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ABSTRACT
This paper analyzes the impact of corrosion on the global stability of reinforced concrete columns,
evaluating the effectiveness of the stiffness reduction criteria proposed by ABNT NBR 6118:2014. It
was defined through finite element models that corrosion causes the intensification of the second-order
effects. However, in critical situations, the failure in the transversal section led to structural collapse
even before the stability loss. The study was conducted through nonlinear geometric analyses and
applying the 7y, coefficient. It was concluded that the subsequent addition of rheological effects could
exceed the limits proposed by the ABNT NBR 6118:2014.
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Evaluacion de la influencia de la corrosion en la estabilidad global de las
columnas de hormigon armado

RESUMEN

Este trabajo analiza el impacto de la corrosion en la estabilidad global de las columnas de hormigon
armado, evaluando la efectividad de los criterios de reduccion de rigidez propuestos por la ABNT
NBR 6118: 2014. Con los analisis, utilizando modelos de elementos finitos que reproducian el
comportamiento de los materiales, se definié que la corrosidon provoca la intensificacion de los
esfuerzos globales de segundo orden en la estructura. Sin embargo, en situaciones criticas, la
pérdida de equilibrio en la seccidn transversal resultd en una falla estructural incluso antes de la
pérdida de la estabilidad. El estudio se llevo a cabo tanto a través de un analisis geométrico no
lineal como mediante la aplicacion del coeficiente y,, donde se concluy6 que la posterior adicion
de efectos reoldgicos puede conducir a una configuracion que va mas allé de los limites propuestos
por la norma brasilefia.

Palabras clave: hormigén; corrosion; estabilidad global; efectos de segundo orden.

Avaliacao da influéncia da corrosiao na estabilidade global de colunas em
concreto armado

RESUMO

Este trabalho analisa o impacto da corrosao na estabilidade global de colunas em concreto armado,
avaliando a eficacia dos critérios de reducao de rigidez propostos pela ABNT NBR 6118:2014. A
partir das andlises, utilizando-se modelos em elementos finitos que reproduziram o comportamento
dos materiais, definiu-se que a corrosao causa a intensificagdo dos esforcos globais de segunda
ordem na estrutura. Entretanto, em situagdes criticas, a perda de equilibrio na se¢do transversal
conduziu a falha estrutural antes mesmo da perda de estabilidade. O estudo foi realizado tanto por
meio de uma andlise ndo-linear geométrica, quanto pela aplicacdo do coeficiente y,, onde concluiu-
se que a posterior adicao de efeitos reologicos pode conduzir a uma configuragdo que ultrapasse
os limites propostos pela norma brasileira.

Palavras-chave: concreto; corrosao; estabilidade global; efeitos de segunda ordem.
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1. INTRODUCTION

Corrosion can be understood as the destructive interaction between steel and the environment. The
corrosion is initiated by electrochemical, chemical, and physical actions or by their union. The
process is usually aggravated by the activity of chlorides or by the development of cracks. The
corrosion process in regions with tensile stresses is a severe problem since it can cause a brittle
rupture without prior strain. (Helene, 1993; Schvartzman et al., 2010).

The steel in reinforced concretes (RCs) is protected by an iron oxide film that forms on the metal
surface due to the alkalinity of the concrete, ensuring its passivation. However, the protection can
be compromised with pH reduction to below nine due to the carbonation of the concrete. The
carbonation process occurs due to the presence of chloride ions at critical rates of atmospheric
pollution, which is intensified by the age of the construction (Maldonado-Bandala et al., 2018;
Araujo et al., 2020; Silvestro et al., 2020).

The use of inadequate cover thicknesses due to design or execution errors can compromise the
protection of the steel bars (Fusco, 2008; Malheiro et al., 2014; Felix e Carrazedo, 2021).
Furthermore, the choice of cement, additives, and additions can mitigate or intensify the corrosive
potential (Silva et al., 2015; Trevisol et al., 2017; Dietrich et al., 2017; Teixeira et al., 2021).

Steel corrosion results in a powdery hydroxide without adhesion or cohesion called rust, which
increases in volume as it forms and can have eight to ten times the initial volume of steel. Thus,
the rusted regions put pressure on the surrounding concrete, initiating the degradation of the
structure. (Vercoza, 1991; Balestra et al., 2018).

Several studies aim to reproduce the deterioration conditions in the laboratory through accelerated
tests (Meira e Ferreira, 2019). In addition, other authors intend to investigate the impact of different
additions on the corrosive potential of RC (Amorim Junior et al., 2021; Santos et al., 2020; Blanco
et al., 2019; Figueiredo et al., 2014). Such studies are necessary as it is estimated that up to 3.5%
of a developed country's Gross Domestic Product (GDP) is spent on repairs from corrosion
degradation (Mackechnie e Alexander, 2001). Thus, research on mathematical models that can
describe the structural degradation caused by corrosion is increasing.

Recent research has explored numerical simulation of chloride diffusion in concrete and reliability
analyses based on probabilistic models (Ayinde et al., 2017; Souza and Leonel, 2021; Felix et al.,
2020; Ramos and Carrazedo, 2021; Favretto et al., 2021). However, other applications use the finite
element method, such as the one proposed by Ramos and Carrazedo (2020). They developed
models capable of describing the different stages of damage propagation caused by the corrosive
process on RC specimens.

