
13 % silicafume

WATER-
CEMENT-

RATIO

0.32

0.35

0.35

0.3

0.3

0.35

0.35

CEMENT-
AGGREGATE-

RATIO

1.25

1.25

1.25

1.125

1.25

1

1

GLASS-
FIBRES, VOL-

%/TYPE

0

2 E

2AR

3 E

3AR

3.5 E

3.5 AR

Porosity

RESULTS AND DISCUSSION

The open porosity of the samples was measured with mercury intrusion porosimetry from
0,008 u.m to 100 u.m. In Figure 2 one can see before aging all values of the samples with
fillers are significant lower than the sample of OPC. As expected from theoretical porosity
the lowest porosity have the sili-series over the whole aging process. All curves are parallel
more or less and the value of porosity is lower after 28 days at 60° C, because the pores
accrete.
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Figure 2 Open porosity measured with mercury intrusion porosimetry

Flexural tests

The four-point-fiexural test was performed according to EN 1171-6. The load point as well
as the mid-point deflections were measured. From load-deflection-curves were calculated the
stress-strain-curves.

Examples of the stress-strain-curves are listed in the following Figures 3 - in which are pre-
sented the aging effects on the stress-strain behaviour of the composites. In Figure 3
(serie Mik 9,7 mass-% Mikrodur®) it can be seen that 2 vol-% fibres are not enough to rein-
force the composites. According to [5] it should be theoretically, sufficient. One reason why
not, may be the short length (12 mm) of the fibres. Modulus of Rupture (MOR) is at the
same level as the limit of proportionality (LOP). But the long subcritical curve is very short
after 28 days of aging of the E- and AR-glass reinforced samples, so it can be concluded the
fibres are not stable in this matrix.

The Sili-composites in Figure 4 (with 3 vol-% E-glass-fibres) and 5 (with 3 vol-% AR-glass-
fibres) show a better post-peak performance and a higher post-peak stress, but the E-glass-
composites have a very short part of a super-critical behaviour. The E-glass-fibres are worse
in reinforcing, because they disintegrate during mixing more in their single filaments, which
posses no reinforcing effect. Already after 2 days in 60° C hot water the effect of the E-glass
fibres in the matrix with 10% Mikrodur® and 4% microsilica is near zero. The AR-glass
fibres behave better, but the stress-strain curve is after 2 days aging subcritical too.

The best post-peak performance exhibit the Meta-AR-composites (Figure 7). Even after
28 days accelerated aging the composites perform very well. The MOR is even higher than
this of the unaged samples. For the E-glass in the Meta-composites are the conditions not
appropriate to protect them from dissolving. The stress-strain curves of the Meta E-glass
samples after 14 and 28 at 60° C in water are noticeable subcritical.
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Figure 3 Stress-strain curve of mortar Mik-E and Mik-AR
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Figure 4 Stress-strain curve of mortar Sili-E
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Figure 7 Stress-strain curve of mortar Meta-AR

SUMMARY

E- and AR-glass fibre composites were produced with a calculated optimum dosage of very
fine reactive fillers to OPC. The fillers were Mikrodur®, a very fine GGBS and a
combination of Mikrodur® and silicafume. Especially the composites with the combination
of the two fillers had a open porosity of only 9,7 vol-% of the unaged samples compared with
15 vol-% of a OPC sample. The flexure behaviour of unaged and in 60° C hot water up to at
least 28 days aged glass-fibre reinforced composites was measured and the performance of
the matrices and the E- and AR- fibres was compared. In all cases the AR-glass fibres show
better results. The best result was achieved with a matrix containing a high amount of
metakaolin in combination with silicafume. The matrix was optimised to achieve a minimum
of free lime. AR-glass fibre reinforced composites made of this matrix retain their properties
and show an excellent durability.
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ABSTRACT. This paper describes the distinctive features of mineral (basalt) continuous
fibre corrosion in concentrated alkaline solutions at high temperature. Precipitates with
different chemical composition and form were discovered on the surface of basalt fibre after
etching in boiling NaOH solutions. Based on X-ray microanalysis data it is possible to
assume that mentioned precipitates were formed during fibre formation from the melt.
Precipitates probably have an influence upon mechanical and thermal resistance of basalt
continuous fibres. Detailed investigation of "soda paradox" for basalt fibres shows the
concentration dependence of mentioned phenomenon. Probably this phenomenon is inherent
in basalt as mineral raw material, and the mechanism of basalt fibres destruction under the
influence of alkalis differs essentially from the mechanisms taken place for silicate glasses.
Such difference opens additional opportunities to improve alkaline resistance of basalt
continuous fibres.
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INTRODUCTION

The problem of corrosion resistance of basalt fibres in alkali media has been studied in detail
[1,2], as it is of great importance for fibre reinforced concrete. It was determined that basalt
continuous fibres (BCF) are close to well-known special-purpose fibres CemFil™ as to their
alkali resistance.

However after the development of new types of inorganic binders, e.g. geocements [3], and
design of manufacturing technology of composites based on such binders using hot-pressing
[4], the problem to investigate the chemical resistance of basalt fibres in concentrated alkali
solutions at elevated temperatures was stated.

INVESTIGATION OF BCF SURFACE AFTER TREATMENT IN
CONCENTRATED BOILING HYDRATE OF SODIUM

The fullest description of the changes of the basalt fibre surface structure and its strength
after treatment with alkali solutions of 0.1N to 0.5N within temperature range between 20 and
90 C was given in [1,2]. However the effect of treatments with more concentrated alkali
solutions on the surface of BCF remained beyond the researchers' field of interest.

The investigation of the state of the surface of basalt fibres after boiling in 2N NaOH is of
special interest because it allows to estimate the character of disturbances after a treatment for
rather long time — up to 6 hours. The pictures of the surface of basalt fibres after treatment
with boiling NaOH for 0.5 hours made by X-ray microanalyser REMMA-101A in a regime
of electronic microscope are given in Figure 1.

HD:99MM
0001 30KV

(a) (b)

Figure 1 Precipitates on the surface of BCF after 0.5 hour boiling in 2N NaOH:
(a) small cupola-shaped precipitates; (b) large precipitate with clear boundaries
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The distinguishing feature of the texture of their surface is the presence of precipitates of
various shape and dimensions. In particular, the photo of large precipitate having rather clear
boundaries is given in Figure lb. During more severe destruction after treatment for 6 hours
the deep etch figures appear on the surface mainly perpendicular to the axis of the fibre
(See Figure 2) what points to the anisotropy of the etching of basalt by alkalis.

Figure 2 BCF surface after 6 hour treatment in boiling 2N NaOH

Because the precipitates on the surface of basalt fibre after treatment with NaOH were not
observed earlier [1,2] the study of their structure and composition by means of X-ray
microwave analysis with REMMA-101A device was of interest. Quantitative results for the
different areas of precipitates are given in Table 1.

Table 1 Chemical composition of precipitates on the surface of BCF

LOCATION OF THE
RESEARCHED AREA

Precipitate of Figure la
Area adjacent to the too of the

Si

38
38

ANALYSIS,

Ca

17
15

Al

13
38

ATOMIC %

Mg

Traces
Traces

*

The rest

41.5
43.2

precipitate of Figure lb
Area adjacent to the base of the 38.8 2 18 Traces 41.2

precipitate of Figure lb

* Atomic % - the number of atoms of the element in 100 atoms of the lattice

As it is seen from the data given in Table 1, there are not calcium and magnesium hydroxides
in cupola-shaped precipitates (Figure la). It is unexpected result because there are 9-11 % of
CaO and 6-8 % of MgO by weight in basalt. Besides that, the presence of calcium silicates
with CaO to SiO2 ratio > 1 is practically impossible. Calcium silicates having the
composition CaO 2...3 SiChmay present in the precipitates. AI2O3 both in a free crystalline
state and in the form of aluminium silicates AI2O3 : nSiO2 of crystalline or amorphous
structure also presents there. The forming of aluminium silicates is possible thanks to silicon
oxide exceeding the stoichiometric quantities.



336 Tsybulya, Medvedyev, Selyanina

For the compounds given in Table 1, the possibility of forming of calcium aluminates is very
small because of higher reactivity of silicon oxide and small quantity of calcium in the
precipitate.

Another unusual result is the distribution of elements' concentration in the precipitate
presented in Figure lb. Concentrations of Ca and Al vary significantly along the surface of
the precipitate. The varying analysis of the precipitate and also its shape allows to conclude
that it is a crystalline inclusion in the amorphous body of basalt fibre.

The presence of crystalline AI2O3 and aluminium silicates as a part of formations on the
surface of basalt fibres after treatment in concentrated solution of NaOH is of interest for
understanding of peculiarities of basalt fibre forming from molten rock. Mentioned
crystalline formations could not be formed during the treatment with NaOH, but only during
fibre forming.

