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Abstract

A new method of strengthening and upgrading various
types of concrete structures is presented. The advantages
of the present method, over conventional retrofitting
methods, are discussed. A literature review of existing
retrofitted structures along with experimental works and
various analytical and design approaches for strengthened
structural member are introduced. The feasibility and the
effectiveness of the method is discussed.

1. Introduction

Today, as a result of the fast development of the
modern industrial and technological reality, the need for
strengthening and retrofitting of existing structures is in
large demand. Among the common cases where
strengthening is required we can list:
• Upgrading of structures that yields forces beyond the

existing bearing capacity, such as an increase in the traffic
volume on a bridge or updated standards, that increase
load levels, as well as the demand to make the structure
"earthquake resistant".
. Environmental effects in the form of corrosion which
deteriorates concrete and reinforcement, or earthquake
damages, which might require rehabilitation of the
structure in order to regain its original strength.
. Changes in the structural system scheme, such as new

position of columns or new openings in slabs or walls.
In all these cases the ability of strengthening would

prevent the process of demolishing and rebuilding.
At present there are several methods and approaches

for strengthening of structures:
The classical approaches consist of adding

reinforcement, by means of glue or bolted steel plates to
the tensile face. Another method is using external
prestressing with unbonded cables. A third method is
based on an alternative structural system schemes that will
support the insufficient existing one.

A new method, recently used consists of plates or
stripes, made of composite material such as carbon fibers
in epoxy matrix (CFRP), bonded to the tensile face of the
structure. Among the advantages of this method we can
state:
1. Ease of handling - Composite stripes are easy to handle

on site and can be attached or glued to the proper location
with less workmanship as compared with steel plates

retrofitting process. Steel plate requires also expensive
scaffolding and lifting equipment.
2. Retrofitting during operation - The strengthening

process is conducted while structure is in use, while in the
classical methods the retrofitting is done when the
structure is out of service.
3. Corrosion resistance - Composite panels are made of

materials that are corrosion resistant and are durable
under harsh conditions, where steel plates or unbonded
cables require maintenance through out the life of
structure.
4. Unchanged dimensions and loads - Use of externally

bonded composite layers does not affect the dimensions of
the structures (glue layer of less than 1 mm thickness and a
composite plate of about 1-5 mm thickness), and will not
effect the self weight of the structure.
5. Superior mechanical properties - CFRP has superior

properties in terms of strength, weight, durability, creep,
fatigue, and fire resistance.

2. Strengthening applications

Structural retrofitting, by means of externally bonded
plats, used as additional tensioned reinforcement, has been
investigated in the recent years with emphasize on
experimental approach.

2.1. Strengthening ID elements (beams and columns)

Tests of reinforced concrete beams, strengthened with
epoxy bonded steel plates, were carried out since the early
eighties (Jones et al. [1-2], Swamy et al. [3-5]). Results of
these tests showed, on one hand, a significant increase in
the flexural stiffness and in the load capacity with thin
cracks well distributed, but on the other hand failure mode
had changed from a ductile yielding mode to a brittle one,
i.e. separation of the strengthening plate from the concrete.
Full scale loading tests on the strengthened M5 motorway
bridge in Quinton, U. K. reveal an increase of about 11%
of the flexural stiffness and a reduction of existing crack
width by 35%-40%. (Raithby [6]).

Meier and Meier et al. [7-10], demonstrated how
advanced polymer composite materials, light-weight FRP
laminates, developed for high performance military
aircrafts, can offer major advantages for retrofitting of
existing structures and replace steel plates with overall
saving in the order of 25%. A comparison of the behavior
members strengthened by FRP with conventional steel
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plates, reveal that FRP plated beams are superior in terms
of failure loads and ductility. The plate separation failure
mode is common to the two retrofitting methods. Various
anchorage methods of the retrofitted strip were used in an
attempt to prevent the brittle plate separation. Such
methods were partially successful when the strip edges
were wrapped around the concrete beam thus creating a
combined shear and flexural strengthened beam. (Satoh et
al. [11], Parmeswaran et al. [12], Saadatmanesh et al.
[13-14] Sharif et al. [15-16], Al-Sulimani et al. [17]).

Seismic strengthening RC columns is achieved by
wrapping the FRP sheets or straps around the column thus
improving the confinement of the concrete, and thereby
the strength and ductility of the column. (Saadatmanesh, et
al. [18], Yamamoto, [19]).

