
RESEARCH PAPER

Mechanical properties and structural behaviors of reinforced concrete
beams subjected to various degrees of corrosion

Thanh-Hung Nguyen1 • Hoang-Thach Vuong1 • Duy-Duan Nguyen2 • Van Cong Chien1 • Duy-Kien Dao1

Received: 14 February 2023 / Revised: 28 November 2023 / Accepted: 15 December 2023
� The Author(s), under exclusive licence to the Iran University of Science and Technology 2024

Abstract
This study aimed to evaluate the mechanical properties and structural behaviors of reinforced concrete (RC) beams with

various corrosion levels. For this purpose, six RC beams were subjected to accelerated corrosion tests, with three pairs

corresponding to 1-month, 2-month, and 3-month corrosion degrees. After corrosion tests, the corroded reinforcing bars

and concrete were tested to measure the mechanical properties of the materials, such as reinforcement strength, concrete

strength, reinforcement diameter reduction, and rebar weight loss. Additionally, the three corroded RC beams with three

levels of corrosion were subjected to bending tests to determine their remaining structural capacity and failure patterns.

Furthermore, Atena software was used to perform a series of numerical finite element methods to verify the experiment

results, which indicated that a good agreement of structural behaviors was observed between the experiment and FEM

analysis. FEM analysis is successful when the error of maximum force between experiment and simulation is less than 3%

and the error of displacement at maximum load between simulation and experiment is less than 1.8%. The results showed

that the load–defection relationships and crack patterns of corroded RC beams were significantly influenced by corrosion

level. In addition, predicting the dangerous cross-section of steel structures will support maintenance work to reduce risks

for the project.
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1 Introduction

Every year, corrosion causes severe damage to the work-

ings of reinforced concrete (RC) structures. Corrosion

reduces the cross-sectional area of reinforcement working

with concrete; thus, the bearing capacity and other

behaviors of RC structures also decrease. In addition,

corrosion pollutes the environment because corrosion

products, such as iron oxides and coatings, are absorbed

into the soil and water [1].

The reinforcement corrosion process in concrete can be

divided into three main stages, each of which has its own

characteristics. Stage 1 is the chloride penetration stage.

Steel begins to react with passive reduction, leading to

corrosion of the reinforcement in the areas where chloride

penetrates; this chloride penetration process usually begins

at the contiguous regions between steel and concrete or

gaps in concrete [2–4]. In Stage 2, chloride covers and

causes corrosion to the reinforcement; at this time, the

adhesion of concrete and reinforcement begins to decline,
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and the openings develop, allowing chloride to penetrate

deeper. More leads to faster corrosion propagation, and the

steel surface starts to corrode, distributed and localized.

When the reinforcement is corroded, the volume of the

reinforcement increases, which leads to the concrete being

cracked by steel; at this stage, small cracks will appear [5].

Stage 3 is a period of rapid corrosion development in which

the locally corroded parts cause the steel section to

decrease locally, along with the effect of the working load.

It is possible to imagine that the reinforcement is both worn

and fatigued. As a result, the structural capacity of RC

structures is also reduced and can lead to failure [6–9].

When the reinforcements within the concrete are cor-

roded, steel ribs are used to increase the adhesion force of

the concrete. When the steel beam is subjected to bending,

it is also gradually lost due to corrosion. This steel ribbed

part is also a critical component in maintaining the flexural

capacity of the beam when designing [10, 11]. Moreover,

in addition to the reduced adhesion, the appearance of steel

rust also causes the reinforcement and concrete to separate,

which loses the ability to work simultaneously with steel

and concrete. The bending treatment is further degraded

[6, 12–14].

A high-quality bond between reinforcements and con-

crete plays an important role in increasing the transmission

of tensile stress and enhancing flexural capacity. This effect

in RC members is explained by the fact that the concrete in

between the cracks carries tensile stress. Consequently, the

active rebar is stiffer than the raw bar and shows the for-

mation of multiple closely spaced cracks [15, 16]. A study

of corroded beams, performed by [17, 18], showed that

cross-sectional and bond reduction significantly affected

the stiffness and flexural strength of the RC beam. This is

achieved by creating local nicks on the reinforcement and

removing the local coating, which demonstrates the role of

stress transmission between the concrete and reinforcing

bars and the notch locations. Regarding stiffness and

flexural capacity, an increasing degree of corrosion failure

has been shown to cause flexural cracks to widen and

reduce their number, at least in relation to the inhomo-

geneity of reinforcement corrosion [8]. However, corro-

sion-induced bond deterioration reduces the stress transfer

between rebars and concrete, and thereby, the effects of

hardening are decreased [19]. This justifies the reduction of

flexural cracks. Therefore, it is necessary to further inves-

tigate the impact of bond deterioration on the deflection

and damaged patterns of corroded RC beams subjected to

bending.