The discovery of precipitates of various shape and composition as a result of non-isotropic
etching of basalt fibres is of great practical importance for further study of properties of
basalt fibrous materials. It was presumed earlier [5, 6], that basalt fibre is an amorphous
body where crystallisation processes could run only during heating up to temperatures more
than 600°C. The presence of precipitates with admittedly crystalline structure included into
amorphous body of basalt fibre could stimulate re-crystallisation processes at lower
temperatures of 400-500 C. This fact can explain the strength loss of basalt fibrous materials
during heat treatment at mentioned temperatures. Besides that, the precipitates could have an
influence on mechanical strength of basalt fibres being reinforcing elements of glassy body of
fibres, and govern the range of other properties. The nature of precipitates and their
contribution to performance characteristics of basalt fibres should be a matter of additional
study.

PHENOMENON OF "SODA PARADOX" OF BCF

The "Soda paradox" is considered to be one of the most interesting phenomenon during an
interaction between glasses and alkali solutions. It is difficult to explain it based on existing
theory of etching of silicates with alkali [7]. "Soda paradoxes" clearly show the variety of
chemical and physical processes taken place during destruction of silicate glasses by alkalis.

Sometimes the stronger effect of carbonates than that of hydroxides of the same metals is
observed during the solution of silicate glasses in alkali media. Such cases for solutions of
sodium compounds may be called as "Soda paradoxes" because the destructive effect of
alkali solution should, it might seem, depend on an activity of hydroxyl ions most of all, and
this activity should be less in carbonate solution (even highly hydrolysed) than that in
equivalent solution of hydroxide.

It is accepted to distinguish two phenomena in works of Grebenshchikov school [7]:

1. "Soda paradox of the first type" is stronger destruction of glasses in carbonate solutions
than that in hydroxide solutions of the same metal at the same concentration;

2. "Soda paradox of the second type" is stronger effect of the mixture of NaOH and Na2CO3
in comparison with the effect of solutions of the same compounds taken separately.
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The data of weight losses after boiling the basalt staple fibres in IN Na2CC>3 for 3 hours are
given in [8]. However the data concerned the etching in the equivalent solution of NaOH are
not given. The comparison of weight losses during the etching in IN Na2CC>3 and 0.5N
NaOH allows to make a conclusion that "The Soda paradox of the first type" is not typical for
basalt fibres.

The investigation of etching rate of basalt yarn with the weight of 0.3 g and linear density
330 ± 30 tex was carried out. The samples were boiled for 0.5 hour in NaOH and Na2CO3
solutions having concentrations from 0.5N to 5N. To prepare the mixture of NaOH and
Na2CO3 solutions, the equal volumes of respective separate solutions of mentioned
components were taken. The weight of solution for treatment was not less than 30 g. The
results are shown in Figure 3.

NaOH

I Soda

lvNaOH: lvSoda

0.5 1 2 5

CONCENTRATION OF SOLUTION, N

Figure 3 Etching rates of BCF in alkaline and carbonate-alkaline media

An analysis of obtained data shows that feebly marked "Soda paradox of the first type" and
strongly pronounced "Soda paradox of the second type" are typical for basalt fibre at NaOH
concentration of 0.5N. At the same time, "Soda paradox of the first type" was not observed
at concentrations of IN and 2N, while "Soda paradox of the second type" was revealed
though the rate of destruction of the fibre in the mixture of NaOH and Na2CO3 reduced
notably. At concentrations of 5N neither "Soda paradox of the first type" nor "Soda paradox
of the second type" were observed.

A somewhat different picture than that for glasses was seen during an interaction between
basalt fibres and water solutions of sodium ortho-phosphate and their mixtures with NaOH.
It is known [7] that Na3PO4 has extremely high destructive effect on silicate glasses
characterised by strongly pronounced "Soda paradox of the first type", eg, Na3PO4 destroys
glass No 31 ( SiO2 55-K2O 13-SrO 32) 30 times higher than NaOH; for the glass No 9
(SiO2 55-Na2O 13-CaO 32) the difference is more than ten times.
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The weight losses after boiling of basalt yarns in solutions of Na3PC>4
for 0.5 hours are shown in Figure 4.

and Na3PO4 : NaOH

NaOH
I Phosphate
I lv : 1 v Mixture

0.5 1 2

CONCENTRATION OF SOLUTION, N

Figure 4 Etching rates of BCF in alkaline and phosphate-alkaline media

As it follows from given data, the rate of destruction of basalt with 0.5N solution of
is 2 to 3 times higher than that of NaOH, ie "Soda paradox of the first type" is observed for
above concentration. However as the concentration increases this difference reduces, and it
is possible to say about 2N solution that "Soda paradox of the second type" is not already
observed. At the same time, for the Na3PO4 : NaOH mixture "Soda paradox of the second
type" takes place within the whole interval of concentrations.

Concentration dependence of "Soda paradoxes" revealed for the treatment of basalt fibres
with alkali solutions is not described in the scientific literature concerning silicate glasses.
Probably this phenomenon is inherent in basalt as mineral raw material, and the mechanism
of basalt fibres destruction under the influence of alkalis differs essentially from the
mechanisms taken place for silicate glasses.

The stability of silicate glasses in alkali media is governed mainly by their chemical
composition while this factor is not the only one for basalt fibres. Mineralogical composition
and conditions of fibre forming presumably also could have an effect on alkali resistance of
basalt fibrous materials.

CONCLUSIONS

Detailed investigation of basalt fibre corrosion in alkali media at elevated temperatures
revealed the presence of precipitates in the body of basalt continuous fibres. Taking into
account the composition of mentioned precipitates, it is possible to assume that they have
great influence on mechanical properties and thermal resistance of BCF and relative
structures.
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Moreover, precipitates which were etched on basalt fibre surface during corrosion in cement
matrix could be additional reinforcement elements of fibrous composite cement structure.
Concentration dependence of "soda paradox" phenomenon confirmed specific mechanism of
alkaline corrosion for BCF compare to glass fibres. In such case it seems possible to improve
alkaline resistance of basalt and other basaltic mineral fibres by using of distinctive features
of mineral raw material - mineralogical composition and great influence of fibre forming
conditions to the performance characteristics of fibres.
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INTRODUCTION

Widespread problems of deterioration of civil engineering infrastructure have been
experienced in many countries during the last decades. The major portion of the
infrastructure is built from reinforced concrete and corrosion of reinforcing steel is the
principal cause of deterioration, although alkali silica reactions, freeze-thaw damage, sulphur
attack, etc. also play a significant role. The registered need for rehabilitation and repair and
the associated costs is a matter of great concern for those responsible for assessment and
maintenance of affected structures.

At the same time, existing infrastructure is subjected to new demands brought about by
societal changes. Globalisation of the economy leads to increased competition and needs for
rapid adaptations in industry. Reuse of production facilities and office buildings follows as a
natural consequence of this and is often accompanied by changes in design requirements. A
similar situation is emerging in the public sector as new objectives have to be met by
governmental agencies and municipalities. Increased safety requirements, changes in design
loads or revisions of design codes may also render structural members or entire structures
inadequate.

Repair of concrete structures attacked by corrosion has in many cases proved to be inefficient
in preventing further corrosion. Moreover, the high costs of repair, often cause delayed or
insufficient actions and thus permitting deterioration to continue. As a result, a growing
number of reinforced concrete structures is reaching a stage where serviceability, load-
carrying capacity and safety may be affected. In addition, increased design loads, code
revisions, etc have exposed the need for safe and effective procedures for strengthening of
existing structures.

It seems natural to assume that in the future, repair and strengthening of reinforced concrete
structures more often will be combined and carried out in one operation. The objectives of the
combined repair and strengthening operations will be to provide increased stiffness and load-
carrying capacity and, simultaneously, improve durability and.extend service life, thereby
further increasing the demands on concrete repair technology. Thus, there is a need for
significant improvements and innovations of repair techniques to meet future requirements
regarding performance and costs [1]. The introduction of fibre reinforced polymer (FRP)
composites as a means of retrofitting concrete structures is an example of innovative
developments that may enable the concrete industry to meet some of the challenges of the
21st century with respect to maintenance and retrofitting of civil engineering infrastructure.

The present paper focuses attention on repair and strengthening of reinforced concrete
structures using externally bonded FRP materials. Properties and applications of composites
in concrete structures are reviewed. A critical examination is presented of unresolved
questions and areas of particular concern with respect to practical use of fibre reinforced
composites for external strengthening of concrete structures.