2.2. Strengthening 2D elements (walls, slabs)

Another important application of the method is
strengthening of two-dimensional structural elements, like
concrete and masonry walls, slabs and even natural stone
plates. The experiments of such application pointed out
the effectiveness of the strengthening process to an extent
that non-structural masonry walls were capable of resisting
out-of-plane seismic inertial forces and became structural
load carrying members with sufficient ductility.
(Schwengler [20], Ehsani [21], Laursen et al. [22], Erki
andHeffernan [23], Kurtis and Dharan [24]).

3. Analysis Approaches.

Various analytical approaches were performed in
attempt to analyze and design the strengthened structures
in the past years. Among these approaches we can list:

. Analytical solutions based on an improved elastic
foundation representation of the glue layer with elastic and
inelastic springs.

. Linear and nonlinear finite element analyzes of the
plated member.

. Classical methods used for reinforced and prestressed
concrete theory, ('strain compatibility method' or 'RC
theory').

In the next section the various analytical methods are
discussed, and their validity is evaluated in terms of
fulfillment of local and global equilibrium and boundary
conditions, stress and deformation field descriptions at so
called singular locations and failure predictions.

3.1 Elastic foundation approach.

Volkersen [25] was the first to introduce the
'shear-lags' analysis that replaces the glue layer with
linear elastic shear springs. This model ignores the
peeling stresses, i.e. normal stress in the vertical direction.

Goland and Reissner [26] had introduced a theory
where the glue layer is replaced by shear springs and
ordinary normal springs in the transverse direction only.
The longitudinal rigidity of the glue layer is neglected.
This model includes two immanent inaccuracies: the
adhesive layer is not an elastic medium thus the
differential equilibrium conditions have not to be

fulfilled. It means that there is no interaction between the
normal stresses, a^, and the shear stress, xxz, within the
glue layer. The free edge condition of the glue layer,
txz,=0, is not fulfilled as well.

Many researchers have used the Golland-Reissner
model along with its inherent inaccuracies usually with
minor modifications, see Cornell [27], Theillout [28],
Triantafillou and Deskovic [29], Roberts and Haji Kazemi
[30], Roberts [31], Jones et al. [32]. The global behavior
of the structure, using the model described above, usually
compares well with experimental results. However one
should bear in mind that it violates equilibrium and
boundary conditions.

3.2 Finite element analysis.

Finite element solutions were used by many researches
(Quantrill et al. [33], Arudini et al. [34], Hamoush and
Ahmad [35], Kolsch [36], Oehlers and Moran [37]).
These numerical solutions provides satisfactory
predictions for the overall behavior of the plated beam,
but are not able to provide satisfactory description of the
stresses in the vicinity of debonded zones and at the ends
of the bonded plate. One should be aware that the
reliability of numerical solutions, and the fracture criteria
such as energy release rate and stress intensity factors
based on the numerical solutions, in the vicinity of
singular points is not very high.

3.3 Reinforced concrete approach.

Another analytical approach is based on the
conventional theory of reinforced concrete. (Johnson et al
[38], Ritchie et al. [39], Wei et al. [40], Deblois et al.
[41], Triantafillou and Plevris [42]). Such methods are
based on linear strain distribution through the height of the
strengthened section, including compatible strains in the
glue and the strengthening plate. The solution is valid
only far from the edges of the FRP plate and far from
debonded or cracked zones. Predicting the ultimate
bearing capacity, by means of plate separation or
interfacial cracks delamination, is beyond the capability of
these methods.

4. Conclusions

From the short review the following conclusions can
be drawn:
1. Comprehensive experimental work, carried out in the

last two decades, demonstrates the efficiency of the
method in strengthening different kinds of structures
members such as beams, plates, masonry walls and others,
along with the brittle failure modes. Satisfactory
prediction of these failure modes are in scarce.
2. The plate separation failure mode is the main obstacle

of such structures. A full picture of the stresses involved
and prevent of this mode of failure is a necessity.
Anchoring methods that consist of bolts, externally links
and wrapping of the beams edges have been considered to
some success.
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3. The conventional RC theory should be used very
carefully for design of such members since in most cases
the failure mode consist of breakage of the concrete under
the ordinary reinforcement and not necessarily at the
cross-section subjected to the maximum bending moment.
Hence, an additional or alternative design approach should
be used.
4. Various approaches where used for analyzing the

behavior of strengthened members. Numerical analyses
using F.E. solutions have been used successfully for the
general global behavior of the retrofitted member but
failed to predict the behavior in the vicinity of the edges,
as a result of the singularities involved. Another approach
replaces the glue layer with an equivalent elastic
foundation, represented by normal and shear springs.
Although it provides satisfactory predictions of the overall
behavior, it violates equilibrium equations and boundary
conditions and yield inaccurate results in the vicinity of
the singular conditions. Failure predictions based on this
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