This study aims to evaluate the mechanical properties

and structural behaviors of corroded RC beams by con-

sidering various corrosion levels. First, the RC beams were

subjected to accelerated corrosion at different levels. Next,

the corroded reinforcing bars and concrete were tested to

measure the mechanical properties of the materials, such as

reinforcement strength, concrete strength, reinforcement

diameter reduction, and rebar weight loss. Additionally, the

three corroded RC beams with three levels of corrosion

were subjected to bending tests to determine the remaining

structural capacity and failure patterns. Furthermore, a

series of numerical simulations was performed to verify the

results of the experiments.

2 Test programmes

2.1 Description of RC beam specimens

The tested RC beams contained two longitudinal rein-

forcements with a diameter of 16 mm in the tensile zone,

two rebars with a diameter of 12 mm in the compressive

zone, and stirrups with a diameter of 6 mm. The properties

of the reinforcement are shown in Table 1. The width and

height of the cross-sections of the beams were 200 mm and

300 mm, respectively, while the total length of all RC

beams was 3.3 m, as shown in Fig. 1. In this study, six

beams were grouped into three pairs to test three acceler-

ated corrosion grades (one month, two months, and three

months). The concrete composition is shown in Table 2.

After concrete casting, the beams are cured in 28 days in

a chamber with maintaining the temperature of 25 �C and

humidity of 90% during the curing process. Next, three

pairs of the beams are imposed in the series of accelerated

corrosion tests considering 10%, 25%, and 40% mass loss

levels of reinforcing bars. These three types of beams are

referred as C1, C2, and C3, respectively. It should be noted

that each pair of corroded beams is fabricated from the

same batch.

2.2 Accelerated corrosion tests

Three pairs of the beams are, therefore, imposed to the

accelerated corrosion tests using the impressed current, as

shown in Fig. 3a. To speed up the corrosion of the rein-

forcing bars, the RC beams are embedded in a salt 3.0%

NaCl solution. At the same time, the reinforcements of

Table 1 Mechanical properties of reinforcements

Type Yield

strength,

fy (MPa)

Ultimate strength, fu
(MPa)

Elastic

modulus,

Es (GPa)

Area

(mm2)

U6 378.5 543 200 28.2

U12 364.1 508.7 200 78.5

U16 353.4 499.4 200 314.2
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three pairs of RC beams are continuously connected to a

direct current of 900 lA/cm2 in 1 month, 2 months, and

3 months, respectively. It should be noted that reinforce-

ments are connected to the current anode, meanwhile the

negative electrode of the current is connected to a copper

rod.

The electric current is adjusted to maintain the intensity

of 900 lA/cm2 during the tests. This adjustment is calcu-

lated based on the area of the reinforcing bars. A rela-

tionship between the corrosion time and the percentage of

weight loss of reinforcing bars is expressed by the fol-

lowing equation [20].

WL ¼ 0:235I � t ðif I � t\ 66 A:hrÞ;
WL ¼ 0:617I � t�25:305 ðif I � t[ 66 A:hrÞ;

ð1Þ

where WL denotes the reinforcement weight loss (g),

t represents the corrosion time (hr), I = 3.618 A (i.e., the

electric intensity). Table 3 shows the required time for

corrosion tests of three pairs of beams.

All RC beams were moved to the immersion tank and

the solution of electrolysis was set up so that the RC beams

were corroded. The beam was completely immersed in 3%

NaCl solution as shown in Fig. 2. It is important to note

that the experiments are regularly monitored, checked and

maintained to ensure a stable operation. After 07 days of

testing, the surface of reinforcing bars appeared reddish

rust in the position adjacent to the water level. After

30 days, the reinforcing bars were connected to the source

also were rusted with scales from 0.5 mm to 1 mm, as

shown in Fig. 3b. After finishing corrosion tests, one beam

in each pair was chosen to crush the concrete and then

extract reinforcements for weighting the longitudinal and

transversal bars. Also, the tensile strength of corroded

rebars was tested and the reinforcement mass loss due to

corrosion was measured. Details in these measurements are

presented in the following sections.