Special attention is given to the role of numerical simulation in assessment of deteriorating
concrete structures as well as in analysis and design of FRP strengthened members. Brittle
failure caused by debonding of the composite material represents a particular challenge in
achieving safe designs. Results from nonlinear finite element simulations of delamination
failure of strengthened beams are presented. The numerical computations are shown to be in
very good agreement with data from laboratory tests.
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CURRENT PRACTICES FOR REHABILITATION AND RETROFITTING OF
CONCRETE STRUCTURES

Concrete repair is being conducted by various methods, some of these are relatively new
techniques developed during the last decade, or so. Repairs are sometimes classified as either
structural (ie, load-carrying) or non-structural. Although this distinction may represent an
adequate description of the main purpose of the repair, it may also be confusing since
durability and performance are generally related. Lack of durability will eventually affect
mechanical behaviour or structural properties such as stiffness and ultimate load capacity.
Thus, it seems more appropriate to classify the various techniques applied to prevent
deterioration or remedy damage of concrete structures in accordance with their actual effect,
that is, what is really being accomplished. Accordingly, current methods may be grouped
into three main categories:

• Protection systems
• Repair systems
• Strengthening systems

Protection methods seek to maintain the existing condition by limiting the intrusion of
moisture, chlorides, carbon dioxide, etc. This is accomplished by use of surface treatments,
inhibitors or electrochemical methods. To this category belongs various forms of sealers,
membranes and overlays. Many of these products will delay the onset of corrosion of steel
reinforcing bars. Anodic corrosion inhibitors improve the concrete's natural ability to protect
embedded steel bars by forming a passivating oxide layer on the steel. Cathodic protection
systems seek to control corrosion by making the embedded reinforcement cathodic. It is
important to note that cathodic protection is only concerned with controlling future corrosion
and does not reinstate corroded steel bars.

Repair methods seek to restore mechanical properties (ie, stiffness, strength) and durability in
order to maintain design service life. This is achieved by reducing or removing the actual
cause of corrosion. The most widely used repair technique continues to be that of mechanical
removal of carbonated or chloride contaminated concrete, followed by sandblasting of
corroded reinforcing bars and application of a cement-based mortar or concrete to replace the
removed, damaged material. This procedure is commonly referred to as "mechanical repair".
Unless repair work is carefully executed and all contaminated concrete is removed,
mechanical repair may under certain circumstances increase future corrosion rather than
prevent it. The removal of contaminated concrete is limited by structural strength and safety
requirements, hence one may be forced to accept less than optimum removal of damaged
material. Mechanical repair is sometimes denoted "structural repair". However, this is
somewhat misleading since residual strength after completion of the repair is often neither
considered nor is it documented. Concrete repair may also be conducted by electrochemical
treatments. In the chloride extraction method, chloride ions are removed under the influence
of an electrical field, whereas realkalization is a method that restores the high pH level in
concrete. Spalled and cracked concrete must be removed and exposed reinforcement cleaned
prior to application of these techniques. The major advantage of electrochemical treatments
is that it deals with the actual cause of corrosion. Promising results with these methods have
been reported, but unwanted side effects in the form of reduced bond strength, alkali-silica
reactions and hydrogen embrittlement of high strength tendons seem to hamper their practical
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There exist differences in opinion regarding the relative merits and actual performance of the
various methods for protection and repair of concrete structures. One obvious reason for this
is that systematic and objective studies of the performance of executed concrete repair are
lacking and such research should be encouraged [2]. Protection methods and repair
techniques are sometimes confused as alternative or competing measures of repairing
deteriorating concrete structures. However, one should bear in mind that these methods have
different objectives and serve different purposes. In many cases, it may be worthwhile to
consider the combination of repair and protection procedures in order to achieve more
efficient concrete repair by improving durability and extending service life of mechanical
repair.

Procedures for strengthening of concrete structures seek to increase structural stiffness and
strength. Traditionally, this has been accomplished by either increasing the concrete
dimensions (including additional reinforcement) or by external post tensioning. The
introduction of fibre reinforced polymer materials as a means of strengthening existing
concrete structures is one of the most significant innovations in concrete technology during
the last decade. Improved structural performance can be obtained by means of laminated
plates or thin, flexible fabrics bonded to the concrete surface using epoxy resin. The major
driving force behind this development has been the need for seismic retrofit of bridge
structures in the United States and Japan. Following the immediate success of FRP
strengthening of structures subjected to earthquake loading, a large number of non-seismic
applications have been reported, and the practical use of this technique is gaining strong
momentum.

The excellent durability of especially carbon fibres combined with high strength, low weight
and low installation costs makes externally bonded carbon fibre reinforced polymers (CFRP)
attractive also for repair of deteriorated concrete members. The basic idea is the protection of
the concrete surface provided by the CFRP sheet together with the extra strength. Promising
results have been obtained with this technique, which represents an important step forward
for concrete repair technology. Since the effect of carbon fibre wrappings hinges on the bond
between concrete and composite, long time effects on bond strength need verification.

USE OF FRP COMPOSITE MATERIALS IN CONCRETE STRUCTURES

A composite material can be defined as a material system consisting of one or more
discontinuous phases embedded in a continuous phase on a macroscopic level. The
mechanical performance and properties of a composite material are designed to be superior to
those of the constituent materials acting independently. The discontinuous phase is usually
stiffer and stronger than the continuous phase and is called the reinforcement, whereas the
less stiff and weaker continuous phase is termed matrix (Figure 1). Sometimes, an additional
phase, called interface, exists between the reinforcement and the matrix. Properties of
composites are strongly influenced by the properties of their constituent materials, their
distribution, and the interaction among them. For the high performance structural composites
considered herein, the continuous-fibre reinforcement is the backbone of the material that
determines its stiffness and strength in the direction of the fibres. The matrix provides
protection for the fibres and local stress transfer from one fibre to another. The interphase,
although small in size, can have a strong influence on failure mechanisms and overall stress-
strain behaviour of the material. The major advantages of composite materials over
monolithic materials are high stiffness and strength, low density, and adaptability to the
intended function of the structure.
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Continuous phase
(matrix) Dispersed phase

(reinforcement)

Interphase

Figure 1 Phases of a composite material

The use of polymer composites in civil engineering infrastructure originated during the
second world war. During the following decades, significant developments in material
technology took place and the use of composite materials in the building and construction
industry grew steadily. These early applications of composites were mainly roof and skeletal
structures, although building blocks and building systems began to appear in the 1980's. The
last decade, or so, has seen major advances of composite materials, especially in bridge
engineering.

Since reinforced concrete is the most widely used engineering material, it is natural that
efforts have been made to apply FRP composites in concrete structures. The need for
strengthening and repair of reinforced concrete infrastructure has been the major driving
force behind innovative applications of composite materials in concrete. The most significant
of these developments include:

• Externally bonded plates or flexible sheets for repair and strengthening
• Reinforcing bars (standard or prestressed)
• Near surface mounted (NSM) bars
• High strength cables
• Permanent formwork
• Hybrid structures
• Bridge superstructures

In the first four of these types of application, FRP is used as a direct substitute for internal or
external steel reinforcement. The use of steel or wood as protective, permanent formwork
has a long tradition in concrete construction. In hybrid FRP/concrete members, the two
materials are used to their best advantage. A case in point is a beam element with tee or
hollow box cross section, where the vertical webs, made of high strength, pultruded FRPs,
carry the tensile stresses, while the concrete flange provides compressive strength and
rigidity. For concrete bridges with severe structural deterioration conventional repair is time
consuming and it may be necessary to close lanes and reroute traffic for at considerable
period of time. In such cases it has been demonstrated that replacement of the entire bridge
superstructure with one made of FRP materials can be a viable solution for short span
bridges.
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Commercial systems for strengthening and rehabilitation of concrete structures basically fall
into two categories: laminated plates or flexible sheets. These composites contain high-
resistance unidirectional or bi-directional fibres embedded in a polymer resin matrix. Typical
properties of commonly used fibres and resins are listed in Table 1 and Table 2, respectively.
Laminated plates are made from unidirectional carbon fibres. Typical widths are 50 to
120 mm whereas plate thicknesses are 1.2- 1.4 mm. Flexible sheets or fabrics are available
with uni- or bi-directional glass, carbon or aramid fibres. Each layer has a thickness of
approximately 0.4 - 0.6 mm and the weight varies between 200 and 300 g/m2. The properties
of FRP materials differ from one manufacturer to another and the properties reported by the
manufacturers usually reflect the guaranteed values (ie, mean value minus three standard
deviations). It is also possible to estimate the properties of any FRP system from the
properties of the individual constituents using the rule of mixtures.

