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ARTICLE INFO ABSTRACT

Keywords: Repairing Corroded Reinforced Concrete (RC) beams has been an important area of study so far. Restoring the
RC beams mechanical properties of (RC) beams which have been lost due to steel corrosion is necessary to maintain the
Steel corrosion required service life and load capacity of any (RC) structure. Despite the noticeable increase which was found
NSM CFRP during the experimental test in terms of moment capacity, stiffness and ductility of a repaired beam, the repaired
External steel plates . . . .

Renair corroded beam failed as a result of a premature mode of failure by the separation of concrete cover. In this paper,
FEPM an analytical and Finite Element (FE) investigation are conducted on a corroded RC beam which was previously

cDP repaired with near surface mounted technique (NSM) using carbon fibre polymer rods (CFRP). A (FE) model
using the commercial program ABAQUS was produced to predict the moment-deflection behavior and crack/
failure pattern, it was found that using an external steel plate increases the ultimate capacity and stiffness, and it
changes the mode of failure of the repaired corroded beam from a non-conventional failure mode, in which the
beam cover exfoliates, to a classical and more ductile one by causing tensile reinforcement to yield, and concrete

to subsequently crush in the compressed region.

1. Introduction

Methods of high reliability are increasingly needed to measure the
ultimate capacity and the service life left for deteriorated reinforced
concrete (RC) structures as an important requirement for different re-
pair strategies [1,2]. Corrosion of steel reinforcement represents the
major reason behind the deterioration of (RC) structures. The corrosion
process entails serious structural damages: longitudinal cracks in con-
crete cover due to expansive corrosion products; loss of cross-sectional
area of steel bars; the bond deterioration between concrete and steel
reinforcement bars, and a serious decrease in the ultimate strain of
reinforcing bars “reduction in steel bars ductility” [3-6]. Consequently,
a considerable reduction occurs in the service life and the ultimate
capacity of (RC) elements.

To restore the service life and the load capacity of reinforced con-
crete structures which have been lost due to steel corrosion, it is re-
quired to repair them using suitable available engineering techniques.
Several experimental and numerical modelling studies presented the
flexural and shear response of RC elements strengthened using epoxy
bonded steel plates [7-10], Arslan et al. [11] showed that the external
steel plate was highly effective on improving the flexural behavior of
previously damaged slender RC beams. Recently, there have been
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several studies on the (RC) elements strengthened with externally
bonded fibre-reinforced polymer EBR (FRP) laminates [12-14]. An-
other strength-enhancing technique called Near Surface Mounted
(NSM) which uses also the composite material FRP reinforcement has
been employed in the research and practical engineering solutions
[15-17]. In this technique, concrete cover has to be grooved, through
which FRP reinforcement is bonded. This is followed by filling the
grooves with epoxy or cement grout.

Kreit et al. [18] and Almassri et al. [19] investigated the possibility
of flexural repairing naturally corroded RC beams using NSM CFRP
rods. It was found that the NSM technique increased the load bearing
capacity of the corroded beam to a high degree. The corroded beams
with significant reduction in steel bars cross-sectional area exhibited an
ultimate capacity similar to the control “Non-corroded” beam. The NSM
CFRP technique slightly raised the stiffness of the repaired beams and it
restored sufficient ductility which had been lost due to steel re-
inforcement corrosion.

The FE numerical modelling was used several times in the literature
to construct models which can predict the overall behavior of concrete
elements subjected to NSM strengthening. Hawileh [20] used the ex-
perimental results conducted by Almahmoud et al. [21], and con-
structed a model using ANSYS software to simulate 4-point loaded RC
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Fig. 1. Reinforcement layout of type A beams. (Dimensions are all in mm).

beams for predicting their ultimate capacity. Barros et al. [22] used the
computed code FEMIX to construct a multi-directional smeared
cracking model for compression and tension behavior of RC beams
shear repaired with NSM CFRP strips. Almassri et al. [23] used both
ABAQUS and FEMIX to predict the behavior of corroded RC beams
repaired with NSM in flexure and other non-repaired RC beams. Al-Osta
et al. [24] investigated the damage of corroded RC beams by using fi-
nite element analysis with different corroded bars and concrete inter-
face models.