Therefore, the present study aims to contribute to this area, adding to the corrosion problem the
evaluation of global stability. For this purpose, the concrete behavior and the damage evolution
were numerically reproduced. The numerical model was performed using the Finite Element
Method (FEM), as discussed in this paper.
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2. METHODOLOGY

Using numerical simulations to predict the behavior of reinforced concrete structures (in the
presence of damage) requires a satisfactory stress-strain curve reproduction of the materials.

This section will describe all the parameters used to simulate the mechanical behavior of concrete
and steel. The validation of the constitutive models will be demonstrated through the comparison
with the Model Code (2010).

2.1 Constitutive models

Materials settings that reproduce the behavior of steel and concrete have been added to finite
element models. These settings contain characteristics such as density, Young's modulus, and
Poisson's ratio.

In the case of concrete, due to the natural development of cracks, it is necessary to add more
information so that the model can reproduce the behavior in tension, compression, inelastic strains,
and damage.

The constitutive models used for the materials (concrete and steel) were extracted from the
European code CEB-FIB (2010). Thus, this step aims to reproduce the mechanical behavior of
reinforced concrete, its stress-strain curve, and the influence of applying a damage model.

2.1.1 Constitutive model of steel

The constitutive model used for steel describes its behavior in the presence of tensile (or
compression) stresses, represented in the diagram in Figure 1. The first curve represents the linear
response of the material until the yield strength (fx). After that, yield occurs until the characteristic
strength (fi«) and the maximum strain () are reached.

The stresses in the steel (o5) were obtained through Eq. (1), i.e., from the steel Young's modulus
(Es) and the steel strain (&s).

Os A

fik=1.1fyk

fyk
O-S = ES ’ gs

|
| where: E, =200GPa, if £, <0,207% (1)
|
|
|
|
|

E, =2,2GPa, if £, > 0,207%

euk=2,5% g,

Figure 1. Stress-strain curve for the steel
(Adapted from CEB-FIB, 2010)
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2.1.2 Constitutive model of concrete

The constitutive model used in concrete reproduces its behavior in compression (Figure 2) and
tension (Figures 3 and 4).

When compressed, the concrete presents an elastic behavior until reaching the average compressive
strength (fem). After this point, microcracks development causes the softening, represented in the
decreasing curve.

Tensile concrete presents a linear elastic behavior until reaching a deformation of 0.15%o (&) in
approximately 90% of the average tensile strength (femm). At stresses close to the fem, the
microcracks intensify, and the material drastically reduces its stiffness.

A

Compression (oc <0)

|
|
|
|
|
|
|
|
|
|
|
}
|
C

| P
Ec1 Ec,lim
Strain (sc < 0)

Figure 2. Stress-strain curve for the compressed concrete (Adapted from CEB-FIB, 2010)
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i - i T -
0.15 W1 = GFffetm W.c = 5-:GF/fctm
Strain €ct (%o) Crack opening (w)
Figure 3. Stress-strain curve for tensile | Figure 4. Stress-crack opening relation for tensile
concrete (elastic behavior) (Adapted from concrete (Adapted from CEB-FIB, 2010)
CEB-FIB, 2010)

The fem was defined through Eq. (2) using the characteristic compressive strength (fcx) and the
difference between the average strength and the characteristic strength of concrete (Af).

The secant module (Ec:) was defined from Eq. (3). In this equation, the maximum compression
strain (ecs) 1s obtained through the tabulated values contained in the CEB-FIB (2010).
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Eq. (4) was used to determine Young's modulus of the concrete at 28 days (E«), which depends on
Young's modulus initial (Eco), the nature of the aggregate (ar), and the standardized value Af,
defined by consulting the CEB- FIB (2010).

The ratio between the strains (7) and the plasticity constant (k) was defined through Egs. (5) and
(6), respectively. Finally, Eq. (7) defined the stress-strain curve shown in Figure 2.

A
S =Tt @ Eq =£_ 3| E,=E,-a, ‘(fcklefJ (4)
E, k-n-n’
k=—= — .
. (5) E, 6)| o. (1+ ke 2)_77J S (D)
77 =

The tensile strength of concrete (ferm) was defined through Egs. (8) and (9), which depends on its
fek.

The stresses in the fracture zone (after fem) are related to crack opening (w) through Egs. (10) and
Eq. (11). Finally, the fracture energy (Gr) was obtained from Eq. (12).

Gr x w alone is not enough for many applications. Therefore, Aitsin et al. (2008) define the
characteristic length (/cz), Eq. (13), as a useful value for evaluating crack opening in terms of strain.

G, .
Y . w, =5-—,if 0,=0
Som =0,3-(f, ), if £, <50MPa ®) em ©)
_ 7. 4018
S =212:I0(140,1-( £, + A7), i £, > SOMPa  (10) G =73 Jon (1)
G, . E, -G
W1=fF ,if o, =0,20- 1, (12) lch:C}—zF (13)

The strains & had values ranging from zero to maximum cracks (wc), defined from the ratio between
we and leq. The tensile stress (or) was defined up to a strain of 0.15%o through Egs. (14) and (15).
In the fracture zone, the or was determined using Egs. (16) and (17), ranging from 0.15%o to we.

o=E,¢ ,ifc, <091, (14)
0,00015-¢
o, = 1 1-0,1- ) ‘ ,if 0.9- <o, <
t f;’tm ( O, 00015—0,9f;tm/ECl ] f;’tm t f;mz (15)
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o =f -(1—0.&1) Jif w<w,

. (16)
w .

o, = ctm-[0,25—0,05-—j A w<w<w, (17)
W

The values of o. and o: were added to the damage model applied to concrete in the numerical
simulations.