Table 1 Properties of fibres

FIBRE

E-glass
S-glass
Carbon
Aramid (Kevlar)

RESIN

Polyester
Vinylester
Epoxy

PRODUCT

Flexible sheets:
BPE Composite
BPE Composite
BFE Composite

Laminates:
SIKA Carbodur
SIKA Carbodur
SIKA Carbodur

ELASTIC
MODULUS

[GPa]

72
87

160-725
83-186

Table 2

ELASTIC
MODULUS

[GPa]

3.0
3.5
3.0

Table 3 Properties

TENSILE
STRENGTH

[MPa]

3450
4300

1400-3100
3400-4100

Properties of resins

TENSILE
STRENGTH

[MPa]

50-65
70-80
50-90

of commercial CFRP systems

TYPE ELASTIC TENSILE
MODULUS STRENGTH

S
M
H

S
M
H

[GPa]

234
377
465

165
210
300

[MPa]

4500
4400
3920

3050
2900
1450

ULTIMATE
STRAIN

[%«]

48
50

5-14
20-40

ULTIMATE
STRAIN

[%o]

20-30
40-60
20-80

ULTIMATE
STRAIN

[%o]

19
12
8

17
12
5



Advanced Composite Materials 347

For retrofitting of concrete structures carbon fibre reinforced polymers (CFRP) have been the
most widely used material. CFRP composites can be manufactured with varying strengths
and elastic moduli, these systems are commonly referred to as standard (S), medium (M) and
high (H). A number of commercial systems are being offered. Table 3 lists mechanical
properties of typical commercial CFRP systems based on flexible sheets or laminates.

AREAS OF PARTICULAR INTEREST OR CONCERN

The first pioneering steps of using externally epoxy-bonded fibre composites for
strengthening of concrete structures occurred in the 1980's. The strengthening of flexural
members to enhance moment capacity [3] - [5] and shear capacity [6] - [9] is well
documented. Laboratory investigations have also been conducted to study the behaviour of
FRP systems for other loading situations such as torsion and fatigue. During the last decade
FRP repair and strengthening methods have gained wide acceptance as effective and
economic infrastructure rehabilitation technologies. It is in many ways remarkable that this
material technology, which to a large extent is unfamiliar to the construction industry, has
been put to practical use so rapidly. Despite the rapid growth in applications of fibre
reinforced polymers for strengthening and rehabilitation of concrete structures, a number of
unresolved problems remain. These questions, which can only be settled through continued
research, are briefly reviewed in the following.

Long time performance

Practical applications of FRPs for rehabilitation and strengthening of concrete infrastructure
cover a wide range of structural components and loading situations and have been conducted
in countries with a variety of environmental conditions. Reported results from such projects
are generally good, but it is important to bear in mind that the bulk of field applications are
from the 1990's and that long time experience is lacking.

It should be noted that applications of FRPs in concrete infrastructure represent different
loadings and environmental conditions as compared to, those encountered in, for example
aerospace industry. Bridges, etc. are designed for a service life up to 100 years. The
structures are subjected to mainly static loadings and externally bonded FRP composites are
vulnerable to temperature variations, freezing and thawing. Moreover, use of fibre reinforced
polymer materials in civil constructions faces particular challenges caused by unsystematic
inspection and maintenance and the industry's traditional sharp focus on low construction and
maintenance costs.

Durability

Concerns regarding durability should not be confused with the durability of the FRP material
itself, which is generally excellent. The problems relate to the applications of FRPs in
concrete infrastructure and the associated environmental conditions.

First of all, the integrity of externally bonded fibre reinforced polymers for strengthening and
rehabilitation hinges on the composite action, ie, bond between FRP and concrete. Hence,
the durability or long time performance of bond is of paramount importance. Temperature
changes and high humidity can cause deformations and micro cracking in the composite
which may affect bond. Exposed concrete infrastructure generally has a relatively high and
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stable pore humidity (approximately 80%). The performance of FRP systems in marine
environment is of particular concern since vital components of concrete infrastructure are
located either in or close to sea water (eg, piers, bridges). Repeated cycles of drying and
rewetting and intrusion of salts may have a negative influence on bond strength [10]. In cold
climates, cycles of freezing and thawing can cause reduction of bond either directly or
indirectly through degradation of the underlying concrete material. However, results from
laboratory testing of specimens subjected to freeze-thaw cycles have shown only minor
reductions in performance [11], [12] while other investigators [13] have reported more
significant degradation.

Whereas FRP strengthening of unloaded, uncracked concrete members has been studied
extensively, only a relatively minor research effort has been devoted to the repair of
deteriorated concrete structures. Use of externally bonded FRP systems for repair of concrete
structures where the embedded steel reinforcement is attacked by corrosion, presents special
problems. The corrosion process is an expansive reaction which may cause cracking of the
concrete cover and possible loss of bond between composite and concrete. It is therefore
reasonable to assume that the efficiency of FRP repair will be reduced as a result of corrosion
damage, and it has been advocated that one should not attempt to apply externally bonded
FRPs to concrete structures with corroding reinforcement. A distinction should be made
between FRP wrapping of columns [14], where the composite provides external confinement
accommodating the expansive forces due to corrosion, and the use of FRP sheets for repair of
flexural members [15] subjected to reinforcement corrosion.

Finally, there are some problems of durability that are directly related to FRP materials.
Thermosetting polymers such as polyester and epoxy have glass transition temperatures in the
range 150° C to 200° C, hence, FRP composites need special protection against fire. More-
over, polymer composites must be effectively protected against ultraviolet radiation.

Brittle failure

a) FRP rupture

b) Concrete compressive failure

c) Shear failure

I d) Delamination of layer along rebars

e) Debonding

Figure 2 Possible failure modes of strengthened beam
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Concrete flexural members are designed to produce ductile failure, by limiting the amount of
tensile reinforcement. Strengthening by externally bonded of FRP composites poses special
problems in this regard. The composite material is brittle and behaves linearly elastic until
rupture. Thus, strengthening of flexural members usually implies changes in failure modes
from that of ductile to brittle behaviour. Possible failure modes of a strengthened beam are
illustrated in Figure 2. Delamination of a concrete layer along the reinforcing bars
(Figure 2 d) and debonding between composite and concrete (Figure 2 e) are of particular
concern since these failure modes lead to premature, brittle failure of the strengthened beam,
hence, the full potential of FRP strengthening cannot be realized. The behaviour depicted in
Figure 2 d and 2 e can be effectively prevented by providing sufficient anchorage of the
composite material. However, in many practical applications this is not easily accomplished.
Anchorage lengths and bond strengths of bonded FRP have therefore been studied
extensively [16] - [22] and a number of analytical models for predicting interfacial stresses in
strengthened beams have been proposed [23] - [28]. These procedures are based on linearly
elastic behaviour and their application is limited to simple beam cases.

Design issues

A major obstacle in adopting FRPs in repair and strengthening of concrete structures has
been the lack of recommendations and accepted standards for design and quality control. The
guidelines and codes for design of FRP strengthening that have been developed in recent
years [29] - [34] should therefore represent a major step forward in taking full advantage of
this emerging technology. In principle, design of concrete members externally strengthened
with FRP fabrics or plates follows the same basic principles as used for conventional
reinforced concrete. However, certain aspects of design philosophy and issues related to the
methodology for the design of post-strengthened concrete structures using FRP composites
remain unsettled.

It is obvious that there should be a minimum required load-carrying capacity of the
unstrengthened element to prevent collapse if the composite is compromised due to
uncontrollable events, eg fire. Another important design philosophy issue is related to
maintaining "pseudo-ductile" behaviour by limiting the allowable strength enhancement. To
compensate for the lack of ductility, the margin of safety against failure should be higher than
that used in design of traditional steel-reinforced concrete structures. The lack of engineering
experience, testing and performance data makes the choice of appropriate safety factors
difficult to justify. Moreover, FRP systems are manufactured differently; each system has
distinct material and performance properties, and each system is designed in a unique way.
Material safety factors should account for deviations in material properties, variations due to
manufacturing procedures and installation procedures and conditions, type of loading, and
environmental effects. In addition, it is necessary to consider the type of application,
governing failure mode, etc. Last but not least, the condition of the concrete substrate is of
vital importance for successful applications of epoxy-bonded FRP systems and criteria and
verification methods need to be developed.

Inspection and testing to determine feasibility of applying FRP strengthening

In order to select an appropriate FRP strengthening strategy, a systematic assessment of the
existing structure should be conducted. The objectives would be to determine the condition
of the existing structure, to identify the causes of any deficiencies, to verify the structure's
load-carrying capacity, and to evaluate the feasibility of applying externally bonded FRP
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systems. Proper inspection and testing are significantly more important for FRP
strengthening than for conventional repair methods. Thus, standard procedures for condition
assessment including necessary sampling and testing should be developed.

Installation of FRP materials

As opposed to conventional engineering materials, adequate installation of FRP composites is
essential to ensure proper performance. Each FRP system is unique and it is necessary to
follow the specifications provided by the manufacturer regarding handling and storage,
concrete surface preparation, curing, and protection.

