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ABSTRACT: Serious deterioration of structural safety of reinforced concrete is computationally and experimentally discussed with rapid crack propagation initiated from the corrosion cracks around anchorage zones
of main reinforcement. If corrosion induced cracking occurs at the anchorage zones of structural concrete, it
was to be difficult to retrofit them by means of conventional repair procedures because the load-transfer
mechanism between concrete compression strut and steel tension ties is damaged. By using fracture mechanics and stress-transfer modeling across the corrosive cracks, the behavior of seriously damaged beams is reproduced. A new strengthening method is also proposed and its strengthening performance is confirmed by
the analysis. Systematic parametric study for this strengthening method is performed for practical use.
1 INTRODUCTION
In the past decade, serious deteriorations of RC
members caused by alkali aggregate reaction, excessive shrinkage, steel corrosion and fatigue due to repeated traffic loads have been reported (Okada et al.
1988, Rodriguez et al. 1997, Enright & Frangopol
1998, Li 2003). Thus, the need for appropriate and
effective maintenance and strengthening methods is
rising for longer and efficient use of concrete structures.
If RC beams which have damage only in the shear
span and its anchorage zone works well, the load
bearing capacity can be improved (Toongoenthong
& Maekawa 2005). But when a RC beam whose anchorage zones cannot work well because of cracking
or inappropriate reinforcement bar arrangement, its
load bearing capacity becomes drastically smaller
than sound ones (Chijiwa 2008). One of the factors
of the collapse of de la Concorde Overpass in Quebec is thought to be short anchoring of corroded
main reinforcement and inappropriate arrangement
of shear reinforcement (Government du Quebec.
2007). It is also difficult to modify anchorage zones
by strengthening at this zone because working space
is limited and strengthening material cannot bear the
concentrating force to this zone.
In order to recover the load bearing capacity of a
beam with damaged anchorage, a new strengthening
method is proposed on the basis of the concept
“leave deteriorated zones but strengthening damage
expected ones” for rational maintenance with high
cost efficiency. In terms of material soundness, it is
necessary to consider some countermeasures as a
protector of steel against corrosion. As far as the

structural performance is concerned, plain repair of
the damaged materials is inevitable to improve the
structural performance. In this study, the effect of
this strengthening method is verified by experiment
and FE analysis. Based on the examined FE model,
some conditions are discussed to make strengthening
method more rational.
2 STRENGTHENING
2.1 Target RC beam
This study focuses on investigating the behavior of
RC beam with deterioration at anchorage zones due
to corrosion. To represent this condition, a styrene
board is placed right above the tensile reinforcement
at each anchorage zone of the beam (Fig. 1). The
length of the board is 840 mm, which is a half of the
shear span. The compressive strength of the concrete
is 34 MPa at 28 days, and the yield strength of the
steel bars is 755MPa.
2.2 Strengthening concept
A new strengthening method is proposed in this
study based on the following idea “leaving the damaged zones and strengthening the undamaged ones”.
That is, attention is now concentrated on the undamaged zone with high potential of future damage (Fig.
2). In this strengthening method, the damage is used
as an underhanded way for creating new load bearing mechanism. With the target beam previously
discussed, a potential damage zone is expected to
occur on the tips of the artificial anchorage cracks. In

terms of material soundness, it is necessary to conduct some countermeasures as a protector of steel
against corrosion, but repair of the damaged materials may not be enough to recover the structural performance.
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Figure 2. Concept of strengthening damage expected.

Together with the abovementioned strengthening
idea, the following important issue is also considered. First, a sufficiently large strengthening area in
order to avoid a sudden stiffness change and thereby
result in a better stress flow. Second, highly ductile
strengthening material to be compatible with large
deformation of the existing damaged parts. Third,
providing new stress transfer mechanism in order to
substitute the lost one along the beam axis. Based on
these requirements, it is proposed here to use a reinforcing sheet material called SRF (Super Reinforcement with Flexibility) (Igarashi 2002). The property
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where ∂we/∂h is the slope of the sorption/desorption
isotherm (also called moisture capacity). The
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the polystyrene board is about 1.1. The stiffness
normal to the board is about 6.6 N/mm2/mm, while
the tangential stiffness is about 9.1 N/mm2/mm.
4.4 Sheet model and treatment for sheet peeling off
the concrete
The strengthening sheet is modeled as a plane element with remarkable tensile stiffness along the fiber
direction (Fig. 4) and negligibly small stiffness for
other directions. In the analysis, two extreme cases
are adopted to represent the progress of the sheet
peeled off from the concrete surface. In the first case,
it is assumed that the sheet is completely unattached
on the side surface of the beam. As such, different
nodes are assigned to each sheet element and the
element of the beam, although they are intact to each
others. In the second case, a sheet is attached well
only at the points which correspond to the nodes of
FE analysis and other part is unattached from the beginning of loading (Fig. 5).
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Figure 4. Sheet model.

