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Abstract

The reinforced concrete column is designed to have a nominal axial resistance. Under different conditions like errors in
design, and changing the use of the buildiegifresidential to public or storage (extra live loads), the reinforced concrete
column will not be able to sustain the desired applied load, and the strengthening is required. This paper presents a finite
element model to simulate and investigate the \iehaf adding steel jacket to a preloaded and-damaged reinforced

concrete column. Depending on the loading state of thestmengthened reinforced concrete column and the purpose of
adding the steel jacket, two possible cases have been studiegfitatttase, which is suitable to investigate the reinforced
concrete column with design errors, the steel jacket has been added to the unloaded reinforced concrete column; while the
second case is suitable for adding steel jacket to théogded nordamaged reinforced concrete column. The finite
element model was carried out using the ABAQUS/standard v. 6.13 software. The results obtained by the proposed finite
element model showed fairly good agreement with the existing experimental and analytitsal resu
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1. Introduction

At present, rehabilitation considers as one of the most important and widespread aspects of civil engineering.
Rehabilitation is gorocess, which is used to bring the deficient structure or any structural component to-the pre
established performance level. Two main categories can be noticed in rehabilitation: repairing and strengthening. This
study will focus on the strengthening agiey. Strengthening is defined as the increase in the current capacity of the
non-damaged structural component to another specified level. For reinforced concrete (RC) columns, strengthening with
steel jacket consists of four longitudinal angles and hotéstrips is the most effective and used technique which has
been used in this study.

Most of the experimental and analytical studies investigated the behavior of RC columns strengthened with steel
jacket under concentric and eccentric axial load, Huhase studies assumed the loading of the RC column and steel
jacket at the same time, i.e. the load applied on the RC column before adding of steel jacket is zero. This paper presents
a nonlinear finite element model to simulate and investigate thevimhaf adding steel jacket to a preloaded and-non
damaged RC column, by using the deactivated and reactivated techniques and stepped loading stages, to simulate the
strengthening process of an existing RC column. The presented model will be verifictiemdkperimental and
analytical results

2. Literature Review

Garzon et al. 2012 [1] presented a finite element model of a RC column strengthened with steel caging subjected to
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bending moments and axial loads. The model is used to obtairheidgramsstudying the difference between fitting
and not capitals at the end of the strengthened RC column, next to thedlaam joint. In addition, the model is used
to perform a parametric study in which it is investigated the influence of several parameters.

Campione 2013 [2] proposed simple analytical equations on the basis of constitutive laws of confined concrete and
steel angles to compute the momanial forced domain of a R.C. column externally strengthened with steel angles at
the four corners and gis. The Comparison with experimental results showed good agreement.

Tarabia and Albakry 2014 [3] conducted a study on the effect of some parameters related to the strengthening steel
cage on seismically deficient RC columns. Size of steel angles, sizspaeidg of batten plates, type of bonding grout
between the RC concrete column and the steel angles, and the connection between the head of column and steel angles
are the parameters that have been studied. Tested results showed that the strengtremingmysted the load
carrying capacity of tested specimens and using of battens increases the ductility of strengthened specimens due to
confinement effects.

Khalifa and AlTersawy 2014 [4] presented an experimental investigation on RC columns strengtitbnstdel
jacket. During the test, it was observed that the failure type in control specimen was a compression failure and for
strengthened specimens the failure was occurred when the steel cage did not have the ability to confine the concrete.
Test reslis showed that strengthening techniques have been increased the axial load resistance and increased the
ductility compared with the control specimen.

Hoque et al. 2015 [5] evaluated the axial load capacity of RC columns made with brick aggregate concrete
strengthened by steel jackets. The test results indicated that the load capacity increases with decreasing strip spacing and
increasing the area of the jacket.

Cavaleri et al. 2016 [6] presented a selected review of literature on models of confinencentfete specimens
with steel jacketed. They presented a parametric study in which the main confinement parameters predictable by each
of models were compared.

EzzEldeen 2016 [7] studied the performance of rectangular RC columns strengthened witlgkteerahbattens.
Tested specimens were subjected to an eccentric axial load until failure. Different sizes of steel angles have been used
in this study. Tested results showed that the load carrying capacity of strengthened columns increases when the cross
sectional of angles used increased as well as increasing the coverage area of the strengthening system.