Barriers to uptake of FRP technology for rehabilitation of concrete infrastructure

Externally bonded fibre reinforced polymers offer a viable alternative for service life
extension of reinforced concrete members. During the last decade, the lack of approved
design codes has hampered the practical use of FRP technology in concrete infrastructure.
Although this obstacle is now being reduced by the introduction of design codes in several
countries, it will take some time before important aspects of design philosophy are generally
agreed. In the meantime, and until long time performance is well documented, a conservative
approach is recommended. FRP systems are not standardized and it may be required that the
actual performance is verified by tests conducted in the laboratory or in the field.

In the longer term, the greatest barrier against uptake of FRP technology in rehabilitation of
concrete infrastructure is the general unfamiliarity with composite materials in the building
and construction industry. The challenge for universities is to prepare a new generation of
civil engineers to utilize the full potential of composite materials. This requires systematic
education and training in the manufacture and design of fibre composites for the construction
industry.

THE ROLE OF NUMERICAL SIMULATION IN ASSESSING DETERIORATING
AND RETROFITTED CONCRETE STRUCTURES

The widespread problems of corrosion of embedded steel reinforcement in concrete infra-
structure have exposed the need for improved understanding of the influence of corrosion
damage upon structural performance [35]. In particular, there is a growing need for reliable
methods for estimating stiffness and strength of deteriorating and repaired concrete structures
since any attempt to optimize maintenance and repair requires the capability to predict the
remaining service life of corroding structures. This is a very demanding problem since the
constitutive and kinematical behaviour of deteriorating concrete structures is highly complex
and path dependent. The application of FRP materials adds further complexities. Fibre
reinforced composites are anisotropic and brittle failure modes such as debonding between
the composite and concrete represent strongly nonlinear behaviour. Simplified analytical
procedures are lacking and may be of limited value. Instead, it is attempted to seek numerical
solutions to problems of this kind by means of nonlinear finite element analysis. For the
numerical simulations to be accurate, it is necessary that constitutive and kinematical
assumptions represent realistic approximations of concrete structures suffering from
corrosion of embedded reinforcing bars. The assumptions should cover the entire path of
loading, deterioration and repair [36]. The mechanical behaviour of deteriorating concrete
structures is strongly path dependent, ie, the response depends on the history of loading and
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straining. Therefore, it is important that a close approximation to the true path of
deterioration, repair and strengthening can be simulated. A typical history of corrosion attack,
repair and strengthening of concrete structures can be explained from Figure 3, in which a
simply supported beam is used for illustration. In the initial stage, the discretized beam is
gradually subjected to the full service load (SLS), during which cracking occurs (Figure 3 a).
Simultaneously, corrosion of reinforcing steel takes place. As a result, the cross sectional
area of the attacked bars and the bond between the bars and surrounding concrete are
reduced. In the finite element model, the properties (ie, cross sectional area, bond
characteristics) of the affected elements are changed while the external loading is maintained.
Thus, the bending stiffness of the beam is reduced and increased deflections and strains
result. The structure is taken out of service and the variable component of the loading is
eliminated so that only the permanent load remains (Figure 3 c). At this stage, contami-nated
concrete is removed and the tensile reinforcement is exposed over the entire deteriorated
region of the beam (Figure 3 d). This is achieved by removing the associated finite elements
from the mesh. The associated loss of composite action causes additional deflections.
Attacked bars are cleaned by sandblasting and their cross section and bond strength are
permanently reduced. If necessary, extra steel bars may be introduced. The removed,
contaminated concrete is replaced by a suitable concrete or repair material, which is strain-
free, whereas the adjacent concrete remains strained and cracked (Figure 3 e). This is
accomplished by adding new finite elements to the discretized structure. External
strengthening by bonded FRP sheets or plates is applied at this stage (Figure 3 f). Again, new
finite elements are introduced while the structure remains under constant loading. Finally,
the loading is incrementally increased until failure of the retrofitted beam occurs (Figure 3 g).
The simulation of sequence of deterioration, repair and strengthening such as that depicted in
Figure 3, should be accomplished in a single analysis.

- 1 ' ' ' ' ' ' ' ' ' ' ' ' ' ' I J a) The undamaged beam is subjected to the full
service load (SLS).

b) Corrosion of reinforcing steel.

t i i \ i i i i i i i i i i i i . . , , , ,— --- 1 c) Variable load component removed.

* t ' ' ' t ' ' ' ' l l i i d) Removal of deteriorated concrete material,
cleaninsj of corroded rebars.

j_j_i_j__[__i_j__i_| e) Application of repair mortar (and additional
reinforcement).

~i f) Application of externally bonded FRP sheet
J or plates.

I 1 1 I I I—L-LJ—1—1 g) Repaired and strengthened beam is loaded
until failure.

Figure 3 Tracing a sequence of deterioration, repair and strengthening of concrete structures
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NUMERICAL EXAMPLES

The first example concerns the simulation of a reinforced concrete beam which was subjected
to corrosion attack and then repaired. No FRP strengthening was applied in this case. The
beam was simply supported with a free span L = 8.0 m. The loading consisted of a uniformly
distributed dead load of 23.8 kN/m plus a variable component of 8.0 kN/m, see Figure 4.

All dimensions in mm

Figure 4 Beam subjected to deterioration and repair

Material constants for concrete and steel are given in [37]. The corrosion attack was defined
to take place uniformly over a length Lexp located symmetrically about the mid section of the
beam. Contaminated concrete was removed over the entire length Lcxp and depth D. For
simplicity, the properties of the repair material were taken identical to those of the original
concrete and perfect bond was imposed between the two materials. In the finite element
simulations, the length Lexp of the deteriorated zone was varied between 0.5 L and 0.7 L.
Two different levels of corrosion were considered by reducing the cross section of the tensile
reinforcement by 10% and 25%, respectively. Reduced bond strength of corroded
reinforcement was modelled as described in [37]. Numerical simulations of a complete
sequence of deterioration and repair, as illustrated in Figure 3, were carried out. Load versus
central deflection curves are portrayed in Figure 5 for the highest level of corrosion (ie, 25%
reduction of cross sectional area).
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Figure 5 Load versus deflection curves for deteriorated and repaired beams where the tensile
reinforcement has been reduced by 25 % due to corrosion
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From this diagram it is noted that corrosion and the associated reduction in bending stiffness
leads to increased deflections under constant, SLS load of 31.8 kN/m. The additional
deflections become even more pronounced after unloading to the permanent load 23.8 kN/m,
where contaminated concrete is removed accompanied by complete loss of composite action
over the entire attacked region. It should be noted that due to the permanent reduction in
cross section and bond strength of the attacked reinforcement, conventional mechanical repair
was unsuccessful in restoring the initial design strength of the beam.

The second example was chosen in order to illustrate the simulation of progressive
delamination failure of a beam externally strengthened by CFRP laminate. In simple cases,
analytical formulas can be applied to calculate the necessary anchor lengths of the laminate.
For more complex structures with two- or three-dimensional states of stress, numerical
computations may be the only viable option. Test results for the simply supported beam
shown in Figure 6 have been reported by Nitereka and Neale [38].

1000

2011.3

, 100,50. ignn 50.100 ,200

All dimensions in mm

Figure 6 Strengthened beam

The geometric dimensions of the beam and CFRP laminate are given in and material
parameters for concrete steel and composite can be found in [38]. A special model for
progressive delamination was developed, using interface elements. These interface elements
are, in effect, spring elements with nonlinear stiffness characteristics derived from
experimental data. The laboratory testing also included a reference beam without any CFRP
strengthening. Load-deflection curves for both the unstrengthened reference beam and the
CFRP strengthened beam are portrayed in Figure 7. Several interesting observations can be
made from this diagram: First, external strengthening changes the behaviour of the beam
from ductile to relatively brittle, and, second, a significant increase in load-carrying capacity
is achieved by CFRP strengthening. This example was chosen to validate the proposed
constitutive and kinematical model for progressive delamination. It is seen from Figure 7
that the results from finite element simulations are in excellent agreement with test data.