2.3 Mass loss measurement of rebars

After corrosion tests, the mass loss was determined by

extracting the rebars from the beams. Using caliper to

determine the least, the intermediate, and the most cor-

roded segments, as shown in Fig. 4.

2.4 Strength of rebars and concrete
after corrosion tests

In addition to measure the rebar mass loss, the corroded

longitudinal reinforcing bars were also tested to observe its

remaining strengths. The rebars were cut into segments

with 600–800 mm long, as shown in Fig. 5. Additionally,

the strength of concrete of the corroded RC beams was

measured by drilling to take concrete specimens and then

testing to obtain the compressive strength, as shown in

Fig. 6.

2.5 Four-point bending tests of corroded RC
beams

After accelerated corrosion tests, the corroded RC beams

were imposed to four-point bending tests to obtain the

load–deflection relationships and the failure patterns. The

set-up of four-point bending tests is shown in Fig. 7. The

span of applied loads was 1.6 m, and the distance from

supports to the beam ends was 150 mm. In this study, a 500

Fig. 1 Configurations of RC beams

Table 2 Proportions of concrete

Water,

W (lit)

Cement,

C (kg)

W/C Sand

(kg)

Stone

(kg)

Slump (cm) Strength,

f’c (MPa)

188 328 0.573 594 1,123 6 26.3

Table 3 Required time for accelerated corrosion tests

RC

beam

Weight loss of

reinforcement

Weight loss of

reinforcement, W (g)

Time,

t (hr)

C1 7% 1582 720

C2 14% 3189 1440

C3 21% 4796 2160
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kN load cell, which was applied at the mid-span of the

beams. To reduce the local damage during the load trans-

ferring a rectangular steel plate with dimensions

70 9 150 mm was attached to the loading points. The

pined supports were made by steel and have a diameter of

4 cm. It should be noted that the loading rate of 0.03 kN/s

was applied during the tests to monitor the cumulative

behavior of the beams. To measure the deflection of the

corroded RC beams, two vertical linear variable differen-

tial transformers (LVDTs) were attached to the bottom

mid-span of the beams, as shown in Fig. 7.

2.6 Experimental results and discussion

2.6.1 Weight loss of rebars due to corrosion

The weight loss of reinforcements was decided by

extracting the rebars from the corroded beams after

crushing concrete. A caliper was used to measure the

corroded reinforcements. Additionally, the weight of cor-

roded rebars were measured to quantify the loss due to

corrosion effects. Table 4 shows the loss and remaining

weights of the reinforcements in three corroded beams. It

can be observed that after 1-month corrosion, the weight of

reinforcements was reduced 11%. Meanwhile, it was lost

14% and 25% for the 2-month and 3-month RC beams

induced corrosion, respectively.

2.6.2 Residual strength of concrete and steel due
to corrosion

Figure 8 demonstrates the decrease of the compressive

strength of concrete with various degrees of corrosion. The

mean and standard deviation of each of beams are indicated

that the strength of concrete in beam C1 reduced 22.4%

compared with the non-corroded RC beam (C0). Whereas

Fig. 2 Accelerated corrosion setup

Fig. 3 Accelerated corrosion tests of RC beams
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the concrete strength of beams C2 and C3 reduced 31.2%

and 33.6%, respectively, in comparison with that of beam

C0. These experimental results confirm that the corrosion

process has deteriorated the compressive strength of con-

crete significantly.

Moreover, the effects of corrosion on the longitudinal

reinforcement are evaluated, as shown in Fig. 9. Four

parameters, which were the rebar diameter reduction, mass

loss per unit of length, total mass loss, and tensile strength

reduction were quantified for three corroded beams. The

sampling procedure of tensile rebars are obeyed. Figure 9a

presents the reduction of the rebar diameter, mass loss per

unit of length, total mass loss, and tensile strength with

respect to three levels of corrosion at LVDT1 and LVDT3.