A study intends to investigate the performance and behavior of RC columns strengthened with steel jackets under
concentric and eccentric axial loadpigsented by Debasish 2017 [8]. An experimental program has been designed to
identify the behavior of the strengthened RC columns under various levels of load eccentricity. The experimental model
has been followed by a finite element model using ABAQUBasoe. In finite element model, both material and
geometric nonlinearitee were considered. The finite element models show fair agreement with the observed
experimental results in terms of ultimate capacity and failure mode. Tested results showedrthatf adsteel jacket
will improve the behavior of RC columns under of concentric and eccentric axial loads.

Al-Sherrawi and Salman 2017 [9] presented two analytical models to construct the axla@rdad) moment
interaction diagram of an RC column stgthened with a steel jacket. The derivation of expressions was made by
assuming equivalent stress block parameters for confined concrete. The proposed models show good agreements with
available experimental data and design proposals.

Al-Sherrawi and Salnma2017 [10] presented an analytical model for the hand computation to construct the load
bending moment interaction diagram for a RC column strengthened with steel jacket using the plastic stress distribution
method, by assuming the strengthened colummairf as a composite column. The results obtained by the analytical
model showed fairly good agreement with the experimental results

3. Methodology
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4. Finite Element Model

The finite element method (FEM) model was carried out using the ABAQUS v. 6.13 [11] software. In order to
accuately simulate the behavior ofa RC column strengthened with a steel jacket, the FEM model took into
consideration the secommlde geometric effects, the ndimear behavior of the concrete and steel (in both steel jacket
and reinforcing bars) and the existence of ansR@| jacket interface

4.1 Geometry

The concrete part, the steel section part, the batten part and the reigforeg@art (longitudinal part and ties part)
were done separately. The concrete part, the steel section part and the batten part were done as three dimensional (3D)
deformable solid elements, and the elements type was hexahedral element with eightththades degrees of freedom
per node, with reduced integration and hourglass control, C3D8R. The reinforcements part done as 3D deformable wire
elements, and the elements type wasmwode truss element linear displacement, which can transmit only axieJ for
T2D3. These parts have been merged together in the assembly module, as shown in Figure 1.

@) (b) (© (@ (©

Figure 1. FEM parts: (a) Concrete part, (b) Longitudinal bars part, (c) Tie part, (d) Steel section part, (e) Batten part

4.2 Materials

The concrete was modeled with the Concrete Damage Plasticity (CDP) model. The CDP model assumes that the two
main concrete failure mechanisms are cracking and crushing. Crack propagation is modeled by using continuum damage
mechanics, stiffness degradation The CDP model requires the values of e
damage parameters and description of compressive and tensile behavior. The five plastic damage parameters are the
dilation angle, the flow potential eccentricity, the oadf initial equibiaxial compressive yield stress to initial uniaxial
compressive yield stress, the ratio of the second stress invariant on the tensile meridian to that on the compressive
meridian and the viscosity parameter that defines viscoplasticaregiion. The values of these parameters were
assumed to be 360, 0.1, 1.16, 0.667, and 0, respectively.

The stressstrain relationship proposed by Saenz (1964) [12] was used to construct éxéalinompressive stress
strain curve for the concrete. liaily, the linear elastic portion is defined using the modulus of elasticity in compression.
According to Eurocode No.2 (2004) [13], the proportional limit or elastic limit for a normal strength concrete is assumed
to be 40% of its compressive strengthe®tressstrain relationship is:

%

A
b 22 ¢ — @ p— 2-— @)
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Where2 and2 can be assumed as?4,is the concrete elastic modulus:
% TXTE (2

And is the concrete strain corresponding®aand obtained from presented model by Almusallam and Alsayed
(1995) [14]:

™®AE pa8le pm 3
Where/E is the cubic concrete compressive strength.

The ultimate compressive strain in the assumediobet0d6. wa s a
The model presented by Wang and Hsu (2001) [15] was used to construct the tensikdrairesarve for concrete:

ForR R

A %R 4)
ForR R
R 8

£ A — (%)

Wherer is the cracking strain and can be calculated by using the relation below:
&
%
Where/E is the tensile strength for concrete, Yasmeen (2011) [16]:
£ T oA (6)

The constitutive model used to simulate the steel was the classical metalpdestticmodel with strain hardening.
The input for the steel model includes elastic modul
proposed by Eurocodgo.2 (2004) [13] is used to construct the strssain relationship for steel in both tension and
compression. The elastic modulus was assumed to be 20C(

4.3 Interfaces

The “embedded region” f umosimdlatenthe interfack Betw@énhSthe wanerete lande d
reinforcement bars, while the “Tie” function of ABAQUS
angles and horizontal strips, and also the interface between the steel jacket ancréte.con