2.1.2.1 Damage model applied to the concrete model

The model adopted for concrete was the Concrete Damage Plasticity (CDP), developed by Lubliner
et al. (1989) and improved by Lee and Felves (1998). This model is implemented and available in
the Abaqus®.

The behavior in the presence of damage is represented in the diagrams in Figures 5 and 6. Egs. (18)
and (19) described the stress x strain relationship for compression and tensile, respectively (Hibbitt
etal., 2011).

While intact, the concrete shows conservation in its initial Young's modulus (Eo). However, upon
reaching the maximum stresses (0w or ocu), the degeneration process begins as the damage variables
d; (traction) and d. (compression) are increased. Finally, the plastic deformations in tension (¢#")
and compression (&) add plasticity to the model.

The damage variables dc and dr were obtained through Egs. (20) and (21), respectively, proposed
by Yu et al. (2010), with the values of oc, o1, fem, and feum already defined.

Thus, the calculated d. and dr damage variables were added to the concrete damage model.

o A O: Er;f;;;?;menmf abrandamento/
o | g softening
P 20 N cu
o abrandamento/
sofiening
Oyl ..
] ! , E 0
_ I ‘; p.’ :
; [ & ! i E &
& i & A i
i "‘E : in
s g, Ey 5 £, P& i
Figure 5. Stress-strain curve for the tensile Figure 6. Stress-strain curve for the
concrete (Reginato, 2020) compressed concrete (Reginato, 2020)
o —(l—d )E '(8 —8”1) d =1-2¢ parag. > ¢
c c 0 c c c c = %cl
(18) Sem (19)
% d =1-2 >
o, =(1-d,)E,-(5,~&!") (20) ,=1-—=parag 2z, (21)
ctm
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2.2 Validation of the constitutive models

Numerical simulations were performed in Abaqus® to analyze whether the constitutive models
achieved the expected response.

In this first step, three analyzes were conducted, one to verify the behavior of the tensile steel (in
2D bar elements) and the other two to demonstrate the behavior of the tensioned and compressed
concrete (in 2D linear solid elements with four nodes). The elastic properties of materials, such as
Young's modulus (E) and Poisson's ratio (v), were extracted from Alvares (1993). In addition,
convergence tests were performed on the finite element meshes.

The results obtained with the numerical simulations were compared to the theoretical-analytical
models proposed in CEB-FIB (2010). These comparisons are represented in Figures 7, 8, and 9.
From the analyses, it was possible to define that the constitutive model used in the steel guaranteed
the expected behavior, presenting only a minor deviation at the beginning of the yield. Furthermore,
Figures 8 and 9 also show adequate results for the modeled concrete.

6.0E+08 -

5.0E+08 A
4.0E+08 -
3.0E+08 - ——Model Code 2010
2.0E+08 A —— Abaqus

Stress (Pa)

1.0E+08 -

0.0E+00 T T T T 1
0.000 0.005 0.010 0.015 0.020 0.025
Strain

Figure 7. Comparison between the stress-strain curves: tensile steel

3.0E+07 -
2.5E+07 -
g 2.0E+07 -
% 1.5E+07 -
= ——Model 201
= LOE+07 1 odel Code 2010
—A
5.0E+06 - baqus
0.0E+00 . . . .
0 0.001 0.002 0.003 0.004
Strain

Figure 8. Comparison between the stress-strain curves: compressed concrete
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2.5E+06 -
——Model Code 2010
2.0E+06 - —— Abagqus
é 1.5E+06 A
£ 1.0B+06 -
(Vp)
5.0E+05 A
0.0E+00 . . . .
0 0.0001 0.0002 0.0003 0.0004

Strain
Figure 9. Comparison between the stress-strain curves: tensile concrete

The validated constitutive models were applied in a nonlinear numerical simulation of a reinforced
concrete beam. For this, a 3D modeling was carried out in Abaqus®, using linear parallelepiped
solid elements of 8 nodes (simulating concrete) and 3D bar elements (simulating steel bars and
stirrups). Perfect adhesion between steel and concrete was considered.

The dimensions, reinforcement rate, load application, and elastic properties of the materials (Table
1) were extracted from Alvares (1993).

Convergence tests were performed on the structured finite element mesh. Thus, several linear
analyzes were conducted, increasing the number of elements until the displacement at the center of
the beam converged.

Table 1. Elastic properties of materials (Adapted from Alvares, 1993)

Material Poisson's ratio Young's modulus (MPa)
Concrete 0.2 29200
Steel 0.3 196000

The numerical analysis achieved a displacement of 8 mm in the center of the beam, corresponding
to a load of approximately 47 kN.

Finally, the results were compared to those obtained in the experimental analysis by Alvares (1993)
and to the theoretical model deduced by the authors, based on the cracking hypotheses proposed
by Branson (1968) (Figure 10). Branson's model (1968) contemplates an average inertia, which
considers the effects of cracking along the structural element, based on a semi-probabilistic
analysis.
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—e—Experimental (Alvares, 1993)

—=— Analytical (Authors)

Force (kN)

——Numerical (Authors)

OIIIIIIIII
o 1 2 3 4 5 6 7 8 9

Displacement (mm)

Figure 10. Comparison between the force-displacement curves

The numerical simulation presented similar results to the experimental analysis and the analytical
model. However, slight divergences were observed, justified by the uncertainties associated with
the concrete characterization parameters. Furthermore, there are significant differences between
the boundary conditions adopted in the numerical model and those in the experimental test.