Despite the significant advantages of employing NSM in repairing/
strengthening of RC beams in flexure, several debonding failure modes
have been recorded experimentally, including end debonding failure
and intermediate crack induced debonding failure. End cover separa-
tion, “Peeling off” as one of the end debonding failure modes, has been
found to be by far the most common failure mode [16,17,25,26]

Other corroded RC beams failed by the separation of concrete cover
without any detachment of the NSM CFRP rod, this was recorded twice
in the tested beams [18,19], The longitudinal pre-loading cracks in-
duced by steel corrosion along concrete cover are the main reason be-
hind this premature mode of failure which limited the efficiency of NSM
technique in repairing corroded RC beams [19]. Kreit et al. [27] found
the NSM technique efficient in repairing corroded RC beams but it
highly depends on the status of the concrete cover deteriorated by steel
corrosion.

From the literature it is found that there is an increasing need to
prevent non-classical and premature modes of failure such as the se-
paration of concrete cover, Rezazadeh et al. [28] proposed an analytical
model to predict the behavior of RC beams strengthened with NSM
failed by the separation of concrete cover, it was found that by in-
creasing the length of the NSM FRP in the beam, its failure capacity
increases. In another study, Teng et al. [29] suggested a model for NSM
(CFRP) strips using a FE study. Furthermore, there has been no research
achieved on a large scale which can predict the naturally corroded RC
beams behavior as well as simulate the corrosion of steel reinforcement
bars through FE numerical modelling. There has not been much re-
search done on this premature mode of failure on NSM-corroded RC
beams, due to its complexity as well as the large number of acting
parameters involved in this failure. In addition, there have been no
studies found to tackle the limitations that face the NSM as a repair
technique. After studying all the above-mentioned research gaps and
problems, this paper comes to present a FE model using a hybrid
strengthening technique; using composite material CFRP rods and also
an external steel plate at the same time which can prevent the pre-
mature mode of failure by the separation of concrete cover. A 3-D FE
model A1CL3-RS is proposed using the commercial software ABAQUS
[30], and the model is validated using experimental results from pre-
vious published work. This beam is repaired with both NSM CFRP rod
in bending as well as an external steel plate at the tension side. The
moment-deflection curves, modes of failure, ductility index and stiff-
ness of the repaired corroded RC beams are studied. The current re-
search pays a special attention to the failure modes of the RC beams
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repaired with NSM only and the one proposed in this paper which is
repaired with NSM and external steel plate. It proves that using this
hybrid technique would change the failure mode, and it also compares
the experimental failure modes to the crack patterns obtained by the FE
model.

2. Research significance

In the last years, there has been an increasing need in the en-
gineering society to conserve and rehabilitate the old buildings in-
cluding the monumental heritage and other important structures like
corroded beams and girders in bridges around the world which seized
the attention of the researchers. This paper discusses the possibility of
using hybrid repair technique for these deteriorated structural elements
and opens the door for further investigations in this area.

3. Summary of experimental test

The beam studied in this paper is one of 72 RC beams that were cast
in 1984 at LMDC (Laboratory of Materials and Durability of
Constructions). The aim of that program was studying the effect of the
natural corrosion on the mechanical properties of RC beams. This paper
introduces a study on four beams of the same type (type A) with the
same geometry shown in Fig. 1. Half of them were exposed to harsh
chloride environment and the other half was kept aside to be tested as
control beams. More information about this natural corrosion en-
vironment can be found in a previous paper [19].

The beams have been subjected to several experimental studies to
evaluate cracking resulted from natural corrosion, to quantify chloride
content, and to analyze the variation in the mechanical behavior
[31,32]. The four RC beams addressed in this work belong to one type
(type A) and have identical geometry and reinforcement configuration.
However, they are subjected to different values of service loads. More
information about the loading and material properties values can be
found in [19]. The beams chosen for this study are: A1T-R, A1CL3-R,
A2T and A2CL3. Further description and information about their con-
crete properties is shown in Table 1.

