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Abstract. The present study deals with the validation of a numerical model that can
approximate the flexural behavior of corroded reinforced concrete beams patch repaired and
strengthened with carbon fiber reinforced polymer (CFRP). Six reinforced concrete beams
were corroded under an accelerated corrosion technique to low and medium corrosion levels
respectively. Two beams were used as control, while the remaining four were patch repaired
and strengthened with externally bonded reinforcement (EBR) and near surface mounted
reinforcement (NSM) with equivalent axial rigidity. After repairing the concrete substrate and
subsequent bonding of the CFRP reinforcement, the beams were tested to failure under four-
point loading. The developed 3D finite element models take into account the different
mechanical properties and detailing of corroded bars and of the mortar patch as well as of
the existing concrete — mortar patch interface and of the NSM or EBR FRP — mortar patch
interface. The FE analyses may reproduce the observed modes of failure including crushing
of the concrete after steel yielding and debonding of CFRP. The analytical load-deflection
curves compare well with the experimental flexural behavior of the corroded RC beams patch
repaired and strengthened with EBR and NSM CFRP laminates.
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1 INTRODUCTION

A lot of research has been conducted to assess damaged reinforced concrete structures
affected by corrosion of steel reinforcement. The damage is caused by the reduction of cross-
sectional area of the steel and reduction of its strain at failure and bond to concrete as well as
concrete cracking in the RC elements and leads to early failure of structures [1-3]. Externally
bonded carbon fiber reinforced polymer (CFRP) reinforcements (EBR) constitute effective
structural strengthening solutions for existing RC structures. However, the maximum FRP
tensile stress that can be utilized according to this technique is limited by the bond
performance between FRP systems and concrete substrate. Near surface mounted (NSM)
technique is also used for strengthening deteriorated structures, where thin laminates or bars
are installed into slits opened in the concrete cover. The NSM strengthened members can be
more ductile than EBR strengthened members and fail at much higher FRP strains [4,5]. Not
much information is available on steel corroded and FRP repaired RC beams, especially on
the efficiency of FRP strengthening applied on repaired substrate.

Although an extensive experimental research has been conducted on the application of
FRP systems for the flexural strengthening of RC elements, numerical analyses are of a great
importance to evaluate the influence of the crucial design parameters on the strengthening
efficiency. Numerical investigations of FRP strengthened RC members, focused on EBR
technique, have been conducted in parallel to the experimental work. Many researchers
simulated the behavior of RC members strengthened in flexure with externally bonded FRPs
assuming perfect bond between concrete-epoxy and epoxy-FRP interface [6,7]. A few
researchers considered the debonding effects in FE modeling of EBR strengthened RC beam
[8-10]. The behavior of NSM CFRP strengthened structures using 2D or 3D numerical
models have been investigated by [11] assuming perfect bond conditions (no slip). In this case
the FRP debonding failure cannot be predicted. Finite element modeling of NSM CFRP
strengthened members considering debonding is very limited [12,13]. The development of a
FE model of RC members strengthened with FRP materials considering the nonlinear
behavior of constituent materials and FRP-epoxy-concrete interfaces is required to reproduce
the failure mechanisms of strengthened members.

The cohesive zone model approach is one of the most commonly used tools to investigate
interfacial debonding. This approach assumes that a cohesive damage zone or softening
plasticity develops near the crack tip. Camata et al. [14] investigated the bond failure
mechanism of FRP laminates glued to concrete and found that the nonlinear fracture
mechanics model follows very closely the experimentally observed cracking sequence. Pham
et al. [15] used nonlinear fracture mechanics to study bond between CFRP and concrete and
showed that the interface crack model can represent successfully bond behavior. Arduini et al.
[16] presented a FE study of end cover separation in FRP-strengthened RC beams in which a
perfect bond was assumed between FRP and concrete as well as between steel and concrete,
where a good agreement was observed between the predicted and experimental load-
deflection curves. Yang et al. [17] used a discrete crack model based on linear elastic fracture
mechanics for the concrete and the bond-slip behavior between steel and concrete in order to
simulate the failure of strengthened beams. Their model required a re-meshing process which
is time consuming. Neale et al. [18] presented nonlinear finite element modeling of RC
members externally strengthened with FRPs and shown that with appropriate constitutive
models for the FRP/concrete interfaces, the numerical predictions agree well with the
experimental measurements in terms of load-deflection relationships and failure modes.
Almassri et al. [19] used FE models of corroded RC beams strengthened with a NSM CFRP
rod assuming full bond between FRP and concrete and could capture well the load capacity
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and the failure modes. A 3D FE model was used by Rezazadeh et al. [20] to simulate
strengthened beams with CFRP profiles, which was capable of simulating the nonlinear
behavior of the materials and both interfaces between concrete-epoxy and epoxy-CFRP. The
ultimate shear capacity and the experimental modes of failure including diagonal concrete
cracking and debonding of the FRP strips could be predicted well by the numerical simulation
of Manos et al [21].