CONCLUDING REMARKS

Corrosion of embedded reinforcing steel due to carbonation or chloride intrusion continues to
pose threats to the performance and integrity of concrete infrastructure. Conventional
methods for repair of concrete structures have in many cases shown less than satisfactory
performance.
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Figure 7 Load-deflection diagrams for unstrengthened and strengthened beams

Increased design loads, code revisions, reuse of existing facilities, etc. also contribute to the
growing need for new innovative systems for repair and strengthening of concrete structures.
Over the last ten years, or so, epoxy-bonded, fibre reinforced polymers have gained
widespread acceptance as an effective method for rehabilitation of concrete infrastructure.
Despite the rapid growth in applications of FRP materials for retrofitting of concrete
structures, a number of unresolved issues remain. The most important of these are the lack of
data for long time performance and durability in civil engineering infrastructure applications.
Certain basic questions regarding design philosophy and selection of material safety factors
also need careful consideration. The behaviour of deteriorating concrete structures is
strongly nonlinear and path dependent. Simple, analytical methods for predicting stiffness
and strength of deteriorating, repaired and strengthened concrete structures are therefore of
limited value. The present paper has focused attention on the use of nonlinear finite element
analysis to assess residual strength of deteriorating and retrofitted structures. A special
procedure was introduced for simulation of the true loading and straining history of concrete
structures subjected to reinforcement corrosion, repair and strengthening. The numerical
examples presented in the paper encompassed deteriorating and repaired concrete beams as
well as simulation of progressive delamination failure of beams strengthened with CFRP. In
the latter case, the numerical results were compared with test data and excellent agreement
was achieved.
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INTRODUCTION

A Congress is defined as a formal meeting of delegates with the purpose of discussing
between those present issues such as special studies. In this regard, a Congress about concrete
is both timely and needed and since concrete is a global material an International Congress
seems very appropriate. This is now the 5th event held in Dundee on a triennial basis, the
others being:

'Protection of Concrete' 1990
'Concrete 2000' 1993
'Concrete in the Service of Mankind' 1996
'Creating with Concrete' 1999

For those not involved with concrete it may seem strange after so many years of use,
thousands of published papers and many books on the subject, all that could be known about
concrete was known. So why does the debate and development continue?

Firstly, concrete is the most widely used construction material globally, it has become
established in technically advanced countries and it has been estimated that some
1,200-2,400 kg per head of population are made per year [1]

Secondly, because of its adaptability it can be used for almost all construction situations, both
structural and non-structural.

Thirdly, it is capable of being developed further in response to environmental concerns,
energy considerations and new functional demands extending the material's performance in
answer to engineering needs.

In other words, concrete and concreting are dynamic and will never reach a static position,
unless of course our imaginations stagnate and we run out of ideas. For all of these reasons
concrete is a material of opportunity and the debate will continue.

The theme of the present Congress is 'Challenges of Concrete Construction' embracing the
weather, fire, seismic and marine situations and all that interlinks them. However, concrete
faces other challenges from alternative materials such as steel, wood, glass, plastics and
natural masonry. Alternatives do not readily have their justification in being straight
material's replacements so much as finding their own niche in the design and functional
requirements of buildings.

Other challenges covered at this Congress are,

1. Exploitation of the planet - Awakening of conscience in our own self interest

- Environmental concerns/auditing/marking

2. Adoption of cleaner technologies

3. Sustainability - Design aspects

- Brownfield development
- Role of taxing and charging (landfill and aggregate tax)
- Standardisation of components to assist reuse.
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4. Elimination of waste

5. Whole life costing - life and death

6. Design for deconstruction

7. Alternatives to Portland cement

8. Wide/mandated use of cement replacement materials

9. High volume use of by-products

10. Energy conservation

11. Education for such involvements

Notwithstanding such challenges, concrete remains the most widely used construction
material globally and that situation is likely to continue.

There is a constant probing for new developments reflecting drivers for change both direct
and indirect and some suggested drivers are noted below.

• functional

• decorative

• competitiveness

• opportunity

• serviceability

• environmental issues

• safety

• fashion

These matters are dealt with in the Congress that comprises three Seminars and three
Conferences.

CONGRESS REVIEW

Seminar 1 is concerned with 'Composite Materials used Internally and Externally', both
organic and in-organic. These new materials offer better durability, lower weight and higher
strength, ease of transportation, low thermal conductivity and reduced energy to make. For all
of these reasons, adoption of composite materials technology should be welcomed but as with
so many innovations in our industry, exploitation is guarded. It is clear that questions are
being raised over slowness to adopt new ideas and innovations within concrete construction.

Conceptually fibre reinforced composites are not new and the ground rules for design and
selecting them are established [2]. However, reinforced concrete is still conceptually large
steel fibres (rebar) as reinforcement in an inorganic matrix rather than organic.
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Proven performance based on unequivocal data are key to acceptance by specifiers and users
alike to give confidence in the adoption of such new technologies.

Ironically, reinforced concrete itself was originally not backed up by a great deal of pre-use
data as are fibre reinforced composites today and yet it was adopted with commitment. Why
was this? Perhaps we are both set in our ways as well as worried about litigation. In this
respect the composite beam example of Van Elp, Cartel and Heldt [3] is a good one that
contradicts the apparent trend. The logical and prospective replacement of the established
convention by optimum use of new materials resulting in a hybrid beam that outperforms the
traditional reinforced concrete beam. The new types of beam have high load capacity,
excellent fatigue resistance, outstanding durability, although detailed reaction to fire and
comparable costs need to be addressed.

Are such radical developments welcomed and do we express the functional benefits well
enough to persuade clients and specifiers and designers to adopt the new options? When
considering new possibilities there is also the issue of appropriate technology. It is sometimes
tacitly assumed that technologies rooted in advanced industrialised countries, may be used
with equal effect in less developed countries where materials and skills may be different.
Since concrete in one form or another is global, it should be possible to evolve appropriate
applications for different locations. We talk readily of buildability but in the area of new
ideas we should also consider adoptability.

There is merit in simplicity, both in concept, manufacture and use and a shift in Europe to
prefabrication, giving better control over the process and a reduction in the need for
established site skills.

Composite materials should respond in a ductile manner, eg be tough rather than simply
strong. The issue of toughness is repeated throughout the Congress papers. The same trend
applies to the development of lightweight structural materials, probably based on waste
products, reflecting the emergence of conscience as well as functional and cost requirements.
The phrase 'priorities for change' appears in Lowe's keynote paper [4],

It is suggested that value should replace cost in selecting options. This is compatible with the
concept of whole life costing, another strand repeated throughout the Congress.

Do regulations and standardisation stimulate or impede innovation? Regulation can stimulate
by demanding new and more exacting performance levels. The means of showing compliance
with the regulation, eg conforming to a standard or established technical specification may
not assist change. Performance based not on prescriptive specifications are an answer but to
implement such an approach requires a will to adopt and change.

Mention is made to high temperature and fire effects on organic binders and one paper by
Ballaguru [5] introduced an inorganic adhesive for bonding carbon fibre sheets to concrete
beams. The water-based adhesive is composed of an alumna-silicate and is stable up to
1000°C. Despite a very complicated application procedure it is indicative of what can be
achieved.

One stimulant to development of fibre-reinforced plastics has been seismic performance.
Typical fibres are carbon, glass and aramids maintaining cohesion beyond the point of
failure.
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The pursuit of lightweight and toughness is highly desirable and whilst carbon fibres have a
role to play in achieving this objective it needs to be remembered that carbon can act as a
noble metal in the galvanic series and whilst it will not corrode it may cause less noble metals
relative to it to do so. The carbon itself is conductive and given the right combination of
conditions may exacerbate the process.

Seminar 2 is concerned with 'Floors and Slabs' with an emphasis on flooring that seems to
represent a typical case of 'we seem to know what to do but do not always do it'. Self
imposed inadequacy!

Flooring is undoubtedly a substantial activity in the distribution depot and monolithic
construction sectors that use some 1.5m3 of concrete a year of concrete in the UK alone.

However, what in principle could be simpler than a slab? What could be simpler than a slab
made of concrete? The physical principles of which are known — or are they? When you take
regard of the conditions under which concrete for flooring is laid that assumption might be
questioned.

There would appear to be too many homespun practices observes Harvey [7] but the
problems with floors are global and commonplace. Notwithstanding all of this there would
appear to be no substitute for concrete.

There is still much emphasis on Concrete Society Report TR34 [8]

Seidler [9] challenged that notwithstanding progress in concrete generally over the last 150-
200 years, concrete flooring has not advanced significantly.

Incipient cheapness whilst a determining factor in this apparent lack of progress at some 27
Euros per square metre (approximately £17.50 per square metre) the equivalent of a medium
quality fitted carpet! I cannot image the average fitted carpet functioning like an industrial
floor. The requirements of industrial floors are clearly stated, namely,

• non shrink concrete

• monolithic construction

• non dusting

• adequate strength and surface resistance

• complex serviceability requirements

Chemical modifications can help overcome the known problems but the addition of polymers
increases the cost substantially.

An industrial floor is a good example of a multi faceted performance requirement from
something that is basically very simple. Why has this topic received so little attention? Value,
longevity and robust performance rather than cost might be a better approach. In this sector
cost seems to dominate.

Fast track construction leading to long strip and large bays are a trend to be acknowledged,
together with joint-free slabs with speciality surface finishing and finishes. These are added
demands to what superficially is a simple functional element.
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Floor quality appears to have reached a plateau in terms of economically obtained quality.
Again a plea for whole life costing.

The paper by Watanabe et al f 10], suggests a form of flooring categorisation in the range 1-7,
linked to the use to which the floor may be put and the development of a so-called U-scale as
a measure of anti-static performance.