4.4, Applying of L oads

For case |, one loading step was used. In this loading step, the load has been applied on the concrete and transmitted
to the steel jacket until failure occurs. For case Il, when the steel jacket (angles and strips) has been added to the
preloaded columrthree loading steps have been used. In the first loading step, the steel jacket part has been deactivated
and the load has been applied to the concrete only, then a restart model has been used. The restart model has the
same information of the originahodel. The restart model will read the results obtained by applying the first loading
step in the original model. In the restart model, a second loading step will be applied. The purpose of this loading step
is to unload the load applied in the first loagistep. The steel jacket part will remain deactivated at the second loading
step. The third loading step follows the second load step and the steel jacket part will be reactivated at this step and the
new amount of load) will be applied to the conete and this load will be transmitted to the steel jacket until failure.

5. Validation of FEM

A set of experimental investigations presented by Tarabia and Albakry 2014 [3] named (SCN1),-Bifdb&zz
2016 [7] named (CS22e0) were used to validate theepires FEM model. The Details of these two specimens are
illustrated in Table 1 and the FEM models are shown in Figure 2. The FEM model results for both of case | and case |l
were discussed in this section. These results will be compared with the exparimesuits if exist and also compared
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with the results obtained by the analytical models presented-Bpéirawi and Salman 2017 [9] and$therrawi and
Salman 2017 [10].

Table 1. Details of specimens used

Specimen Crosssection Length Longitudinal

Tie Steel section siz¢ Steel strip size Clseaarlcsi';‘rlp ! » + B
(mm) (mm) bars (mm) (mm) (pmm) 9 (MPa) (MPa) (MPa) (MPa)
SCN1 150 150 1000 4910 mm ¢$6 mm @ 100nm 4L 50 4.5

150 50 5 120 46.25 420 415 415
CS22e0 120 160 1000 48 mm ¢6mMmM @ 120mr 4L20 2 120 20 2 220 28 260 380

(@) (b)

Figure 2. FEM specimen geometry: (a) SCN1 specimen, (b) CS22e0 specimen

380

T Casel

As shown in Figure 3, the axial load resistance obtained from the FEM givesgraminent when compared with
the experimental and analytical results for both of SCN1 specimen and CS22e0 specimen. The analytical results came

from applying of the two analytical models presented by [9] (Strain M1 and Strain M2) and the analytical model
presented by [10] (Plastic model).
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Figure 3. FEM results for case I: (a) SCNlpecimen, (b) CS22e0 specimen

Figures4 and 5 show the stresses in the concrete, steel jacket, and reinforcement when the failure occurred. It can be
noticed that and due to confinement effects, the compeessigngth increases from 46.2660.88 MPa fo SCN1

specimen and from 28 to 30.23 MPa for CS22e0 specimen, and these values give good agreement when compared with
the analytical confined compressive strength of concrete obtained $lyeltawi and Salman 2017 [9] and [10].
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Figure 4. Stresses in theoncrete, steel jacket, and reinforcement when the failure occurred for SCN1 specimen
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Figure 5. Stresses in the concrete, steel jacket, and reinforcement when the failure occurred for CS22e0 specimen

For SCN1 specimen, and due to the little differenevben the yield stress of the reinforcing bars and the steel
angles, both of the reinforcing bars and the steel angles reach its yield stress at the same applied load, which is 1920.6
E .. After this point, the reinforcing bars, and steel angles entgilalstic zone. The increase in the axial resistance for
the strengthened RC column through the plastic zone until the failure occurs was 1.5%. For CS22e0 specimen, the
reinforcing bars reach its yield stress at the applied load &16.@hile the steel arlgs reach its yield stress at the
applied load 66E .. So, the reinforcing bars enter the plastic zone before the steel angles, and the increase in axial
resistance for the strengthened RC column after yielding of reinforcing bars is 7.3%, ayietlafteg of steel angles
until the failure occurs is 0.3%.