It was also possible to observe the evolution of the damage in the structure, represented in Figure
11. First, there was a development and propagation of cracks, until reaching a high state of
degradation, in a very similar way to that observed by Alvares (1993) in his experimental analysis.

NN

Figure 11. Evolution of cracks in the beam

After confirming the efficiency of the constitutive models applied and the damage model used to
represent the degradation of concrete, a new structure was modeled in Abaqus®. Corrosion has
now been added to the new structure, as discussed in the following sections.

2.3 Modeling of the structure

This section presents the idealization of the studied structure, the strategy for the numerical
simulation of the degradation caused by the corrosion, and the methodology for evaluating global
stability. Information about the modeling in finite elements will also be given.
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2.3.1 Geometric characteristics of the structure

The proposed structure for the simulations is based on the one presented by Wahrhaftig (2008),
Figure 12. It is a slender, hollow section structure in RC used to support a telephone transmission
system. Although the dimensions reproduced in the numerical model are not the same as the real
structure, the proportion of the slenderness was kept.

Thus, the structural element was modeled with a height of 14 m and is reinforced with 16 $25 mm
steel bars, arranged according to Figure 12.

The concrete and the steel bars were modeled with 8-node parallelepiped linear solid elements. The
boundary conditions include a vertical load (5 kN) at the top, as a representation of the antennas,
and a fixed set at the base.

Furthermore, the horizontal forces that characterize the wind load were added to the model in the
form of forces every 1 m of the structure. Finally, the self-weight was considered (g = 9.81 m/s?),
with the specific masses of concrete and steel equal to 2400 kg/m?* and 7850 kg/m?, respectively
(ABNT NBR 6120:2019).

Figure 12. Real structure approximated by the numerical model (Adapted from Wahrhaftig,
2008)

2.3.2 Wind load considerations

The wind was estimated through equations extracted from ABNT NBR 6123:1988 and applied to
the structure as horizontal forces every meter.

Initially, the factor S> was calculated. This factor considers the influence of ground roughness,
dimensions, and height of the building (Eq. (22)). The topographic (S7) and statistical (S3) factors
take into account the slopes of the land and the use of the building, their values must be directly
consulted in the code. Another essential variable is the basic wind speed (V), defined by the
location of the structure. The V% allied to the factors S;, S2 and S3 determine the characteristic wind
speed, Vi (Eq. (23)).

Thus, after these definitions, the dynamic pressure (g) was calculated through Eq. (24); this value
is useful for calculating horizontal forces.

Finally, the drag force (F.), Eq. (25), took into account the drag coefficient (Ca), the reduction
factor (K), the vertical distance between the forces (H), and the external diameter of section (D).
The Fa values, calculated for each meter, were the horizontal forces applied.
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S,=b-F,-Z"
where
b=1; F,=1;p=0,085
Z . wind load altitude

(22) q=0,613-7° (23)

F,=C,-q-K-H-D

Vi=58-5,-8-V, where
where (24)| C,=0,60;K =1 25)
S, =1;8=L1;V,=30m/s H : vertical distance between forces

D : diameter of the section

2.3.3 Corrosion consideration

Corrosion was added in order to verify its influence on structural stability. The expansion generated
by the corrosion products was represented through the application of radial displacements in pre-
established extensions of the concrete in contact with the steel bars affected by corrosion. The
corrosion points were chosen close to the maximum bending moment.

The method to define the values of the applied radial displacements was proposed by El-Maaddawy
and Soudki (2007).

The hole flexibility constant (k) was obtained from Eq. (26). It is a constant that relates the radial
displacement with the corrosion pressure, taking into account the porous zone present in the contact
interface between the steel and the concrete. Physically, the porous region must initially be filled
with corrosion products before the expansive stresses create pressure on the surrounding concrete.
For Eq. (26), it is necessary to define: the Poisson's ratio (v), Young's effective modulus (E¢), steel
bars diameter (D), porous zone thickness (do), concrete cover (C), and factor () calculated with
Eq. (27).

The radial pressure necessary to produce displacements in the concrete (Pcor) was calculated using
Eq. (28), where the percentage of steel mass loss (mr) varied according to the concrete strength.
Finally, it was possible to define the displacement values in the concrete (Jc) corresponding to the
increase in volume generated by the rust (Eq. (29)).

The m; can be related to the mass of steel consumed per unit of length (Miss) through Eq. (30),
using the diameter (D) and the density of the steel bars (ps).

_ A+v+y)-(D+20,)

2E, (26) S, =k-L, 27)

k

V=
2C (C+D+50) ( ) S 100

(D+265,) (M, J _meaDh o

P - ml-Eef-D
“"90,9-(14+v+y)-(D+26,)
26,-E,

C(+v+y)-(D+25,)

(30)
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2.4 Methodology for global stability assessment

Initially, three simulations were performed in Abaqus® to verify the stability of the structure with
different concrete strengths (C20 to C50). The displacement at the top and the moment at the base
were verified in each analysis.

The first step consisted of calculating the y. coefficient according to ABNT NBR 6118:2014, Eq.
(31), using data from the first analysis (named AN1). Thus, AN1 consisted of an elastic and linear
analysis with a reduction of Young's modulus (£) by 20%.

The y: coefficient depends on the moment at the base and the sum of the products between vertical
forces and horizontal displacements obtained in the first-order analysis. This coefficient allows
evaluating the importance of global second-order efects in the structure. Thus, if y. < 1,1, the
second-order effects can be neglected.

Additional information about the y. coefficient, including its mathematical deduction, can be
consulted in the paper of Franco and Vasconcelos (1991).