Seminar 3 deals with 'Repair, Rejuvenation and Enhancement of Concrete'.

Concrete repair and rehabilitation still dominate the concrete scene and yet concrete's failures
are a relatively small proportion of concrete's use. Failure is also small, relative to new
applications of concrete, eg, self compacting and ultra-high strength concrete and in relation
to major projects such as the second Severn Crossing. However, in money and nuisance value
terms, the profile of rehabilitation and repair is high and in that sense it attracts attention. It is
the longer term inadequacies such as poor appearance, sulphate and chloride attack,
sulphation and carbonation, that need to be addressed. Have these problems resulted from
pursuing cost containment, lower cement contents, reduced cover rather than long term
value?

The entire topic of concrete's pathology and degradation processes is worthy of our attention,
how do we extend with confidence, the lifespan of concrete structures?

I refer to the paper of Tuutti [11] that quotes some telling figures relating capital values of
buildings and structures to the value of all stocks as they apply to Sweden but may well
reflect global trends in industrialised countries. Much of this stock has to be repaired and/or
replaced on a 50 year cycle and that represents vast sums of money. If that is so, do we
simply use concrete and design buildings, towns and cities as we have always done? Is such
an approach sustainable?

Exploitation of new materials options that will have a longer service life and perhaps even be
'smart' will become the norm. Autogenous healing of cracked concrete is an example of a
'smart' material. It is difficult to predict where the initiative for change will come from. Will
it be radical design, reflecting efficient function or will it be ad hoc picking up on personal
preferences and available options? Will the drive be regulation or market opportunism? Did
the development of self-compacting concrete start with an engineering need or more the
availability of such a material's option, driven in turn by dispersant technology applied to
cementitious suspensions rather than sound market research? In a capitalist economy the
ultimate drive is financial well-being and planning and opportunism will live close together
resulting in a somewhat volatile cocktail. So will concrete's future development be ad hoc
and random or will sustainability, efficiency and environmental concerns dominate? Will
such concerns only be responded to by wealthy economies with the less endowed creating
their own appropriate technologies?

The existence of historical structures built from concrete is tangible evidence of the
material's good latent durability. However, what remains is the best and a great deal has not
lasted and for many reasons. Therefore the historical legacy has lessons to teach us and they
are worthy of study.

Tn determining the effect of challenges to concrete, the diagnosis stage is very important. A
comparison with forensic science is justified and the diagnostician has many techniques at his
disposal. I am of course referring to the paper by Sims [12].
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Threats, such as thaumasite sulphate attack (TSA), alkali-silica reaction (ASR), alkali-
carbonate reaction (ACR) and delayed ettringite formation (DEF), all challenge concrete but
we have to keep the potential problems in context. Notwithstanding this the avoidance of
alkali-silica and alkali-carbonate reaction by selecting suitable aggregates remains a global
issue.

Physico-chemical techniques have resulted in preventative and remedial measures such as
cathodic protection, electro chemical realkalisation and chloride removal. All have a place
and the last two may well have moved on from being something of a curiosity to full-scale
practical application [13].

The themes developed in the Seminars enlarge and extend into the three Conferences.
Conference 1 is concerned with 'Innovations and Developments in Concrete Materials and
Construction' and Shah [14] sees the following targets for concrete in the 21st Century,

• more durable
• more constructable
• more predictable
• greener

I would add, more sustainable and more competitive.

By judicious use of investigative and monitoring techniques, all these objectives are
attainable. However, since concrete is a global material, a case could be made for such
developments to be globally supported with the results available to all. At the present time
research cultures are very national and even regional, resulting in considerable duplication of
effort on the one hand but also inventive variety on the other. The basic principle of such
issues as rheology, hydration, corrosion and loading characteristics could be conducted in one
or two locations whereas much effort is dispersed at numerous locations around the world,
competing for funds and technical recognition. It is only when we draw people together in a
Congress such as this that we identify the common features. It depends upon whether a global
material such as concrete requires global development in a global economy with appropriate
planning and prioritising or whether the more parochial approach is more beneficial if
somewhat wasteful.

For instance, the use of electronic speckle pattern interferometry (ESPI) to study cracking in
fibre reinforced concrete [14] compared with the K and F functions to describe fibre
distributions resulting in stress intensity factors that govern crack propagation, assists in
defining the capability limits of such reinforcements. Do such studies need to be duplicated?
Is the study itself not definitive?

Shah et al's work[14] has shown that extrusion can improve fibre distribution and result in a
stronger and tougher composite. Prefabricated components might well lend themselves to
such techniques.

In the area of self compacting concrete, rheological studies assisted the optimisation of
concrete mixes. A balance has to be struck between high flow and no segregation with yield
values permitting deformability of the concrete to accommodate awkward shapes. The
absolute rheological terms of yield value and viscosity do not relate directly to deformability,
placeability and segregation that describe what the material has to do in practice. However,
such an approach permits judgements and selection to be made.
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Rossi [15] has developed ultra high strength performance fibre reinforced concrete
(UHPFRC) to the point that concrete without conventional reinforcement might be a
prospect. This concept is represented by the MSCC (multi scale concept concrete) that
consists of short fibres (6mm) and long fibres (13mm) mixed together at 7% of the cement
content.

Perhaps we have too many options e.g.

• MDF (macro defect free) concrete
• DSP (densified small particle concrete)
• CRC (compact reinforced composites) and its BPR variant (similar to CRC but with

longer fibres)
• RPC (reactive powder concrete)
• MSCC (multi-scale cement composite)
• SIFCON (slurry infiltrated fibre concrete)
• ECC (engineered cementitous composite)

to mention but a few.

Having developed new materials, techniques of placing and finishing them have to be
considered. These are not concretes as we know them. With approximately 1000 kg/m3 of
cement and cement:aggregate ratios of 4:1 and tensile strengths of 40-50 MPa being
attainable!

Costs of these developments, at this stage, are not given but clearly it is cost effectiveness and
value that matters - they are not like for like replacements of normal concretes. The
importance of such extreme developments as this is that it shows what can be done and, like
radical fashions, they set a pattern within which there is general advancement.

It is encouraging to note in a paper by Garshol and Constantiner [16] that at long last the
concept of incorporating chemicals to control and modify the plastic and harden states of
concretes and mortars has consolidated into normal practice. Indeed without certain
admixtures and reactive additives these new concepts would remain only a wish.

Admixtures are now being tailored to the known chemistry of cements and the required
physical and chemical characteristics of resulting mortars and concretes. Science is replacing
intuitive flair and materials engineering replacing a 'try and see' approach. Integrating
disciplines in this way will bring construction in line with other process engineered activities,
eg, aircraft construction. Such trends are predicted in the Egan Report - 'Rethinking
Construction' [17].

Having made and placed the concrete its maintained appearance does not receive the status it
deserves. The visual impact of concrete is not popular with the community at large and
Kronlof [18] is concerned with the aesthetics of concrete, as we all should be. The phrase
'concrete is beautiful when it makes the designer and user happy' can hardly be argued with.

Concrete's form and appearance should be predictable - no unpleasant surprises. Natural
ageing should be taken into account and neatness should be a prime aim for concrete
development but again a low cost outlook does not aid aesthetic development.
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General expectations of society and designers may differ from those of the industry and
users. Kukko [19] considers that designers and society may be concerned with image and
public benefit, but industry is more concerned with economic and technical profits. Is this
division true? If it is how can it ever be reconciled?

Production of high quality surfaces, edges and joints is a priority with high quality materials
being required, resulting in ready for finishing details, eg, painting and wallpapering.

There are opportunities for higher strengths and toughness - thinner and slender structures,
shells, lattices, profiled beams and columns, all are attainable. Kukko identifies some aims,
namely,

• environmental friendliness

• improving the quality of life

• competitiveness

• improved employment prospects

• improved working conditions, in particular, safety

Concrete is 'a material for all reasons' and, if its permanency could be assured, we might
invest more in some of these value added options.

Conference 2 deals with 'Sustainable Concrete Construction' and Nixon's paper [20] is both
forthright, to the point and very relevant. He makes some telling criticisms of man's
exploitation of the planet. He contends we should be concerned with,

• adaptable buildings

• minimum waste

• design for deconstruction

• low energy cements

• reduced energy in use by using concrete intelligently

In attaining these aims concrete is the premier construction material.

Firstly, some disturbing facts.

In the UK about 25% of the energy used in industry is accounted for by the manufacture and
transportation of building materials.

• It is estimated that 8% of global CO2 emissions result from concrete production.

• One ton of CO2 is produced per ton of Portland cement.

• Cement production is growing, particularly in developing countries and what we gain by
going in one direction to save the environment may be offset by trends in the opposite
direction.