Fig. 4 Measuring the diameter of reinforcing bars after corrosion tests

Fig. 5 Tensile tests for corroded reinforcing bars
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In particular, the tensile rebar diameter of beam C1 were

reduced by 6.9%, 24.4%, and 38.5% at LVDT1, LVDT2,

and LVDT3, respectively. While the reductions in cases of

beam C2 and C3 at LVDT1, LVDT2, and LVDT3 were

15.63%, 40.8%, 46.3% and 22.5%, 44.7%, 52.5%,

respectively. Figure 9b shows the mass loss in a unit length

of beam C1, C2 at LVDT1, LVDT2, and LVDT3 were

12.2%, 42.3%, 61.3% and 28.2%, 64.8%, 70.5%, respec-

tively. Whereas it was decreased by 39.1%, 69.3%, 80%

for beam C3. Figure 9c summarizes the total mass loss of

reinforcements in corroded beams C1, C2, and C3 in

comparison with the uncorroded beam C0. It can be seen

that the percentage of total mass reduction due to the

corrosion of beam C1, C2, and C3 were 11.3%, 14.4%, and

24.8%, respectively. Finally, the residual tensile strengths

of corroded tensile rebars are shown in Fig. 9d. The tensile

strength of corroded rebar was significantly decreased from

C0 to C3. The degraded magnitude was proportional to the

corrosion time as well as the locations of the corroded

beam. Specifically, the percentage of tensile strength

reduction for C1 and C3 at LVDT1, LVDT2, LVDT3 were

1.3%, 15.7%, 35.6% and 11.5%, 39%, 72.6%, respectively.

The load–displacement curves of corroded longitudinal

rebar in tensile tests are shown in Fig. Figure 10. For

corroded reinforcements, it showed that the reduction of

reinforcement tensile strength was very significant, and the

law of the curve was not clear compared to that of the non-

corroded reinforcement. Moreover, the ductility of the

corroded reinforcement was pronouncedly reduced, as

shown in Fig. 10a. The corroded reinforcement had a

greater hardness than the uncorroded reinforcement when

the corrosion level of 11%, as shown in Fig. 10b; however,

the stiffness was reduced when the corrosion level up to

25%, as shown in Fig. 10c, d.

Fig. 6 Compressive tests of concrete specimens
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2.6.3 Load–displacement relation of corroded RC beams

The load–deflection relationship of all tested beams is

subjected to various levels of corrosion was inspected.

Fig. 7 Loading setup: a schematic diagram and b test set-up

Table 4 Summary of corrosion process in term of weight loss

RC

beam

Original

mass

(kg)

Remained

mass (kg)

Weight loss

of steel,

W (g)

Weight

loss of

steel, %

Time,

t (hr)

C1 23 20.40 2.60 11% 720

C2 23 19.70 3.30 14% 1440

C3 23 17.30 5.70 25% 2160

0
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20

25

30

25

19.4

17.2 16.6

C0 C1 C2 C3

Average (Deviation)

Fig. 8 Compressive strength of concrete
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Figure 11 reveals the complexity of the load–deflection

relationship of RC beams subjected to the different levels

of corrosion. Indeed, in the elastic phase for the load range

from 0 to 20 kN, the stiffness of all beams is similar to each

other. From a load of 20 kN or more, the stiffness of the

beams changes more clearly, especially for beam C2;

although the level of reinforcement and concrete penetra-

tion is greater than that of beam C1, the stiffness of C2

beams is more significant than that of C1. Figure 11 shows

that the stiffness of C2 is more significant than C1 and C0.

This shows that with the corrosion level of the C2 beam,

the connection between the reinforcement and concrete

was better, and the reinforcement increased the hardness

but turned to a more brittle state when the reinforcement

was not corroded. The beam bending test results showed

that the beam C1 had a 6.25% reduction in load capacity

compared to the uncorroded beam C0, while the loading

capacity of the beam C2 and C3 was reduced by 25% and

43.75%, respectively.