The geometrically nonlinear analysis (GNA) was added to the AN1 model, producing the second
analysis (AN2), where the reduction of Young's modulus was maintained at 20%.

From the moment values at the base, obtained in the first and second analysis (AN1 and AN2), a
new coefficient y. was calculated. The AMw:as used was the difference between the moment
obtained in the AN2 and AN, while the M1, was the moment of the first analysis (AN1). This
calculation only confirmed the competence of the y- coefficient as an estimator of second-order
effects.

Finally, in the third analysis (AN3), the £ was kept intact and material nonlinearity (MNA) and
GNA was added to the model. The coefficient y-, now renamed y:caic, Eq. (32), was calculated and
will be presented in the results of this paper.

Therefore, in AN3, the constitutive and damage models replaced the reduction of Young's modulus
by 20%.

1
V.= —7” M2 tot,d
N = i) 3!
1- tot,d (3 1) 7zcalc M

(32)

1tot,d

<

Ltot ,d
where where

AM, ¢ g is the sum of the products of the vertical forces by the | M, ¢4 4 is the total moment calculated from a
horizontal displacements obtained in the 1st order analysis 2nd order analysis

Mj 1ot 4 is the moment at the base (calculated from a linear | My ;4 4 is the moment at the base (calculated
analysis) from a linear analysis)

Subsequently, corrosion was added to AN3, and eight more simulations were performed with each
concrete class. Four analyses were performed on a model affected by corrosion in three steel bars
in a 5 cm extension (AN4 to AN7). The other analyses were carried out in a model with corrosion
action on five steel bars in a 10 cm extension (ANS8 to AN11).

In both cases, corrosion was added at 30 cm from the base. In this step, the y:caic coefficient was
calculated as described in Eq. (32).

Furthermore, the adhesion between the steel and the concrete was considered perfect, except for
the regions degraded by corrosion.

The summary of the analyzes can be found in Frame 1.
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Frame 1. Summary of analyzes performed
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Analysis Description
: — - , .

AN Linear analysis with a 20% reduction of Young's 0.8E

modulus
- . — 5 -
AND Geometric nonlinear ana}lysw with a 20% reduction of GNA and 0 8E
Young's modulus
AN3 Material and geor'netrlc nonlinear apalysw without MNA, GNA, and E
Young's modulus reduction
AN4 a AN11 Material and geometric ponhnear analysis with MNA, GNA, and

corrosion corrosion

2.4.1 Finite element mesh
The finite element mesh comprised linear parallelepiped three-dimensional elements formed by six
faces and eight nodes.
The mesh sizing applied to the model was performed through iterative simulations without
nonlinearities. As a result, the number of finite elements was increased until the displacement at

the top converged.

3. RESULTS AND DISCUSSIONS

Corrosion (m1) was added to the model gradually, so the radial displacement was higher in each
simulation with different concrete strength classes. The equivalence between the values of m, the
radial displacement applied to the concrete (Jc), and the mass of steel consumed (Mioss) are
represented in Table 2.

Table 2. Parameters used in the simulations

C20 e C30 C40 e C50
Analysis . Radial Mo, . Radial Moo,
m; [%]] displacement mj; [%] | displacement

S [um] [g/m] S [um] [g/m]

AN3 0.091 0.00 3.51 0.091 0.00 3.51
AN4 0.150 8.13 5.79 0.300 28.75 11.57
3 bars ANS 0.200 15.00 7.72 0.350 35.63 13.50
AN6 0.250 21.88 9.65 0.400 42.51 15.43

AN7 0.300 28.75 11.57 0.450 49.38 17.36

AN3 0.091 0.00 3.51 0.091 0.00 3.51

ANS 0.105 1.94 4.05 0.125 4.69 4.82

S bars AN9 0.110 2.63 4.24 0.138 6.41 5.31
ANI0 0.115 3.31 4.44 0.150 8.13 5.79

ANI11 0.120 4.00 4.63 0.163 9.85 6.27

After the simulations, it was possible to verify that the two parameters analyzed (displacement at
the top and moment at the base) increased with the m:, demonstrating that the evolution of corrosion
generates a stiffness reduction, intensifying the second-order effects.
The moments at the base, obtained with the simulations, are represented in Figure 13.
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Moment at base Moment at base
0N i corrosion in 5 bars
14900 ) COorrosion 1n3bars 14885 _
14.895 - 14.880 - _ - e
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}jggg _ -/.//./- 14.870 A
14.875 - 14.865 4
14.870 - 14.860 1
14.865 - 14.855 -
14.860 - 14850 1~
14.855 - 14.845 -
}j-gig I 14.840 -
14.840 - 14.835 1
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Figure 13. Moment at the base in the analyzed structures.

Table 3 presents the calculated values of ycaic for the AN1, AN3, and AN7 simulations. The values
shown for the corrosion simulations (AN7) were those obtained for degradation in 3 steel bars.

Table 3. Coefficient yzcaic

Concrete class AN3 AN7 AN1 (NBR 6118:2014) | AN and AN1
ratio [%]
C20 1.0293 | 1.0302 1.0348 99.56
C30 1.0276 | 1.0284 1.0330 99.56
C40 1.0246 | 1.0260 1.0298 99.63
C50 1.0237 | 1.0249 1.0287 99.63

Figure 14 relates m: to the calculated values of ycaic. It is possible to observe that in all concrete
strength classes, y:caic increases as m; increases.
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C20 and C30 - 3 bars
1.03050 Yzcalc
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1.02875 A
1.02850 -
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1.02800 -
1.02775 A
1.02750 A
1.02725 . .
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m; [%]
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calc
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N

-
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Figure 14. Relationship between m; and yzcaic

Table 3 and Figure 14 show that corrosion increased the y-caic coefficient in all concrete strength
classes. Thus, considering that y-ciic can be adapted to a coefficient of increase of first-order loads
(NBR 6118:2014), it is possible to define that the addition of corrosion caused the intensification

of second-order effects.