The beams A2CL3 and A2T are non-repaired beams which were
tested experimentally to assess the steel corrosion effect. On the other
hand, the beams A1CL3-R and A1T-R are repaired by the NSM tech-
nique using 6 mm diameter CFRP rod which is installed in the tension
side of these beams. The aim is to study the benefits of using the NSM
technique to repair naturally corroded RC beams. More information on
the detailed procedure of this technique can be found in [18,19]. All
beams were subjected to 3-point loading until failure occurred. Fig. 2
displays the experimental moment vs. deflection curves for all RC
beams. The experimental results of (A2CL3, A2T, A1T-R and A1CL3-R)
are used to verify the FE model.
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Table 1

Mechanical characteristics of the concrete at 27 years (average values of 3 tests).
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Mechanical characteristics

AI1CL3-R

Al1T-R

A2T

A2CL3

Beam Description

Compression strength (MPa)
Tensile strength (MPa)
Elastic modulus (MPa)
Tested Experimentally by

Corroded repaired beam with NSM
CFRP rod

62.2

6.85

34 000

Almassri et al. [19]

Non-Corroded repaired beam with NSM
CFRP rod

58.9

6

30 000

Almassri et al. [19]

Non-Corroded and Non-
repaired.

58.5

6

32 000

Dang & Francois [33]

Corroded and Non-
repaired

61.5

6.2

32 000

Khan et al. [34]

4. FE numerical model

In the present study, the nonlinear finite element (F.E) is used
through ABAQUS to build a 3-D model for a corroded RC beam which
was previously repaired using the near surface mounted technique
(NSM) with carbon fibre polymer rods (CFRP), and external steel plate,
(A1CL3-RS). This innovative hybrid repair system is proposed in order
to prevent the brittle failure in the form of separation of concrete cover
and to reach the maximum efficiency of NSM. The verification of the FE
model is first implemented on the beams which were tested experi-
mentally (A2CL3, A2T, A1T-R and A1CL3-R), then the external steel
plate is added to the FE model in order to simulate the global behavior
of beam A1CL3-RS.

4.1. Materials properties

In this model, the concrete and the steel plate are simulated using a
deformable solid structural element. The steel bars as well as the CFRP
rod are represented in the FE model with deformable beam elements,
whereas steel stirrups are modeled using truss elements. The epoxy
resin material is neglected in this model because by referring to the
previous study of Sena Cruz et al. [35], it showed that the influence of
the epoxy adhesion on the global behavior and the crack pattern is very
low and can be neglected.

4.1.1. Concrete properties

Mainly, there are two material modeling approaches for concrete in
ABAQUS, which are the concrete smeared cracking and the concrete
damaged plasticity model (CDPM) [36]. Interchangeable use of both
models is valid in the case of plain concrete as well as reinforced con-
crete. In the present study, concrete damage plasticity model is adopted
for modelling the concrete. The mechanical properties of concrete are
shown in Table 2.

Table 2
Properties of Hardened Concrete Specimens.

Item fc' (MPa) ft(MPa) E.(MPa) 0

Value 62.2 6.85 34,000 0.2

Table 3
Parameters of the damage-plasticity model.

Parameter Value

36°
0.1

Dilation angle (y)
Eccentricity (e)

Jro/feo(ratio of initial equibiaxial compressive yield stress to initial 1.16
uniaxial compressive yield stress

K (the ratio of the second stress invariant on the tensile meridian) 0.667

u (viscosity parameter) 0.0005

Modeling of concrete requires considering a set of parameters ac-
cording to the CDP model to be able to capture the behavior of concrete
accurately. These parameters are summarized in Table 3. These para-
meters were used by many researchers and the results they obtained
had a good agreement with the experimental tests for different struc-
tural elements [37-39]. The compression damage parameter (dc) in the
CDP model represents the decay in the elastic stiffness due to com-
pressing the concrete, while the tension damage parameter dt re-
presents the decay in the elastic stiffness due to tensioning the concrete.
Both parameters are calculated following the method proposed by Lima
et al. [40].