The present study investigates experimentally and analytically the flexural behavior of
corroded RC beams patch repaired and strengthened with CFRP laminates with EBR and
NSM techniques. 3D models have been developed in ABAQUS to investigate the specific
mode of failure of non-strengthened and strengthened beams. The numerical analyses could
predict with satisfactory accuracy the experimental load-deflection behavior, the ultimate
capacity of the beams as well as the observed failure modes including debonding of CFRP
laminate and debonding at the epoxy-CFRP NSM strips interface.

2  EXPERIMENTAL INVESTIGATION

2.1 Beam tests

A total of 7 RC beams with a width of 150 mm, a height of 300 mm and a length of 2300
mm were tested in the Reinforced Concrete Laboratory of D.U.Th. Beam RC-N was a
reference beam with no corrosion, while the remaining six beams were subjected to an
accelerated corrosion technique at low and medium corrosion levels. Beam RC-COR1 was the
control corroded beam at low corrosion level, while RC-COR1S1 and RC-COR1S2 were
corroded beams repaired and strengthened with EBR and NSM carbon FRP systems
respectively. At medium corrosion level the control beam was named RC-COR2, while the
repaired and strengthened with EBR and NSM CFRP was named RC-COR2S1 and RC-
COR2S2 respectively. All beams had three tensile ribbed rebars of 12 mm diameter, two 10
mm diameter ribbed bars in compression, stirrups of 8 mm diameter spaced at 150 mm (with
50 mm spacing at the support) and 20 mm clear concrete cover. The typical geometry and
reinforcement of beams are shown in figure 1.
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Figure 1: Beam geometry and reinforcement details of test specimens.

2.2 Materials

The average maximum compression stress on cylindrical concrete specimens was 34.6
MPa, the elastic modulus 32300 MPa and the tensile strength was 2.2 MPa after 28 days. The
tensile strength, measured using the splitting test, was 2.2 MPa. Tensile tests on steel were
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also executed and the yield strength was measured equal to 552.2 MPa, while the ultimate
strength 652.5MPa.

After removal of cracked concrete, corroded rebars were treated with corrosion inhibitor
for reinforced concrete and an epoxy-cement and anti-corrosive bonding primer. Substrate
repair was realized with polymer modified cementitious repair mortar having compressive
strength of 50 MPa at 28 days. Table 1 shows the mechanical characteristics of CFRP
laminate, CFRP NSM plates and U-CFRP sheets for shear strengthening. Epoxy resin was
used for the bonding of CFRP laminate having flexural strength of 90 MPa, tensile strength of
30 MPa and elastic modulus of 11200 MPa. The epoxy resin for the bonding of CFRP plates
into slits, filling the grooves in NSM technique and for UCFRP sheets had tensile strength of
30 MPa and elastic modulus of 4500 MPa.

Width  Thickness Young’s Ultimate Ultimate

Material (mm) (mm) Modulus  stress strain
(GPa) (MPa) (%0)
CFRP laminate 50 1.2 165 3100 17
CFRP NSM plates 10 3 165 3100 17
U-CFRP sheets 50 0.167 230 4000 17

Table 1: Characteristics of CFRP materials.