2.6.4 Crack patterns

Figure 12 shows that in accordance with the rule, the dis-

tribution is concentrated in the area between the beams

with large displacement, the distance between the cracks is

more considerable. The cracks are even from the bottom of

the beam up to the top of the beam. The corroded beams

C1, C2, C3 all appeared the first visible crack at the load

level from 24 to 26 kN. The number of cracks were less

than that of the C0 beam because the concrete was

degraded by corrosion. The tensile strength of concrete was

reduced. The number of cracks of the corroded beams were

decreased from C1 to C3; and cracking were mainly from

the bottom to half of the beam, 1 or 2 cracks appeared from
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Fig. 9 Effects of corrosion on the strength of longitudinal reinforcing bars
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the bottom. Cracks from the bottom were spreading up to

near the top in all beams C1, C2, C3. The beams were

mainly damaged at the middle area, which significantly

reduced the beam’s bending capacity. Cracks are formed

from the bottom of the beam up to the top of the beam. The

higher the degree of corrosion, the shorter the crack length,

which shows that the corroded rebars and the bond-stress

slip between the rebar and the concrete are reduced,

causing the concrete tensile zone to develop rapidly. Fur-

thermore, the higher the degree of corrosion, the higher the

distance between the cracks.

3 Numerical simulations

3.1 Input parameters

The numerical simulations were also conducted using

ATENA, a commercial finite element software. The ele-

ments used to model the concrete is taken as a 3D Non-

linear Cementitious 2, while reinforcing bars used steel bar

elements. Bond-slip relationship were modeled for con-

sidering the bonding behavior of intact and corroded rebars

and concrete. The bonding between reinforcements and

concrete provides a vital role in mechanical behavior of

corroded RC structures. The bond stress-slip relationship

provided in CEB-FIP Model Code 1990 was adopted in the
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Fig. 10 Load–displacement curves of reinforcing bars: a beam C0, C1, C2, C3; b beam C1; c beam C2; d beam C3
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numerical analysis. Three types of material have been

defined by one elastic material for the steel plates at sup-

port and loading points, concrete material for the beam and

reinforcement material.

3.1.1 Concrete

In this study, the concrete element is described by 3D

Nonlinear Cementitious 2 material model, default values of

material parameters are generated based on the cube

strength of concrete. The 3D Nonlinear Cementitious 2

material model is a nonlinear model that obeys the stress–

strain law and Fixed crack model coefficient in Crack

opening rule as shown in Fig. 13. In which, the required

parameters of concrete that need to be declared include

elastic modulus E, Poisson’s ratio l, tensile strength ft,

compressive strength fc. Besides, the parameters of specific

fracture energy GF, fail, surface, excentricity, multiplier for

0

20

40

60

80

100

0 10 20 30 40 50 60

C0

C1

C2

C3

Displacement (mm)

Fig. 11 Load–displacement relationships of RC beams

Fig. 12 Crack patterns of RC beams: a beam C0; b beam C1; c beam C2; d beam C3

International Journal of Civil Engineering

123



the plastic flow dir b, specific material weight q, coefficient
of thermal expansion a. At the same time, the compressive

ductility of concrete is also assigned the values of critical

compressive displacement Wd and plastic strain at com-

pressive strength ecp.
The data from Figs. 8, 11 and 12 show the effect of

corrosion on the strength of concrete, beam displacement

and crack development, respectively. The data from these

figures and the analysis clearly show that corrosion

severely degrades the behavior of concrete and reinforced

concrete beams. Then, the characteristic values of each

specimen under the effect of corrosion obtained from the

experiment will be assigned to each corresponding FEM

model, through changing the parameters in the 3D Non-

linear Cementitious 2 material model. When the parame-

ters of the 3D Nonlinear Cementitious 2 material model are

assigned directly from the experimental data, the FEM

analysis results also accurately represent the effect of

corrosion over time on the simulation models.

The mechanical properties of concrete used in the

numerical model are provided in Table 5. Some parameters

were taken from experiments, some were used from cal-

culated values in TCVN 5574:2018 and remaining

parameters were set as default values.

3.1.2 Reinforcements

In this study, reinforcing bars with 16 mm diameter were

used for tension reinforcements and 10 mm diameter bars

were for compression reinforcements. Meanwhile, the

6 mm diameter bars were employed for shear reinforce-

ments. The mechanical properties of reinforcements are

shown in Table 6.

For reinforcement element, it is described by 3D elastic

isotropic model. 3D elastic isotropic model is a 3D linear

model using the law of stress and deformation. To fit the

model, bi-linear elastic perfectly plastic stress–strain was

selected for analysis. In which, the required parameters of

Fig. 13. 3D Nonlinear Cementitious 2 material model for concrete
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the reinforcement need to be declared, including Elastic

modulus E and yield strength ry as shown in Fig. 14.