The concrete used to build the current FE models is given a com-
pressive strength of 62 MPa and an elasticity modulus of 34,000 MPa.
However, Fig. 3 presents the data needed in defining the concrete
material in ABAQUS. Fig. 3(a) shows a curve of uniaxial compression
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Fig. 2. Experimental Moment-Deflection curves for all beams.
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Fig. 3. Definition of concrete parameters for damage-plasticity model.

stress versus inelastic strain of concrete, while Fig. 3(b) shows a curve
of tension stress versus cracking strain of concrete, more details of
concrete model can be found elsewhere [41,42]. The curve in Fig. 3(c)
displays the relation between the compression damage parameter and
the inelastic strains, while Fig. 3(d) shows the change in the tension
damage parameter at various cracking strains.

4.1.2. Steel bars, steel stirrups and CFRP constitutive models
The behavior of the non-corroded steel reinforcing bars and steel

stirrups is assumed elasto-plastic. Fig. 4. Depicts the behavior of the
non-corroded steel bars at the post yielding hardening. As reported in
the manufacturer’s criteria, the CFRP rod keeps having elastic linear
stress-strain behavior until it experiences a brittle failure caused by
tension (the tensile stress-strain curve for the CFRP provided by both
the manufacturer and the laboratory are shown in Fig. 5).

The ordinary ribbed reinforcing steel bars are composed of natural
S500 half-hard steels. Some measurements were carried out to de-
termine the properties of the steel bars after the corroded and non-
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Fig. 4. Stress-strain curve for non-corroded steel bars.
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Fig. 5. Stress-strain curve for CFRP rods.
Table 4
Average values of steel bar properties.
Specimen Type Young’s Yield Ultimate Ultimate
modulus Strength Strength strain
(GPa) (MPa) (MPa)
Corroded specimen 200 550 604 4%
Non-corroded 200 550 645 8%

specimen

corroded bars were extracted from the beams, Table 4 shows the
average steel bars properties.

Almahmoud et al. [43] tested the CFRP rods properties which are
used in the present F.E model. The properties provided by the manu-
facturer and the laboratory are shown in Table 5.

4.2. Steel corrosion in the FE model

The corrosion of tensile steel bars is considered for all models of
corroded beams studied in this paper (A1CL3-R, A2CL3 and A1CL3-RS).
The corrosion of steel stirrups is neglected as it does not affect the
flexural behavior. In addition, the steel cross-sectional area is reduced
to the values which were obtained from the experimental studies.
Table 6 shows the average cross-sectional area losses values which are
considered in the FE models for all corroded beams.

Moreover, the stress-strain curve “post yielding behavior” is mod-
ified for the corroded steel bars. It was found experimentally by [19,33]
that the corroded steel bars reach an ultimate strain value equivalent to
half of that observed in the case of non-corroded steel bars, while no
change was noticed regarding the yielding stress values. Fig. 6 shows
the stress-strain curve for corroded steel bars which is implemented in
the FE model.

Almassri et al. [23] proposed an innovative procedure to simulate
the steel corrosion cracks using a special crack tool in ABAQUS. The
same procedure is adopted here in order to construct a model for the
corroded beams which have existing longitudinal cracks induced by
steel corrosion. These preloading cracks are proposed to be in a sym-
metrical shape along the concrete cover and close to mid-beam (similar
to the one found experimentally). Fig. 7 presents the steel corrosion
cracks (in a red line).

Table 5
CFRP rod Properties.

Type of test Ultimate strength (MPa) Modulus of Elasticity (MPa)

Manufacturer’s test 2300
Laboratory test 1875

150,000
145,900

Structures 27 (2020) 343-351

5. Results and discussion
5.1. Moment deflection curves

The FE model predicts the global behavior of the 4 beams (A2CL3,
A2T, A1T-R and A1CL3-R) which were studied experimentally. This can
be observed from the moment-deflection curves presented in Fig. 8. The
behavior of the new proposed model A1CL3-RS is also drawn along
with the behavior of other beams in order to observe the change oc-
curred in the behavior and the moment capacity due to the new pro-
posed strengthening using the external steel plate.

The yielding moment capacity of the new model A1CL3-RS was
recorded 65 KN.m and the ultimate moment capacity was 67 KN.m
which is close to the ultimate capacity of A1T-R, a non-corroded beam
repaired with NSM CFRP rod only. On the other hand, if it is compared
to the beam A1CL3-R, a corroded beam which was repaired only with
NSM, the yielding capacity of the later increased by 24 kN.m while the
ultimate moment capacity increased by 16 kN.m.