2.3 Accelerated Corrosion Process

The accelerated corrosion process included beams placed inside a tank which contained
industrial salt solution NaCl of 3% concentration and then subjected to wet-dry cycles for
better physical representation of the natural corrosion process (total of 8 weeks for low
corrosion level and 16 weeks for medium corrosion level). The beams were also subjected to
constant electric current. The current was only applied during the wetting period. Corroded
tensile rebars were extracted from beams after testing, were cleaned of rust and weighed
according to ASTM-G1 90 standard [22]. The gravimetric mass loss for low corrosion level
was measured equal to Mgray,low=7.56%, while for medium corrosion level mgray mea=15.48%.

24  Repair Technique

The damaged concrete cover was removed to the level of the tensile steel reinforcement
along the whole length of the beams. The exposed corroded steel bars were cleaned and
corrosion products were removed by mechanical means. Corrosion inhibitor was applied with
a brush and then an epoxy-cementitious bond agent layer to the repair zones. Finally, the
polymer modified cementitious mortar was applied by patching technique to form 20 mm
cover.

Beams RC-CORI1S1 and RC-COR2S1 were strengthened in flexure with CFRP laminate
on the tensile bottom. Beams RC-COR1S2 and RC-COR2S2 received two CFRP NSM plates
inserted into the mortar cover grooves at the tension side, having equal axial rigidity with
EBR FRP laminate. In order to prevent shear failure, each shear span was strengthened with
eight U-shaped CFRP strips of 50 mm width and in two layers spaced at 50 mm (figure 1).
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25 Summary of the observed behavior and modes of failure

Detailed mapping of corrosion-induced crack patterns and of their widths were also
recorded at the end of each corrosion cycle. A main longitudinal crack was formed at the
tensile bottom of each corroded beam, running parallel to the middle tensile rebar and on the
front and back sides. These cracks increased their width as corrosion came along and at the
end of the last corrosion cycle the maximum width of the bottom face was measured equal to
0.35 mm for low corrosion level and equal to approximately 0.90 mm for medium corrosion
level.

All specimens were subjected to four- point monotonic loading up to failure. The load was
applied using a 500 kN actuator through a spreader steel beam to the specimen (Figure 1).

The failure mode for non corroded RC-N and corroded RC-COR1 beams was flexural by
yielding of tensile steel bars, followed by crashing of concrete at the compression zone.
Corroded beam RC-COR2 had the two external corroded tensile bars fractured before
concrete crushing. The yield load of beam RC-COR1 was about 5.55% lower than that of the
uncorroded beam RC-N and of beam RC-COR2 was about 20.58% lower than RC-N and
16.17% lower than RC-COR1. The maximum bearing load of RC-COR1 was around 4 %
lower than reference beam RC-N and of beam RC-COR2 was about 14.58% lower than RC-N
and 11.15% lower than RC-CORI. A slight increase in the deflection capacity of 2.45% for
the corroded beam RC-CORI1 and a decrease of 15.47% for RC-COR2 were recorded
compared to non-corroded RC-N. The load-midspan deflection curves of beams at low and
medium corrosion level are shown in figure 2(a) and 2(b) respectively.
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Figure 2: Load-deflection curves of tested beams.