Figure 5. Bond between sheet and concrete in analysis.

4.5 Analytical result
Figure 6 shows comparison of experiment and
analysis results of the sound beam without any artificial cracks, the beam with artificial anchorage
cracks, and the beam with artificial anchorage cracks
and strengthened.
For the beam with artificial anchorage crack and
without strengthening sheet, the analysis can provide
a general tendency of the load-deflection curve and
the crack pattern. Compared to the experimental response, several differences are still observed. The
difference of the initial stiffness is caused by experimental conditions. The deflection is computed
by displacement at the center minus displacement at
the supports, and the displacement at the support is
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where the first term (gel isotherm) represents the
physically bound (adsorbed) water and the second
term (capillary isotherm) represents the capillary
water. This expression is valid only for low content
of SF. The coefficient G1 represents the amount of
water per unit volume held in the gel pores at 100%
relative humidity, and it can be expressed (Norling
Mjornell 1997) as
c α c+ ks α s
G (α c α s ) = k vg
c vg s

(5)

,

1

where kcvg and ksvg are material parameters. From the
maximum amount of water per unit volume that can
fill all pores (both capillary pores and gel pores), one
can calculate K1 as one obtains
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
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5.2 Limiting the strengthening area
The strengthening effect with limiting the strengthening area is checked by the analysis. In this analysis, compression bars are neglected for simplification, and strengthening material is 3 layers of the
SRF sheet. The property of the anchorage crack is
proper for the artificial crack by putting styrene
board. The strengthening areas are width d ( = effective depth) from the tips of the anchorage cracks to
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span (Fig. 8).
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The analytical result is also shown in Figure 8.
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The water content w can be expressed as the sum
of the evaporable water we (capillary water, water
vapor, and adsorbed water) and the non-evaporable
(chemically bound) water wn (Mills 1966,
Pantazopoulo & Mills 1995). It is reasonable to
assume that the evaporable water is a function of
relative humidity, h, degree of hydration, αc, and
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs)
= age-dependent sorption/desorption isotherm
(Norling Mjonell 1997). Under this assumption and
by substituting Equation 1 into Equation 2 one
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where ∂we/∂h is the slope of the sorption/desorption
isotherm (also called moisture capacity). The
governing equation (Equation 3) must be completed
by appropriate boundary and initial conditions.
The relation between the amount of evaporable
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case. Neglecting their difference (Xi et al. 1994), in
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relation, evaporable water vs relative humidity, must
be used according to the sign of the variation of the
relativity humidity. The shape of the sorption
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
temperature is constant. Heat conduction can be
described in concrete, at least for temperature not
exceeding 100°C (Bažant & Kaplan 1996), by
Fourier’s law, which reads

Figure 11. Classification of the strengthening mechanism.

= − λ ∇T

(7)
If the crack does not reach the point that main
bars across the line between loading point and supwheretheqstrengthening
is the heateffect
flux,is like
T isnormal
the shear
absolute
port,
retemperature,
and
λ
is
the
heat
conductivity;
in this
inforcement. The crack extends and when it passes
the point of main bars across the line between loadq

ing point and support, the strengthening works well.
If the crack length is in this range, the vertical component of diagonal crack is relatively large and
strengthening material can confine it well. Then
sheet also supplies axial confinement by confining
vertical deformation indirectly. The crack extends
more and when its tip is within d (=effective depth)
from the loading point, the strengthening cannot
work anymore because the crack from the tips of the
anchorage crack extends in vertical direction.
6 CONCLUSION
Findings in this research are listed as below.
1) The effectiveness of strengthening method on
the basis of the concept as “leave deteriorated zones
but strengthening sound ones” is verified by the
loading test for the strengthened beam which has
damages at the anchorage zone.
2) The numerical analysis with assuming
strengthening sheet is attached only at the points can
reproduce the characteristic features of the beam.
The peeling off of the sheet have much influence to
the behavior of the strengthened beam
3) It is found that there is optimum amount of
strengthening. The strengthening effect increases in
proportion with the logarithmic of the stiffness of the
strengthening sheet. But when the stiffness of the
strengthening sheet is too large, the strengthening effect starts to be insignificant. The strengthening effect is also influenced of the shear property of the
crack at the anchorage zone.
4) For the monotonic loading, strengthening area
can be limited in width 2d centering on the tips of
the anchorage cracks. Confining the opening of the
anchorage crack around its tips is important to inhibit the formation of diagonal crack and make its
width small after it is formed.
5) The proposing strengthening is effective until
the crack along to the main bars extends to the point
which is d (= effective depth) apart from the loading
point.
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