5.2. Failure modes

One of the strengths of the FE model is that it can record the da-
mages which happen in the reinforced concrete beams. The crack pat-
terns are well predicted by the FE models. The main failure mode re-
ported experimentally is concrete crushing which is either associated
with a brittle failure in tensile steel bars due to corrosion or large
flexural cracks in the tension zone. The FE model captures the cracks
which occurred in the experiments for all common failure modes. (for
beams A1T-R, A2T and A2CL3).

The following Figs. 9 and 10 show the FE crack patterns obtained in
this study and the cracks patterns which were observed experimentally
by previous studies, respectively.

Different from the common failure, the corroded beam A1CL3-R
which was repaired using only NSM CFRP rod failed by separation of
concrete cover as displayed in Fig. 10. The NSM technique was limited
in repairing this corroded beam by this brittle premature failure.

The analytical and the FE model A1CL3-RS; which is a corroded
beam repaired with both NSM CFRP rod and also with an external steel
plate, failed due to large flexural cracks followed by concrete crushing
as shown in Fig. 11. Therefore, using an external steel plate would
change the failure mode and assist the NSM technique to reach to its
maximum efficiency as discussed in the previous section.

5.3. Ductility and stiffness

The A1CL3-RS model is noticed to have less ductility index (g,/,)
than the corroded RC beam which was repaired using NSM only
(A1CL3-R). A ductility index of 1.93 was calculated for A1CL3-RS while
the experimental and FE ductility index values for A1CL3-R were found
7 and 4.5, respectively. On the other hand, the stiffness of the new
model A1CL3-RS was found increased as it was observed in the linear
stage. Fig. 12 shows the stiffness ratio (slope after repair / slope before
repair) for the RC beams.

6. Analytical solution

The equations presented by Almahmoud et al. 2009 [21] are used
here to calculate the yielding and ultimate moment capacity of NSM
repaired RC sections. Egs. (1) and (2) are listed below which calculate
the yielding and ultimate moments. Fig. 13 shows strain and forces
distribution for an RC section strengthened with an NSM CFRP rod.

M, = nf;;ﬂyc (ds — y()) (@D)]

df—y

M, = f fA, (ds — 0.4y) + EpAce. (df — 0.4y)

2
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Table 6
Average % of steel bars cross-sectional area losses due to corrosion.
Beam Avg % of steel Area loss“beam's middle” Description of Beam
A1CI3-RS 20 Corroded Repaired with NSM and Steel Plate
A1CI3-R 20 Corroded Repaired with NSM Only
A2CL3 21.5 Corroded Non-Repaired
700
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1 1
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Fig. 6. Stress strain curve for corroded steel bars.
Table 7 presents the calculated vs. the experimental values of
yielding and ultimate moment capacity for all repaired beams.
As shown in Table 7, the premature mode of failure which occurred
in beam A1CL3-R prevented the beam from reaching the maximum
800 500 400 500 800

theoretical value of the classical failure mode. In this paper, one more
beam is proposed (A1CL3-RS) which is repaired by using both a 6 mm
rod of CFRP with NSM and using an external steel plate. This beam is a
repaired beam with an NSM CFRP rod (having the same properties and
geometry of A1CL3-R) and chemically bonded with an external steel
plate as shown in Fig. 14.

Horizontal corrosion cracks and vertical (Preloading)
flexural cracks

Fig. 7. Steel corrosion cracks implemented in the FE model.
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Fig. 8. Moment-deflection curves for all beams (Experimental and FE results).
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(a) F.E - AIT-R@A2T Control NSM repaired and N-Repaired (b) Exp. Classical mode of failure

Large flexural cracks followed by the concrete crushing

Fig. 9. Common mode of failure for the tested beams experimental and FE results.

BHFT

.\\

(a) F.E.AIlCL3-R-Corroded repaired with NSM (b) Exp. Non classical mode of failure

separation of concrete cover without concrete crushing

or failure in tensile steel bar

Fig. 10. Non-Classical failure mode in the corroded repaired beam A1CL3-R.