For patch repaired and strengthened corroded beams at low corrosion level RC-COR1S1
and RC-COR18S2, the failure mode was debonding of the flexural CFRP laminate for the first
and debonding at the epoxy-CFRP strips interface and localized splitting of the epoxy cover
for the second, after yielding of the tensile steel reinforcement. Then, intermediate debonding
between the old concrete and repaired mortar layer followed and finally the compressive
concrete zone crushed. The yield load of RC-COR1S1 was 8.4% higher than the non corroded
RC-N and 14.4% more than the corroded unstrengthened beam RC-CORI1. The maximum
load was 22.1% higher than that of RC-N and 27.1% than RC-COR1 at 17 mm deflection.
RC-COR1S2 beam yielded at a load 6.2% higher than RC-N and 12% higher compared to
RC-CORI1. The ultimate load at debonding of the NSM strengthened beam was 18.2% higher
compared to the EBR strengthened beam, 44.4% higher than RC-N and 50.2% higher than
RC-COR1 at 24.1 mm deflection.
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For patch repaired and strengthened corroded beams at medium corrosion level RC-
COR2S1 and RC-COR218S2, the failure mode was debonding of the flexural CFRP laminate
for the first and debonding in the form of concrete cover separation for the second, after
yielding of the tensile steel reinforcement. At excessive deflections rupture of two of the
corroded tensile bars occurred before concrete crushing. Intermediate debonding between the
old concrete and repaired mortar layer was also noticed. The yield load of RC-COR2S1 was
3.3% higher than the non corroded RC-N and 30.1% more than the corroded unstrengthened
beam RC-COR2. The maximum load of RC-COR2S1 was 46.8% higher than that of RC-N
and 71.9% than that of RC-COR?2 at 25.3 mm deflection. RC-COR2S2 beam yielded at a load
3.9% higher compared to RC-N and 30.9% higher compared to RC-COR2. The ultimate load
at debonding of NSM strengthened beam was 6.1% lower compared to the EBR strengthened
beam, 37.8% higher than RC-N and 61.3% higher than RC-COR2 at 21.03 mm deflection.
Despite the higher mass loss of beams at medium corrosion level, the CFRP laminate
developed higher strain at debonding, resulting in higher maximum bearing load of the beam.
Figure 3 shows corroded beams at medium corrosion level, patch repaired and strengthened
with CFRP materials after failure.

(b)

Figure 3: Beam RC-COR2S1 (a) and beam RC-COR2S2 (b) after failure.

3 NUMERICAL ANALYSIS

31 Modeling assumptions

This paper utilizes a 3D finite element (FE) approach that takes into account the nonlinear
behavior of the used materials and the CFRP-epoxy adhesive and concrete-epoxy adhesive
interfaces capacity using software ABAQUS [23]. The models adopt eight-node 3D solid
elements for concrete, patch repair substrate, the interface between these two concretes and
epoxy adhesive. The CFRP NSM strips, laminates and U-CFRP sheets were idealized as
linear 4-noded shell elements and were tied to their respective elements. The longitudinal
reinforcing bars and the steel stirrups were discretized with linear two-node truss elements
embedded in the concrete region. A refined mesh was applied on the whole model with a
mesh size of 25 mm. The loading and support conditions were simulated according to the
characteristics of the experimental setup and the load was applied using displacement control.
The nonlinear analysis has been conducted using the explicit dynamics solver
ABAQUS/EXPLICIT. Figure 4 shows the skeleton and mesh of the FE models.
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Figure 4: Skeleton and mesh of the FRP U-wraps of the FE Models.

3.2  Material modeling

Concrete Damage Plasticity (CDP) model was adopted to simulate the concrete’s nonlinear
behavior that is linear isotropic elasticity in combination with isotropic tensile and
compressive plasticity. The CDP model considers two main damage mechanisms of the
concrete: cracking formation and propagation in tension and elasto-plasticity in compression.
The essential parameters of the CDP model (dilation angle v, plastic potential eccentricity e,
stress ratio f,/f;, the ratio between the compressive strength in bi- and uni-compression stress
fvo and f., respectively, shape of the loading surface K. and viscosity parameter V) were
estimated based on the recommended range of values given by ABAQUS manual [23] and
Kmiecik and Kaminski [24]. A post failure stress-strain relationship for concrete subjected to
tension which accounts for tension stiffening strain softening and reinforcement interaction
with concrete was used. The uniaxial behavior of the uncracked concrete in tension was
assumed to be linear up to the concrete tensile strength o,=f.. Under uniaxial compression
the response is linear until the c.,=0.40f.. of the concrete compressive strength and the
concrete nonlinear stress-strain relationship was obtained according to recommendations of
EN 1992-1-1[25] using stresses, inelastic strain and damage properties. In the plastic regime
the response is characterized by stress hardening followed by strain softening beyond the
ultimate stress o.,=f... Poisson’s ratio was assumed equal to 0.2.

An elasto-plastic model was adopted for the truss elements to simulate the behavior of the
steel reinforcement. The elasto-plastic curves were specified from tensile tests, whilst
Poisson’s ratio was assumed equal to 0.3. The tensile behavior of the CFRP reinforcement
was assumed linear elastic up to the ultimate tensile strength.