The data from Figs. 9 and 10 show the effect of corro-

sion on the strength of reinforcement, beam displacement,

respectively. The data from these figures and the analysis

clearly show that corrosion severely degrades the behavior

of reinforcement. Then, the characteristic values of each

specimen under the effect of corrosion obtained from the

experiment will be assigned to each corresponding FEM

model, through changing the parameters in the 3D elastic

isotropic model. When the parameters of the 3D elastic

isotropic model are assigned directly from the experimental

data, the FEM analysis results also accurately represent the

effect of corrosion over time on the simulation models

(Tables 7, 8).

As is known, the characteristics of a material will not

change over time unless the material transforms into

another material. Accordingly, the tensile stress of steel

rebar is calculated according to the following formula 2.

r ¼ P=A, ð2Þ

where r is tensile stress, P is tensile strength and A is cross

section of steel bar.

Over time, under the influence of the environment,

especially corrosion, the bearing capacity of steel structures

seriously declines, but the characteristics of the material do

not change, meaning the stress is constant. This is also

completely suitable. When the bearing capacity decreases,

the cross-sectional area will be changed by a corresponding

density to ensure constant of stress.

In this study, due to experimental limitations, it was not

possible to survey a large number of samples and cover all

cases. But through experimental results, the decline in the

Table 5 Mechanical properties of concrete of un-corroded specimen

Properties Values Remark

Elastic modulus (E) 2.000E ? 04 Mpa TCVN:

5574:2018

Poisson ratio (l) 0.2 TCVN:

5574:2018

Tensile strength (ft) 1.200E ? 00 Mpa TCVN:

5574:2018

Compressive strength (fc) -1.660E ? 01

Mpa

Experimental

Critical compressive

displacement

5E-04 m ATENA

Plastic strain at compressive

strength

-1.113E-03 ATENA

Fail surface excentricity 0.52 ATENA

Multiplier for the plastic flow

direction

0 ATENA

Specific material weight 2.300E-02 MN/

mE ? 3

TCVN:

5574:2018

Coefficient of thermal

expansion

1.290E-01 1/K ATENA

Fixed crack model coefficient 1 ATENA

Table 6 Degradation of mechanical properties of concrete

RC

beam

Compressive

strength

Degradation of compressive

strength (%)

Time,

t (hr)

C1 504.7 16.6 720

C2 399.8 17.2 1440

C3 361.4 19.4 2160

Fig. 14 The bi-linear elastic-perfectly plastic stress–strain diagram

for reinforcement

Table 7 Mechanical properties of rebars

Properties Values Remark

Elastic modulus 200,000 MPa TCVN:

5574:2018

Uniaxial yield strength/

Uniaxial ultimate

strength for steel

16 mm

diameter

bar

287/

374 MPa

Experimental

12 mm

diameter

bar

364/

508 MPa

Experimental

6 mm

diameter

bar

378/

543 MPa

Experimental

Specific material

weight

7.850E-02

MN/

mE ? 3

TCVN:

5574:2018

Coefficient of thermal

expansion

1.2E-05 1/K ATENA
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tensile strength of steel and compression of concrete over

time can be completely predicted through the proposed

regression method with two formulas 3 and 4, respectively.

R ¼ �0:2342þ 0:1768 � t0:7145; ð3Þ

R ¼ 0:002þ 6:592 � t0:1376: ð4Þ

Figure 15 shows the law of decreasing tensile capacity

of steel and compression of concrete over time.

3.2 Constitutive material models

Finite element analysis for the reference beam CD, which

were not subjected to corrosion and beams C1, C2, C3 to

corrosion. Accurate simulation of the behavior of beams

with corroded reinforcement is complicated due to the fact

that corrosion varied along the longitudinal bars due to the

presence of stirrups. Also, for a given beam, the average

corrosion level differed for the tensile, compressive and

transverse reinforcement. After the laboratory testing had

been carried out the total weight loss of each bar was

measured, so that the average loss of bar section could be

calculated.