T Casell

As shown in Figure 6, the axial load resistance obtained from the FEM gives good agreement when compared with
the experimental and analytical results for both of SCN1 specimen (Figyanfl CS22e0 specimen (Figurdp
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Figure 6. FEM results for case II: (a) SCN1 specimen, (b) CS22e0 specimen
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Figure 7 shows the stresses in the concrete and the reinforcing bars at the end of the first loading step (before
unloading) and at the end of the second loading(aftgr unloadingjor the case of P% equals 60% for SCN1 specimen
After completing of unloading procesgsidual stresses will be remained in the concrete and the reinforcing bars, as
shown in Figure 7These residual stresses will be compressive stresses in some concrete regions and tensile stresses in
other regionsThetensile stressthat will be generated in the concrete will follow the tensile stsgsén curve used
in the definition of concretenaterial in ABAQUS. The stresses in concrete at first loadingfetelp% equals 6,
70%, and 80% exceed the elastic stress in bdBCdf1 specimen and CS22e0 specinterthe unloading process, the
stress and strain in the concrete will be decreasedusito the notinear behavior of concrete, the stress and strain
will not back to zero as shown in Figai@and 9. Increasing the applied load in the first loading step will inctease
remaining strairin the concrete at the end of unloading step thatl will reduce thdinal resistance produce by the
concretdn the third loading step
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-1.441e+00

0.6 RC original 0.6 of RC restart
ODB: Job-60or.odb  Abagqus/Standard 6.13-1 Wed Feb 28 05: ODE: Job-60res.odb Ahaqu tandard 6.13-1 Wed Feb 28 0§
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ep Time =  1.000

Figure 7. Stresses in concrete and reinforcing bars before and after the unloading process for the case of 60% for SCN1

specimen
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Figure 8. FEM loading, unloading, and analytical concrete stresstrain curves for SCN1 specimen for P% = 80%
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Figure 9. FEM loading, unloading, and analytical concrete stresstrain curves for CS22e0 specimen for P% = 80%

For the reinforcing bars (Figures 10 and 11) and at the first loading step, the stresses and strains are within the elastic
range and did not reach its yield stress and strain. In the unloading process, these stresses and strains will be decreased,
but evan though it were on the elastic range theses stresses and strains will not back to zero because of the interaction
“embedded region” bet ween tResidualstresses wilktbe remained intthie keinforacing n f o r
bars, as shown in Figel 7. These residual stresses will be compressive stresses in some bars and tensile stresses in other
bars.Increasing the applied load in the first loading step will incréaseemaining residuatresssin the reinforcing
bars at the end of unloadipgocessand that will reduce the resistance produced by the reinforcing bars.

Finally, in the third loading step (applying @f), the Preexistingstressegresidual stresses in the concrete and the
reinforcing barsand strains will cause a reductienaxial resistance of the strengthened RC column.
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0 0.002 0.004 0.006 0.008 0.01
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—FMEM-loading  =—FEM-unloading  —— Analytical model

Figure 10. FEM loading, unloading, and analytical steel stresstrain curves for SCN1 specimen for P% = 80%
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Figure 1. FEM loading, unloading, and analytical steel stresstrain curves for CS22e0 specimen for P% = 80%

Table 2 illustrates the compressive strengtthetoncrete at the end of third loading step, and the values of the load
in which the reinforcing bars and the steel angles reach its yield stress for 8&@NbkpecimeandCS22e0 specimen
and for all diferent loading stages.

Table 2. Results for Case Il

60% 70% 80%
i d d J J J J
Specimen [ J'J> J'j“ 1 J'J> 4, j: : J.J> J.r}).
(MPa) @9 ( B) (MPa)  @H @) MPa) @Y @
SCN1 60.47 1800 1800 59.7 1800 1800 59.4 1800 1800
CS22e0 292 614.8 629 288  596.7 627.3 28.7 584.6  626.5

From Table 2, it noticed that the reinforcing bars and the steel angles in Case Il reach its yield stress faster than Case
I, because of prexisting stresses and strains at the end of second loading step (end of unloading process) and the
beginning of thehird loading step (applying af ).

6. Conclusion

In the present work, a finite element model to simulate and investigate the behavior of adding a steel jacket to a
preloaded and nedamaged RC column has been introduced. Depending on the statenaittsteengthened RC
column and the purpose of adding the steel jacket, two possible cases have been studied. The results obtained by the
proposed FEM model showed fairly good agreement with the existing experimental and analytical results. Adding the
steeljacket improves the axial resistance of the RC column by increasing the concrete compressive strength due to the
confinement effects and sharing the applied loads with the RC column. For case |, the strengthened RC column gives
higher axial resistance than Case Il, due to the pexisting stress and strain in the concrete and the reinforcing bars
produced by the unloading process. It noticed that thexisting stresses increase with increasing the percentage of
loading the RC column before adding 8teel jacket. The prexisting stress and strain were considered as a loss in the
original stress and strain of the component (concrete and reinforcing bars) and that causes a reduction in the resistance
produced by the component itself, thus a redugfields in the resistance of the strengthened RC calumn
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