• In summary we need an alternative to Portland cement - such options are coming into
play already.
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Cements that require reduced energy for production (less by 16%) and in turn produce less
carbon dioxide (less by 10%) are seemingly attainable. Cements based upon belite with
properties comparable to Portland cements and with some evidence to indicate that durability
of resulting concretes might even be improved have been produced on a commercial scale in
China. There is also the recent TecEco development based on magnesium oxide. [21] What is
the future for these alternatives?

Nixon also makes the point that we should use concrete innovatively, taking regard of its high
thermal mass resulting in substantial economies in the running of buildings.

Jensen and Glavind [22] remind us that to make lm3 of office space requires something in the
region of 500 MJ whereas for the same office space it requires 15,000 MJ to heat and light.
How can concrete assist in the use and running of buildings is an issue that needs to be
addressed.

Jensen and Glavind continue a similar theme noting that 2-6% of worldwide CO2 stems from
cement production and cement manufacture is increasing at 5% per year, equivalent to an
increase of 10 million tons of CC^per year.

Perhaps we will only take the environmental issues seriously when failure to achieve set aims
is legislated for. The Eco Management and Audit Scheme (EMAS) coupled with a statutory
instrument against which a company can be registered might be a way forward. Various tools
are available to engendering an environmental culture but what creates the will to do so? The
principles of life cycle assessment (LCA) and life cycle inventory (LCI) can have aims and
set targets such as,

• CO2 reduction by at least 30%

• 20% of all concrete should use residual products as aggregates

• use concrete industry's own residual products

• CO2 neutral waste derived fuel being used at a rate of-at least 10% of all fuel used in

cement production

In the USA some 5 billion tons of non hazardous by-product materials are produced annually
(NAIK [23]). Major inputs from agriculture (2.1 billion tons) and mineral sources
(1.8 billion tons).The UK construction industry produces 20% of all UK waste [24].

The use of fly ash and bottom ash and clean coal ash in cement production with new energy
generating technologies yielding different coal derived ashes assists the quest for energy
containment. There are many new end uses for waste materials, for instance, sewage sludge
for lightweight aggregates and for making clay bricks.

The task of carrying the environmental banner often falls to the lot of the manufacturer but
contractors have a role to play as well (Goring [25]). Greater integration and co-operation
emphasising quality and safety and less so cost, as has been the habit to date. These principles
are set out in Egan's 'Rethinking Construction' [25]. How do these attitudes impinge upon
concreting activities? Firstly, starting with design concepts - concrete can play a role by way
of its thermal mass in providing better air quality and natural ventilation. To effect radical
change we need an integrated approach involving concrete design and function and
increasing the overlap between environmental concerns and how we build.
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Torring and Lauritzen [26] estimate a potential of 400 million tons of reusable concrete, stone
and brick from industrialised countries. We have to consider the means of deconstraction and
reclaiming the materials used. - Joined up construction underwritten by a joined up sense of
public conscience.

Pocklington and Glass [24] believe that the energy performance of buildings are a key to
sustainability in which case there is good reason for using concrete. Phrases such as 'burn and
bury', 'dilute and disperse' and 'end of pipe' are no longer acceptable. The term
anthropogenic was used - greenhouse gas emissions caused by man. We need some form of
fiscal encouragement to create a culture of change. We also need to plan for longer life and
adaptability of buildings.

Further telling statistics supplied by Glavind and Munch-Petersen [27]. Some 5 km3 of
concrete are used per year globally and whilst some would contend that CO2 produced per
ton of cement is small in itself, it becomes large due to the amount of concrete produced. The
prospect of quantified benchmarking of attainable objectives for CO2 reduction say by 30%
and recycled concrete used as aggregate, making an energy reduction of 20% is tantalising.
The authors also consider that waste derived fuels should replace 10% of fossil fuels and their
paper results in a specification for 'green' concrete types - some 14 in number. The authors
were very conscious of solving one problem but creating a second order unwelcome legacy,
eg, kiln dust containing zinc, vanadium, lead and copper as well as phosphorus pentoxide.
We have to maintain a sense of proportion and perspective. The various phases of materials
production and construction activity cannot be dealt with in isolation, one from the other.

Conference 3 deals with 'Concrete for Extreme Conditions' and the paper by De Vries [28]
endeavours to put the problems of durability into perspective. On balance the performance of
concrete is not as bad as many would contend. However, there are problems of poor
workmanship and with new materials. Codes and specifications are not particular enough and
matters of maintenance and repair not covered sufficiently well. De Vries would like to see
performance and reliability based service life design and makes reference to the European
Brite/Euram research project - 'Duracrete'. A plea is made to involve the client and give
contractors a number of options.

Durability design should get as much attention as structural design. The Eastern Schedlt
barrier has a service life-span of some 200 years! However, a period of 85 years was settled
for the concrete when it was accepted that the cover will have to be replaced. An example of
integrating maintenance with design life. We have to quantify the anticipated functional life-
span. To do this a knowledge of the durability of materials is required and the effect of
workmanship on achieving these properties needs to be addressed.

De Vries is also concerned with the interaction of structure and the environment and uses a
probabilistic technique to determine the likelihood of failure and target service life. There are
problems of defining the limit state requirements eg the onset of corrosion. Models exist for
defining degradation conditions and the design can be modified to offset adverse predictions
of service life based on such models — a preemptive approach.

Slater [29] concentrates on marine structures and these represent a severe exposure condition
but relates the data so that it is relevant to all types of construction. The emphasis is on
buildability and durability. Buildability covering such issues as safety and economy and
durability fixed by design and exposure (environment). Reassuring to see a preference for
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low w:c ratios and a useful quoted rule of thumb 'a reduction in w:c ratio of .05 is the
equivalent of an increase in a cover of 5mm'. Slater concludes with an excellent series of
pragmatic recommendations.

Over recent times there has been much discussion on the existence of threshold chloride
levels below which passivation is maintained and above which active corrosion commences.
The paper by Paramasivam et al [30] is a good example of data obtained on an actual
structure, in this case a 32 year old wharf from which 6 marine piles (driven) were recovered
and analysed for chloride content and penetration. Comparisons were made of the actual with
predicted ingress levels of chloride and the relationship between such levels and loss in mass
of reinforcing bars. Reference is made to threshold chloride levels (Reference 2 of [30])again
and the establishment of critical chloride levels in the range .03 - . 1 % weight/weight
concrete, covering in the first instance the splash zone and the latter submerged (Reference 6
[30]). Alternatively, Browne (Reference 7 of [3]) again showed such values to be in the range
.2 - .49% w/w cement. Therefore values of .034 - .068% w/w concrete were considered
appropriate.

These figures are to be doubted where a plentiful supply of oxygen is available. There was
broad agreement between predicted and actual values confirming the various models used. As
an extension to the problems caused by chloride ingress and contamination, Masuda [31]
considered salt damage to reinforced concrete buildings resulting from both seawater and
airborne salt. Some 4,363 buildings were investigated, covering everything from domestic to
industrial, schools, offices, hospitals, etc resulting in 60% or so being perfectly satisfactory in
the age range 7-46 years old. The distance from the coast was a significant factor in
determining the residual chloride levels. Insufficient cover was the cause of deterioration in
most cases but the examination was primarily visual. The threshold levels in this study were
broadly corroborated.

CONCLUSIONS

This Congress has brought together a great deal of data and experience that within itself has
trends that indicate the way ahead and help to establish attitudes and create priorities. Some
noted trends are given below.

1. Concrete is capable of considerable further performance-based development and should
not posture as a low technology stereotype .

2. Sustainability will remain a motivator for regulators, designers and concrete material
providers. Is there a sustainable alternative to Portland cement?

3. Adopted technology should be in proportion to prevailing local conditions.

4. Creating a concrete culture at operative level with recognition of skill status will help to
exploit new developments and make the aim of best practice a reality.

5. Laboratory-based data must reconcile with what happens in practice — transfer of
micro mechanisms to macro fact. Methods of diagnosis should be accurate and
unambiguous, performed by those qualified to do so and interpretation should be
subject to severe scrutiny.
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6. The role of water needs more committed study. It is necessary for cement to transform
into masonry but is also responsible for much of concrete's degradation.

7. Development of tough concrete rather than high strength but brittle concretes.

8. The visual appearance of concrete with time is of concern. Concrete should remain
pristine and not take on a patina of industrial downgrading.

9. Coating and sealing may not be sufficient. We have to understand how concrete
behaves to fluctuations in its surroundings at a micro mechanistic level.

10. Does a true threshold chloride level exist before steel corrosion occurs?

11. Can we consider structures that do not contain normal reinforcement but rely solely on
metal fibres and a reconstituted matrix?

12. The use of recycled and waste materials should be encouraged using legislation and tax
incentives for those that comply - a stick and carrot approach.
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