In the analysis, the modeling of beam load and the shape

can be done by finite element method using ATENA is

shown in Fig. 16. This figure also shows the FE model of

concrete beam and orientation of the longitudinal and

transverse reinforcements. The isotropic multi axial elastic

material model is used for steel elements in this study. The

concrete and steel reinforcement interaction are modeled

using ‘‘embedded region’’ constraint. Two steel plates are

modeled at the load points to simulate the experimental

setup and to avoid the local stress concentration. Tie con-

straint is used to model the interaction between steel plates

and top surface of the concrete beam. The assembly of the

RC beam is shown in Fig. 16. Meshing has been done after

assembling concrete beam and steel reinforcement as

shown in Fig. 16. A convergence study has been done to

find the optimum mesh size. Mesh size in Fig. 16 of RC

beam found to be appropriate for this study to maintain the

uniform size for the whole beam.

3.3 Numerical results

In Fig. 17, comparison of load deflection behavior of

beams found by experimentally and numerically is given.

The load capacity of the control concrete beam (DC)

obtained in the numerical analysis is consistent with the

experimental one and the load deflection behavior of con-

crete beams (DC) are almost similar in both experimental

and numerical results. In Fig. 17(b-d), the simulation is

more complicated, the behavior is also very special, so the

comparison results between experimental and the numeri-

cal results show that the stiffness of the beams is larger

than experimentally. However, the numerical simulation

results are quite good compared to that reported. This

shows that numerical simulation from experimental results

when there is sufficient input data is the basis for analyzing

random and fuzzy problems to ensure the reliability of the

problem when the variables are not clear.

4 Conclusions

The implementation of artificial corrosion in the conditions

of this study through the periods of 720 h, 1440 h and

2160 h for 6 samples of reinforced concrete beams with

reinforced diameters of 6 mm, 12 mm, and 16 mm,

respectively. Assess the influence of corrosion over time on

the behavioral characteristics of flexural beams such as

bearing capacity, deflection, corrosion levels, growth,

expansion, and propagation of traces. cracked. The

obtained results add to the scientific knowledge of research

on corrosion characteristics and can be applied to the

design of steel structures under the effect of corrosion.

Following conclusions are drawn.

Table 8 Degradation of mechanical properties of steel bars and

bending capacity

RC

beam

Tensile

strength of

steel bar

Degradation of

tensile strength of

steel bar (%)

Ultimate

bending

load (kN)

Time,

t (hr)

C1 504.7 17.4 78.36 720

C2 399.8 34.7 42.83 1440

C3 361.4 41.0 28.94 2160

Time, t (hr)
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Fig. 15 Degradation of tensile strength of steel bar and compressive

strength of concrete versus time
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• Corrosion caused seriously effects on the behavior of

reinforced concrete beams. Corrosion lead to reduction

of the weight of rebar to lose 33.6% within 2160 h.

Corrosion influenced to a rapid decrease in the bond-

stress slip between rebar and concrete, while the rust

surrounding the rebar increases the volume of rein-

forcement, causing concrete destruction from the inside.

The diameter of the corroded rebar, the bond-stress slip

Fig. 16 FE modeling of RC beams in ATENA
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between the rebar and the concrete, the rust surrounding

the rebar directly is the bearing capacity of reduced up

to 43.75% after 2160 h.

• Cracks are formed from the bottom of the beam up to

the top of the beam. The higher the degree of corrosion,

the shorter the crack length, which shows that the

corroded rebars and the bond-stress slip between the

rebar and the concrete are reduced, causing the concrete

tensile zone to develop rapidly. Furthermore, the higher

the degree of corrosion, the higher the distance between

the cracks.

• Models and elements used in this study show a high

compatibility in evaluating the bending behavior of

beams as well as showing the characteristics of

corrosion resistant steel working with concrete, espe-

cially describing the application of corrosion resistant

steel. nonlinear treatment.

(a) Beam DC (c) Beam C2
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Fig. 17 Load–deflection curves comparison for beams
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• Simulation is successful when the error of maximum

force between experiment and simulation is less than

3%, error of displacement at maximum load between

simulation and experiment is less than 1.8%. However,

the behavior after reaching the maximum load value,

the period of re-strengthening and destruction, the

simulation method has not been implemented. This is

also the limitation of the concrete element to the present

time in the world.

• Simulation offers many advantages in determining the

remaining workability of corroded steel structures when

subjected to bending without doing any tests. In

addition, predicting the dangerous cross-section of steel

structures will support maintenance work to reduce

risks for the project. The finite element method is

important for predicting the cross-section of corroded

steel components, including crack growth assessment.
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