From the y.caic values obtained in AN7 and AN1, it was possible to define that the second-order
effects with the corrosion correspond to 99.6% of those determined by NBR 6118:2014. Thus, the
values obtained based on the Brazilian code proved to be higher, demonstrating that the stiffness
reduction proposed can accommodate the corrosion level evaluated in this paper.
In addition, it was observed that concretes with lower strength suffer more from corrosion. The
concretes with a higher fe, even submitted to higher values of mi, presented lower y:caic results,
demonstrating greater resistance to external actions and degradation.
Figure 15 shows images of a cross-section of the model in the region where corrosion was added,
in 3 and 5 steel bars, with C40 concrete, respectively. The cracks in Figure 15 are represented by
the tensile damage variable (damaget).

[
- =
@ o
e HH -l

L]

DAMAGET

{Avg: 75%)
+9.200e-01
+9.075=-01
+.250e-01
+7.425e-01
+6.600=-01
+5.775e-01
+4.950e-01
+4.125e-01
+3.500e-01
+2.475e-01
+1.650e-01
+8.250e-02
+0.000e+00

Figure 15. Evolution of damage in AN7 and AN11 models with C40 concrete.
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With the evolution of the damage, the numerical convergence is difficult, delimiting the corrosion
values possible to be analyzed. Thus, it is noted that collapse can occur due to cross-section failure
before the instability problem for a certain level of corrosion.

As observed by Pereira Junior et al. (2016), the damage was concentrated in the tensioned regions.
Furthermore, as the cracking increased, the meeting of the microcracks led to the fracture of the
material. Finally, the connection of cracks developed around the bars increased the second-order
effects on the structure.

4. CONCLUSIONS

Corrosion degrades the steel and initiates a process of concrete deterioration, as the opening of
cracks leaves the element susceptible to attack by external agents.

This paper reproduced a methodology for simulating and validating the mechanical behavior of
structural elements in reinforced concrete. In addition, this study included the effect of corrosion,
that is, the intensification of the cracking process due to the expansive product of corrosion.

The study concluded that corrosion negatively influences the stability of reinforced concrete
elements, as it intensifies the global second-order effects.

The comparison between the y: coefficient obtained with numerical simulations after corrosion and
those calculated from NBR 6118:2014 indicated that the Brazilian code method is safe for the
levels analyzed of corrosion.

However, numerical models also indicated that structural collapse could occur due to cross-section
failure, even before the critical increase in second-order effects.

However, the stiffness reduction proposed by the Brazilian code must also consider the rheological
effects of reinforced concrete. Therefore, the joint presence of these phenomena (corrosion +
rheological effects) can lead the structure to a state not predicted by the numerical models
presented. Consequently, it is recommended that future researchers analyze the rheological effects
in the presence of intense levels of degradation to specify the level of security provided by the
normative simplifications.

5. REFERENCES

Aitsin, A. C. et al. (2008), Constitutive modelling of high strength/high performance concrete.
Internation Federation for Structural Concrete (FIB). Lausanne, Switzerland, p. 125.

Alvares, M. S. (1993), “Estudo de um modelo de dano para o concreto: formulacdo, identificacdo
paramétrica e aplica¢do com o emprego do método dos elementos finitos”, Dissertagao (Titulo de
Mestre em Engenharia de Estruturas), Escola de Engenharia de Sao Carlos, Universidade de Sao
Paulo, Sao Carlos, p. 123.

Amorim Junior, N. S. A. et al. (2021), Durability and service life analysis of metakaolin-based
geopolymer concretes with respect to chloride penetration using chloride migration test and
corrosion  potential. Construction  and  Building  Materials, 287, 122970.
https://doi.org/10.1016/j.conbuildmat.2021.122970

Araujo, A. D. et al. (2020), Current condition of the exposed concrete facades reinforcement of the
Vilanova Artigas building: modern architectural heritage. Revista IBRACON de Estruturas e
Materiais, 14. https://doi.org/10.1590/S1983-41952021000100013

Associagdo Brasileira de Normas Técnicas. (1988). NBR 6123: For¢as devidas ao vento em
edificagoes. Rio de Janeiro.

Associagao Brasileira de Normas Técnicas. (2014). NBR 6118: Projeto de estruturas de concreto
— Procedimentos. Rio de Janeiro.

Evaluation of the influence of corrosion on the global stability of reinforced concrete columns

dos Santos, M. F., dos Santos, D. P.


https://doi.org/10.1016/j.conbuildmat.2021.122970
https://doi.org/10.1590/S1983-41952021000100013

Revista ALCONPAT, 12 (3), 2022: 401 — 421

Associagao Brasileira de Normas Técnicas. (2019). NBR 6120: A¢oes para o calculo de estruturas
de edificagoes. Rio de Janeiro

Ayinde, O. O. et al. (2017), Numerical simulation of concrete degradation due to chloride-induced
reinforcement corrosion. Proceedings of the 3rd international forum on energy, environment
science and materials, v. 120.