Fig. 11. FE mode of failure for the model A1CL3-RS.

Metwally [44] found that by increasing the steel plate thickness, the

Stiffness ratio stiffness of the RC element increases. It was also found that any increase

20 in plate thickness beyond 7 mm generates higher shear stresses on the
18 contacting layer between concrete and steel plate, leading to debonding
16 failure. In order to have a failure load less than the shear design ca-
44 pacity, a steel plate thickness of 1.5 mm and width of 120 mm are
12 assumed for A1CL3-RS beam. ACI committee 318 [45] proposed an

equation (Eq. (1)) which can predict the ultimate moment capacity of

8 RC beams strengthened with epoxy steel plates:

6

¢ Byc Byc

’ My = Aafy |G = 757 |+ Anlyp (dp = = @)
0

A1CL3-R A1CL3-RS
For beam A1CL3-RS, the predicted ultimate moment capacity can be

calculated by using the equations presented in [21,39] simultaneously,

Fig. 12. Stiffness ratio. .
(as shown in Eq. (2)):
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Fig. 13. Strain-Forces distribution for beams strengthened with NSM.

dr—y
M, = Auf, (d; — 0.4y) + Ep. Ap. <. (fT) (d; — 0.4p) + Ay
fyp(dp — 0.4y) 4

For AICL3-RS:b = 15cm, h = 28 cm, ds = 22.4 cm, Es = 200 GPa,
Ef = 150 GPa, As = 3.42 cm? df = 27.3 cm Af = 0.28 cm?
fy = 578 MPa, fyp = 420 MPa, Asp = (0.15 x 12) = 1.8 cm?
dp = 28.1 cm. (Symbols denotations are listed in Appendix A.)

The ultimate moment capacity predicted for this beam (A1CL3-RS)
is 76.5 KN.m as calculated from equation (2). On the other hand, the
ultimate moment capacity found through the FE model is 67 KN.m,
which is lower than expected analytically. The analytical model slightly
overestimates the ultimate strength which is considered to be a pre-
dictable result.

7. Conclusions

The final conclusions of this study can be cast in the following re-
marks:

1. Defining preloading steel corrosion cracks in the FE model as well as
using a special post-yielding behavior for the corroded steel bars
show a satisfactory result in predicting the global behavior and the
crack patterns of the corroded RC beams.

2. The NSM technique have some limitations in repairing naturally
corroded RC beams. These limitations can be solved and the NSM
technique can be enhanced by using an innovative hybrid
strengthening solution which uses an external steel plate.

3. The three-dimensional FE model shows a good agreement with the
experimental results in terms of the mechanical behavior as well as
the failure modes.

4. The corroded RC beam repaired using NSM CFRP rod and an ex-
ternal steel plate shows an increase in terms of moment capacity and
yielding capacity. It shows an ultimate moment capacity value close
to a non-corroded “control” beam repaired with NSM only.

5. Using an external steel plate as an assistant repair technique for the
corroded RC beams changes the failure mode form brittle to ductile
one. It also slightly increases the stiffness and decreases the ducti-
lity.

6. This paper opens the door for future studies on using hybrid
strengthening Techniques in the area of repairing corroded RC ele-
ments.
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Table 7

Calculated Vs Experimental yielding and ultimate moment values.

Ultimate Moment (KN.m) Exp. Ultimate Moment (KN.m) Calc. Yielding Moment (KN.m) Exp. Yielding Moment (KN.m) Calc.

Description

Beam

42 435

63.4

52

Corroded repaired with NSM Only beam
Control repaired beam with NSM only

A1CI3-R
AIT-R

51.7

53

68.4

66
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Fig. 14. A1CL3-RS proposed section.

Appendix A. (Symbols of the analytical model)

b = width of beam, h = depth of beam, ds = effective depth of
steel bars, Es = young's modulus of steel, Ef = young's modulus of
carbon, As = area of tensile steel bars, df = effective depth of CFRP,

Af = area of CFRP rod, fy = yield stress of steel bars, fyp = yield stress
of steel plate, Asp = area of steel plate, dp = effective depth of steel

platee., = ultimate strain in concrete, y = location of neutral axis N.A
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