The adhesive epoxy resin layer was modeled as a cohesive zone endowed with a traction-
separation response to reproduce the debonding of the CFRP strip from the concrete. A mixed
mode of debonding comprising stress-separation and shear stress-slip was used to simulate the
concrete-epoxy resin interface, as well as the interface between the old and repaired concrete,
while the shear stress slip was used to simulate the CFRP-epoxy resin interface Damage
evaluation was defined in terms of fracture energy with linear softening. The normal tensile
stress and tensile fracture energy of the concrete-epoxy interface was limited to the tensile
strength and fracture energy of the concrete and the maximum shear stress and shear fracture
energy was adopted from the model by [26]. The maximum shear stress of CFRP -epoxy resin
interface and the shear fracture energy was estimated by the area under the proposed shear
stress-slip curve [27]. The initial elastic stiffness for all three modes of debonding was set
according to Turon et al. [28].

3.3  Results of Finite Element Analysis

To assess the predictive performance of the described numerical model, the obtained load
versus mid-span deflection response was compared with the experimentally recorded ones.
For the non corroded beam RC-N, a slight increase of 1% in the yielding load and a decrease
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of 5.1% in the ultimate load were recorded for the FE model with respect to the experimental
one, while the analysis was terminated at 80 mm deflection at concrete crushing. For the
corroded beams, the steel mass loss measured experimentally and the stress-strain values for
steel were adopted from the tensile tests of non corroded steel coupons. For corroded beam
RC-COR1 the analytical yield load was 1% lower than the experimental one, while the
ultimate load was 7.2% lower. Corroded beam RC-COR2 presented yield load almost equal
and ultimate load around 10% lower than the corresponding experimental values. The
analytical ultimate deflection for both beams is in good agreement with experiments. Flexural
failure mode was also observed in FE models by yielding of the tensile reinforcement
followed by crushing of the concrete in compression zone.

The failure modes of corroded strengthened beams at the maximum load carrying capacity
were numerically predicted in accordance with the experimental. Figure 5 indicates a good
predictive performance with small deviations with respect to the maximum load and its
corresponding deflection. The analytical ultimate load for strengthened beam at low corrosion
level RC-COR1S1 was 1.5% lower, while for beam RC-COR1S2 was 2.9% higher that the
experimental ones. For beam RC-COR2S2 at medium corrosion level with NSM
strengthening, the analytical ultimate load was at approximately 5% higher than the
experimental one. The prevailing failure mode of the beam at maximum load was predicted
well by the analysis (debonding at the epoxy-CFRP strips interface). For strengthened beam
RC-COR2S1 at medium corrosion level, the analytical ultimate load was quite lower than the
experimental. In fact, the experiments suggest that the CFRP laminate developed much higher
tensile strain prior to debonding, attributed to the anchoring through U-CFRP wraps (placed
for shear strengthening). Thus, in order to predict the experimental behavior of beam RC-
COR2S1, a much higher strength at the interface between the old and the patch-repaired
mortar and the epoxy-resin material should be considered. Further experimental and analytical
investigation should be conducted in this field.
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Figure 5:Experimental vs FE model load-deflection curves of tested beams.

4 CONCLUSIONS

This study investigated the structural performance of beams with corroded steel bars at low
or medium level, after their patch repair and CFRP-EBR or NSM strengthening. All repaired
beams presented increased load carrying capacity with respect to the non corroded beam, even
at medium corrosion level for the tensile reinforcement. Both EBR and NSM techniques may
repair efficiently RC structures with corroded steel bars provided that the damaged concrete
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cover is replaced with suitable mortar patch. Developed 3D FE models were used to
reproduce the experimental performance. For non-corroded beam and for reference corroded
beams the P-d results and the flexural failure mode by yielding of the tensile reinforcement
followed by crushing of the concrete in compression zone were captured well from the FE
models. The good performance of the numerical analysis is also demonstrated by comparing
the experimentally and analytically predicted ultimate flexural capacity for all strengthened
corroded beams. The prevailing failure modes of debonding of CFRP laminate and debonding
at the epoxy-CFRP strips interface of the beams at maximum load were predicted well by the
analysis in most of the cases.
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