Balestra, C. E. T. et al. (2018), Effect of corrosion degree on mechanical properties of
reinforcements buried for 60 years. Revista IBRACON de Estruturas e Materiais, 11, 474-498.
https://doi.org/10.1590/S1983-41952018000300003

Blanco, Y. D. et al. (2019), Natural additive (nopal mucilage) on the electrochemical properties
of concrete reinforcing steel. Revista ALCONPAT, 9(3), 260-276.
https://doi.org/10.21041/ra.v9i3.429

Branson, D. E. (1968), Procedures for computing deflections. ACI Journal, New York, n. 65.
Dietrich, Y. P. et al. (2017), Desempenho mecdnico e andlise da corrosdo das armaduras em
concretos produzidos com adig¢do de residuos de rochas ornamentais. Matéria (Rio de Janeiro),
22. https://doi.org/10.1590/S1517-707620170004.0225

El-Maaddawy, T., Soudki, K. (2007), A model for prediction of time from corrosion initiation to
corrosion  cracking. Cement &  Concrete Composites, v. 29, p. 168-175.
https://doi.org/10.1016/j.cemconcomp.2006.11.004

Favretto, F. et al. (2021), Modelos de estimativa do grau de saturagdo do concreto a partir das
variaveis ambientais aplicados a andlise de confiabilidade de estruturas de concreto armado
atacadas por ions cloreto. Revista Matéria. 2021, 26(3): e13001. https://doi.org/10.1590/S1517-
707620210003.13001

Fédération Internationale du Béton/International Federation for Structural Concrete. (2010). CEB-
FIB MODEL CODE.

Felix, E. F. et al. (2020), Development and analysis of a numerical model of the reinforced concrete
expansion due to uniform corrosion. Revista de la Asociacion Latinoamericana de Control de
Calidad, Patologia 'y  Recuperacion de la  Construccion, 10(3),  300-316.
https://doi.org/10.21041/ra.v10i3.395

Felix, E. F., Carrazedo, R. (2021), Andlise probabilistica da vida util de lajes de concreto armado
sujeitas a corrosdo por carbonata¢do via simulagdo de Monte Carlo. Matéria (Rio de Janeiro), v.
26. https://doi.org/10.1590/S1517-707620210003.13043

Figueiredo, C. P. et al. (2014), O papel do metacaulim na prote¢do dos concretos contra a a¢do
deletéria de cloretos. Revista IBRACON de Estruturas e Materiais, 7, 685-708.
https://doi.org/10.1590/S1983-41952014000400008

Franco, M., Vasconcelos, A. C. (1991). Practical assessment of second order effects in tall
buildings. Colloquium on the CEB-FIB MC 90, COPPE/UFRJ, Rio de Janeiro, RJ.

Fusco, P. B. (2008), “Tecnologia do concreto estrutural: topicos aplicados”. Sdo Paulo: PINI.
Helene, P. R. L. (1993), “Contribui¢do ao estudo da corrosdo em armaduras de concreto armado”,
Tese (Livre-docéncia junto ao Departamento de Engenharia de Construg¢do civil). Escola
Politécnica, Universidade de Sao Paulo, Sao Paulo, p. 231.

Hibbitt, H. et al. (2011), Abaqus analysis user’s manual version, 6.10. Dassault Systémes Simulia
Corp.: providence, RI, USA.

Lee, J., Fenves, G. L. (1998), 4 plastic-damage model for cyclic loading of concrete structures.
Journal of  Engineering Mechanics, ASCE, V. 124, p. 892- 900.
https://doi.org/10.1061/(ASCE)0733-9399(1998)124:8(892)

Lubliner, J. et al. (1989), 4 plastic-damage model for concrete. International Journal of solids and
Structures, v. 25, n. 3, p. 299-326. https://doi.org/10.1016/0020-7683(89)90050-4

Mackechnie, J. R., Alexander, M. G. (2001), Repair principles for corrosion-damaged reinforced
concrete structures. Research monograph, 5, 1-36.

Evaluation of the influence of corrosion on the global stability of reinforced concrete columns 419

dos Santos, M. F., dos Santos, D. P.


https://doi.org/10.1590/S1983-41952018000300003
https://doi.org/10.21041/ra.v9i3.429
https://doi.org/10.1590/S1517-707620170004.0225
https://doi.org/10.1016/j.cemconcomp.2006.11.004
https://doi.org/10.1590/S1517-707620210003.13001
https://doi.org/10.1590/S1517-707620210003.13001
https://doi.org/10.21041/ra.v10i3.395
https://doi.org/10.1590/S1517-707620210003.13043
https://doi.org/10.1590/S1983-41952014000400008
https://doi.org/10.1061/(ASCE)0733-9399(1998)124:8(892)
https://doi.org/10.1016/0020-7683(89)90050-4

420

Revista ALCONPAT, 12 (3), 2022: 401 — 421

Maldonado-Bandala, E. E. et al. (2018), Evaluation of pathological problems associated with
carbonation and sulfates in a concrete tower with more than 50 years in service. Revista
ALCONPAT, 8(1), 94-107. https://doi.org/10.21041/ra.v8il.284

Malheiro, R. M. D. C. et al. (2014), Influéncia da camada do revestimento de argamassa na
penetragdo de cloretos em estruturas de concreto. Ambiente Construido, 14, 41-55.
https://doi.org/10.1590/S1678-86212014000100005

Meira, G. R., Ferreira, P. R. R. (2019), Revisdo sobre ensaios acelerados para indugdo da corrosdo
desencadeada por cloretos em concreto armado. Ambiente Construido, 19, 223-248.
https://doi.org/10.1590/s1678-86212019000400353

Pereira Junior, W. M. et al. (2016), Andlise numérica de vigas de concreto com fibras de ago
utilizando mecanica do dano. Revista IBRACON de estruturas e materiais, v. 9, n. 2, p. 153-191.
https://doi.org/10.1590/S1983-41952016000200002

Ramos, E. S., Carrazedo, R. (2020), Cross-section modeling of the non-uniform corrosion due to
chloride ingress using the positional finite element method. Journal of the Brazilian Society of
Mechanical Sciences and Engineering, 42(10), 1-18. https://doi.org/10.1007/s40430-020-02627-5
Ramos, E. S., Carrazedo, R. (2021), Numerical analysis of reinforced concrete beam subject to
pitting  corrosion. Ambiente Construido, 22, 201-222. https://doi.org/10.1590/s1678-
86212022000100588

Reginato, L. (2020), “Contribui¢do ao projeto de consolos de concreto com base em simulagoes
numeéricas”. Dissertacao (Titulo de Mestre em Engenharia de Estruturas), Escola de Engenharia de
Sao Carlos, Universidade de Sao Paulo, Sao Carlos, p. 184.

Santos, B. et al. (2020), Effect of the addition of metakaolin on the carbonation of Portland cement
concretes. Revista IBRACON de Estruturas e Materiais, 13, 1-18. https://doi.org/10.1590/S1983-
41952020000100002

Schvartzman, M. M. A. M. et al. (2010), Avalia¢do da corrosdo sob tensdao em ago inoxidavel AISI
321 em ambiente de reator nuclear. Matéria (Rio de Janeiro), 15, 40-49.
https://doi.org/10.1590/S1517-70762010000100006

Silva, S. H. et al. (2015), Analytic Hierarchy Process to choose the cement type to protect
reinforced concrete to corrosion caused by chloride ions attack. Revista ALCONPAT, 5(3), 174-
189.https://www.scielo.org.mx/scielo.php?pid=S2007-
68352015000300174&script=sci_arttext&%20tlng=en

Silvestro, L. et al. (2020), Penetragdo de cloretos em concretos expostos em zona de atmosfera
marinha por um periodo de 9 anos. Ambiente Construido, 21, 101-118.
https://doi.org/10.1590/s1678-86212021000100496

Souza, V. D. B., Leonel, E. D. (2021), Probabilistic chloride diffusion modelling in cracked
concrete structures by transient BEM formulation. Revista IBRACON de Estruturas e Materiais,
15. https://doi.org/10.1590/S1983-41952022000400002

Teixeira, F. R. et al. (2021), Avaliacdo de propriedades relacionadas a penetragdo de cloretos em
concretos produzidos com substitui¢do parcial de cimento por residuo de beneficiamento de rochas
ornamentais. Matéria (Rio de Janeiro), 26. https://doi.org/10.1590/S1517-707620210003.13029
Trevisol, C. A. et al. (2017), Avalia¢do de inibidores de corrosdo para estruturas de concreto
armado. Matéria (Rio de Janeiro), 22. https://doi.org/10.1590/S1517-707620170004.0238
Vergoza, E. J. (1991), “Patologia das edificagoes”. [S.1.]: Sagra.

Wabhrhaftig, A. M. (2008), “Uma avalia¢do experimental e numérica do efeito da rigidez
geométrica na resposta dinamica de estruturas esbeltas sujeitas a excitagdo de vento”. Tese
(Titulo de Doutor em Engenharia), Escola Politécnica, Universidade de Sao Paulo, Sao Paulo, p.
200.

Evaluation of the influence of corrosion on the global stability of reinforced concrete columns

dos Santos, M. F., dos Santos, D. P.


https://doi.org/10.21041/ra.v8i1.284
https://doi.org/10.1590/S1678-86212014000100005
https://doi.org/10.1590/s1678-86212019000400353
https://doi.org/10.1590/S1983-41952016000200002
https://doi.org/10.1007/s40430-020-02627-5
https://doi.org/10.1590/s1678-86212022000100588
https://doi.org/10.1590/s1678-86212022000100588
https://doi.org/10.1590/S1983-41952020000100002
https://doi.org/10.1590/S1983-41952020000100002
https://doi.org/10.1590/S1517-70762010000100006
https://www.scielo.org.mx/scielo.php?pid=S2007-68352015000300174&script=sci_arttext&%20tlng=en
https://www.scielo.org.mx/scielo.php?pid=S2007-68352015000300174&script=sci_arttext&%20tlng=en
https://doi.org/10.1590/s1678-86212021000100496
https://doi.org/10.1590/S1983-41952022000400002
https://doi.org/10.1590/S1517-707620210003.13029
https://doi.org/10.1590/S1517-707620170004.0238

Revista ALCONPAT, 12 (3), 2022: 401 — 421

Yu, T. et al. (2010), Finite element modeling of confined concrete-11: Plastic-damage model.
Engineering Structures, v. 32, n. 3, p. 680—691. https://doi.org/10.1016/j.engstruct.2009.11.013

Evaluation of the influence of corrosion on the global stability of reinforced concrete columns 421

dos Santos, M. F., dos Santos, D. P.


https://doi.org/10.1016/j.engstruct.2009.11.013

	1. INTRODUCTION
	2. METHODOLOGY
	3. RESULTS AND DISCUSSIONS
	4. CONCLUSIONS
	5. REFERENCES

